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PREFACE E 

Thiss dissertation is the result of a long traveled road, sometimes flat and smooth while at other times with 
steepp hills and a rough surface. This is not unusual, and indeed most doctoral students go through a long 
andd difficult process of finishing their dissertation. However, every dissertation is different with a different 
historyy and a different road that has been traveled. I will briefly share with you some of the travels leading to 
thiss dissertation. 

Thee road towards my Ph.D. started back in 1992, the first time I met Bill Clancey at NYNEX Science & 
Technology.. Over the next six years, under the research leadership of Bill, and the help of several scientists 
att NYNEX and the Institute for Research on Learning, we started the development of "Workframe," a tool for 
"representingg how people really work." In 19941 became the project leader for the project. The project grew 
too four full-time people, with a patent application in 1997 for our software tool—by then called "Brahms." It 
wass at that time that I became seriously interested in pursuing my Ph.D. It became clear to me that Brahms 
wass a new kind of modeling and simulation tool, different from any other tool I had seen and worked with. 
Moree and more, I became interested in understanding the use of Brahms and the question of how to 
representt how people work in practice. Although we had developed the language and the tool, based on Bill 
Clanceyy and Dave Torok's first prototype, nobody had developed a significant model with the tool, and 
thereforee nobody really understood what it meant to model and simulate a work practice using Brahms. 

Ass often, two independent roads come together leading to the same destination. In my case, it was my 
previouss work with Robert de Hoog and Bob Wielinga in 1986 that led me to this thesis. Back in 1986,1 
workedd on the PEES project (translation from Dutch: Project Experimental Expert System). The PEES 
projectt was a nationally funded research project between the University of Amsterdam (in particular the 
KADS-group),, several firms (Digital Equipment, SEMA Group, GCEI), and the social security department of 
thee city of Amsterdam. I participated in this project as the developer of an expert system for part of the Dutch 
sociall security law. This was my thesis work for finishing my Informatics degree (Hogere Informatica 
Opleiding).. It was during this time that I met both Robert de Hoog and Bob Wielinga, and became familiar 
withh the KADS methodology. Strangely enough, it was also the first time I read research papers by Bill 
Clanceyy about meta-level issues of knowledge representation. It was then that my interest in knowledge 
modelingg and representation languages developed. 

Inn October 1996, ten years after the PEES project, I contacted Robert de Hoog with the question if he would 
considerr supporting me in doing my doctoral dissertation at the Social Sciences and Informatics group 
(SWI)) at the University of Amsterdam. During a trip to The Netherlands I met with Robert and explained my 
topic.. Robert agreed to support me with the knowledge that, back in the States, Bill was supporting me. My 
advisorss were in place, and I was ready to start the work. However, being a project leader for the Brahms 
projectt at NYNEX and having a family made for very little extra time to work on my dissertation. In October 
1997,, NYNEX merged with Bell Atlantic and the research at NYNEX Science & Technology was stopped. 
Ourr funding ended and the project folded. It was then that Bill started the contact with NASA Ames 
Researchh Center. By January 1998 Bill had moved to NASA Ames Research Center with the goal of re-
establishingg the Brahms project. In April 1998,1 moved to NASA Ames as well, and it was then that I finally 
hadd the time to work on my dissertation, besides developing tine Brahms team. Part of the result of this 
movee to NASA Ames Research Center lies in front of you, and for the other part I am proud to say that the 
Brahmss research group currently consists of eight funded researchers, developers and modelers. 

Itt is obvious that my work is the result of guidance, collaborations, and friendships with many people. First of 
all,, I am forever in debt to my good friend and mentor dr. Bill Clancey. Without his ideas for Brahms, his 
advisee on becoming a proficient researcher in the United States, as well as his personal friendship that goes 
beyondd a working relationship, it would have been extremely difficult to come to the end of this road. I am 
extremelyy thankful to have had Bill as one of my main advisors. Together we have been in many places, 
fromm flying the Space Shuttle training simulator at Johnson Space Center to climbing Half Dome at 
Yosemitee National Park, and most amazingly a three week research trip in 1999 to Devon Island in the high 
Acrtic,, investigating how human-kind might at one time live and work on Mars. Secondly, I thank prof. dr. 
Robertt de Hoog for his support and trust in me, while we were 9000 miles apart. I don't think I could have 
donee this without Robert's experience as a thesis advisor, Robert's trust in me, and the internet. This has 



beenn a remarkable collaboration. Robert's positive responses on the chapters I sent him were always a 
sourcee of renewed inspiration. I will never forget the week Robert spent at my house in Fremont, CA in 
Augustt 1999, right after I came back from Devon Island. It was there that we created the thesis plan that I 
diligentlyy followed. I have been in the lucky circumstance to have the support of two world-renowned 
scientistss from the United States and Europe. While Bill was always there to help me with the day-to-day 
Brahmss research, Robert was but an e-mail away with his advice and experience on how to write a doctoral 
dissertation.. Thirdly, I want to thank prof. dr. Bob Wielinga for his support and the creation of the KADS 
methodology.. Without the original KADS work I would have never been in the position to take the initial road 
backk in 1986. 

Besidess my thesis promotors, I would like to thank my good friend and colleague Al SeMn for all our good 
discussionss during our five year long daily commute to and from our office in White Plains, NY, and his 
skepticismm about Brahms. I am convinced that a researcher needs at least one skeptic in his circle of 
researchh friends, because a good skeptic will keep you on your toes, and will always question the things you 
aree so convinced of. Together we played music in our band Uzuto, took business trips for NYNEX and Bell 
Atlantic,, and most importantly, developed the Compendium methodology, which today is being used by 
manyy people in the US. Without the Compendium methodology and tools, developing conceptual Brahms 
modelss would be a lot more difficult. I am also grateful for the Brahms development team, in particular Ron 
vann Hoof. Without Ron there would be no Brahms environment based on an extremely high level of quality 
softwaree engineering. His capable software engineering skills, his knowledge of Java and state-of-the-art 
softwaree tools on the market these days is truly unbelievable. Ron was always there, from 1996 till today. 
Hee listens to Bill and my needs and complaints about the state of Brahms, and quickly implements those 
featuress we need. I am also thankful for Mike Scott's incredible graphics design mind. Without Mike's 
graphicall design of the AgentViewer application that allows us to display the result of a multi-agent Brahms 
simulationsimulation in a time-line view, it would be very difficult to explain the outcome of a Brahms simulation. I thank 
Tedd Shab for implementing this complex graphics application, in Visual Basic no less. 

Lass but not least, I have to thank my family. Their support has been more than anyone can expect. I 
thereforee dedicate this dissertation to Mary Ellen Sierhuis, my best friend, partner and mother of my 
children.. She was willing to move our home for nine years from New York to the Bay Area in California, just 
soo I could follow my dream. Her sacrifice has been unparalleled. Without her compromise and 
understandingg I would have never been able to do this. This, of course, also counts for my two children, 
Nickk and Megan. Their sacrifice, although they had no choice in the matter, will never be forgotten. I am 
foreverr grateful to all three of them. 

Beforee I end with this preface, I want to briefly add something about the current state of Brahms. At this 
momentt Brahms is being developed at NASA Ames Research Center, Moffett Field, CA. Over the last three 
yearss the tool has been completely redesigned, implemented and fully tested in the Java programming 
language,, and ported to Windows, Linux, and Solaris. The Brahms simulation engine can be viewed as a 
virtuall machine implemented on top of the Java virtual machine. We are continuing to develop Brahms tools 
makingg it easier for others to use the tool and create complex multiagent models. We are also developing 
Brahmss as a multiagent programming environment, as well as a methodology to support a complete life 
cyclee for developing human-centered systems. Currently, Brahms can be downloaded for free {for research 
purposes)) from our web site http://www.aqentisolutions.com. 

Maartenn Sierhuis 
Fremont,, CA, July 2001. 

http://www.aqentisolutions.com


CONTENTS S 

LISTT OF FIGURES 

LISTT OF TABLE S 

1.. INTRODUCTIO N 

V V 

XI I 

1 1 

1.11 PROBLEM STATEMENT 2 
1.22 RESEARCH QUESTIONS 3 
133 FRAMEWORK FOR MODELING AND SIMULATION 3 
1.44 THESISOUTLINE 5 

PARTT 1: THEORY 

2.. APPROACHES FOR MODELIN G HUMA N BEHAVIO R 9 

2.11 BUSINESS PROCESS MODELING 9 
2222 COGNTTTVE MODELING 24 
2 33 DISTRIBUTED ARTTHCIAL INTELLIGENCE 31 
2A2A COMPUTATIONAL ORGANIZATION T H E O RY 39 

ISIS CONCLUSION 43 

3.. THEOR Y OF MODELIN G WORK PRACTIC E 47 

3.11 HISTORY OF PRACTICE 47 
322 ON THE EPBTEMOLOGICAL LEVEL OF WORK PRACTICE 52 
3 33 MODEL-BASED APPROACH 63 
3.44 CONCLUSION 69 

4.. MODELIN G FORMALIS M 71 

4.11 AGENTS AND GROUPS 72 
4242 OBJECTS AND CLASSES 75 
4 33 BELIEFS AND FACTS 76 
4.44 ACTIVITIES AND WORKFRAMES 80 
4.55 GEOGRAPHY 88 
4.66 SIMULATION 91 

PARTT 2: APPLICATION S 

5.. RESEARCH DESIGN 101 

5.11 SCHiNTIFIC METHODOLOGY 101 
5252 USE OF COMPUTATIONAL MODELS IN SIMULATION 103 
5 33 THE CASE STUDIES 105 



6.. CASE STUDY 1: APOLL O 12 ALSEP-QFFLOAD 107 7 

6.11 APOLLO 12 AND THE ALSEP OFFLOAD 108 
6.22 THE AGENT MODEL 110 
6 33 THE OBJECT MODEL 114 
6.44 THE GEOGRAPHY MODEL 116 
6.55 THE ACTIVIT Y MODEL 123 
6.66 THE BEHAVIORA LL  MODEL 129 
6.77 VOICE-LOO P COMMUNICATIO N 144 
6.88 OBJECT INTERACTIO N 148 
6.99 VERIFICATO N AND VALIDATIO N 153 
6.100 CONCLUSION 168 

7.. CASE STUDY 2: PREDICTIN G SITUATE D ERRORS 171 

7.11 HFE DEPLOYMENT 172 
12.12. PREDICTIV E MODELIN G 176 
7 33 DEVIATION S FROM NOMINA L PROCEDURES 186 
7.44 PURPOSE OF GENERAL REPRESENTATIONS 189 
7373 VERIFICATIO N AND VALD3ATIO N 190 
7.66 CONCLUSION 213 

8.. CASE STUDY 3; DESIGNIN G HUMAN-ROBO T COLLABORATIO N 215 

8.11 VICTORI A MISSION 217 
8.22 PROBLEMS WITH AUTOMATE D PLANETARY SURFACE EXPLORATIO N 218 
8 33 EVALUATIO N CRITERI A FOR USE OF BRAHMS TS DESIGN 220 
8.44 MODEL VERDTCATIO N AND VALUATIO N 221 
8.55 MISSION OPERATIONS WORK SYSTEM DESIGN 223 
8.66 MODEL SIMULATIO N SCENARIO 229 
8.77 ROVER ACTIVIT Y 231 
8.88 TEAM AcnvrnE S 234 
8.99 CALCULATIN G ROVER ENERGY USAGE 238 
8.100 CONCLUSION 243 

9.. CONCLUSIONS 249 

9.11 REFLECTION S ON RESEARCH QUESTION 249 
9.22 SCALING OF BRAHMS MODELS 257 
9 33 SCIENTIFI C CONTRIBUTION S 258 
9.44 FUTURE RESEARCH 260 

A,, BRAHM S LANGUAG E 263 

A.1.. NOTATIO N CONVENTION S (BACKUS NAUR FORM) 263 
A.2.. SYNTAX OF A MODEL (MOD) 264 
A3.. SYNTAX OF AN AGENT (AGT) 266 
A.4.. SYNTAX OF A GROUP (GRP) 267 
A.5.. SYNTAX OF AN OBJECT CLASS (CLS) 269 
A.6.. SYNTAX OF AN OBJECT (OBJ) 271 
A.7.. SYNTAX OF A CONCEPTUAL OBJECT CLASS (COC) 272 

n n 



AAA SYNTAX OF A CONCEPTUAL OBJECT (COB) 273 
A.9.. SYNTAX OF AN ATTRIBUT E (ATT) 274 
A.10.. SYNTAX OF A RELATIO N (REL) 276 
A.11.. SYNTAX OF AN INITIAL-BELIE F (BEL) 277 
A.12.. SYNTAX OF AN INITIAL-FAC T (FCT) 278 
A.13.. SYNTAX OF A WORKFRAM E (WFR) 279 
A.14.. SYNTAX OF A THOUGHTFRAM E (TFR) 280 
A.15.. SYNTAX OF A COMPOSITE ACTIVIT Y (CAC) 281 
A.16.. SYNTAX OF A PREMnTVE ACnVTT Y (PAC) 283 
A.17.. SYNTAX OF A CREATE OBJECT ACTIVIT Y (COA) 285 
A.18.. SYNTAX OF A MOVE ACTIVIT Y (MOV) 287 
A.19.. SYNTAX OF A COMMUNICAT E ACTIVIT Y (COM) 289 
AA JO. SYNTAX OF A BROADCAST ACTIVIT Y (BCT) 291 
A.21.. SYNTAX OF A PRECONDITIO N (PRE) 293 
AA  XL SYNTAX OF A CONSEQUENCE (CON) 296 
A.23.. SYNTAX OF A DETECTABL E (DET) 297 
A.24.. SYNTAX OF AN AREA DEFINITIO N (ADF) 299 
AJ5.. SYNTAX OF AN AREA (ARE) 300 
AJ6.. SYNTAX OF A PATH (PAT) 301 
kXJ.kXJ. SYNTAX OF A TRANSFER DEFINITIO N (TDF) 302 
A2S.A2S. VARIABL E (VAR) 303 

REFERENCESS 3J£ 

SUMMARYY 311 

SAMENVATTIN G G 313 3 



iv v 



LISTT OF FIGURES 

Figuree 1 - 1 . Basic entities in M&S and their relationships 4 

Figuree 2-1. Life Cycle Model of Breakpoint BPR™ 10 

Figuree 2-2. Components of a workflow model 11 

Figuree 2-3. Modeling error conditions with a branch and a join task 12 

Figuree 2-4. Modeling simultaneous work 13 

Figuree 2-5. Spawn semantics 13 

Figuree 2-6. Modeling job delay 14 

Figuree 2-7. Order processing in the business network architecture (BNA) organization 20 

Figuree 2-8. The Soar production system 26 

Figuree 2-9. Representation of an ACT-R chunk 27 

Figuree 2-10. The ACT-R production system 28 

Figuree 2-11. The total cognitive system 29 

Figuree 2-12. Human and Automated Pilots interact with the DIS environment using Distributed 

Simulatorss 33 

Figuree 2-13. Phoenix layers 35 

Figuree 2-14. Screen display of Phoenix's situation-specific model 36 

Figuree 3-1. Relation of a model of work to a description of the work practice 52 

Figuree 3-2. Dimensions of behavior 55 

Figuree 3-3. Activity subsumption 56 

Figuree 3-4. Mediated relationship of artifacts in activities 62 

Figuree 3-5. Describing real world work practice with computational modeling 65 

Figuree 3-6. Modeling proces 68 

Figuree 4-1. Beliefs and facts Venn diagram 80 

Figuree 4-2. Taxonomy for groups, agents, beliefs, activities, and workframes 82 

Figuree 4-3. Workframe-Actfvity hierarchy 85 

Figuree 4-4. State-transition diagram for frame instantiations 94 

Figuree 4-5. Multi-tasking in Brahms 97 

Figuree 5-1. Research Process 101 



Figuree 6-1. SEQ Bay and RTG Cask located on the side of the LM 109 

Figuree 6-2. Apollo 12 Surface Checklist 47 for the ALSEP Offload 109 

Figuree 6-3. Apollo Agent Model design 111 

Figuree 6-4. Brahms source code ol the agent model 112 

Figuree 6-5. Agent Model in the Brahms Model Builder 113 

Figuree 6-6. Apollo Object Model design 114 

Figuree 6-7. Apollo 12 LM and SEQ Bay Brahms objects 115 

Figuree 6-8. Apollo 12 contained artifacts 116 

Figuree 6-9. Apollo Geography Model design 117 

Figuree 6-10. Geography Model Brahms source code 117 

Figuree 6-11. Apollo 12 ALSEP compiled Geography Model 118 

Figuree 6-12. Agent initial location 119 

Figuree 6-13. Move activity source code 119 

Figuree 6-14. Pete Conrad and Al Bean moving to the SEQBayArea 120 

Figuree 6-15. Apollo 14 Landing site and ALSEP Offload area of activity 120 

Figuree 6-16. Pete Conrad's location beliefs 121 

Figuree 6-17. Moving contained object source code 122 

Figuree 6-18. Moving contained object simulation 123 

Figuree 6-19. Activities in practice 124 

Figuree 6-20. The Brahms ALSEP Offload group and activities model 126 

Figuree 6-21. Apollo 12 LSJ: ALSEP Offload transcription 127 

Figuree 6-22. The OpenSEQ BayDoor composite-activity, sub-activities, and workframes 129 

Figuree 6-23. The AlsepOffload workframes 129 

Figuree 6-24. AlsepOffload workframe-activity subsumption hierarchy 130 

Figuree 6-25. Open SEQ Bay door activity sequence model 131 

Figuree 6-26. AlsepOffloading workf rame 133 

Figuree 6-27. AlsepOffloafing WFI for agent AlBean 135 

Figuree 6-28. AlsepOffloafing WFI for agent PeteConrad 136 

Figuree 6-29. Workframes within the composite AlsepOffload activity 137 

vi i 



Figuree 6-30. AJBean's Step 1 Activity-Context Tree 138 

Figuree 6-31. PeteConrad's Step 1 Activity-Context Tree 139 

Figuree 6-32. AlBean's Step 2 Activity-Context Tree 141 

Figuree 6-33. PeteConrad's Step 2 Activity-Context Tree 142 

Figuree 6-34. AlsepOffload activity agent timeline 143 

Figuree 6-35. Extra-Vehicular Communication System 145 

Figuree 6-36. Voice-loop communication via LmComCircuit 147 

Figuree 6-37. Voice-loop library model group hierarchy 148 

Figuree 6-38. NASA picture AS12-47- 6913 149 

Figuree 6-39. Al Bean taking two photographs of Pete Contrad 150 

Figuree 6-40. Taking a photograph 151 

Figuree 6-41. The PeteConrad agent taking photographs 152 

Figuree 6-42. Photographs AS12-47-6783,84, and 85 by Pete Conrad 152 

Figuree 6-43. Simulation model verification and validation in the modeling process 154 

Figuree 6-44. The conceptual model 156 

Figuree 6-45. Voice loop transcription data from the Apollo LSJ 169 

Figuree 6-46. Voice loop transcription matched to activities 157 

Figuree 6-47. Voice loop activity time analysis 157 

Figuree 6-48. Brahms compile-debug cycle 158 

Figuree 6-49. Brahms model development cycle 159 

Figuree 6-50. AgentViewer application 159 

Figuree 6-51. Black-box validation: comparison with the real system 161 

Figuree 6-52. Al Bean's RemovePkgl and RemovePkg2 activities 163 

Figuree 6-53. Pete Conrad's RemovePkgl and RemovePkg2 activities 163 

Figuree 6-54. Workframe with communication utterance from Apollo LSJ 166 

Figuree 6-55. Talk activity to validate communication 166 

Figuree 6-56. Voice loop communication for OpenSEQBayDoor activity 167 

Figuree 7-1. HFE deployment configuration 172 

Figuree 7-2. Apollo 16 summary time line 173 

vH H 



Figuree 7-3. Apollo 16 HFE deployment timeline procedures for LMP 174 

Figuree 7-4. HfeEquipmentPreparation Activity and DeptoyingHfeProbe Activity 175 

Figuree 7-5. Astronautt movement during HFE Deployment activity 176 

Figuree 7-6. Hardwired activity plan 177 

Figuree 7-7. Dynamic plan execution activity 178 

Figuree 7-8. ReadCuffChecklist workframe 178 

Figuree 7-9. Workframe for DeployingHfeProoeNol 179 

Figuu re 7-10. Determ ineNextActivity source code 180 

Figuree 7-11. Voice-data schedule 181 

Figuree 7-12. VoiceData definition 181 

Figuree 7-13. Voice-data example 182 

Figuree 7-14. The Question & Answer conversation policy 183 

Figuree 7-15. Workframe SenderPolicyl 184 

Figuree 7-16. CommunicateVoiceData activity 184 

Figuree 7-17. Workframe ReceiverPolicyl 185 

Figuree 7-18. RequestForData Activity 186 

Figuree 7-19. Default error-recovery activity workframes and thoughtframes 188 

Figuree 7-20. CheckOutProblem workframe & activity hierarchy 189 

Figuree 7-21. ErrorHandling workframe & activity hierarchy 189 

Figuree 7-22. Reading the first activity 192 

Figuree 7-23. ALSEP Package Placement Activity 192 

Figuree 7-24. ALSEP Package Placement Activity Verification 193 

Figuree 7-25. PlacePkgsOnSurface Workframe 194 

Figuree 7-26. HfeEquipmentPreparation Activity Verification 195 

Figuree 7-27. DeployingHfe/2Probe Activity Verification 196 

Figuree 7-28. Drilling BoreSteml in the surface 197 

Figuree 7-29. Drilling BoreStem2 in the surface 198 

Figuree 7-30. Conversation Policy Verification 199 

Figuree 7-31. Voice-Data Communication Verification 200 

vW W 



Figuree 7-32. AskForDrillingEndMark workframe of CapCom agent 202 

Figuree 7-33. Asking For Voice-Data 202 

Figuree 7-34. Asking for Voice-Data 203 

Figuree 7-35. Defauft error-recovery procedure 205 

Figuree 7-36. Error Object Data 205 

Figuree 7-37. CapCom's error-recovery decision 206 

Figuree 7-38. CreateHfeCableError workframe 207 

Figuree 7-39. Polymorphic Error Handling Behavior 208 

Figuree 7-40. HfeDeployment group's HandleError Activity tree, 208 

Figuree 7-41. Workframe DeptoyingHfeProoeErrorHandling in the HfeDeployment Group 209 

Figuree 7-42. Activity HandleError in the HfeDeployment Group 209 

Figuree 7-43. Workframe Depk>yingHfeProbeNo2 210 

Figuree 7-44. Simulating DeployingHfeProbe ErrorHandling Procedure 211 

Figuree 8-1. Victoria Rover 219 

Figuree 8-2. Transforming objectives into experimental frames 220 

Figuree 8-3. Victoria work system 225 

Figuree 8-4. Victoria Agent Model 226 

Figuree 8-5. Victoria Object Model 228 

Figuree 8-6. Victoria Geography Model 229 

Figuree 8-7. Victoria Rover scenario activities 232 

Figuree 8-8. Simulation of first uplink command activities 235 

Figuree 8-9. Simulation of downlink and second uplink command activities 237 

Figuree 8-10. Rover energy used in drilling activity from simulation history database 241 

Figuree 8-11. Instrument energy used in drilling activity from simulation history database 242 

Figuree 8-12. Rover total energy usage during traverse into crater 242 

Figuree 8-13. Battery power left, based on constraint (3.0) 243 

Figuree 9-1. Relation of Brahms to other models off workk 253 



X X 



LIS TT OF TABLE S 

Tablee 2-1. Workflow modeling limitations 23 

Tablee 2-2. Limitations of cognitive modeling and simulation 30 

Tablee 2-3. Limitations of Distributed Artificial Intelligence 38 

Tablee 2-4. Limitations of Computational Organization Theory 42 

Tablee 2-5. Human behavior model comparison 45 

Tablee 4-1. Frame instantiation states 93 

Tablee 4-2. Frame state-transitions 94 

Tablee 5-1. Use of Computational Models 103 

Tablee 5-2. Kir's levels of system knowledge 104 

Tablee 5-3. System problems related to model use and types 105 

Tablee 5-4. Case study descriptions 106 

Tablee 6-1. ALSEP experiments for Apollo missions 108 

Tablee 6-2. ALSEP Offload activity timetable 125 

Tablee 6-3. Open SEQ Bay door activity 128 

Tablee 6-4. Data sources used during experiment 155 

Tablee 6-5. Aspects of modeling work practice 158 

Tablee 6-6. Calculated activity times based on real-world data 162 

Tablee 6-7. Activity times for l_MP Al Bean from simulation history database 162 

Tablee 6-8. Activity times for CDR Pete Conrad from sim ulation history database 163 

Tablee 6-9. Activity times for LMP Al Bean includingg communication delay 164 

Tablee 6-10. OpenSEQBayDoor activity with communication 165 

Tablee 6-11. Agent speech communication validation 167 

Tablee 6-12. Answering the research questions 168 

Tablee 7-1. Data sources used during experiment 190 

Tablee 7-2. Summary of Experiment Outcome 213 

Tablee 8-1. Simulation output variables 221 

Tablee 8-2. Relation of data flow process to functions (from (Wall and Ledbetter 1991)) 224 

xi i 



Tablee 8-3. Functional activity distribution over Victoria teams 226 

Tablee 8-4. Victoria rover instruments used during scenario 230 

Tablee 8-5. SATM collecting lunar surface sample activity times (from Honeybee Robotics, Ltd.) 231 

Tablee 8-6. VictoriaRover and Science Instruments activities and times in seconds 233 

Tablee 8-7. VictoriaRover agent output variables 233 

Tablee 8-8. Victoria Team activities and time in seconds 238 

Tablee 8-9. Energy usage for the rover during scenario 239 

Tablee 8-10. Rover power consumption data 240 

Tablee 8-11. Outcome variable evaluation 245 

Tablee 9-1. Effects of not being able to simulate in Case Study 1 255 

Tablee 9-2. Effect of not being able to simulate in Case Study 2 256 

Tablee 9-3. Effect of not being able to simulate in Case Study 3 256 

Tablee 9-4: Synopsis of the notation used 263 

xH H 



Inn the past decade there has been a move in business management towards collaborative workplaces. 
Theree has been a shift from a hierarchy-based organizational culture toward a culture in which collaboration 
willl be (Marshall 1995): 

 A new way of working in which people collaborate and cooperate together 

 A new work ethic that recognizes that work is accomplished by people, regardless of the simplicity 
off the work process 

Theree are significant benefits from the implementation of collaborative work models, including (Marshall 
1995): : 

 A move toward internal collaboration with the goal of competing externally 

 A faster, higher-quality, and customer-driven decision-making model 

 A reduction in cycle time and elimination of non-value added work 

 Greatly increased return on investment 

 Reductions in internal conflicts 

Afterr companies have spent millions of dollars and laid off thousands of people, business process 
reengineeringg (BPR) consultants admit "[We] forgot about the people1" (Davenport 1995). Some writers 
proposee a new method for work design (Weisbord 1987). Taylorism has been replaced with involvement of 
thee workers themselves in the redesign of their work. Holistic work system analysis, a combination of 
organizationall design (OD) and socio-technical system (STS) techniques, lets the workers design their own 
work.. It gives control back to the people who do the work and lets management manage the input to the 
workk process, white the workers manage their work and make sure the output is consistent with the mission 
off the organization. 

Inn designing and implementing collaborative workplaces in a way that embraces these changes in 
managementt views, we need to understand the way people work together, and analyze workplace culture 
andd ethics in order to suggest improvements and design the changes. Both the way people collaborate, as 
welll as the culture of an organization is encompassed in the communities of practice of an organization-— 
thee work practices of the people (Wenger 1997). Therefore, work practice analysis, design methods and 
toolss need to be developed that allow analysts, designers, workers, and managers to understand not only 
thee work process, but also the work practice of an organization. 

AA work practice is defined as the collective activities of a group of people who collaborate and communicate, 
whilee performing these activities synchronously or asynchronously. Most often, people view work merely as 
thee process of transforming input to output. For example, in an automobile manufacturing process the input 
andd output of the work is well defined. Sometimes, however, it is more difficult to describe the input and 
outputt of the work. For example, consider a soccer match between two professional soccer teams. It is 
ratherr difficult to define the input and output of this type of work, although most of us would agree that 
professionall soccer players are working. To describe the work of a soccer team, we quickly fall to 
descriptionss about teamwork and collaboration on the field. 

II claim that the individual activities that make up the work practice not only have to do with the 
transformationn of input to output, but more importantly with the collaboration between individuals in action, in 
pursuitt of a goal. Imagine soccer players who collaborate their activities of kicking a soccer ball in pursuit of 
scoringg a goal. Just focusing on the input and output of each individual activity of soccer players would not 

11 'Next Big Thing1: Re-Engineering Gurus Take Steps to Remodel Their Staffing Vehicles, Wall Street Journal 11/26/96 

1 1 



onlyy be very difficult, if not impossible, it would also miss the opportunity to understand what is really going 
on.. However, in this century, work has been defined as the transformation of input to output, starting with 
Frederickk W. Taylor's view of work to Michael Hammer's view of business processes (Weisbord 1987) 
(Hammerr and Champy 1993). 

Inn this dissertation, I take a different view. I am interested in describing work as a practice, a collection of 
psychologicallyy and socially situated collaborative activities between members of a group. I am modeling 
workk practice to understand how, when, where, and why collaborative activities are performed, and to 
identifyy the effects of these activities, as well as to understand the reasons why these activities occur in the 
wayy they do. Therefore, the central theme is to find a representation for modeling work practice. I will define 
whatt I mean by the term work practice, and how it relates to collaboration and communication between 
people.. I will also present a multiagent modeling language to represent models of work practice. These 
modelss can be simulated in order to show the effects of the activities of people and their communication, 
beingg situated in a geographical environment, and using tools and artifacts to perform their collaborative 
work. . 

1.11 PROBLBH STATBVEKT 

Inn an effort to re-design an order process at NYNEX2, the designers from the Work Systems Design group 
att NYNEX Science & Technology3 used an off-the-shelf business process simulation tool to model the old 
andd the new work processes. The newly created design of this work process included a coordination role, 
thee turf coordinator (TC). The function of the TC was to keep track of the incoming T1 -orders from beginning 
too end, at each moment coordinating the work activities between several individuals in different 
organizationss and locations throughout Manhattan. For example, when a technician in the field was ready to 
testt a T1 data-line installation at a customer site, the TC would coordinate a circuit test with the responsible 
testerr in the central office. It was only at these moments that the TC was actually engaged in a collaborative 
workk activity that was essential to the workflow process. Most of the other work activities for this role (such 
ass meetings, tracking orders, calling people) did nor include activities that operated directly on the work 
productt (i.e. the implementation of a high-speed data line) (Sachs 1995). 

AA workflow model shows the sequential tasks through which a work product (such as an order) flows 
throughh the process. In each task, resources work for an amount of time on the work product—"touching the 
object."" The workflow-modeling paradigm excludes work activities in which people do not directly "touch" the 
workk product (see chapter 2). In other words, critical tasks that make a work process succeed or more 
productive,, but in which people are not directly working on the work product, are not be represented. 

Coordinationn roles are, in essence, roles that manage or coordinate other people's work activities. It is 
seldomm thatt a TC actually louches" the work product during the process. Consequently, ft was very difficult 
too represent most of the TC's work in the workflow model. The result was that the workflow model did not 
includee most of the tasks of the TC, and therefore could not be used to explain the need for this new 
coordinationn role in the newly designed T1-order process. The work system designers were frustrated 
becausee they could not explain the importance of this new role using the model, while the rationale of the 
overalll design was primarily based on the introduction of this new coordination role. 

Ironically,, the company adopted the design. The job-flow time and cost statistics from the simulation of the 
neww workflow model showed a more than significant improvement over the statistics, from the simulation of 
thee old model. Since management decided to go ahead with the new design based on the output of the 
workfloww simulation model, one could argue that the model was helpful in the effort. However, although the 
managementt decision was at least partially based on the simulation output, the work system designers 
complainedcomplained about the usefulness of the model and the simulation during and after the design phase. 

Accordingg to the work system designers, the model could not be used during the design sessions because 
thee language, design formalisms and representations used to talk about the work practice and activities of 

22 NYNEX was one of the former Bell Telephone Operating Companies. In October of 1997, the NYNEX and Bell Atlantic corporations 
merged.. The resulting company was called Bell Atlantic. In 2000, the Bell Atlantic and GTE corporations merged to create Verizon. 
33 NYNEX Science & Technology was the research and development center of the former NYNEX telephone company. As a result of the 
Belll Atlantic merger, NYNEX Science & Technology was dismantled, and the Work Systems Design group ceased to exist. 
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thee people in the work process were incompatible with that of the workflow paradigm. Although useful, a 
workfloww model typically omits collaboration, "off-task" behaviors, multi-tasking, interrupt and resume, 
informall interaction, and geography. In other words, workflow omits work practice (Clancey et al. 1998). The 
workfloww model was created as a separate activity outside the design team sessions. The person creating 
thee workflow simulation model—the modeler—would interview design team members, and from this create 
thee workflow model based on his interpretation of the design. There was feedback from members of the 
designn team on the workflow model, but at no time did the model play a significant role in the design 
activitiess of the design team. 

Inn order to have a computer model that is convincing to management, helpful in the analysis and design 
process,, helpful in the understanding of the new design, and helpful in the communication of that design, 
we44 started our effort in developing a modeling language and simulation environment that allows us to 
modell the work practice of people in a work process. The Brahms language and simulation environment is 
thee result of this effort. 

Inn this thesis, I am describing the use of Brahms as a tool for modeling and simulating work practice. I first 
developp a theory of modeling work practice. Then, by describing three case studies, I test if Brahms 
operatjonalizess the theory and is a valid tool for modeling and simulating work practice. 

1.22 RESEARCH QUESTIONS 

Theree are many approaches to understanding work processes and practices—workplace observation, role-
playing,, interviewing, peripheral participation, and training. The approach that will be researched in this 
dissertationn is a multiagent simulation approach for analyzing work practices. The following questions will be 
addressed: : 

1.. How can we mode l an organization' s wor k practic e in suc h a way that we includ e people' s 
collaboration ,, "off-task "  behaviors , multi-tasking , interrupte d and resume d activities , 
informa ll  interaction , knowledg e and geography ? 

Too answer this question we need a modeling paradigm that allows us to describe these aspects. I describe 
aa multiagent activity-based modeling language and simulation method, and present case studies that 
evaluatee the modeling paradigm and associated simulation method. 

2.. What is the added valu e of compute r simulatio n in a model-base d approach ? 

Too answer this question I will define what I mean by "added value", and define operational criteria to answer 
thee question based on the case studies. My hypothesis is that simulation adds significant value to the 
understandingg of the work system, because without simulation, the changes over time in a complex system 
aree difficult to comprehend. 

1.33 FRAMCVWMWFORMOOBJNGANDSMUIJmO N 

Inn this section, I establish a framework for modeling and simulation. Modeling is the static formal or informal 
representationn of relationships between elements of a system, while simulation is the execution of a formal 
computationall model over time. A computational model describes a class of systems in terms of operations 
onn entities, in which the operations are described in computational terms: 

Computationa ll  Model = Forma l Representatio n + Operato r Calculu s 

Whereass research in work practice is done in real-life settings, computational modeling experiments can be 
donee at lower cost, time and effort (Stasser 1988). Scenario's can be addressed in a systematic fashion, 
andd replicated as many times as necessary. A computational model is also useful in case there is 

44 "We"  are the peopl e who were involve d in «he contemplatio n arid developmen t of Brahrns . With the risk of leavin g s o m ^ ^ 
includes ::  B i Clancey , Dave Torek , Ron van Hoof , Jim Euchner , Pat Sachs , Gitry Jordan , David Moore , Madelin e Flitter , Peter Hensche l 
andd Ed Thomas , from NYNEX Scienc e & Technolog y and the institut e fw Researc h on Learning . I am o/ate M to 
thes ee individuals , withou t whom I woul d never have been able to attemp t thi s dissertation . 
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insufficientt data or where data is unobtainable, such as where the problem domain is too risky in terms of 
safety,, or when designing a system that does not yet exist. Another valuable aspect of computational 
modelingg is the ability to incorporate theories in the model to be tested in the real system. When including 
neww propositions to be tested, unexpected novel results may occur that can lead to insights, and further 
research. . 

Thesee characteristics make computational models especially useful for studying human activity systems 
(Checklandd and Scholes 1990), especially those where collaboration and teamwork are an essential part of 
thee system. Computational models force analysts and designers to be specific about the relationship 
betweenn the entities in the system; in this case the way people work together. Observations, concepts, and 
anecdotess from the real world need to be systematically formalized into computational operations. This 
enabless analysts and designers to be systematic and complete in describing the behavior of a group of 
peoplee as individuals. 

Inn this thesis, I describe a new conceptual and computational formalism for representing the work practice of 
aa group of people in an organization. I will provide empirical evidence supporting the claim that this new 
formalismm allows us to model and simulate work practice, such that this system can then be used as a tool 
forr studying and/or designing work practice in real-world systems. 

1.3.11 Entitie s of a modelin g and simulatio n framework 

Figuree 1-1 shows that the basic entities of the framework are source system, model, and experimental 
frame.frame. The basic relationships between these entities are the modeling and simulation relationship (Zeigler 
ett al. 2000). 

Thee source system is the real or the virtual environment that is being modeled. The source system provides 
thee source data that will be used for the development of the model. This data is captured through 
observationn of the source system and is represented in the behavior database or, what I call, the conceptual 
model. model. 

Experimentall Frame 

Modeling g 
Relation n 

Figuree 1-1. Basic entities in M&S and their relationships (borrowed from (Zeigler et al. 2000)) 

Thee experimental frame is the specification of the conditions under which the source system is being 
observedd or experimented with. As such, this is the operationalization of the objectives for the modeling and 
simulationn effort. Zeigler, et al, define two equally valid views of an experimental frame. The first view is that 
itt defines the type of data elements that will go into the database, and therefore the observational framework 
forr the source system. The second views a frame as a system that interacts with the source system to 
obtainobtain the data of interest, and is therefore the framework that defines how to model the source system. I 
willl show an example of this in the third case study, described in chapter 8. 

AA model, in a computational system, is a source system specification at a generative and structural level. 
Thee most common concept of a computational model is that it consists of a set of instructions, rules, 
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equations,, and/or constraints for generating I/O behavior. Therefore, in computational models we write the 
modell with a state transition and an output generation mechanism. The benefit of a computational model is 
thatt it has a sound computational foundation and therefore has a definite syntax and semantics that 
everyonee can understand. 

Thee objective in this thesis is to define a computational modeling language and output generation 
mechanism—aa simulator-^for modeling and simulating work practice. This language and simulator is called 
Brahms5,, and the goal is to use and validate Brahms as an environment for modeling and simulating work 
practice. . 

1.44 THESIS OUTLINE 

Thiss thesis consists of two parts. Part one is the theory part. In this part, I am developing a theory and 
model-basedd methodology for modeling work practice. Based on this, I am hypothesizing that Brahms is a 
tooll for developing models of human work processes at the work practice level—models of work practice. 
Therefore,, I describe the Brahms modeling formalism and simulation capabilities in chapter 4, after the 
presentationn of the theory in chapter 3. 

However,, chapter 2 first discusses existing modeling and simulation approaches for human behavior, as 
theyy are relevant to the research questions presented in this introduction chapter. I describe four 
approachess from different academic fields. First, I describe a business process modeling approach and tool 
fromm the business processes engineering community. This approach is relevant, because it was the source 
off inspiration at the start of this research. The business process modeling approach that is discussed is 
workfloww modeling and simulation. There are significant shortcomings to this approach to making it useful 
forr representing work practice. These shortcomings are explained and discussed. 

Thee second approach that is discussed is cognitive modeling. This modeling approach is developed in 
cognitivee science, ft is relevant to this research, because we are interested in modeling individuals and 
groupss of people, and their ability to act in and reason about their social and physical work context There 
aree some concepts that can be used from this approach. However, its limitations for modeling work practice 
aree also discussed. 

Thee third approach is that of the distributed artificial intelligence (DAI) community. Distributed Al focuses on 
multiplee cognitive agents, and is thus relevant to the modeling of groups of people working together. I 
discusss a number of DAI systems that are out in the community, and describe the way they deal with 
representingg the distribution of tasks amongst multiple agents, and how they deal with communication 
betweenn agents, as well as the physical environment of the domain in which they operate. 

Thee last approach discussed is that of computational organization theory. This approach is mostly rooted in 
organizationall theory and business economy. It is relevant, because it deals with modeling organizations 
andd their behavior. However, as is discussed, the level of modeling is at a more abstract level then the work 
practicee level I am interested in. 

Chapterr 3 then describes my theory of modeling work practice. It starts with giving the reader a historical 
perspectivee of the concept of practice. I then define what I mean with work practice, and describe work 
practicee at an epistemological level. Here I define the concepts and elements that are relevant for modeling 
workk practice. The concepts introduced here are: community of practice, activities, collaboration, 
communication,, artifacts and geography. I then describe a model-based approach for modeling work 
practice. . 

Chapterr 4 describes the Brahms modeling and simulation language in detail. I hypothesize (in chapter 5) 
thatt the Brahms language incorporates the right woridview for modeling work practice, as described in 
chapterr 3. The Brahms language was developed by a group of people at IRL and NYNEX Science & 

55 The name Brahms  stand s for  Busines s Redesig n Agerttase d HoNsfeModeHri g System , w 
onee of the origina l dewtopere , Dave Torok,f w 
environmen t t 
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Technology,, which I had the pleasure to be part of. This introduction to the Brahms language is necessary 
too understand part two of the thesis. 

Mostt of the work presented in this thesis was in the application of the Brahms multiagent modeling and 
simulationn environment to three case studies. This is therefore the topic of part two. To test my hypothesis 
aboutt Brahms and to proof my theory of modeling work practice, I performed three extensive case studies in 
whichh I used Brahms to model the work practice of real-world domains. 

Chapterr 5 describes the research design. In that chapter, I present the research approach and the case 
studies,, and explain the motive for choosing them. If the reader is interested in jumping ahead, and get an 
overvieww of the design of the research approach chosen, as well as a quick description of the case studies, 
itt is good to read this chapter before moving on to any other part of the thesis. After chapter 0, the next three 
chapterss each discuss the case studies in great detail. I advise the reader to at least first read chapters 3 
andd 4, before starting on the case studies, because understanding the results found in the case studies 
requiress a somewhat in-depth understanding of the theory, as well as of the Brahms language and 
simulationn capabilities. 

Chapterr 6 describes the Apollo 12 ALSEP-Offtoad case study. In this case study, I modeled the work of the 
Apolloo 12 astronauts on the Moon, offloading the ALSEP packages from the Lunar Module. This is an 
examplee of a descriptive model. 

Chapterr 7 describes the Apollo Heat Flow Experiment (HFE) deployment case study. In this case study, I 
modeledd the work of the lunar surface astronauts deploying the HFE, in a more general way. This is an 
examplee of a predictive model. 

Chapterr 8 describes modeling a work system design of the mission operations of a mission to the Moon 
withh a semi-autonomous rover. In this case study, I used my work practice modeling approach to model a 
designn of a work system that currently does not exist. This is an example of a prescriptive model. 

Last,, but not least, chapter 9 presents conclusions. In this chapter I present my findings, based on the three 
casecase studies. I start with a reflection on the results from the case studies and how they relate to the two 
researchh questions presented in this chapter. I then discuss the cost-benefit of modeling work practice using 
Brahms,, as well as the scaling-factor with regards to the size of Brahms models. The three case studies all 
modell relatively small organizations. I briefly address the issue whether the work practice modeling and 
simulationn methodology developed in this thesis, scales up to larger organizations. After that, I discuss 
somee of my scientific contributions to the different scientific communities. This describes my own 
interpretation,, and it should be taken into consideration that I am, obviously, biased in this regard. I end with 
aa discussion of some future research that needs be conducted, in order to make the presented work 
practicee modeling and simulation methodology more robust and complete. 

Thiss ends the introduction to this thesis. Next is part one and the discussion of different approaches for 
modelingg human behavior, or chapter 5 for those who want to know more about the design of the research 
approachh and the case studies. 
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PART1 1 

Theory y 





2.. APPROACHE S FOR MODELING HUMA N BEHAVIO R 

Thiss chapter describes a number of modeling approaches. It presents a review of existing relevant research 
literaturee to this thesis. The common theme in all the presented approaches is that of modeling human 
behaviorr and organization. It starts with a section on business process modeling. This approach is very 
relevantt to this research, because it models work processes as sequences of tasks or flows of products in 
organizations.. In the next section, the approach that is discussed is cognitive modeling. This approach is 
developedd in cognitive science. It is relevant to this research, because we are interested in modeling 
individualss and groups of people, and their ability to act in and reason about their social and physical work 
contextt The third section describes a distributed artificial intelligence (DAI) approach. Distributed Al focuses 
onn multiple cognitive agente, and is thus relevant to the modeling of groups of people working together. In 
thee fourth section, the last approach discussed is that of computational organization theory. This approach is 
relevant,, because it also deals with modeling organizations at the agent-level. 

II end this chapter with a conclusion section in which I relate all these modeling approaches to the different 
aspectss of workk practice mentioned in the first research question. 

2.1 1 

Onee of the most frequently used approaches to modeling human behavior in a business process is 
modelingg the workflow through an organization. This modeling approach is often used in business process 
reengineeringreengineering (BPR). In this chapter, I will describe workflow modeling, and some of its benefits, but more 
importantlyy I will discuss its weaknesses as they relate to modeling human behavior. I will use the 
SPARKS™™ modeling and simulation tool as an example of workflow modeling. However, I argue that all of 
thee issues related to SPARKS™ are systemic to workflow modeling in general. 

Workfloww modeling is a functional modeling paradigm that models the sequential tasks through which jobs6 

floww in a business process. A workflow model typically describes the transformation of some sort of work 
productt In describing this transformation, workflow models focus on the time and cost parameters in each 
functionall transformation—a task. Effectiveness is defined in terms of time and cost; that is, the number of 
jobss that can be processed in a specific time, and the overall cost of processing a job workflow modeling 
hass gained significant popularity in the business world, due to the interest in business process re-
engineeringg to gain more efficiency and cost reduction. 

However,, workflow models do not particularly focus on an individual's job performance, nor do they specify 
sociall and cultural behavior. Resources in workflow models are stochastic variables with specific 
characteristics,, such as cost, work schedules, and other kind of parameters that can be measured. People 
aree treated (modeled) as statistical resources, just like equipment and automation machines. As I will 
discusss later in this chapter, it is partly because of the limitations of such measurements that workflow 
modelss provide a very limited representation of how work is done in practice. 

2.1.11 Modelin g in busines s proces s re-engineering 

Thee 1990s saw the development of many proprietary BPR methodologies. The idea for BPR was made 
popularr in the business community by Hammer and Champy (Hammer and Champy 1993), and Davenport 
(Davenportt 1993). The idea behind BPR is that work processes in many companies need to be evaluated, 
streamlinedd and automated in order to stay profitable and competitive (Scott Morton 1991). An example of a 
BPRR methodology is BreakpointBPR™, developed by Coopers & Lybrand (Johansson 1992). 

66 The term Tob"  is define d in sectio n 2.1.2 
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Figuree 2-1. Life Cycle Model of Breakpoint BPR™ (borrowed from SPARKS™ training manual) 

Figuree 2-1 shows the life cycle model of the Breakpoint BPR™ methodology, and the role that a business 
processs modeling and simulation tool plays in this life cycle. The Continuous Improvement Cycle in Figure 
2-11 is primarily based on developing, analyzing, and testing a work process, using a workflow simulation 
tool.. As changes to the business process are validated and tested through what-if scenarios in the 
simulation,, the process moves to an implementation phase. Continuous improvement happens in the next 
cyclee of modeling, where the current work process becomes the process that was just implemented. 
Detailingg the methodology is outside the scope of this thesis, however the point to be made is that modeling 
thee (current and new) work processes plays a central role in the life cycle of the methodology. Each step of 
thee way, decisions about changing the business process are based on, and simulated in, a model. Modeling 
andd simulation takes center stage. Design decisions are made based on statistical analysis of the efficiency 
(timee and cost) of the simulated business process. The SPARKS™ training manual states: "SPARKS™ is 
[...]] a computer-based tool for modeling, simulating and analyzing current business processes, and 
redesigningg and implementing alternatives." (C&L 1994). 

Theree are many uses of workflow modeling and simulation in a BPR project: 

•• As an analysis tool for the effectiveness of a business process, and as a way to identify 
opportunitiess for improvements. 

•• To describe the redesign of a business process, and to test and evaluate redesign alternatives. The 
argumentt is that, if we believe "the numbers" from the simulation are representative of how things 
workk in the real world, we can use the model to choose between various alternatives. 

•• To analyze the impact of new technologyy and automation on a business process. 

•• To communicate, document, and train personnel about a business process. 

•• To manage and control a business process in real time, by implementing the model with workflow 
softwaree technology. 

2.1.22 Component s of a workflo w simulatio n mode l 

Figuree 2-2 shows the components of a workflow simulation model. The taskflow7 model represents the 
sequentialsequential tasks in a work process. The resource model shows the resources (people and artifacts) that are 
performingperforming the task. In the input model one specifies what is "flowing" through the work process. This is the 

77 The concepts taskflow and workflow are used synonymously. However, I use taskflow when I speak of a static representation of a task 
sequence,, and use workflow when I speak of a dynamic model that incorporates a taskflow, resource, input and timing model. 
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workwork product that is being worked on. Objects are flowing through the model as components of jobs. A job 
(e.g.. an order) represents one or more objects that are worked on during the work process. The term job 
doess not refer to the work of a person, as in "what is his job." Instead, a job is an abstract concept that 
representss the work product being worked on. As such, it has discrete entry and exit criteria, and can be 
seenn as the product of the business process. What people in the organization understand as "a job," 
dependss on their role and the tasks they perform in the organization. Some individuals in the organization 
vieww a job as a physical object, whereas for others it means something conceptual. For example, for people 
workingg on the job-floor of a manufacturing plant a job is the physical object that they are working on. 
However,, for the people in the sales department, a job is a specific customer order represented by a 
customerr order form. 

TASKK FLOW MODEL 

// V 
RESOURCEE MODEL 

INPUTT MODEL 

TIMINGG MODEL 

OUTPUT T 

Y--
Ax x 

Figuree 2-2. Components of a workflow model 

AA static model is a model that does not change with time, whereas a dynamic model changes over time 
throughh a simulation. In a static model the input, timing, resource, and taskflow models are not necessarily 
connected.. To create a simulation, however, the models need to be interconnected. During a simulation, the 
inputt model provides the taskflow model with new jobs entering a process. The resource model provides the 
taskfloww model with the resource units needed for each individual task. The timing model exists as part of a 
simulation,, and provides the definition of the days and schedules used for resources, the times that jobs are 
enteringg the simulation, and the simulation clock keeping track of the time during the simulation. The output 
modell specifies the statistics that are kept during the simulation and can be displayed. 

2.1.2.11 Resource Model 

Thee resource model defines the individual resources and groups of individual resources. Resources 
representt people or artifacts that perform work. Example resources include a clerk, a manager, a machinist, 
aa machine, a drill, a computer, et cetera. The work performed by resources is not defined at the individual 
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resource-level,, or at the group-level. Instead, the work performed by individual resources is implicitly 
representedd by the assignment of the number of resources used in a specific task in the taskflow model. 
Groupss are only used to track statistics at the aggregate group level. When all the resources in a group are 
"beingg consumed" by tasks during a simulation run, the group has an in-box (queue) in which the work is 
keptt until resources are available. 

Individuall resources in a workflow model do not exhibit individual behavior, neither task nor cognitive. 
Resourcess are statistical units assigned to tasks, which simply means that performing the task consumes 
thee amount of resources specified at the task level. 

2.1.2.22 Representing work as a taskflow 

Inn a taskflow model work is represented in functional units, called tasks, through which jobs flow. Tasks 
representt the atomic steps of a process. Tasks are functions taking resources and jobs as input and 
calculatingg cost output, based on the time it takes to do the task and the cost of the resources for one job. 
Taskss are chained in a sequential flow, represented from left to right in task sequences. A number of special 
task-typess enable representing work as a complex directed graph. In this section, I will describe some of the 
representationall issues using workflow models. 

2.1.2.2.11 Branches: Modeling different possible flows 
AA branch task is used to represent a decision point in a workflow. One specifies, usually in percentages, 
howw many jobs will flow up one branch and how many flow down the other branch(es). Joins bring several 
branchess of a flow back together into a single flow. Branch tasks and joins allow a modeler to represent the 
differentt ways a job can flow based on some attribute of the job. For example, the jobs (i.e. orders) flowing 
throughh the workflow represented in Figure 2-3 have an associated attribute representing the type of order 
formm used for the job. In the branch task, this attribute is examined. Figure 2-3 shows the use of a branch 
andd a join to represent an error condition.8 

ORDERR IS ON CORRECT FORM: 93K 

0 0 
ORDERR IS ON 

WRONGG F0RM:5C% V V 

Ch--

FAX-F0RM-T0-T.1-CBITBi i 

T1-ACKM0WLEDGEMENT T 

TRANSFER-INFO-QWTO-RIGHT-FORM M 
(ASSUMESS STD T1 FORM) 

Figuree 2-3. Modeling error conditions with a branch and a join task 

Thee example shows an error condition in which the wrong form for an order is used; this happens in 50 
percentt of the cases. Thus, 50 percent of the jobs in the simulation will flow down through the task 
TRANSFER-INFO-ONTO-RIGHT-FORM.. The two branches come together before the task FAX-FORM-
TO-T.11 -CENTER. From here on the jobs will again follow the same flow. Branches are "either-or" paths, and 
aa job can only flow down one of the branches. 

2.1.2.2.22 Spawns & Merges: Modeling simultaneous work performed by multiple people 
Modelerss often need to represent a situation where more than one person is working on the same job at the 
samee time. Sometimes, this is done in isolation; for example, two people in different organizations have to 
performm tasks on the same job independent from each other. When people are working together at the 
samee time modeling becomes more complicated, because their work needs to be synchronized. In workflow 
models,, these work situations are modeled with a special kind of task, called a spawn task. Figure 2-4 

Thiss example, and the following examples, are from the T1 Radical Redesign model in SPARKS11 

NYNEXX Science & Technology, as part of the T1 Redesign project in 1992. 
.. developed by Dave Torok at 
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showss the collaboration between the CO (central office) and the Field organization in troubleshooting and 
fixingg a problem, by branching the workflow using the spawn task "co-helps-field." The example shows the 
twoo separate tasks done by the two separate organizations at the same time. After the collaboration has 
beenn completed, the merge task "merge-shoot-trouble" recombines the spawned job. 

CO-HEE LPS-FI ELD MERGE-SHOOT-TROUBLÈ 
TROUBLESHOOT-AND-FIX-PROBLEM M 

-- -2 -*  n- t* -
i ï i i 1 - 33 hours for suburb-metro 

becausee communcation v ia tk ts 

HELP-SHOOT-TROUBLE E 

Figuree 2-4. Modeling simultaneous work 

AA spawn task looks like a branch task, but is semantically different, because there is no decision whether 
thee job should go one way or the other. Instead, thee job is split—spawned—into two jobs, as if the job is 
flowingg through both branches at the same time. Each branch of the spawn is used for representing the 
taskss of a different resource. At the end of the spawn there is a merge task. A merge task merges the split 
jobss together into the job from before the spawn. In this way, the simulation can keep track of the time spent 
byy all resources for both workflows. 

iü iü 

»» A ' 
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Figuree 2-5. Spawn semantics 

Notee that during a simulation the tasks in the spawned flow are not necessarily performed at the same time. 
Forr example, in Figure 2-4 we might think that the tasks "troubleshoot-and-fix-problem" and "help-shoot-
trouble"" would be performed simultaneously. However, this depends on the availability of resources. Let us 
assumee there are only two resources in the model. The first resource is assigned to the "troubleshoot-and-
fix-problem."" The second resource is assigned to the "help-shoot-trouble" task. Let us also assume that at 
thee moment a job is entering the spawn, the second resource is assigned to a task not shown in Figure 2-4. 
Thee second part of the spawn-job waits at the "help-shoot-trouble" task until the second resource is 
available.. The second resource becomes available after its current task is completed, andd the resource can 
startt working on the "help-shoot-trouble" task. Consequently, the two tasks are performed in sequence (see 
Figuree 2-5). This is not what is conceptually meant with the spawned flow in Figure 2-4. Of course, 
statisticallyy the amount of time that was worked on the two tasks is correct, because the same amount of 
resourcess work on the tasks. However, the overall duration time for the job will now be longer than it should 
be,, because the two tasks are done in sequence instead of in parallel. Remember that conceptually, the 
modell is supposed to represent collaboration between two individuals. It would be better if the simulation 
showedd that if one of the two resources, needed to accomplish the troubleshooting task, is not available, the 
taskk does not get accomplished. However, workflow simulations in Sparks™ do not give the modeler control 
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overr the assignment of resources to tasks, and availability of resources during a simulation. In short, in a 
Sparks™™ workflow model there it is not guaranteed that two tasks are actually performed in parallel. There 
iss no control over the execution of parallel tasks. This makes it hard to represent collaborative tasks 
betweenn resources. 

2.1.2.2.33 Modeling behavior with delays in the flow 
Sometimess work cannot proceed because of some condition that needs to be met, but cannot be met at 
thatt moment. For example, when a sales-representative needs to call back a customer because he or she 
needss more information, and the customer does not answer, the job has to wait until the sales 
representativee can talk to the customer. In workflow models, such a situation is modeled with a delay task. 
Whilee in a delay task a job is held and no resources are working on it—the resources are released to work 
onn other tasks—while time is continuing. Figure 2-6 shows the example of a delay task, representing a sales 
repp waiting to call back a customer. 

FAXX / PHONE 
ORDERSS INFO OK: 75% 

RECEIVE-PHONE-OR-PAPER-ORDERR I . . „ » 
II NEED 

ii INFO r&% m »—i 
PHONE-TAG-44 CALL-BACK-CUSTOMER-4 
30%% - 5 minutes 
50%% - 1 hour 
20%% - 3 hours 

Figuree 2-6. Modelin g job delay 

Inn order to model the task more accurately, the delay "phone-tag-4" in Figure 2-6 has several delay times 
associatedd with it: in 30 percent of the cases the delay takes 5 minutes, in 50 percent, 1 hour, and in 20 
percent,, 3 hours. Using this distribution of delay times, the model-builder intended to represent the different 
durationss before the telephone call actually takes place. This representation of a phone call using delay 
taskss does not represent how phone calls happen in the real world. Phone calls are not planned tasks, but 
aree situation dependent. Whether the sales-representative gets a hold of the customer depends on where 
thee customer is and what the customer is doing. It will be very difficult to define a realistic distribution 
functionn for the time it takes for the sales-representative to get a hold of the customer, because it depends 
onn the customer's situation. Also, the task of the resource being called (i.e. the customer) is not represented 
att all. It is not possible to associate the customer resource with the "call-back-customer-4" task, because 
resourcess are not tracked with the order, but with the task. During the simulation it is not known which 
customerr resource should be associated with the callback task. This relates to the inherent problem of 
modelingmodeling collaborative tasks in a workflow model. Therefore, the model leaves out which customer is being 
called,, and the time it takes for the customer to answer the phone call and talk to the representative is not 
takenn into account. 

Similarr representational issues arise in a number of other cases; "off-task" behaviors, such as having coffee, 
orr discussing the win in last night's basketball game (Sachs 1995). How do we represent the delay of a job, 
becausee the manager suddenly asks the sales-rep for a report on the monthly order figures? In tasks that 
aree unrelated to the flow, the resources are not working on a specific job flowing through the process. These 
"off-task"" behaviors cannot be modeled explicitly by a workflow representation, because the moment of 
occurrencee is not known, and because such tasks do not "touch" the jobs flowing through the model. Work 
consistss of many such off-task behaviors. Being interrupted in the task you are doing and resuming it after 
somee time is part of every day work practice. We can model interruptions and resumes by adding delay 
tasks,, but this is not how things happen in the real world. A delay task means that after the previous task 
theree is always always some delay. Interruptions, such as a phone call, or going to the bathroom, are serendipitous 
andd cannot be modeled by delay-tasks. Not being able to represent this aspect of work means that the 
workfloww simulation can never be an accurate reflection of the work practice—what people are actually 
doing. . 
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2.1.2.33 Input Model 

Too simulate work using the workflow paradigm there need to be jobs "flowing" through the model. The 
numberr of jobs and the time intervals at which these jobs "enter" the model have to be defined up front, and 
monitoredd by the simulation engine. In SPARKS™ this is done by a special type of task, called a start task. 
Startt tasks input jobs of a particular job-type into the task flow model. They specify the type of the job, the 
timee intervals the jobs are entered into the task flow Gob start times), the number of jobs that will be entered 
(jobb volume), and the distribution of the number of jobs over the time interval. Job types are used to define 
andd categorize different jobs, representing different types of objects processed by the resources in the 
model.. For instance, there might be different types of jobs in a customer service department, such as X-type 
jobss representing orders from customer X, being processed by the X-group, and Y-type jobs representing 
orderss from customer Y, being processed by the Y-group. By separating jobs into types, the simulation 
enginee can gather statistics for each of the job type. 

2.1.2.3.11 Jobs are conceptual 
AA job is an abstract concept of "what is flowing" through the process. For example, an order form is faxed, 
afterr which the information is put in a database. The database information is used by the billing system, and 
iss re-typed into that system. Abstracting different artifacts people are working on during the course of the 
processs creates the notion of a job. The transformation from one artifact to another is what makes things 
"flow,"" although it is arguable that it is not the artifacts that are "flowing," but the information contained in the 
artifacts.. Consider a piece of paper representing an order form with customer order information. This form is 
faxedd to a department and there the clerk enters the information from the faxed form into the companies 
orderr tracking system. The form stops "flowing" through the process, but the order information, now in the 
computerr system, keeps flowing through the process. In most workflow models, the artifacts that make up a 
jobb are not represented, and therefore, neither are the changes between artifacts, nor the flow of 
information.. What is represented is a conceptual object representing the job. This limited representation of 
whatt constitutes a job makes it difficult to model the context of work. For example, in modeling a "hand-off" 
wee would need to model what is being "handed-off. The form of the artifact that is being handed-off plays 
ann important role in how people do the work. For example, it makes a difference whether the order form is 
hand-delivered,, or whether the information is sent through Lotus Notes™9. When hand-delivered, there 
couldd be a two-way conversation around the order. Whatever the impact of this conversation, the point is 
thatt this conversation is not represented. In other words, it is abstracted away from the actual work practice 
inn the organization. By abstracting away the media (i.e. artifacts) of a work product, the context of the work is 
beingg left out, the information, or wrong information being passed down, is not represented, and neither are 
thee actual work activities of the individuals in the organization. This is a severe limitation in using workflow 
modelss to represent how people actually work. 

2.1.2.44 Output Model 

Theree are two types of output from simulating a workflow model. The first is showing (using animation) jobs 
flowingg through the workflow. The second, and most emphasized in workflow modeling, is the calculation of 
aa wide range of statistics at various levels of granularity. There are two categories of statistics; statistics for 
thee resources in the model and statistics for the workflow process itself. Most workflow simulation tools allow 
thee end user to customize the output model. 

Statisticss about the workflow process are used to capture information about the jobs passing through the 
model.. These statistics typically include, the number of jobs passing through the model, the time spent on 
thee tasks, and the cost associated with the process as it is represented. Statistics also include detailed 
informationn for each task, such as: the number of jobs arrived at the task, the number of jobs finished by the 
task,, and the actual and average task times during the simulation run. 

Resourcee statistics are used to capture information about resource utilization and costs. There are statistics 
att the individual resource level, as well as at the accumulated group levels. Statistics of this kind include 
utilizationn of the resource, including percentages, availability of the resources throughout the simulation, and 
thee work loads (i.e. backlogs) of the resources. 

99 Lotu s Notes is a trademar k of IBM Corporation . 
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2.1.2.4.11 Issues with statistics 
Thee statistical output of a workflow model is completely dependent on the resource and task data for the 
model.. This phenomenon is known as the garbage in, garbage out phenomenon (Banks et al. 1996). 
Becausee a workflow model is so dependent on the data used to define the cost and time estimates for 
resourcess and tasks, this problem is real and almost unavoidable, as is illustrated by the statement of the 
model-builderr of the T1-redesign model: 

II must put forth a CAUTION statement here! BE SURE that you release statistics to the work) wisely 
andd with the caveats about the meaning of specific SPARKS data. There are so many assumptions 
builtt into the model that affect the numbers' applicability to the real world. The best use of the numbers 
iss as a relative measure between one SPARKS model of the T.1 process and another model. 
However,, there is more and more pressure to use the numbers in an absolute sense, so do so wisely. 
(Torekk 1992) 

Thee modeler found this warning so important that he repeated it twice in his document about the T.1 
SPARKS™™ model. 

Becausee of the emphasis on the dynamics of jobs in workflow models, instead of the dynamics (i.e. 
behavior)) of resources, and because of the limitation in modeling the way people and groups actually work, 
mostt resource statistics are, therefore, inherently inaccurate. Unfortunately, most of the time there is strong 
pressuree from upper levels of management to show "head count" across models, and to map any kind of 
costt savings into head count reduction (Davenport 1995). One has to be careful in basing management 
decisionss on simulation model statistics. Data and model verification and validation is one of the most 
important,, but at the same time most difficult aspects of simulations (Banks et al. 1996) (Zeigler et al. 2000). 
Thee goal of the validation process is twofold: 1) produce a model that represents the actual system close 
enoughh so that it can be used as a substitute, and 2) develop a credible model so that it can be used with 
confidencee in decision making. 

II do not want to claim that statistics are completely useless. However, there are so many data related issues 
aroundd the calculation of statistics that the use of a workflow simulation model in a process redesign project 
shouldd always be looked upon with a dose of healthy skepticism. 

2.1.33 Probtom s wtt h workflo w 

"Work"" consists of more than a functional transformation of work products by resources (Sachs 1995; 
Suchmann 1987). One just has to think about the informal, circumstantial factors that influence work quality. 
Thinkk about the effects of collaboration, types of hand-offs, geographical location of the people, the 
willingnesss of people, and sometimes organizations, to work or not work together ("engineering believes that 
theyy own the company"). All this is missing from a functional view of the work. In this section, I discuss some 
off the problems we have identified using workflow modeling and simulation in work redesign projects at the 
formerr NYNEX telephone company. I draw from our experiences using the SPARKS™ environment to 
modell the current work process and the redesigned work process during two process redesign projects at 
thee former NYNEX telephone company (the T1 re-design project (Corcoran 1992), and the BNA re-design 
project). . 

2.1.3.11 Data acquisition 

KK is very difficult to gather statistically significant and/or valid data for the development of a workflow model. 
Thiss is true for the design of a future work process, but it is even true for the development of a workflow 
modell of a current work process. Often, the work process organization does not keep historical data of the 
process.. This means that the process analysts wiH have to gather the time and cost data for job-flow and 
resources.. To do this correctly is not an easy task. When there is no data already available one should 
questionn why this is the case. Most of the time you w i find that this is because it is not easy to gather this 
typee of data To do an extensive statistical data analysis of the work process might take longer than the life 
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off  the projec t itself . One approac h is to do "spo t observations "  for jobs , tasks and resources . The data that 
onee collect s with this approac h is, most likely , not  statistically  valid,  meanin g it is: 

1.. Not collecte d from the correc t population , 

2.. Collecte d from incorrec t or not representativ e observations , 

3.. Collecte d from an unreliabl e source . 

2.1.3.22 Biase s in simulatio n data 

Whenn analyzin g simulatio n data, it is importan t to understan d the types of biases that may be incorporate d 
inn the data from a simulatio n run (Banks et al. 1996). The two biases that are apparen t are the "sna p shot " 
biass and the "averag e vs. bucke f bias . 

Thee snapshot  bias  occur s when , durin g the simulation , the data is examine d at a "snapshot 11 in time . The 
biass occur s when comparin g data between two measuremen t point s in the workflo w model , such as lookin g 
att  the differenc e in average elapsed time . The data is biased , becaus e at any given time the data measure d 
att  the (alter poin t in the flow does not includ e the data from jobs that are, at that moment , in between the firs t 
andd the latter point , and therefor e have already past the firs t measure d point , but not the second . In other 
words ,, the data measure d at the secon d poin t is "lighter "  than the data measure d at the firs t poin t This bias 
increase ss when either the elapsed time between the point s increases , or the numbe r of jobs measure d 
decreases .. Therefore , to gain trul y accurat e differenc e measures , the simulatio n shoul d be run for a large 
numbe rr  of jobs . 

Thee average  vs.  bucket  bias  occur s when the averaged data does not represen t the actual distributio n at a 
givenn point . An excellen t exampl e of this is show n in the T.1 model for the average elapsed time at the 
completio nn of the "order-negotiation' ' process . The average elapsed time was approximatel y five hours . 
However ,, a look at the distributio n of elapsed times showe d 1378 of 1679 order s took under 30 minutes , 
andd 301 order s took 24 hour s or longer , with absolutel y no order s complete d between 30 minute s and 24 
hours !!  This type of bias can occu r with any average measur e (cost , time , etc.) and is highl y dependen t on 
thee actua l work practic e that is modeled . This bias can also occu r when mixin g jobs of differen t types . 

2.1.3.33 Resourc e issue s 

Thee workloa d in a workflo w simulatio n is dependen t on the resource s availabl e to do the work . For a 
workflo ww simulator , resource s are all the same. The only use of a resourc e is to balanc e the workload ; i.e. 
thee more resource s that can be chose n from for a particula r job in a task , the more jobs can be done in 
parallel .. The type of resourc e has no influenc e on the time it takes to finis h a task—som e tools , such as 
SPARKS™™ try to model personal , socia l and cognitiv e factor s of resource s as numerica l measures . 
However ,, these measure s are very subjectiv e and unscientific , and can do more harm than good (see 
2.1.3.3.3).. The use of types of resource s in a model is therefor e mostl y for the gatherin g of cumulativ e 
statistic ss at the grou p level . For example , the cost of one type of resourc e is highe r then others . 

2.1.3.3.11 Motivatio n and cultur e 
Wee all know intuitivel y that experienc e levels of iridrviduais , as weH as cultur e and work ethics , have impac t 
onn the work process . In addition , we know intuitivel y that some group s are more adaptabl e to  chang e than 
others .. So, what happen s to the performanc e of group s when thei r work is changed ? More importantly , can 
wee desig n a new work proces s with these kind s of factor s in mind ? These are importan t issue s in the 
redesig nn of a work process . Workflo w model s do not includ e these types of factors . The busines s 
communit yy  start s to  realize that the intellectual  capital  of a compan y consist s of the people , and thei r work 
practice ss (Stewar t 1997) (Nonaka and Takeuch i 1995). Modelin g and simulatin g the work of an organizatio n 
withou tt  takin g the capabilitie s (cognitive , social , and cultural ) of the individual s into accoun t leads to  work 
proces ss design s that most likel y fail to  produc e the expecte d result s after implementation . In short , the 
chang ee from the curren t to the futur e situatio n impact s the work at a deeper level that canno t be predicte d 
byy a model of the futur e work system . 
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2.1.3.3.22 Resource approximations 
Onee dilemma in modeling the resources in a workflow model is the dilemma of how accurate to model the 
resourcess of an organization. The tasks modeled in a taskfkwv model are usually just part of the total work of 
ann organization. We referred to the work not modeled in a workflow model as "off-task" behaviors. For 
example,, the taskflow of the T1 model only represented a part of all the jobs that were being worked on by 
thee different organizations in the model. Therefore, if the resources would be modeled very accurately (i.e. 
thee number of people working, etc), there would always be enough resources to handle the job-load in the 
simulationn model. So, how many resources is a realistic measure? The modeler for the T1 model 
"compressed"" the resource model to an approximate number of resources needed to work lul l time" on T1 
provisioningg jobs. Again, these kinds of approximations make the output of a workflow simulation less valid. 

2.1.3.3.33 Modeling social, cultural and cognitive factors 
Thee way people work is very much defined by factors other then time and money. For one thing, people 
buildd relationships in the workplace that influence the way they work. (Suchman 1987) (Wenger 1997). The 
pointt is that work is not just the flow of jobs through the process, or the flow of information between people 
andd systems. Work is about people, their habits, their norms and relationships, their physical environment, 
ett cetera. A new design of a work process that is going to be a success when implemented has to consider 
thesee factors. Efficiency in the workflow does not necessarily come by removing some redundant tasks. 
Sure,, it might help, but maybe the tasks are there for a good reason, and taking them out might actually hurt 
thee process. 

Somee modeling tools try to model social, cultural and cognitive factors using quantitative measures. For 
example,, in SPARKS™ we can model the "diligence" of a resource by specifying in seconds how long the 
resourcee will work on a task after the time model specifies that it stops working for the day. This way, a 
resourcee that just started a task that takes thirty minutes, at five minutes to five, and who will normally stop 
workingg at five o'clock and has a diligence factor of 30 minutes, will finish the task before stopping. Although 
thiss may sound like a good way to model the flexibility of people, it is not a very realistic way of modeling 
flexibility.flexibility. It means, for instance, that if the task would take 31 minutes the resource would not be diligent 
enoughh and stop. How does someone know exactly, to the minute, how tong a task will take? This is not 
realisticc and not how people do work, even if they have to "punch the clock." 

2.1.3.3.44 Multi-tasking: interrupt and resume 
Workk consists of interruptions, switching to and from different activities; picking up a phone while checking 
thee status of a job, answering someone's question while entering data in the order system, et cetera. It is 
hardlyy ever that we are engaged in just one task at a time. People are masters in "juggling" many tasks at 
once.. However, representing the multi-tasking of individual resources in a workflow model is not possible. 
Resourcess cannot be controlled at an individual level. The workflow simulator schedules the resources. 
Whichh resource does what and when depends on the number of resources available and the workload (the 
numberr of jobs flowing through the simulation), and not on a model of the cognitive behavior of the 
resource. . 

2.1.3.44 The Turf Coordinator problem 

Thee TC role was briefly mentioned in the introduction chapter, and is described in more detail in Sachs 
(Sachss 1995). The problem of representing the work associated with this new role in a workflow model was 
onee of the driving forces to start our research on a new modeling paradigm for simulating work practice. In 
thiss section, we describe the problem in more detail. 

Inn the radical new design of the T1 process, the design team came up with a new concept called a lurf." 
Thee city of Manhattan was divided in a number of geographical turfs. Each turf has their own field force that 
coverss that specific geographical area and the central offices in that area. In the redesign model, the T1 jobs 
aree assigned to a specific turf. Consequently, the field force is now dedicated to a turf. In the model, this 
meantt that jobs, as well as the tasks and resources had to be duplicated, making the model more complex 
andd more difficult to maintain10. The next big change in the design was the introduction of the TC role. For 
eachh turf, there is a TC. A TC has end-to-end responsibility for a job. The work associated with this role is 

100 In SPARKS ™ each task can only be worke d on by one resource , selecte d from one group . Therefore , modelin g seven turf s entaile d 
creatin gg seven identica l proces s flows . Jus t as in compute r programming , duplicatio n of "code "  create s a maintenanc e overhead . 
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nott what a business manager would call "value added" work. The tasks of a TC are not directly related to 
thee flow of jobs through the work process. His or her tasks do not transform the job, but are mostly related to 
thee activity of coordinating conversations between the field and the central office. Therefore, most of the 
taskss of the TC have no place in a workflow model. This is best explained with the example of coordinating 
thee testing of a T.1 circuit. 

2.1.3.4.11 Coordinating a T.1 circuit test 
Onee of the identified problems in the old (current) T1 work process was the coordination of testing circuits 
betweenn the central office and the field (the customer premise). Before the concept of a turf and the TC role, 
nobodyy in the process was specifically assigned to a job. The Trouble Ticketing System (TTS) controlled the 
wholee work process. The TTS was designed to eliminate what management felt were "off-task" 
conversationss between workers. The TTS was setup with the assumption that any worker can perform a 
specificc task for a job, and that the installation, testing and completion of a job did not have to be done by 
onee team of workers. It was believed that it is more efficient to break the work up and have people work on 
onee specific task in a job. This way, orders could be handled as they come up, and people wouldn't be 
caughtt in time-consuming troubleshooting. The process worked by sending and receiving "tickets." Each 
tickett would be dispatched by a centrall dispatch system. Every time someone had performed a task from a 
ticket,, the ticket was sent back to the central dispatch system, which would then send it to another person, 
leavingg the first person to pick up a new ticket. In practice, this meant that when a worker encountered a 
problemm (like not hearing a dial-tone) (s)he would send a trouble-ticket into TTS, and assume that someone 
elsee would pick up this trouble and fix it. The person who sent the ticket in the first place would then have 
timee to pick up the next ticket and start working on a new job. From the worker's perspective, the electronic 
dispatchingg got in the way of being able to solve problems collaboratively. Unlike problem-solving 
conversationss in which two people can discuss a problem and explore the possibilities to solve it, the TTS 
transformss a problem-solving conversation into a number of sequential tickets picked up by an array of 
workers,, who do not speak to one another. 

Thee translation of each turn of talk into a single ticket reduced an effective network of co-workers who 
couldd troubleshoot together into something like a relay-race, handing-off pieces of work to the next 
runner,, creating an aggregate of dissociated workers. It changed a troubleshooting conversation into a 
seriess of solitary commands disembodied from context. Not only was the conversation—the story line 
off the problem, if you will—lost, so was the work community. (No one knew who else was working on 
thee job.) (Sachs 1995) 

Therefore,, whenever the technician, installing the T1 line in the field (at the customer premise), had to run a 
testt to verify the complete circuit from end to end, (s)he had to send a trouble-ticket to the central office to 
requestt the test. The tester who would pick-up the ticket would setup the circuit so that the test could be run. 
Theree was no direct contact between the tester, and the field technician. When the test would go wrong, 
(s)hee would have to go through the whole process again, while the second time the ticket might be picked 
upp by a different tester. 

Inn the new design, the TC is an experienced technician whose role is to coordinate the telephone 
communicationss between, up to five, field technicians installing and testing a circuit. The problems that can 
occurr when installing and testing a circuit are unpredictable and of a wide range. The TC needs to know 
whomm to contact, and where people are geographically located in order to coordinate getting the right 
peoplee involved. The TC, field technicians, and turf managers meet regularly to identify recurring problems 
andd solve them. 

2.1.3.4.22 Modeling the turf coordinator 
Thee difficulty with modeling the TC in a workflow model has to do with the fact that the work activities of a 
TCC are not necessarily identifiable with specific jobs flowing through the process. True, when a TC 
coordinatess communication between several people in the field due to a problem that occurred, (s)he is 
workingg on a job, and the task can be seen as such. However, when this happens is unpredictable and 
cannott be pre-specified in a task sequence. Furthermore, representing a three or more person phone 
conferencee is not easy, if not impossible, in a workflow model. Representing the coordination of such a 
conferencee call is so situated that it is even hard to think about pre-specifying the steps that are involved. As 
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mentionedd before, in a workflow model we cannot specify a specific resource working on a specific job. 
Therefore,, the only way such a conference call would be possible is if there are enough resources available 
att that moment in the simulation to work on that specific job. The chances that the right resource, from the 
rightt location, performs the correct task in the task sequence, is next to null. Modeling a phone conference 
calll as a pre-specified sequence of tasks is impossible, since it is unpredictable how such collaboration 
mightt play out over time. 

Alll this resulted in the fact that the TC's work hardly showed up in the SPARKS™ model of the radical new 
design.. Because of that, it was hard for the design team to justify a full-time person playing the role of a TC. 
Thee resource statistics of the model did not justify a full-time person. Nonetheless, the design team knew 
thatt the importance of coordinating the technicians was one of the major factors in the time and cost savings 
off the new design. Although management was very impressed with the time and cost savings of the model, 
thee team had a hard time convincing management of the need for a TC. 

Thiss experience led us to start working on a modeling paradigm and modeling tool that would allow the 
representationn of coordination activities, such as the TC. Work needs to be represented based on the 
activitiess that individuals engage in, and the flexibility of people's decisions to change the sequence of these 
activities.. Collaboration cannot be pre-specified, but is emergent. The next section discusses the main 
differencee between the emergence of behavior versus the pre-specification of the sequence of tasks, 
possiblee error situation, and the collaboration between individuals in a work process. 

2.1.3.55 Emergent behavior vs. static taskflows11 

Ass I have indicated, workflow models typically describe only idealized tasks in transformation of a work 
product.. In the following illustration (Figure 2-7), for example, an engineer receives an order form from a 
representative,, assigns a circuit loop using a computer tool; later the representative enters more data about 
thee order. Figure 2-7 presents an excerpt of a SPARKS™ model for Business Network Architecture (BNA) 
orderr processing12. 

Figuree 2-7. Order processing in the business network architecture (BNA) organization, showing flow of 
orderss from left to right and conditional branching (indicated by arrows hitting a vertical bar). Top section 
showss updates by representatives (BNA-reps) and engineers for customer-not-ready (CNR) and other 
revisionss to orders. Lower section shows standard process for handling faxed order from sales center, 
followedd by correcting 40% with missing or invalid information by calling the sales representative. After 
validatingg customer data (center right), orders are handled by circuit allocation process (top). Other 
acronymss (e.g., SOP) are internal databases. 

"" This section is adapted from Clancey, W. J., Sachs, P., Sierhuis, M„ and van Hoof, R. (1998). "Brahms: Simulating practtae for work 
systemss design." IntemationalJoumal on Human-Computer Studies, 49:831-865. 
122 The BNA project was another business process redesign project within the, by then, Bell Atlanta company. 
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AA critique of this diagram from the perspective of situated action (Suchman 1987) would inquire why order 
processingg occurs this way and how it might be improved. Perhaps surprisingly, the figure leaves out what a 
problem-solvingg (cognitive task) model would typically focus upon. For example, what information does the 
engineerr read from the order form and what deductions are required in order to assign the circuit? This 
particularr model leaves out how orders are planned and assigned, multi-tasking (the fact that a rep or 
engineerr works on several jobs at once before completing them) and how people interrupt and resume their 
work.work. A cognitive model of the same business process might consider some of these factors, but would 
leavee out how people come to be synchronized in a phone conversation, how an engineer might help a 
representativee do his job, and broader considerations of how a representative actually spends her day. In 
particular,, because interpreting and executing orders can be problematic in unexpected ways, people need 
too improvise in ways that work system designers might not have anticipated: 

Informationn flow charts show "information" moving in little blocks or triangles moving along arrows to 
encounterr specific transformations and directions along the diagram. In reality, it seems, all along the 
arrowss as well as at the nodes, that there are people helping this block to be what it needs to be—to 
namee it, to put it under the heading where it will be seen as a recognizable variant, deciding whether 
too leave it in or take it out, whom to convey it to. (Wynn 1991) 

Wynn'ss complaint might be viewed as an issue of modeling granularity—she is asking for more details. But 
herr broader issue is how people think about work and how they solve problems cannot be reduced to 
informationn processing tasks and reasoning. Additional concepts are required. 

Too analyze the example more precisely, consider what the various branches and joins mean: 

•• Proportional mix of different kinds of orders, customers, or services (e.g., the first branch indicates 
howw the order comes into the organization, as an update/correction or as an initial faxed order). 

•• Hand-off to the next (possibly dependent) step in a functional sequence (especially clear in the 
modeler'ss use of a step notation in the top portion of Figure 2-7). 

•• Condition of job being processed (e.g., incorrect information, indicated by a branch showing 60% 
correctt and 40% requiring troubleshooting). 

•• Events that occur during troubleshooting (e.g., receive-a-call or keep-calling-back). 

Althoughh this abstraction is useful, notice that everything in this diagram was specified and connected by the 
modeler.. The model essentially leaves out the logistics, how these conditions come to be detected and 
resolved,resolved, such that work and information actually flows. What is wanted is a model that includes aspects of 
reasoningg found in an information-processing model, plus aspects of geography, agent movement, and 
physicall changes to the environment found in a multiagent simulation (Tokoro 1996). The designed flow of 
Figuree 2-7 assumes that people are always on the spot, picking up faxes and handing them over to others, 
reviewingg the status of database entries on-line, responding to phone calls, et cetera. In reality such 
behaviorr is an emergent property of the situation; people come together and their work is constrained by the 
environment.. A designed work and information flow diagram leaves out the accomplishment of 
synchronizationsynchronization and the effect of juxtaposition of materials, such as the following: 

•• Parallel-dependent processing (e.g., in practice, people start a time-consuming step in processing 
orderr before approval/clearance for doing the work (Dourish 1996)) 

•• Cognitive interpretation, social knowledge, and variability (e.g., how do people know that 
informationn is not correct? How are intra-group variations in how the work is done a resource for 
handlingg difficult situations, such as the unavailability of a computer system?) 

•• Interactional logistics and daily activities (e.g., the steps marked "Receives call" and "Call-back-right 
person"" in Figure 2-7 omit the activity of "making the call" in the first place and when it occurs during 
thee day. Is a pager and cellular phone used or voice mail at a desk phone?) 
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•• Informal help and "keeping an eye" on the work (e.g., stepping outside defined roles, especially 
beingg concerned about the end result even after doing one's own step in a process). 

Byy ignoring the movement and transformation of information through human action, especially conversation, 
aa designed workflow not only fails to explain how flows actually can happen at all, but leaves out the 
emergentt effects of serendipity, such as stumbling on one order while looking for another or bumping into 
someonee in the hall and learning about a new organizational priority. 

2.1.44 Dismissio n 

Inn this section, I discussed workflow modeling and simulation as a tool for business process re-design 
projects.. Although the purpose of a workflow model is to represent the work of people in a work process, I 
havee shown the limitations of this paradigm to model and simulate work as it really happens. I discussed the 
problemss surrounding the validity of the statistics generated by a workflow simulation. Furthermore, we 
discussedd many of the other limitations in representing how people actually work. A workflow model focuses 
onn the sequential movement of jobs through process steps; therefore, the paradigm is very limited in 
representingg the work from the point of view of a worker. People are seen as statistical resources. The 
representationn of the flexible behavior of humans is not possible, and makes workflow models not a realistic 
representationn of how people work. This problem was emphasized by the example of trying to model the TC 
rolee in the T1 re-design project at NYNEX. Although the work activities of a TC were central to the work 
process,, a workflow model was not able to show the "off-task" coordination work of the TC. Therefore, the 
modell was a bad representation of the new work design. A simulation of work practice should emphasize: 

•• What people actually do, not just official job functions; 

•• What people are doing every minute of the day, where they are, and what they are perceiving, not 
justt working on one task at a time; 

•• The collaboration between two or more agents, such as face-to-face conversations, telephone 
calls,, etc, not just communication as a stochastic event; 

•• That people have personal identity, and are not interchangeable resources. 

II conclude this review of the workflow model-based paradigm showing in Table 2-1 its limitations to 
representt people's collaboration, "off-task" behaviors, multi-tasking, interrupted and resumed activities, 
informall interaction, knowledge and geography. 

Inn the next sections, I describe several agent-based modeling approaches for modeling individual intelligent 
agentt behavior. If we want to model the work of a group of individuals, it is obvious that an agent-based 
approachh is warranted. 
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2 22 COGMT1VE MODELING 

Everr since modem cognitive psychology took form in the 1950s and 1960s, it has focused on aspects of 
understandingg human cognition. In the early 1970s, it was Allen Newell who started to work on a unified 
theoryy of cognition that would address all aspects of cognition. Newell felt that the only way cognitive 
psychologyy would ever come to a unified theory, it needed to understand from the beginning how all the 
differentt pieces fit together (Newell 1973b). Newell, at the same time, introduced his answer to this dilemma. 
Hee described his first production system theory of human cognition. It was a single system that was able to 
performm a diverse set of tasks that occupied cognitive psychology. He described production systems as 
followss (Newell 1973a, pp. 463-464): 

AA production system is a scheme for specifying an information processing system. It consists of a set 
off productions, each production consisting of a condition and an action. It has also a collection of data 
structures:: expressions that encode information upon which the production system works—on which 
thee actions operate and on which the conditions can be determined to be true or false. 

AA production system, starting with an initially given set of data structures, operates as follows. That 
productionn whose condition is true of the current data (assume there is only one) is executed, that is, 
thee action is taken. The result is to modify the current data structures. This leads in the next instant to 
anotherr (possibly the same) production being executed, leading to still further modifications. So it 
goes,, action after action being taken to carry out an entire program of processing, each evoked by its 
conditionss becoming true of the momentarily current collection of data structures. The entire process 
haltss either when no condition is true (hence nothing is evoked) or when an action containing a stop 
operationn occurs. 

Muchh remains to be specified in the above scheme to yield a definite information processing system. 
Whatt happens (a likely occurrence) if more than one production is satisfied at once? What is the 
actuall scheme for encoding information? What sort of collection of data structures constitutes the 
currentt state of knowledge on which the system works? What sort of tests are expressible in the 
conditionn of productions? What sort of primitive operations are performable on the data and what 
collectionss of these are expressible in the actions of productions? What sort of additional memories 
aree available and how are they accessed and written into? How is the production system itself 
modifiedd from within, or is this possible? How much time (or effort) is taken by the various components 
off the system and how do they combine to yield a total time for an entire process. 

Overr the years, Newell explored a number of variations on his production system concept, concluding with 
hiss Soar theory of human cognition (Newell 1990). Right now, there are at least four current and active 
productionn system theories: Soar (Newell 1990), ACT-R (Anderson 1993), 3CAPS (Just and Carpenter 
1992),, EPIC (Meyer and Kieras 1997). All these computational cognitive modeling systems are developed 
ass implementations of a theory of cognition. As such, domain specific models of problem-solving tasks that 
aree developed in these systems are seen as theoretically valid models of how humans perform problem 
solving.. In this chapter, I briefly describe the Soar and ACT-R systems, in order to give a brief overview of 
thee field of cognitive modeling. The reason for not describing all four systems, mentioned above is, a) 
becausee Soar and ACT-R are the best known and mostly used production systems for cognitive modeling, 
andd b) to limit the space used to describe the nature of cognitive modeling. 

2.2.11 Soar 

Soarr is a general cognitive architecture for developing systems that exhibit problem-solving behavior. 
Researcherss all over the world, both from the fields of artificial intelligence and cognitive science, aree using 
Soarr for a variety of tasks. It has been in use since 1983. 

Soarr attempts to approximate rational behavior, using the following guiding design principles (Laird et al. 
1999): : 
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•• The number of distinct architectural mechanisms should be minimized. Soar has a single 
frameworkk for all tasks and subtasks (problem spaces), a single representation of permanent 
knowledgee (productions), a single representation of temporary knowledge (objects with attributes 
andd values), a singlee mechanism for generating goals (automatic subgoaling), and a singlee learning 
mechanismm (chunking). 

•• All decisions are made through the application of relevant knowledge at run-time. In Soar, every 
decisionn is based on the current interpretation of sensory data, the contents of working memory 
createdd by prior problem solving, and any relevant knowledge retrieved from permanent memory. 

Soarr is based on the general hypothesis that all goal-oriented behavior can be viewed as the selection and 
applicationn of operators to a state. A state represents the current problem-solving situation in memory, at a 
specificc moment in the problem-solving process. The application of an operator changes the current state to 
aa new state, which means that it is changing the representation of the state in memory. A goal (or subgoal) 
iss seen as the desired outcome of an operator. Trying to reach its goals, Soar continually applies operators 
selectedd to achieve a goal. When an operator succeeds or fails, Soar selects the next operator for a subgoal 
off the current goal, or for a new goal. Reaching a goal can be seen as having the system reach a goal-state, 
i.e.. the desired representation of objects, attributes, and values. 

Soarr has two types of memories for storing the different representational objects of a problem-solving 
process, , 

•• Working memory contains descriptions of the current situation—the current state—including data 
fromm sensors, results of intermediate production firings, active goals and operators. Working 
memoryy is organized into objects. Objects are described in terms of attributes. The current state is 
thee total of objects in working memory with their current attribute-values. 

•• Long-term (or production) memory contains productions that define how to react to the objects and 
theirr attributes in working memory. The productions in long-term memory can be thought of as the 
Soarr program. 

AA Soar program contains the knowledge that is relevant in a particular problem-solving task (or a set of 
tasks),, including the knowledge about when to select and apply operators to transform the states of working 
memoryy in order to achieve its goals. 

2.2.1.11 Problem solving in Soar 

Soar'ss long-term knowledge is organized around the functions of selecting and applying operators. These 
inherentt Soar functions are performed using five distinct types of knowledge, operator proposal, operator 
comparison,comparison, operator selection, and operator application. Soar also has generic knowledge about making 
monotoniee inferences about the state (i.e. state elaboration). Inferences that result in state changes in 
workingg memory have an indirect effect on the operator selection and application functions, because new 
statee descriptions can cue new operators. 

Thee knowledge used in the selection and application of operators is represented in terms of production rules 
encodedd in the Soar program. Production rules are declarative "if-then" statements. The if-part of the rule is 
calledd the condition or precondition, and the then-part is called the action or consequence. The execution of 
productionn rules is referred to as rule tiring. A rule matches when its conditions are met based on the current 
statee in working memory. At that moment, the rule fires and its actions are executed. Executing actions 
meanss changing working memory (see Figure 2-8). 
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Figuree 2-8. The Soar production system {borrowed from (Newell 1990)) 

Thus,, by continuously testing conditions of the rules in long-term memory, matching the rules, based on the 
currentt state, the current-state of the system changes continuously. This cycle continues until there is a kind 
off equilibrium state between long-term and working memory. This means that the current state does not 
resultt in firing any of the rules in long-term memory. When this happens, and a specific goal-state has not 
yett been reached (i.e. the operator has not been fully applied), Soar is unable to make further progress and 
reachess an impasse. There are three types of impasses possible: 

1.. No operator can be selected, because none is proposed. 

2.. No single operator can be selected, because there are multiple operators possible and there is not 
enoughh knowledge to distinguish between them. 

3.. An operator is selected, but there is no additional knowledge to apply the operator. 

Whenn Soar is in an impasse, the architecture creates a substate (i.e. a sub search-space) in which a new 
operatorr selection-apply cycle can be started, with as the subgoal to resolve the impasse. 

2.2.1.22 Learning in Soar 

Learningg is an important part of a theory of cognition. There are many aspects of how learning occurs in 
humann cognition that are not well understood today. However, Soar has a primitive notion of learning called 
chunking.chunking. Chunking is a form of learning from experience. It is a way to transform specific problem-solving 
scenarioss into productions stored into long-term memory for future use. 

AA chunk is a newly created production rule. The conditions of the chunk are parameterized working memory 
elementss (WME) of a state that lead (through some chain of production firings) to a specific impasse 
resolution.. The action of the chunk is the WME that actually resolved the impasse. In other words, chaining 
backwardss over the specific WME's that were used to resolve a specific impasse creates the chunk. The 
firstt WME in this backward-chaining process is the action of the chunk being created. By parameterizing 
(replacingg objects by variables) the chunk is made more genetically applicable as a production rule in long-
termm memory. 

2 ^ 22 Act- R 

ACT-RR is the result of long cognitive science research at Carnegie Mellon University, started in the mid-
seventiess with the introduction of the ACT production system (Anderson 1976). Like Soar, ACT-R is a 
theoryy of cognition trying to deal with the empirical knowledge of human cognition that has evolved in 
cognitivee science. ACT-R consists of a theory of the nature of human knowledge, a theory of how this 
knowledgee is deployed, and a theory of how this knowledge is acquired (Anderson 1976). ACT-R is also, 
likee Soar, a computer system that implements the ACT-R theory. ACT-R can be used to develop computer 
simulationss of a wide range of cognitive phenomena in memory, problem solving and skill acquisition. 
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Thee ACT-R theory assumes that there are two types of knowledge, declarative and procedural. Declarative 
knowledgeknowledge is knowledge that we are aware of and can usually communicate to others. It is sometimes 
referredd to as factual knowledge or axioms. Examples include "George W. Bush is the 43* president-elect 
off the United States," and "one plus two is three." Procedural knowledge is knowledge that we are not 
consciouss of, and is applied in our problem solving behavior using our declarative knowledge. 

Declarativee knowledge is represented as chunks. Chunks in ACT-R are different from the notion of chunks 
inn Soar. In ACT-R, chunks are WME that represent the factual statements in working memory. For example, 
thee fact 1 + 2 = 3 is represented as the following chunk (Figure 2-9): 

Fact1+2 2 
isa a 
addendl l 
addend2 2 
sum m 

ADDITION-FACT T 
One e 
Two o 
Three e 

Figuree 2-9. Representation of an ACT-R chunk 

Procedurall knowledge in ACT-R, just as in Soar, is represented using production rules. A production rule is 
aa condition-action pair. The condition specifies what must be true for the rule to apply, and the action 
specifiess a set of things to do if the rule applies. Conditions in a production rule test for the state of the 
currentt goal and chunks in declarative memory, whereas the actions change the goal state. 

Fromm this brief description of the ACT-R architecture, we can infer that there are many similarities with the 
Soarr architecture; ACT-R's declarative and procedural memory is synonymous with Soar's short-term and 
long-termm memory, where its declarative and procedural knowledge is similar to Soar's objects in working 
memoryy and production rules in its tang-term memory. The third comparison that holds, although should not 
bee seen as a one-to-one comparison, is the similarity between goals in ACT-R, and operators in Soar. 
Goalss in ACT-R are held in a separate memory structure, namely the goal-stack. In ACT-R, goal structures 
providee a higher-level organization to control the execution of production rules (relatively similar to operators 
inn Soar). 

2.2.2.11 Problem solving in ACT-R 

Problemm solving is organized through the current goal, which represents the focus of attention at each step 
inn the problem solving procedure. ACT-R is always trying to achieve the goal that is at the top of the goal-
stack.. The current goal is pushed onto the stack, and is the next goal to be achieved. When it is done 
achievingg a goal it pops the goal of the stack, which means that it will start achieving the next goal on the 
stackk (see Figure 2-10). Thus, the goal-stack encodes the hierarchy of intentions that guide the problem-
solvingg behavior. 
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RCT-R R 

OUTSIDEE WORLD 

Figuree 2-10. The ACT-R production system (borrowed from (Anderson and Lebiere 1998)) 

Too select a production rule to achieve the current goal, there is a conflict resolution process that chooses 
onee production from among the productions that match the current goal. The selected production is 
executedd and can result in a transformation of the current goal, possibly resulting in pushing subgoals on 
thee goal stack, or popping the current goal of the stack. It can also result in retrieval requests to declarative 
memory,, which can be returned to the current goal satisfying it, thus causing popping the current-goal. 
Soar'ss type of chunking (i.e. production learning) is performed through a process called production 
compilation.compilation. Last, execution of a production can result in actions to be taken in the outside world, while 
perceptionperception of facts in the outside world can independently create chunks in the declarative memory. This 
lastt piece is the subject of the next section. 

2.2.2.22 The total cognitive system 

Newelll describes a larger system that includes perception and motor behavior as the total cognitive system, 
shownn in Figure 2-11 (Newell 1990, pp. 194-195). Here is where we identify a significant difference between 
thee ACT-R and Soar systems implemented in software. Although, both theories describe the need for a total 
cognitivee system, only ACT-R has implemented such a total system. 

ACT-RR has a number of extensions that have been created by different researchers. First, there is a visual 
interfaceinterface that incorporates ideas on visual attention and perception. This extension implements in software 
thee capability of accessing information from a computer screen and dealing with a keyboard and mouse, in 
aa similar way human subjects do in psychological experiments. It parses "screens" as humans do and 
enterss key-presses and mouse gestures. The data record that is created using this interface is 
indistinguishablee from the data record that human subjects create. The visual interface is extended more 
generallyy to also deal with audition, speech, and other hand gestures. 
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Figuree 2-11, The total cognitive system (borrowed from (Newell 1990)) 

2.2.2.33 Human performance models 

Thee grounding of ACT-R in real experimental data has created the ability for developing models whose 
correspondencee to actual cognition can be validated with a subject performing similar experiments in the 
reall world. This, in some sense, has created a level of reality in cognitive modeling. ACT-R makes 
predictionss about every aspect of the empirical phenomena that are being simulated. For example, in 
simulatingg memory experiments the ACT-R model predicts not only the correctness of response choices 
andd response latency, but also the steps involved in the problem solving process. 

Thee use of this is mostly relevant in the field of human factors, where the focus of research is on 
understandingg the impact of a particular interface design on human performance. 

2.2.33 Discussio n 

Thee home page of the ACT group13 at Carnegie Mellon University states: 'The architecture takes the form 
off a computer simulation that is capable of performing and learning from the same tasks worked on by 
humann subjects in our laboratories." This says that ACT-R's main focus is to simulate psychological 
laboratoryy experiments. The reason for this is the following. Using simulation models of psychological 
experimentss that can be done in a laboratory setting with human subjects, the simulation models can be 
validatedd by comparing the simulation output data with data from these real-life laboratory experiments. 

Thus,, the sole purpose of implementing the ACT-R theory into the ACT-R computer simulation system is to 
verifyy and validate the theory. In other words, the ACT group's method for researching unified theories of 
cognitionn is through modeling and simulation. I make this point, because of two reasons; 1) I apply a similar 
researchh method for developing a theory of work practice, and 2) it helps me to show the limitations of ACT-
RR (and Soar, for that matter) in applying it for a different research problem, namely the development of a 
theoryy of work practice. 

133 http://ad.psy.cmu.edu/ACT/act/actr.html 
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Tablee 2-2. Limitations of cognitive modeling and simulation 
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Thee limitations of applying cognitive modeling architectures to work practice modeling and simulation are 
givenn in Table 2-2. However, the main reason for being skeptical about using cognitive modeling 
environments,, like Soar and ACT-R, for modeling work practice has to do with the level at which cognition is 
modeled.. As described in this chapter, using Soar and ACT-R as examples, cognitive models are 
representedd at a level that allows the cognitive science researcher to model cognitive cycles in the human 
brain.. These cycles have a length of no more than 50-100msec. Even though I have not yet defined what 
needss to be included in a model of work practice, it seems clear that work practice needs to be shown at a 
higher-levell of human activity than the low-level cognitive cycles of a person. One of the reasons for 
believingg this is because of the scale factor. If we want to model a work practice in an organization of, for 
example,, tens of people, it seems obvious that modeling each person in this organization at the level of their 
cognitivee cycles would not be useful, even if it would be possible. The objective of a work practice model 
mustt lie at the level of showing what the total system behavior is. It seems obvious that this should be done 
byy modeling each person's activities in the physical world, based on some relatively high-level 
representationn of the reasoning behavior of each individual, and the impact this has on the individual's 
actionn in the physical world. 

Thee notion of multiple actors or agents being involved in problem solving, and the research into 
organizationss of multiple actors is the topic of the next sectrion, in which I will discuss the research field of 
distributedd artificial intelligence. 
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2.33 DISTRIBUTED ARTIFICIAL INTELLIGENCE 

II am interested in modeling and theorizing about activities of people. People are inherently social actors and 
we,, therefore, must be concerned with the social dimension of action and knowledge. Gasser states that 
classicall artificial intelligence (Al) research is largely asocial, meaning that the unit of analysis is a 
computationall process with a single locus of control and knowledge (Gasser 1991). Because of this, it has 
beenn inadequate with dealing with social human behavior. Gasser investigates how contemporary DAI 
dealss (and should deal) with the social conception of knowledge, action, and interaction. In (Gasser 1991) 
hee makes an argument that distributed artificial intelligence (DAI) is fundamental in the research on how 
agentss coordinate their actions, use knowledge about beliefs, and reason about the beliefs and actions of 
otherr agents. Here, I draw a similarity between the research problems in the DAI literature and the problems 
inn simulating work practice. 

Thee notion of "social" in DAI is in my opinion too limited. The term social in DAI is meant as "more than one." 
Thatt is, DAI does not concentrate on problem-solving behavior as sitting in the head of a single agent, but 
investigatess problem-solving behavior as a distributed multiagent process. As such, the word "social" means 
thatt there is communication and coordination between multiple agents in a problem-solving task. Detail can 
bee found in (Bond and Gasser 1988; Gasser and Hill 1990). However, the definition of "social" is broader, 
andd relates more closely to the way the group as a whole acts and interacts in the environment. The notion 
off social conception of knowledge and action is not a new idea. Social psychologist George Mead stated 
(Meadd 1934): 

Wee are not, in psychology, building up the behavior of the social group in terms of behavior of the 
separatee individuals composing it; rather we are starting with a given social whole of complex group 
activity,, into which we analyze (as elements) the behavior of each of the separate individuals 
composingg it. We attempt, that is, to explain the conduct of the individual in terms of organized 
conductt of the social group, rather than to account for the organized conduct of the social group in 
termss of the conduct of the separate individuals belonging to it. For social psychology, the whole 
[society]] is prior to the part [the individual], not the part to the whole; and the part is explained in terms 
off the whole, not the whole in terms of the parts. 

Thee traditional techniques and methods of Al do not include any fundamental social elements. The focus is 
onn the individual as the object of knowledge, truth and knowing. Gasser provides a great example of this 
limitationn in Al research. The example is centered on the concept of commitment, and provides an excellent 
descriptionn of how an individual's commitment is not just based on his or her individual relativized persistent 
goalgoal (Cohen and Levesque 1990). In contrast, an individual's commitment is based on an agent's overall 
participationn in many settings (activities) simultaneously (Gerson 1976), exemplified by Gasser's example 
(Gasserr 1991): 

Forr example, imagine that a Los Angeles industrialist takes off in an airplane from Narita airport, 
boundd for California, after formulating preliminary business deals in Tokyo and telephoning her 
associatess in Los Angeles. While flying, she is participating in many settings simultaneously: the 
activityy in the plane, the ongoing business negotiations in Tokyo and in Los Angeles (where people 
aree planning for her arrival and making business judgments while considering her views, even in her 
absence).. Her simultaneous involvement in interlocking courses of action in all of these situations 
providess the commitment to her arrival in California. Both she and others balance and trade off her 
involvementt in joint courses of action in many different situations. Moreover, whether she makes a 
choicee or not, she is committed to landing in LA because the plane is not in her control. Her 
commitmentss in any of these settings amount to the interaction of many activities of many agents in 
manyy other settings. Since this multi-setting participation occurs simultaneously in many places, it 
can'tt be located simply to where she physically 'is'. In other words, the notion of commitment is 
distributedd because the agent of commitment—'she'—is a distributed entity. 

31 1 



Althoughh this example focuses on the notion of commitment it is an excellent example of collaboration 
betweenn multiple people in a work system. This example shows the importance of individual participation, 
knowledge,, and location in the system as a whole. It shows that resources are not interchangeable, and that 
thee work practice cannot be understood without a close investigation of the collaboration between the 
individuall agents and the context in which this collaboration takes place. As Gasser states (Gasser 1991): 

[...]] since continued participation is distributed and simultaneous, it isn't based on localized, individual 
choicess and goals. 

Thee next few sections discuss a number of agent-based systems from the field of DAI. None of these 
systemss provide a complete solution for dealing with simulating work practice, however they have formed a 
basiss for our Brahms multiagent system. 

2.3.11 TacAir-Soa r 

Inn (Tambe et al. 1995) an intelligent agent simulation environment is described for simulating battlefield 
scenarioss and the knowledge intensive reasoning of independent pilot-agents. This environment is called 
TacAir-Soar,, a kind of virtual world that can be populated with not only humans, but also with intelligent 
automatedd agents (Al systems). Such synthetic environments provide a new laboratory in which intelligent 
agentss can be studied. Intelligent agents can be substituted for humans, such that a large number of entities 
cann be used to populate the virtual world. A benefit of such an environment is that artificial agents can 
simplifyy and speed-up experimentation by providing more control of behavior, repeatability of scenarios, and 
ann increased rate of simulation, faster than real-time simulation. 

Thee goal of TacAir-Soar is the production of behavior that is close enough to that of humans, and to force 
thee other entities to interact the same way as they would interact with humans. Although ambitious, they do 
nott have to deal with low-level perception and robot control. There is also no verbal interaction between 
opposingg entities, and cooperating agents restrict their communication to the details of the current mission. 
TacAir-Soarr was to provide synthetic pilots (IFORS) for all the missions in STOW-97 (Simulated Theater of 
War),, a large-scale simulation of a tactical exercise that took place in 1997, including fighters, troop 
transports,, reconnaissance aircrafts, and helicopters. The set of requirements for the automated pilots 
include: : 

•• Goal-driven and knowledge-intensive behavior; 

•• Conformance to human reaction and limitations; 

•• Performance of multiple simultaneous tasks; 

•• Episodic memory. 

Pilott agents in TacAir-Soar are created as individual knowledge-based systems within the Soar integrated 
architecturee (Laird et al. 1987) (Newell 1990). TacAir-Soar represents a generic automated pilot. 
Specializingg it with specific vehicle parameters provided to them during the briefing process creates specific 
automatedd pilots. These pilot agents then participate in battlefield simulations by flying simulating aircrafts 
providedd by ModSAF (Calder et al. 1993), a distributed simulator that has been developed commercially for 
thee military. 

32 2 



Au toma M M 
Pilo t t 

1 1 

Unixx Workstatio n 

Automate d d 
P lo t t 

1 1 
1 1 

ModSA F F 

AutomaM d d 
P lo t t Pilo t t 

Unixx  Workstatio n 

1 1 

IMSS network 

Figuree 2-12. Human and Automated Pilots interact with the DIS environment using Distributed Simulators 

TacAir-Soarr has been constructed from Soar through the addition of perceptual motor interfaces (in the form 
off C-oode) that allow pilots to fly ModSAF planes in the DIS (Distributed Interactive Simulation) environment 
(Thorpee et al. 1989). Each automated pilot is implemented as a Soar agent, interfacing with the simulated 
planee it is frying. To do this, they implemented a cockpit abstraction on top of ModSAF that allows TacAir-
Soarr to focus on behaving like a pilot, while ModSAF simulates planes, sensors, and weapons (see Figure 
2-12. . 

2.3.1.11 Goal-driven task behavior 

Eachh automated pilot agent has specific knowledge about tactical air-combat, and is implemented as a Soar 
knowledgee base, having independent reasoning behavior. Goal-oriented and knowledge intensive 
behaviorss are addressed by the manner in which Soar uses its architecture and knowledge in the process of 
dynamicallyy expanding and contracting a goal hierarchy (Laird et al. 1987). Task switching also arises from 
Soar'ss decision-making abilities, but then specifically applied to the selection and switching of tasks. Tasks 
(alsoo called goals) are represented as operators in Soar, and are the main foci of its decision-making. Task 
decompositionn arises from Soar's ability to automatically generate a new task context when a decision is 
problematic.. Task decomposition is achieved by combining task context generation with rules that generate 
preferencess about which subtasks are appropriate for parent tasks. Real-time interaction with the DIS 
environmentt arises from the combination of Soar's incorporation of perception and action within the inner 
loopp of its decision making capabilities-thus allowing all decisions to be informed by the current situation 
(andd interpretations of it, as generated by rule firings) and the use of ModSAF as the interface to the DIS 
environment. . 

2.3.1.22 Conformance to human reaction and limitations 

Reactivityy of the individual pilot agents is addressed through a combination of Soar's use of productions to 
enforcee context sensitivity in the representation of the knowledge, and Soar's decision-making procedure. 
Soarr can react to changes by suggesting new goal-operators be pursued at any level in the same goal 
hierarchy,, generating preferences among suggested operators. The decision procedure determines what 
changess have to be made to the goal hierarchy. Reactivity is limited to changes from within the decision-
makingg process, and not from external available cues. 

Forr example, communication between agents is simulated by the transmission of radio messages via the 
ModSAFF simulation substrate, through the DIS network. That is, a discrete event simulates the transmission 
off a radio message between agents. The content of the radio message is received by an agent through the 
ModSAFF interface into the working memory of the agent. Agents can react to radio messages through the 
activationn of rules in the current task context that can propose new operators to be evaluated. This limits the 
agentt to reacting only to radio messages that are relevant in the current context. 
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Ass a result one of the limitations of TacAir-Soar in its use for modeling work systems is its inability to react 
too general external cues, other than the ones built in through the ModSAF cockpit abstraction and the DIS 
network.. People, on the other hand, constantly react to the state of their external environment, regardless of 
theirr goal context at that moment For example, when the telephone rings, people react to it. Depending on 
thee activity we are involved in at that moment, we either pick it up, or let our answering machine answer. If 
we'ree not in the same location as the telephone, we do not notice the telephone ringing. When we decide to 
pickk up the phone, we will most likely engage in a total different task context. This poses a problem for the 
wayy the Soar decision-making process works. 

2.3.1.33 Performance of multiple simultaneous tasks 

Thee Soar architecture is inadequate in certain requirements. One requirement that poses an inherent 
problemm in modeling social human behavior is the inability of the simultaneous performance of multiple 
tasks.. People inherently work on multiple tasks at once. TacAir-Soar agents need to simultaneously execute 
maneuverss to destroy the opponent, survive opponents' weapon firings, as well as interpret opponents' 
actions.. The limitation of Soar is that it cannot create multiple goal hierarchies to serve multiple high-level 
tasks.. The approach taken in TacAir-Soar to handle this problem is to create operators for simultaneous 
goalss as needed, and to add these operators at the bottom of the active goal hierarchy. Although this may 
work,, with sufficient care taken, it is not a real solution to the modeling of realistic human behavior. Soar 
interpretss "lower" goal operators as being dependent on the higher-level goals, although these lower-level 
goalss are supposed to be interpreted as goals for independent tasks. Jones, et al worked on changing the 
architecturee to allow "forests" of goal hierarchies (Jones et al. 1994). Covrigaru approached the problem by 
beingg able to flush the current goal hierarchy whenever a new one needs to be established (Covregaru 
1992).. However, these approaches mean a change to the Soar architecture that would allow the dynamic 
compilationn of new goal hierarchies. 

2.3.1.44 Episodic memory 

Endell Tulving introduced the term episodic memory (Tulving 1969). The notion of episodic vs. semantic 
memoryy arises from the central learning tradition of American experimental psychology. Tulving made clear 
thatt learning of verbal material was tied to a specific episode, i.e. a specific time and context in which the 
learnedd material was memorized, and thus was associated with. Episodic memory in TacAir-Soar is used 
primarilyy to support explanation. It is also used to a limited extent during simulation, so that an operator's 
currentt actions are interpreted based on its actions in the past. The general constraints are that episodic 
memoryy should add minimal processing overhead, and it should not substantially increase working memory. 
Episodicc memory is a basic characteristic of human cognition, something a unified theory of cognition ought 
too provide for (Newell 1990). This brings tough issues for the Soar architecture especially. The approach 
takenn in TacAir-Soar is that the sequence of events is recorded in working memory so that it can be recalled 
accurately.. The states in which events occur are stored by committing state changes to long-term memory. 
Long-termm memory employs chunking, which allows agents to learn new productions from episodic 
memory. . 

Thiss is a point where TacAir-Soar wins over Brahms. Currently, Brahms agents have no significant episodic 
memory.. Brahms agents only have a list of "current-beliefs" which is changing constantly. A trace of past 
activities,, and states is not memorized, Brahms agents have no long-term memory, nor the ability of 
chunking.. This is a future research issue that is closely related to the issue of learning. Although learning is 
ann important piece of modeling human behavior, it falls outside the scope of this thesis. I return to a short 
discussionn of learning as a topic for future research in the conclusion chapter of this thesis. However, for 
noww suffice it to say that the Brahms simulation engine does keep track of all changes to the system, and 
thatt these historical events are created so that the history of a simulation can be saved in a database, and 
investigatedd post-simulation. However, at this moment, Brahms agents cannot access these historical 
events. . 

2.3.22 Phoenix : simulatin g fire-fightin g in Yellowston e Nationa l Part i 

Paull Cohen, et al (Cohen et al. 1989) developed an agent-based simulation environment for simulating how 
firess in Yellowstone National Park are fought. The research objective of the Phoenix project is to understand 
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howw complex environments constrain the design of intelligent agents. In contrast to the objectives of this 
research,, in which the goal is to understand how work processes are created in terms of the work practices 
off people, the aims of the Phoenix research are more of a technical Al nature: 

•• Real-time adaptive planning 

•• Approximate scheduling for coordination of multiple planning activities 

•• Knowledge representation of plans and measuring progress towards the goals 

Theyy describe the Phoenix environment as follows: 

Wee began the Phoenix project by designing a real-time, spatially distributed, multi-agent dynamic, 
ongoing,, unpredictable environment. (Cohen et al. 1989) 

Phoenixx is a mufti-layered system. Figure 2-13 shows the architectural layers. 

Layerr 4 organization 

Layerr 3 agent definition 

Layerr 2 map 

Layerr 1 task coordinator 

figuree 2-13. Phoenix layers 

Layerss 1 and 2 implement the environment (i.e. the forest and forest fires), in this case a part of Yellowstone 
Nationall Park. Layer 3 is the agent design layer, which is the layer that creates the cognitive and reflexive 
behaviorr of the agents. Layer 4 is a model of the organization of multiple fire fighters. 

2.3.2.11 Task coordinator layer 

Thee task coordinator layer is responsible for creating the illusion of simultaneity among fires, and the agenfs 
physicall and internal actions. The task loops over all agents in each clock tick, changing the environment 
andd the agent's actions accordingly. The clock grain size of the Phoenix simulator is 5 minutes. This means 
thatt the smallest action or change in the environment takes a minimum of 5 minutes of simulated time. You 
cann increase the clock grain size to make the simulation more efficient. However, increasing the clock grain 
sizee will make agents become discordant with the environment, and with each other. When the dock grain-
sizee becomes too large, it is possible for more than one action for an agent to have taken place in one 
simulationn clock-tick. Communications between agents might have been missed, and changes in the 
environmentt might not have been recorded by the individual agents, leading to a situated-specific model 
thatt is not in sync with what actually happened in the simulation. 

2.3.2.22 Map layer 

Thee fire simulator resides in Phoenix's map layer. A Phoenix map is a composite of a two-dimensional data 
structuree in which, for each map coordinate, information is stored about the environment. The environment 
iss described as a set of symbolic features found at that specific coordinate on the map. These features 
includee values for type of ground cover, elevation, features such as a road, a river, houses, et cetera., and 
thee state of the fire at that coordinate (fire intensity). 
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Figuree 2-14. Screen display of Phoenix's situation-specific model (here gray and white indicate forest, which is seen 
huggingg a river on the left side; the fire is near the middle (darker gray dots), nearly surrounded by the bulldozers in 
thee view on the left). The left pane is the view of the real world, the right pane is the view of the fire boss. 

Thee process of changing the map (i.e. changing the environment) during each simulation clock-tick is 
parameterizedd according to these defined concepts (Cohen et al. 1989): 

Firess spread in irregular shapes and at variable rates, determined by ground cover, elevation, 
moisturee content, wind speed, and direction, and natural boundaries. For example, fires spread more 
quicklyy in brush than in mature forest, are pushed in the direction of the wind and uphill, burn dry fuel 
moree readily, and so on... Fire-fighting objects are also accurately simulated; for example, bulldozers 
movee at a maximum speed of 40 km/h in transit, 5 km/h traveling cross-country, and 0.5 km/h when 
cuttingg a fire-line. (p. 34-35) 

Thee fire itself is implemented as a cellular automaton in which each cell at the boundary of the fire decides 
whetherr to spread to its neighboring cells. The simulator is generic in the sense that it can be used to 
simulatee any type of environment involving maps and needs to simulate changes to the environment, based 
onn the changes to the symbolic representation of the environment. 

Ass is shown in Figure 2-14, the map layer also controls the movement of the agents, such as the bulldozers 
tryingg to surround the fire and cutting a fire-line, based on the situation-specific description of the terrain. 

2.3.2.33 Agent Design Layer 

Agentss have two independent parallel mechanisms for generating actions: a reflexive component, and a 
cognitivee component. The reflexive component generates actions for quick changes of direction on the 
orderr of seconds. The agent's sensors trigger reflexes. For example, when a bulldozer agent is about to 
drivee into a fire, a reflex stops it and further reflexes handle the fine tuning of the movement of the agent to 
keepp following the road without getting into the fire. Reflexes hardly cost any CPU time, but have no 
memory.. They are merely a quick action (i.e. a reflex), based on triggers from the sensors. 

Thee cognitive component generates and executes lazy skeletal plans, which are stored prescribed action 
sequencess that, when executed, are instantiated with situation-specific data (Freed 1998). The cognitive 
componentt executes plans using a selection process that first decides which action to execute, next it finds 
outt how much time is available to execute that action, and last it decides what execution method should be 
usedd for the action to execute based on the time available. An agent can execute several plans 
simultaneously;; for example, when there are multiple fires to combat. The planning process goes as follows 
(Cohenn etal. 1989): 

Planningg is accomplished by adding a selection action to the timeline to search for a plan to address 
somee conditio., Executing the selection action places an appropriate plan action or primitive action 
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onn the timeline. If this new ent/y is a plan action, then it expands into a plan when it is executed by 
puttingg its subactions onto the timeline with their temporal interrelationships. If it is a primitive action, 
executionn instantiates the requisite variables, selects an execution method, and executes it. In 
general,, a cognitive agent interleaves actions from the several plans it is working on. (p. 43) 

Justt as in TacAir-Soar, plans cannot be interrupted, because saving a state of the world and context 
switchingg is prohibited in the architecture. Therefore, to change an action the agent has to generate an error 
selectionn action "deal-with-error." 

Thee only way an agent can change its activities (i.e. re-plan) is to view a change as an error condition, and 
tryy to fix the current plan by expanding it into a kind of error recovery plan. Activities in Phoenix are 
sequentiall non-interruptible actions. However, the error-conditions in Phoenix are dynamically generated. 
Thiss architecture allows for more flexibility in simulating the work activities of individual agents then workflow 
simulationn models. 

Thee reflexive and cognitive components interact via flags that are set by the reflexive component when 
reflexess execute. Since plans executed by the cognitive component can take several simulation hours to 
complete,, the reflexive component takes over and changes the directional behavior of the agent. When the 
cognitivee component notices the flag, it might react by changing its plan by calling the "deal-with-error" 
action.. A Phoenix agent deals with two time scales requiring micro-actions, such as following a road, and 
cognitivee processing, such as route planning. The combination of the reflexive and the cognitive 
componentss is designed to handle these time-scale mismatches. 

2.3.2.44 Organization Layer 

Agentss in Phoenix are centrally organized in a hierarchical organization of fire-fighting agents. There is 
alwayss one coordinating agent for each organization of fire fighters. This agent is called the fire-boss. The 
fire-bosss is a purely cognitive agent that coordinates all fire-fighting agents' activities, scheduling and 
communicatingg action directives. The fire-boss receives status reports from the fire-fighting agents, including 
firee sightings, position updates, and action completions. The fire-boss has a global view of the fire situation, 
whilee each fire-fighting agent has a limited individual view of the fire. Based on this global view and the 
updates,, the fire-boss chooses global plans from its plan library. It communicates the actions in these plans 
too the agents. When an agent receives a plan, it selects a plan from its own plan library that implements the 
receivedd action. Although the fire-fighting agents and the fire-boss communicate, there is no communication 
amongstt the fire-fighting agents (i.e. there is no cross-talking). 

Thee organization model in Phoenix is very limited, and is not conducive to collaboration amongst the fire 
fighters.. The fire-boss orchestrates the work, and is a kind of meta-agent, whose sensors and detectors are 
thee fire-fighting agents. It has the overall picture, the size of the fire, weather conditions, and action that 
alreadyy have been taken. None of this information is shared across the group of agents. Although this 
seemss a good model to represent the TC in the T1 model (see 2.1.3.4)—it allows us to describe the 
coordinationn work of the TC—it does not allow for the agents in the central office to collaborate on a test with 
thee technicians in the field. 

Thiss brings us to the next section in which we discuss the limitations of the Phoenix and TacAir-Soar 
systemss in simulating the work practice of humans. 

2.3.33 Discussio n 

Bothh TacAir Soar and Phoenix are multi-intelligent agent environments. The reason for choosing these two 
environmentss in my description of relevant previous work is that they are on the opposite ends of the 
spectrum,, as far as simulating human behavior is concerned. TacAir Soar is based on the Soar architecture. 
Soarr was developed as a theory of human cognition, stating that human cognitive processing is symbolic. 
Newell'ss claim is that the Soar architecture is representative of how the human cognitive process works. As 
such,, TacAir-Soar models pilots at a very fundamental cognitive level. The focus in TacAir Soar is on how 
thee reasoning process of combat pilots can be simulated to the level of cognitive reaction times (i.e. human 
performance).. The fact that there are multiple agents, simulating multiple pilots flying in a squadron, is to 
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alloww for training of individual pilots. The focus is on the individual, and less on the collaboration between 
pilots.. For example, it would be hard to simulate one pilot being attacked by an enemy aircraft, and another 
friendlyy pilot collaborating with this pilot to shake off the enemy aircraft. 

Phoenix,, on the other side of the spectrum, simulates a group of fire fighters who together fight a fire, 
coordinatedd by a fire-boss. At first, it seems that the Phoenix environment simulates collaboration. However, 
whenn we look closer we see that the fire-fighting agents in Phoenix do not even communicate together, a 
necessaryy prerequisite if we want to simulate collaboration. It is self evident that real fire fighters 
communicatee together to setup strategies, change plans in times of despair, et cetera. A Phoenix agent 
doess not represent how a fire fighter fights fires; instead it simulates how distributed lazy skeletal planning 
cann be done. It would be very difficult to have a fire-fighting agent select the appropriate plan on the fly when 
suddenly,, out of nowhere, a burning tree is falling down on a colleague ten feet away from where it is 
standing.. Phoenix agents perform pre-specified plans that are assigned by a coordinating fire-boss agent. 
Becausee the overall view of the situation by the fire-boss, plans are being selected and agents directed. The 
agentss are like robots acting out what the fire-boss instructs them to do, with local reactive behavior 
dependentt on the environment they encounter, but independent of the fire-boss. In this sense, fire-fighting 
agentss are fighting fires in groups without being aware that they are working in collaboration with other 
agents.. An agent might be aware of some other agent, but it does not know what it is doing, and even more 
so,, why it is doing what it is doing and that they are actually working together to fight the fire. In comparison 
withh TacAir-Soar, Phoenix agents do not simulate the way human cognitive processes happen. 

Thee goal of Phoenix is to design the right software-agent architecture for the needed agent behaviors and 
environmentall characteristics to fight fires. Actually, the Phoenix architecture is a generic simulator for the 
centralcentral coordination of distributed agents in a natural environment. As such, the Phoenix environment 
containss all the components that are necessary to design an environment to simulate the work practices of 
individualss and groups. The problem is in the view the developers of Phoenix take in agent cognitive 
behavior.. Phoenix, not surprisingly, uses a more classical Al planning approach, i.e. lazy skeletal planning. 

Withh Table 2-3,1 conclude this section on DAI by showing the strengths and limitations of the two reviewed 
systems,, TacAir-Soar and Phoenix, in particular with regards to their ability to represent people's 
collaboration,, "off-task" behaviors, multi-tasking, interrupted and resumed activities, informal interaction, 
knowledgee and geography. 

Tablee 2-3. Limitations of Distributed Artificial Intelligence 
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Z 44 COMPUTATIONAL 0 R G A M Z A T K 1 N T H B 3 R Y 

Organizationall issues were one of the first issues researched with the help of computational modeling. In 
thee fifties, it was Herb Simon and his colleagues March and Cyert, at what was than Carnegie Tech, who 
startedd using computational modeling to create a behavioral theory of organizations (Simon 1955). 
Computerr simulation is becoming a more accepted and indispensable method for organizational research 
andd theory building. The need to understand organizational behavior is moving into the realm of detailed 
computationall models of people, tasks, dynamic and adaptive ecological systems. Within organization 
theoryy models, organizations are often too complex to be analyzed by conventional techniques that lead to 
closed-formm solutions. Computational organization theory (COT) researchers view organizations as a 
computationall system of multiple "distributed" agents that collectively work on organizational tasks, use 
resources,, have knowledge, skills, and communication capabilities. In (Carley and Prietula 1994b) and 
(Prietulaa et al. 1998), different organizational multiagent simulation models are presented as simplified 
descriptionss of what happens in real organizations. Although simplified, these models are still sufficiently 
complexx to simulate the dynamic behavior of organizations that allows for predictions and theory 
development.. There are three basic reasons for using multiagent simulation as one of the main 
technologiess in COT research (Carley and Prietula 1994b): 

1.. Many models contain non-linearities that cannot be eliminated. In modeling reality the non-linear 
behaviorr of individual agents and groups are central to the aspect that is being studied. 

2.. Differential equations do not deal with the differences of the discrete items in organizations, such as 
thee people, tasks, and organization. 

3.. Agents in an organization act in parallel and adapt to the behavior of others. The behavior of a 
groupp is thus recursively defined. Controlling this fine order of agent interaction, and enabling 
agentss to adapt is most effectively handled by simulation. Especially, if we are interested in 
investigatingg the behavior of large groups of agents, it is almost necessary to turn to simulation. 

2^4.11 ACTS theor y 

Carleyy and Prietula, in (Carley and Prietula 1994a), describe an extended model of Bounded Rationality 
(Simonn 1955). The model of bounded rationality states that agents in an organization may be rational in 
intent,, but less than rational in execution because functional limits on cognition restricts their ability to 
achievee optimality in the pursuit of their goals (Simon 1976). The theory of bounded rationality was 
developedd to replace the limited models of agents in theories of economics and organizations with a better 
approximationn of the actual capabilities of people's decision making. The ACTS theory extends the model of 
boundedd rationality and incorporates a general process theory of organizations. In the ACTS theory 
organizationss are viewed as collections of intelligent agents who are cognrtively restricted, task-oriented, 
andd socially situated. The ACTS theory extends the model of bounded rationality in two ways: 

1.. It replaces the general principles of bounded rationality with a broader perspective of a cognitive 
agent. . 

2.. It replaces the general notions of environmental constraints with specific environmental 
perspectives,, a) the task, and b) the organizational social situation within which the task and the 
agentss are situated—situatedness. 

Withinn ACTS, organizations are build-up of individual intelligent agents whom together perform tasks, 
collaborate,, and communicate in a social environment. The agenfs knowledge, which is constantly 
changing,, mediates the effect of the task and the social situation on the individual agent (micro-level) and 
organizationall behavior (macro-level). Agents and tasks are situated in the organizational environment. 
ACTSS tries to explain such individual and organizational behavior and performance by supporting the 
developmentt of a set of computational models: 

•• a cognitive model of an agent, 
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•• a task model, 

•• a model of the social situation. 

Att the micro-level, the ACTS theory focuses on how a given organizational design affects the behavior and 
performancee of individual intelligent agents whom communicate and reason within a social environment and 
situation.. At the macro-level, the ACTS theory focuses on the behavior and performance of groups and 
organizations,organizations, given the fact that groups and organizations are comprised of intelligent agents whom are 
sociallyy situated and task-oriented. 

Inn ACTS theory the actions and decisions of intelligent agents are a function of the agenfs cognitive 
architecturee and knowledge (Newell 1990). The mechanisms by which an agent processes information, 
leamss and makes decisions are a function of the cognitive architecture of the agent, the (social) position of 
thee agent in the organization, and the tasks in which the agent is engaged. Thus, the ACTS theory 
refocusesrefocuses the attention of the researcher interested in organizations on the details through which the task 
andd social environment influence the individual agent and the group performance. 

Manyy COT researchers use a multiagent version of the Soar system (Laird et al. 1987), because Soar is an 
implementationn of a cognitive architecture that simulates the reasoning behavior of an individual. By 
integratingg multiple copies of the Soar architecture in a distributed communication environment, a multiagent 
simulationsimulation environment for COT research can be created. In the next two sections, I briefly describe two of 
suchh environments: Plural-Soar, and Team-Soar. 

2.4.22 Plural-Soa r 

Plural-Soarr models a warehouse where multiple workers fill orders by retrieving items stored in stacks 
locatedd in different places (Carley et al. 1992). In Plural-Soar, each Soar agent runs on a separate 
workstation,, with the agents communicating over network connections. Plural-Soar consists of Soar 
productionn rules that define the agenfs task knowledge. The task agents perform involves moving to a 
particularr location (the order stack), and after possibly waiting in line, picking the next order from the stack, 
andd then determining where the item from the order (in any of the known item stacks) may be in the 
warehouse,, and last, moving to the item location to pick up the item to fill the order. Agents have a memory 
off the contents of the item stacks they have encountered. They can also broadcast requests for item 
locationss to the other agents. This research focuses on the examination of how different combinations of 
cognitivee constraints (such as communication and memory capability) combined with varying organizational 
structuress (for example, different sizes) result in different organizational behaviors. 

Inn subsequent work, adding elements (social knowledge) extended Plural-Soar in order to bring social 
elementss of groups to the system (Carley et al. 1993). A social agent is defined by the decreasing 
informationn processing ability of the agent; omniscient, rational, bounded rational, cognitive, or emotional-
cognitive,, and by its knowledge of the social environment; non-social, multiple agents, interactive multiple 
agents,, organizational structures, group goals, cultural history (Carley and Newell 1990). This model of a 
sociall agent was implemented in Plural-Soar in two ways. First, an agent has a social memory about the 
reliabilityreliability of other agents. Secondly, the reliability of another agent depends on the correctness of previous 
givenn information by that agent. For instance, if inaccurate information was given by an agent, on the 
locationn of a specific item, the reliability of that agent is "down graded." After two unreliable pieces of 
information,, an agent is determined "unreliable," and no more information form that agent is accepted. Thus, 
whilee in the first version of Plural-Soar information from other agents was accepted unconditionally, in the 
extendedd social agent version, communication from other agents is accepted or rejected on the basis of 
"sociall historical knowledge" of that agent 

Inn order to test the extremes of social behavior they then varied the social characteristics of agents: honesty, 
cooperation,, and benevolence. In the study, they measured concepts such as cognitive effort, physical 
effort,, communication efforts, and wait time from five dffferent organizations. Conclusions then were drawn 
aboutt the differences in these measures from different types of agents in organizations. 
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2^4*33 Team-Soa r 

Team-Soarr models the decision-making behavior of a team of four commanding officers (CO) from different 
unitss in a naval carrier group (Kang et al. 1998). The four CO's are modeled as interconnected individual 
Soarr agents. The agents are distributed in a simple authoritarian hierarchical organizational structure, which 
meanss that there is one leader, the CO of the aircraft carrier, and three equal subordinates, a CO of the 
coastall air defense, a CO of an AWACS air reconnaissance plane, and a CO of an Aegis cruiser. Each 
agentt can communicate with all other agents, however the leader controls the team-based problem-solving 
task.. The objective of the Team-Soar model is to track an aircraft by radar, and evaluate and decide in a 
teamteam effort a course of action. To make a judgment, a Team-Soar agent first interprets the raw data in terms 
off nine attributes; speed, altitude, size, angle, direction, corridor-status, radar-type, range, and IFF, and 
evaluatess them on a scale from one to three. When an agent has made the evaluations, by applying its 
knowledgee in terms of Soar production rules, it makes a judgment about which of the seven possible actions 
too recommend (i.e. communicate) to the leader. Recommendations range in degree from ignore (a value of 
zero)) to defend (a value of six), with intermediate states of review, monitor, warn, ready, and lock-in. When 
thee leader has received the recommendations from all three subordinates, including its own, it makes a 
teamteam decision, based on a team decision scheme, such as majority win or average win. 

Team-Soarr uses two types of communication strategies; one-to-one communication and broadcasting. 
One-to-onee communication is used when one agent sends a message to another agent. This happens 
whenn the subordinate agents communicate their decision to the team leader agent Broadcasting is used to 
sendd a message to all agents simultaneously. There are four different types of information that can be 
communicated:: raw data, evaluations, judgments, and decisions. The raw data are the values of the nine 
attributes.. An evaluation is an interpretation of the raw data. A judgment is a team member's 
recommendationn on a decision. The decision is the team's final decision made by the team leader. 

Byy varying the competence model for different agents in terms of domain expertise, meta-knowledge about 
thee other agent's expertise, member judgment, agent type, cooperativeness, and activity, the team 
performancee model can be varied and tested. Examples of two studies of team decision-making that have 
beenn done with Team-Soar are: 

•• To examine the relationship of a team decision scheme used and the amount of information 
availablee to teams with measures of team effectiveness. 

•• To explore the relationship of meta-knowledge (knowledge about the knowledge of the other 
agents)) and the amount of communicated information with how long it takes for the team to reach a 
decision. . 

2 A 44 Discussion 

COTT research studies theories of organizational behavior by creating simplified models of real-life 
organizationall systems. The objective of such models is not to create a representation of how people really 
performm the work or task; instead the objective is to create a controlled experiment to test a theory. Ironically, 
thee researchers that are using a distributed multiagent version of Soar (such as Plural-Soar, and Team-
Soar)) argue that they use Soar because it claims to be a computational architecture for human cognition. A 
multiagentt Soar architecture provides an implementation of the ACTS theory of distributed human problem 
solving,, which allows the experimentation of subsequent theories on human distributed problem solving 
appliedd to human organizations. 

Whenn we look at the problem domains that are being studied, we can see that these studies involve either a 
veryy simplified version of a real-life organization (e.g. order fulfillment), or an organization, like the military, 
thatt works according to very stringent and pre-defined procedures. In contrast, the objective of the research 
describedd in this thesis is to create a computational architecture to study the way people work in real-life 
organizations.. The focus of the research is on the work practices that exist in a workplace, and not so much 
onn the cognitive problem-solving behavior of individual agents, or on the study of optimal organizational 
structuress given certain constraints. The computational models that we are after are models that, at the 
micro-level,, can describe a person's daily activities and interactions with his or her environment and others, 
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andd at the macro-level show an organizational behavior that can be interpreted as the work practice existing 
inn that organization. Our models are not meant as an experiment of organizational theory, but instead, as a 
laboratoryy to study work practices of people in real-life organizations. 

Justt as in the previous two chapters, I conclude here as well with a table showing the limitation of COT (see 
Tablee 2-4). 

Tablee 2-4. Limitations of Computational Organization Theory 
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2JS2JS CONCLUSION 

II conclude my description of related work with some general observations about the different modeling and 
simulationn tools used in the different research fields. My objective here is to take this back to the research 
topicc of this thesis and relate these tools to the requirements for modeling work practice. To do this, I 
generalizee the data from Table 2-1, Table 2-2, Table 2-3, and Table 2-4 and give you an overview of the 
analysis. . 

Collaboratio n n 

Thee tools and models described, either do not represent the collaboration between people, or have a limited 
representation.. Some of the agent-based models allow for some indirect representation of collaboration 
throughh hard-wired communication channels and/or communication message content. But, only the 
workfloww modeling tool (Sparks) has an explicit form of showing two tasks (using a spawn) being performed 
inn parallel. However, due to the actual semantics, this type of parallelism turns out to not always perform 
taskss in parallel. 

Inn modeling how tasks are performed in real-life organizations, being able to represent collaboration 
betweenn people is a necessity. However, what is meant with collaboration is not immediately clear. What is 
clearr is that this is a topic that has not been well defined yet in any of the research fields mentioned here. In 
thee theory chapter (chapter 3) I will return to the question of what is meant with collaboration. 

Off-tas kk behavior s 

Nonee of the tools and models that were described represent off-task behaviors. The workflow paradigm has 
aa representational limitation in not being able to allow for representing off-task behavior. This is because of 
thee constraint on representing only those tasks where work-products are being touched. The other tools and 
modelss all take a goal-driven approach, and therefore do not allow for tasks outside of the domain goal/task 
hierarchies.. ACT-R is the only tool that would allow for the representation of off-task behaviors, by using its 
abilityy to allow for reactive agent-behavior through input from the outside world. In general, the field of 
cognitivee science does not focus on the influence of off-task behavior on the problem-solving capability of 
humans. . 

Thee one observation that can be made from this is that in these research fields there is no explicit focus on 
howw people behave in real-life tasks being performed in real-life organizations. If this would be the case, we 
wouldd see a lot more interest in representing the influence of off-task behaviors in the performance of tasks. 
Iff we want to model how people really work we do need to include the effect of off-task behavior in the 
model,, since it is very obvious that people are constantly interrupted by the need to perform tasks that are 
nott part of the explicit work. For example, just think about the influence of getting a phone call, while 
performingg a task, or the scheduling of group meetings in organizations, and how this impacts the "rhythm'' 
off our work. 

Multi-tasking g 

Byy allowing interruption and resuming of tasks we can approximate multi-tasking. Only the Phoenix system 
(chapterr 2.3.2) allows for such interleaving of multiple tasks. Only Sparks allows for the execution of actual 
parallell tasks. However, the question is what the meaning is of performing tasks in parallel. In Sparks the 
purposee is for showing percentage of resources being associated with parallel tasks. If we want to represent 
onee resource performing two tasks in parallel—driving a car, while being on the phone—we can use a 
spawnn of the flow. However, in Sparks it is not possible to associate specific resources with a task. 
Resourcess are picked from a resource pool. Only if there is one resource in the pool can we be sure that the 
parallell tasks are actually performed by the same resource in parallel. 

Althoughh people can do multiple things in parallel, and we do need to be able to show this, the actual way 
peoplee perform most parallel tasks is by switching between them in very short time intervals. A lazy skeletal 
planningg approach, in which the commitment of what task to work on next is delayed as long as possible is 
onee approach to allow for this form of multi-tasking. Task-priorities is a way to decide what task to work on 
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next.. Most parallel activities can actually be seen as hierarchical. With this I mean that showing someone 
doingg two things at once can be represented hierarchically, in the sense that the person is in activity An , 
whilee also being in activity A v The on-phone-while-driving example could be thought of as such a 
hierarchicall multi-tasking event. 

Interrup tt  and resume 

Ass pointed out above, only the Phoenix system allows for interruptions and resuming of tasks through a lazy 
skeletall planning approach. This is an essential part of work practice. We, humans, are constantly 
interruptedd in what we are doing. When an interruption happens we do not stop a task we are working on to 
startt another unrelated task and restart the original task when we come back to it. We interrupt tasks to 
comee back to them where we left off when possible or wanted. This type of reactive, and unplanned 
interruptt and resume behavior is natural, and is part of the reason why we humans are not brittle in our task 
performances.. Therefore, if we want to model work practice, the ability to represent interrupted and 
resumedd activities is a must. 

Informa ll  interactio n 

Inn none of the tools and models are there representations of informal interaction between agents. Every tool 
andd model described represents only the formal organization and tasks. Resources and agents only interact 
whenn the task being modeled asks for it. In real-life organizations there is an abundance of informal 
interactionss between colleagues. For example, having lunch at work with a group of people is an informal 
activityy (i.e. no formal work-task is being performed). However, during lunch there could be a lot of work 
relatedd communication going on. Therefore, in modeling work practice it is essential to allow for the 
representationn of informal tasks and communications and informal group behavior. 

Cognitiv ee behavio r 

Theree is a sharp distinction between models and tools that do or do not include cognitive behavior. The 
interestingg observation to make is that there seems to be an either-or approach to this. I mean, either the 
modelss are totally reliant on deep cognitive problem-solving behavior, to the point that every cognitive-cycle 
iss being represented, or the models are at a level where the cognitive ability of the individual agent is not 
representedd at all. 

Thee question in representing work practice is, what level of cognitive behavior representation is important. It 
seemss that the low-level problem-solving behavior of Soar and ACT-R are not necessary relevant in 
showingg the relationship between people's activities in a work process. On the other hand, it seems 
importantt to represent each agent in the process, and the agent's knowledge of when and how to perform 
tasks. . 

Geograph y y 

Theree is a range in the representation of geography in the models and tools described. The range is from no 
representationn (in Sparks and Soar) to a simple abstraction (in Phoenix). None of the tools and/or models 
havee a very detailed explicit representation of locations and spaces. The only system that has a separate 
geographyy model (i.e. the map-layer) is the Phoenix system (see chapter 2.3.2.2). In the other models 
and/orr tools in which an agenfs location is somehow represented, it is done through an indirect 
representationn of the agent knowing about location. However, there is no explicit objective representation of 
locationn and space. 

People'ss environment impacts their work. In modeling work practice, it is important that we have an explicit 
representationn of the location of people and their artifacts. In ACT-R there is an explicit representation of the 
outsidee world, but this representation is domain specific and is not a part of the ACT-R modeling language. 
Iff we want a language for work practice modeling we need to have, at minimum, the capability of 
representingg the outside world inside the model. 

II end with a comparison between the tools and models in the four research fields. Table 2-5 lists the domain 
dependency,, technology, environment, communication-, problem-solving and group interaction model for 
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eachh human behavior tool and model described. One last interesting observation is that in workflow and 
cognitivee modeling research there is a tendency to develop generic modeling tools, while the DAI and COT 
researchh fields have a tendency to use the tools from the other two fields for developing their models. In 
doingg so, the tools are being applied in ways they were not specifically designed for. This leads to 
interestingg extensions and changes. What this shows is the benefit of a multi-disciplinary approach to 
science,, as well as some of its shortcomings by the mere fact that we can never include or re-use all of the 
theoriess from other academic fields. 

Tablee 2-5. Human behavior model comparison 
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3.. THEORY OF MODELIN G WORK PRACTICE 

Thiss chapter describes the theory of modeling work practice. I start out in the first section, with given 
credencee to practice as a valid concept of human behavior, separate from cognitive problem-solving 
behavior.. I discuss a number of views on practice from the research literature. This will give the reader 
somee background for the next section, in which I define the elements of work practice at an epistemotogical 
level.. These elements are what becomes the driving force in finding a modeling language to represent work 
practice.. In the section before the conclusions, I describe a model-based approach to work practice 
modelingg and the operationalization of a model into a computational form (Sierhuis and Clancey 1997). 

3.11 MSTORY OF PRACTICE 

Inn this thesis I take a strong stance by fully adhering to practice as a valid form of knowledge that drives the 
behaviorr and actions of people. I, therefore, am of the opinion that we can objectify this knowledge in a 
knowledge-levell representation of practice, much in the same way as Al researchers have created an 
epistemologyy of problem-solving knowledge. Ironically, the principle of rationality14 in Al comes from the 
Technicall Rationality model, and it is this model that I denounce as the only model for defining knowledge 
(Newelll 1982) (Newell and Simon 1972) (Simon 1976). It is this view that has the field of Al ignore the value 
off practical knowledge. 

Inn this section, I attempt to show that practice is a valid level of knowledge that can be represented, not 
independentt but complementary to the problem-solving knowledge of humans in organizations. 

3.1.11 Practica l knowledg e as knowing-l n actio n 

Donaldd Schön offers an approach to an epistemology of practice, based on close examination of what 
practitionerss actually do (Schön 1982). When people talk about practice, they often mean the practice of 
professionss that have great social importance, such as medical doctors, lawyers, engineers, architects, et 
cetera.. We even go as far as calling the business of a medical doctor his "practice." When people talk about 
thee practice of such professionals, they mean the exercise of professional activity. People believe that the 
schoolss in which these professionals have been taught give them a level of practical knowledge and 
experiencee that can be applied to solve daily problems. This view of practice is embedded within the model 
off Technical Rationality. 

Accordingg to the model of Technical Rationality, professional activity consists of the application of scientific 
theoryy and techniques in problem solving. The knowledge base of a profession is thought to have four 
essentiall properties: it is specialized, firmly bounded, scientific, and standardized. This view of professional 
knowledgee forces people, still today, to view practical knowledge—what is known in practice—as the 
applicationn of professional knowledge, while practice is viewed as minor knowledge. Practice is said to be 
triee application of scientific theory. It is said that applied science "rests on the foundation of basic science, 
andd the more basic and general the knowledge, the higher the status of its producer." (Schön 1982) 

Whyy is the application of scientific theory and techniques to problems in practice the dominant view of 
professionall knowledge? Why do we not put practical knowledge at the same level as professional 
knowledge?? Paraphrasing Schön, the answer lies in the history of Western ideas about knowledge over the 
lastt three hundred years. Technical Rationality is the heritage of Positivism15, and the Positivisfs 
epistemologyy of practice. In the history of Positivism, practice is an anomaly. Practical knowledge exists, but 
cannott be seen as a descriptive knowledge of the world, and therefore is not seen as knowledge 
whatsoever.. By viewing practical knowledge as the knowledge of the relationship of means to an end, the 
questionn "How ought I to act?" became a scientific one and the best means could be selected by the use of 

144 Principle of rationality: H an agent has knowledge thai crieof its actions will lead to one of its goals, then the agertvvill select th^^ 
action. . 
155 Positivism is tne philosophical d 
achievemerteofscierx»arritechrvDtogytothew^ ^ 
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scientific-basedd techniques. From the perspective of Technical Rationality, professional practice is, 
therefore,, a process of problem solving. 

Withh this focus on problem solving, the problem of setting and situation—in Al this is referred to as context— 
iss ignored. Nevertheless, problems do not present themselves to the practitioner as givens. As Schön writes 
(Schönn 1982): 

[Problems]] must be constructed from the materials of problematic situations which are puzzling, 
troubling,, and uncertain. In order to convert a problematic situation to a problem, a practitioner must 
doo a certain kind of work. [...] It is this [...] that professionals are coming increasingly to see as central 
too their practice. 

Thus,, the model of Technical Rationality leaves out the context of work. The practical knowledge used in 
performingg the work constraint by the context, in which it occurs, is not seen as knowledge. The definition of 
knowledgee in the model of Technical Rationality is incomplete in the fact that it does not view practice as a 
reall category of competence. As Schön says it profoundly (Schön 1982): 

Iff the model of Technical Rationality is incomplete, in that it fails to account for practical competence in 
'divergent"" situations, so much the worse for the model. Let us search, instead, for an epistemokxjy of 
practicee implicit in artistic, intuitive processes which some practitioners do bring to situations of 
uncertainty,, instability, uniqueness, and value conflict. 

Iff we are able to put the Technical Rationality model aside, we come to the realization that practical 
knowledgee is a kind of knowing inherent in intelligent action. Common sense admits that the category of 
know-howknow-how is in the action. Meaning that the know-how of workers is revealed in the way they act in 
problematicc situations. It is this know-how that constitutes the practice. 

3.1.22 I loniMiioutic s sn d wor k practic e 

Heree I touch upon Heidegger and Gadamer's philosophy of being and understanding, as it relates to work 
practice.. The main source has been the groundbreaking work of Winograd, and Floras (Winograd and 
Florass 1986). I do not claim to have a full and complete understanding of either Heidegger's or Gadamer's 
philosophyy (Heidegger 1962) (Gadamer 1976), and want to stress that I mainly touch upon their work as it 
relatess to my ideas of what constitutes work practice. Most, if not all, of the credit has to be given to 
Winogradd and Floras, since they explained the importance of hermeneutjcs16 for artificial intelligence, and 
moree broadly for system design. It is their thinking that made us, who initially worked on Brahms, realize that 
iff we want to understand the way people work we need to understand how people interact with and interpret 
thee world. Therefore, we need to go beyond a description of individual cognition to a more holistic and social 
vieww of cognition as it relates to the way people work. 

Ass Winograd and Floras explain, it was Heidegger and Gadamer who placed the hermeneutic idea of 
interpretationn as the foundation of human cognition. Just as we can ask how interpretation plays a role in 
understandingg text, we can ask how it plays a role in understanding the world as a whole. Winograd and 
Florass put forward four assumptions that, simply put, explain the way humans interpret the world (Winograd 
andd Floras 1986, p. 30-31). Here I relate this, more narrowly, to the way people work, and I postulate the 
followingg four worktviews: 

1.. We are the inhabitants of a 'real world' made up of objects bearing properties. Our actions take 
placee in the world. 

188 The scienc e and methodolog y of interpretatio n o» taxis,  particUBiVmyMcalarKlsaa ^ taxis , s u ^  as the Ubte. 
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Thiss means that the way people work is constrained by the location in which this work takes place. 
Therefore,, if we want to model work practice we need to model the "real world," its locationss andd the objects 
itt is made upp of. 

2.. There are 'objective facts' about that world that do not depend on the interpretation (or even 
presence)) of any person. 

Thiss means that we cannot model a world by just modeling the individual interpretation of that world. We 
needd to separate the different individual interpretations from the "objective facts." Here is where we get 
confrontedd with solipsism17, i.e. the modeler of the "objective facts" is also an individual in the world, and 
hencee also interprets the facts of the world according to his or her subjectivity. However, it is important to 
makee a distinction between modeling the interpretation of an individual in a world, and the interpretation of 
factss in the world. Both are subjective, but both are necessary if we want to take a holistic view of the way 
peoplee work. However, we should never forget that this means that our model of work practice is our 
interpretation,, and not reality. 

3.. Perception is a process by which facts about the work) are (sometimes inaccurately) registered in 
ourr thoughts and feelings. 

Thiss seems a trivial point after having made the point that every interpretation is a subjective one. However, 
thee important issue that needs to be emphasized is that people make inaccurate interpretations of what they 
perceive,, and that they will act according to (inaccurate) interpretations. It is therefore important to not only 
modell the facts about the world, but also each individual's perception of those facts, since it is their 
perceptionss that make people act independently from each other. 

4.. Thoughts and intentions about action can somehow cause physical (hence real-world) motion of 
ourr bodies. 

Thiss means that if we want to model work practice, we need to model physical motion of individuals. We can 
satisfyy this assumption by simply modeling the causal relation between thoughts about action and physical 
motion,, and we do not need to model how this happens in the human body (i.e. the neurophysiology). 

Thesee four worldviews are my starting point for talking about work practice as a knowledge-level concept. 
Byy defining what this level is about, we will be able to represent our practical knowledge in a computational 
modell in a similar way as we are able to model our problem-solving knowledge at a knowledge-level 
(Newelll 1982). 

3.1.33 Understandin g contex t 

AA broad range of work in psychology and anthropology has shown that to fully understand how people work 
wee need to study context in order to understand the relation between individuals,, artifacts and social groups 
(Leonfevv 1978) (Vygotsky 1978) (Suchman 1987) (Lave and Wenger 1991) (Rogoff and Lave 1984). This 
chapterr describes three approaches to study context—situated action models, activity theory and distributed 
cognition—thatt have been fundamental in the development of my theory for modeling work practice. All 
thesee three approaches use the notion of activity as the central point in the way they analyze the context in 
lookingg at human behavior. 

3.1.3.11 Situated action models 

Situatedd action models emphasize the emergence of activities within the situation. The focus is therefore on 
situatedsituated action or, what I call practice, as opposed to problem solving, which means that it is an inquiry into 
thee everyday activity of persons acting in a particular setting. The analysis of situated action is a moment-by-
momentt analysis of the interaction between people, and between people and the artifacts used in a 
particularr situation (Suchman 1987). Lave identifies the basic unit of analysis for situated action as the 

177 The theor y or view that the self is the only realt y (definitio n in the America n Heritag e Dictionary , 21* coNege edMm^ 
scanda ll  of philosoph y and of huma n reaso n in genera T that r » philosophe r had been able to  provid e a S O L ^ 
solipsism . . 
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activityy of people as it relates to the setting in which this activity takes place and is constructed at the same 
time;; The setting both is generated out of [the] activity and at the same time generates the activity (Lave et 
al.. 1984). A setting is the relation between acting people and the arena in which they act, almost like a 
theatricall play. The arena is the physical place, i.e. the geographical space, as well as the institution with its 
social,, political and economical background, like the stage within the theatre. 

Ann important aspect of the focus on the activity of persons acting within an arena is that it forces the analyst 
too pay attention to the flux of the ongoing activity, the minute-by-minute understanding of a real activity in a 
reall setting (Nardi 1996). One of the interesting notions coming out of situated action studies, put forward by 
Suchman,, is that plans are not the mechanism to action, but that plans are resources for action; a 
"retrospectivee reconstruction'' of situated action {Suchman 1987). In that sense, I postulate that goals are 
generatedd within the activity, as an individual's rationalization of what the intention of the activity is; they are 
nott the conditions of when activities are to take place. 

3.1.3.22 Activity theory 

Activityy theory goes back to the 1920s, and developmental psychology work done in the former Soviet 
Union.. The main developers of activity theory are Vygotsky and Leont'ev (Vygotsky 1978). In activity theory 
thee unit of analysis is an activity. An activity \s composed of a subject, the object, its actions and operations. 
AA subject is the person or group of persons that is engaged in the activity. This makes the analysis of 
activitiess focus our attention on one or more people. 

Ann object is the objective of the activity as it is held by the subject(s) and motivates them in the engagement. 
ActionsActions are processes that must be undertaken to fulfill the object. Subjects are conscious about the actions 
too take to accomplish the object of an activity. Actions are more or less synonymous with tasks in cognitive 
science.. The notion of an activity can span multiple actors being engaged together in coordinated actions. 
Thee actors engaged together might actually have different, even conflicting objects (KuuttJ 1996). This is an 
importantt concept for the understanding of what collaboration between individuals is about. 

OperationsOperations are routinized and unconscious actions. For example, when learning to drive a car with a 
standardd gear, the shifting of the gear is at first a conscious action with an explicit goal. Later on, when we 
aree well versed in driving with a stick shift, shifting gears becomes operational and is not a specific goal-
drivenn process anymore. The difference of actions and operations reminds me strongly of the difference 
betweenn explicit and tacit knowledge (Polanyi 1983). The important take away point from this is that it 
seemss that activities are decomposed into actions, when the activity is not yet "automatic," while an activity 
thatt is already operationalized is not decomposed into lower-level actions, but can be seen as a primitive 
action. . 

Anotherr key notion in activity theory is the notion of mediation by artifacts (Kuutti 1996). Artifacts include 
instruments,, machines, etc, that mediate activity and are created or used by people to control their behavior. 
Inn this sense an activity constitutes the context itself. An activity creates a context through its enactment of 
actionss and operations of the people engaged in the activity, and using artifacts to control their engagement. 
Ass such, we can see practice as the engagement in activities over a period of time. 

3.1.3.33 Distributed cognition 

Distributedd cognition is a branch of cognitive science that studies the representation of knowledge both 
insidee the heads of the people, as well as within the artifacts and systems they use. The cognitive system 
cann be seen as an activity in activity theory. For example, Hutchins, in his study of the activity of "flying a 
plane,"" describes the cognitive system as the total setting of the cockpit (Hutchins 1995). He takes the 
cockpitcockpit system as the unit of analysis and observes the many representations that are inside the cockpit 
system,, yet outside the head of the pilots. By taking this social-technical systems approach he can describe 
thee "cognitive" properties of the system, meaning giving an account of the system's behavioral properties in 
termss of its internal representations, without saying anything about the processes that operated inside the 
headss of the individuals within the system. 

Thus,, distributed cognition moves the unit of analysis to the system as a whole, and analyzes the 
functioningg of the system as a "functional unit," instead of as a cognitive system. In doing this, the emphasis 
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iss on understanding the coordination among the individuals and the artifacts in the system. However, this 
understandingg is created by focusing on the available information in the system, as represented in the 
artifactss and the heads of the individual. There is less of a focus on the activity and situated-actions as a 
whole,, but more on how the lack of information creates a breakdown in the execution of plans and tasks by 
thee individuals in the system. 

Onee of the limitations of this approach is the necessity of drawing a boundary on the system to be analyzed 
att the start of an analysis. As opposed to letting the analysis of the setting be the driver in setting the 
boundaryy of the system. For example, Hutchins, in his study of the cockpit system, does not take into 
accountt the interaction and coordination between the pilots in the cockpit and the other crew and the 
passengerss in the airplane (Hutchins 1995). Neither does he consider the interaction with the control tower 
andd their view of the cockpit system. However, the interesting part of distributed cognitive analysis for getting 
ann understanding of the work practice of pilots is the focus on the "memory" of the system as driving the 
activitiess of the pilots. This emphasizes the importance of a total systems view in the understanding of 
practicall knowledge. 

3.1.44 Wor k practic e 

Manyy researchers in the social sciences use the word practice as if it is a well-defined concept that 
everyonee knows. However, it is difficult to describe what a practice is. People notice when something is not 
aa practice, and can often describe why. It can be said that a group of people has developed a practice, but 
whenn asked to describe what it consists of, we find it difficult to describe in words. As such, practice is part 
off our tacit knowledge (Polanyi 1983). 

Ann ad hoc definition of the word practice is: 

Definitionn 1 (practice) The (collaborative) performance of collective situated activities of a group of people 
whowho collaborate and communicate, while performing these activities synchronously or asynchronously, by 
makingmaking use of knowledge previously gained through experience in periorming similar activities. 

Inn short, practice is doing in action (Suchman 1987). Scientists have described how a practice develops, like 
Wenger,, who defines the creation of a practice as follows (Wenger 1997): 

Beingg alive as human beings means that we are constantly engaged in the pursuit of enterprises of aH 
kinds,, from ensuring our physical survival to seeking the most lofty pleasures. As we define these 
enterprisess and engage in their pursuit together, we interact with each other and with the world and 
wee tune our relations with each other and with the world accordingly. In other words, we learn. Over 
time,, this collective teaming results in practices, which reflect both the pursuit of our enterprises and 
thee attendant social relations. These practices are thus the property of a kind of community created 
overr time by the sustained pursuit of a shared enterprise. 

Everybodyy knows what Wenger means when he says, "this collective learning results in practices", but what 
iss it that results? Can it be described? Can it be modeled? To do this we need to be able to describe 
practicee at an epistemological level. 

3.1.55 How modelin g practic e Is lic e Aaron' s drawin g 

Cann there be a model of practice? Is a description of practice equal to practice itself? This is similar to the 
question;; is a description of knowledge equal to knowledge itself? This is a debate in Al that has been going 
onn for many years. Clancey makes an argument that allows us to get away from the arguments for or 
againstt this issue (Clancey 1997a). Clance/s way of describing "the representation problem" allows us to 
askk the question differently, namely; 
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Howw can we create an internal representation of work practice, such that the observer 
interpretss the external presentation of a simulation of a model of this work practice, as a 
reasonablee description of the actual work practice? 

Clanceyy describes Aaron, a robot built by Harold Cohen that creates original drawings. The question asked 
is;; is Aaron an artist, or is Aaron a mere mechanical apparatus that can create drawings in a prescribed 
mechanicall fashion? As Clancey states it: 

[...]] Cohen's dilemma is to understand the relation between internal descriptions, which he formulates 
andd builds into the program, and outside behaviors, which observers will abstract and interpret in 
Aaron'ss drawings. (Clancey 1997a, p. 15) 

Inn a private conversation with Clancey, Cohen revealed that his goal is not to create a robot artist, but to 
createe a minimum representational configuration of drawings that will, when put on paper, be interpreted as 
ann artistic image (Clancey 1997a, p. 16): 

Inn this way, the product (what observers perceive) and the mechanism (what is inside the robot) are 
distinct. . 

Similarly,, in this thesis the goal is not to create a mechanism for developing work practice, but to develop a 
representationall language and simulation program that produces a model of work practice that is interpreted 
ass such. 

Modele r r 

\ \ r/ / X X 
X X r r 

Observe rr  of 
thee simulatio n 

BRAHMS S 
simulatio n n 

<< interpretatio n -

Stati cc  mode l 
off  work 
practic e e 

y y s s 
X X 
SSMM mode l of 
wor kk practic e 

Figuree 3-1. Relation of a model of work to a description of the work practice 

Thee modeler in Figure 3-1 develops a model of the work using the representational power of the Brahms 
language.. Model creation is an elaborate process of data collection and work description that leads to a 
staticc model of the situated activities of the individuals involved. Using the Brahms simulation program, the 
modell is simulated and a dynamic behavioral model of the work (i.e. a model of the practice) is generation. 
Thee observer of the simulation model can observe the model during and after the simulation, interpreting the 
workk practice model. 

Inn the next chapters I define what should be represented in a model of work practice. 

3.22 ON THE EPISTEMOLOGICAL LEVEL OF WORK PRACTICE 

Inn the model of Technical Rationality, the notion of a practice is automatically associated with the application 
off scientific knowledge in "major" professions. Not only am I claiming that practical knowledge is an 
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importantt category of knowledge, but the concept of work practice allows us to view practical knowledge 
withinn the scope of all kinds of practitioners (not only within those of "major" professions). Here, I focus on 
creatingg a framework that allows us to investigate, collect data about, and model the work practices of any 
groupp of individuals from any type of profession. Even more so, I focus the attention on work situations 
wheree multiple individuals from different professional backgrounds are collaborating. In contrast with 
Schörïss epistemotogical model of reflectjon-in-acrjon in a specific profession, I focus the attention not on the 
applicationn problem-solving knowledge of an individual, but on the collaboration of activities between 
individuals. . 

Workk practices is constituted by the way people act and interact in their daily tasks as part of their job, 
sociallyy and psychologically situated within their environment. It is situated action described in terms of 
activitiess and their context ft is how people act and interact in order to accomplish what they have to do. In 
thee next sections, I give definitions of the important elements: community of practice, activity, collaboration, 
communication,, artifacts, and geographical environment. 

3£.11 Communit y of practic e 

Peoplee who are engaged in a work practice together belong to a community that has an identity (Wenger 
1997).. Together this group of people is engaged in choreographed activities, acting either together or on 
theirr own. For example, consider the interplay of activities of people working and dining in a restaurant 
Theree are different roles that are played, the waiters, the chef, the dishwashers, the mattre d'homme, et 
cetera.. Even the dinner guests are part of the practice. They all engage in interplay, a kind of theatrical 
improvisationn in real-time. An unwritten play, so to speak, unrehearsed, but still they never forget their lines. 
Theyy seem to know what the play is about, reacting to each other, never stepping out of character. They all 
seemm to know their parts. They react to and communicate with each other. They have all played their parts 
beforee they have ever met each other, because their actions are based on similar previous experiences 
workingg and eating in restaurants. This is what the activity of working in a restaurant, and going to eat in a 
restaurantt is all about, it is a conceptual choreography. Everyone knows their roles, because they have 
donee ft so many times before. They are part of a community of practice that exists inside and outside the 
restaurant.. This type of community of practice focuses on a group of people who produce something 
together. . 

DefinitionDefinition  2a (community  of  practice)  A community of practice is a group of individuals, each with 
differentdifferent individual skills and knowledge, performing complementary activities while producing something 
together,together, that collectively can be seen as a unity within a practice. 

II define a second type of community of practice (see definition 2b). The distinction between the first 
definitionn and the second is the type of people that belong to a community. The first definition (2a) includes 
individualss playing different roles and performing different activities. The second definition of community of 
practicee includes people with similar skills and knowledge, playing the same role and performing similar 
activities.. This type of community of practice includes the professional communities, such as the Java 
programmerss at company X, the architects at company Y, or the group of waiters at a restaurant, et cetera. 
However,, it does not by definition have to be a professional community. For example, we could also talk 
aboutt the practice of the group of people meeting each other regularly at the water cooler. Such 
communitiess are more informal or social, and do not have to include people from the same professional 
background.. The point is that this definition of community of practice focuses on people that play similar 
roless and perform similar activities. 

DefinitionDefinition  2b (community  of  practice)  A community of practice is a group of individuals playing similar 
roles,roles, each with similar skills and knowledge that allow them to perform the same activities, that collectively 
cancan be seen as a unity within a practice. 

Bothh definitions are useful and hold true at the same time. The reason for making a distinction is for the 
purposee of identifying these types of communities of practice, and the abilityy to talk about their practice as a 
whole.. For purpose of modeling, it is useful to make a distinction in the practice of a community in terms of 
differentt groups of people performing different activities, or in terms of a group of people performing similar 
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activities.. By describing a community of practice as a group to which individuals belong, we can represent 
people'ss practice in terms of the sum of the communities (groups) they belong to. 

3 ^ 22 Activitie s 

II now turn the attention to how the behavior of people can be represented as activities. In a knowledge-
basedd system approach, the descriptive modeler's perspective of people's behavior is focused on a narrow 
descriptionn of what people do in terms of tasks and goals. Knowledge modelers start by choosing to model 
onee task and the predefined goals that are to be pursued. With such a design approach, human activity 
appearss to be a relation between goals, data, and decisions. For example in the PEES project, in modeling 
thee "front-door sharing rule" in the Dutch social security law, I choose the interview with the client as the 
activityy of the social security officer (van Dijck et al. 1987). I even focused more narrowly on the client's data 
specificc for making a decision on how much his or her social security check was to be cut, ignoring the 
actuall interview and the setting in which this takes place (Sierhuis 1986). Nevertheless, the social security 
officerr is in the activity of "interviewing the client," as well as at the same time in the broader activity of 
"workingg in the social security office." I ignored the context of clients coming and going, colleagues asking 
forr information about cases, people looking for the right forms to be filled out, clients asking for help. In 
designingg the expert system for the "front-door sharing rule," I left out the "work life" of the social security 
officer.. I ignored meetings, discussions in the hallways, the search throughout the building for the correct 
stampp needed. When I analyzed the task of determining the amount of social security a a client would receive, 
II ignored most of the activity of the people in a social security office. 

3.2.2.11 Activities versus tasks and goals 

Imaginee yourself going through a day. There is one response function when you get yourself out of 
bed,, one when you reach for your clothes, one when you face yourself in the mirror, another when you 
goo to breakfast and talk to your spouse, another when you get in your car and drive to work. Each of 
thosee situations is radically different and each calls for a quite different function about how to respond 
too the environment. One involves beds, floors, and covers; another involves mirrors and faucets, 
anotherr yet something entirely different [...] Describing behavior as multiple response functions 
impliess some sort of decomposition within ihe organism [...] How then should we describe systems? 
Howw should we describe their response functions? (Newell 1990, p. 43-44, emphasis added) 

Thesee are questions Newell asks in order to describe the foundations of cognitive science. He is interested 
inn describing the workings of the individual information processing system (IPS). In other words, the way the 
individuall comes to behave a certain way, or as he says it, "the working of the response functions." This is 
thee individual IPS view he developed with Herb Simon, focusing his theory on individual problem solving as 
thee way to describe individual behavior (Newell and Simon 1972). 

Thee theory of humans as an IPS defines problem solving in terms of pursuing pre-specified goals in order to 
accomplishh pieces of work that need to be done (i.e. tasks). The specification of a goal is a way to make a 
statedd problem actionable, i.e. solvable by means of well-defined decisions. Problem solving is the 
systematicc search over the problem space describing how one can attain a goal. Such an approach is in 
contrastt to a theory for describing how people actually work within the constraints of their environment, and 
howw the environment determines their actions and the interactions with other people and artifacts in that 
environment.. Describing the behavior in terms of what actually happens in the world does not lead to a 
descriptionn of the individual's problem-solving behavior. Rather, it leads to a description of the emergent 
totaltotal system behavior in terms of the individual interactions, responses to the other elements in the system 
(peoplee and artifacts), as well as the emergent sequence of individual activity (i.e. the state of being active), 
somethingg Newell calls "microepics." 

Ass is evident in my attempt to make this subtle, but important distinction, the focus in modeling work practice 
iss on the IPS being the total system, including the environment, its people, artifacts, places, and time (see 
chapterr 3.1.3). The emphasis of behavior lays at a broader level, namely at a level of interaction between 
discretee entities in the system, each being an IPS in its own right, but influenced by the other elements 
(IPS's)) in the system. Problem solving happens at the individual level, while conceptual construction of 
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activityy (i.e. practice) happens at the system level. By describing the individual activity and interactions of 
elementss in the system we can understand the behavior of the total system, as a result of the problem-
solvingg behavior at the individual level. In other words, goals and tasks are being executed within activities, 
orr better, activities at the meso-level are our social conception of goals and tasks at the micro problem-
solvingg level. 

Inn this view of system behavior, activities are socially constructed engagements situated in the real world, 
takingg time, effort and application of knowledge. Activities have a well-defined beginning and end, but do not 
havee goals in the sense of problem-solving models. Instead, the goals are conceptual constructs created 
andd articulated within activities of individual IPS's. Viewing work as activities of individuals allows us to 
understandd why a person is working on a particular task at a particular time, why certain tools are being 
usedd or not, and why others are participating or not. This contextual perspective helps us explain the quality 
off a task-oriented performance. 

Goal l 

Figuree 3-2. Dimensions of behavior 

Inn this sense, as is shown in Figure 3-2, activities are orthogonal to tasks and goals. While engaged in an 
activity,, people might articulate the task that they are working on, and the goal that they want to accomplish, 
butt these are constructed within the activity. An example of an activity is pursuing a research career. A goal 
withinn this activity might be to get a research paper accepted for a conference. A task to reach that goal 
mightt be to gather all the relevant literature for the paper. The task and goal are created within the activity, 
butt they are not determined by the activity (Clancey 1997b), meaning that they could similarly arise outside 
off that particular activity in another. Conceptually we can view activities as the "what we are doing at each 
momentt in time". Goals can be viewed as the "why we are doing what we are doing," while tasks can be 
viewedd as the "how we are doing what we are doing." 

Too understand activities we must first understand that human action is inherently social. The key is that 
"action"" is meant in the broad sense of an "activity," and not in the narrow sense of altering the state of the 
world.. Instead of viewing "social activity" as something that people do together, such as "socializing at a 
party"" or "the social chat before the meeting," I take a social behaviorist1 s view. Describing human activities 
ass social means that the tools and materials we use, and how we conceive of what we are doing, are 
culturallyy constructed. Although an individual may be alone, as when reading a book, there is always some 
largerr social activity in which he or she is engaged. For instance, the individual is reading the book in his 
hotel,, as relaxation, while on a business trip. Engaging in the activity of "being on a business trip," there is 
ann even larger social activity that is being engaged in, namely "working for the company," and so on. The 
pointt is that we are always engaged in a social activity, which is to say that our activity, as human beings, is 
alwayss shaped, constrained, and given meaning by our ongoing interactions within a business, family, and 
community.. An activity is therefore not just something we do, but a manner of interacting. Viewing activities 
ass a form of engagement emphasizes that the conception of activity constitutes a means of coordinating 
action,, a means of deciding what task to do next, what goal to pursue, in other words, a manner of being 
engagedd with other people and things in the environment. The idea of activity has been appropriately 
characterizedd in cognitive science as intentional, a mode of being. The social perspective adds the 
emphasiss of time, rhythm, place, and a well-defined beginning and end. 

Ta a 
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Ass represented in Figure 3-3, wee can be in more than one activity at the same time. While performing one 
particularr activity, we are also engaged in a larger, broader activity. For example, while in the broader 
activityy of working on my dissertation, I am in the middle of the activity of writing the section on activities 
whenn my sister-in-law comes in the room to say good-bye. At that moment I suspend the activity of writing 
thee section, get up and go downstairs to say good-bye, which is the activity that I then engage in for a 
couplee of minutes. 

Workin gg on my dissertatio n 

Writin gg my dissertatio n 

Goo upstairs 

Writingg the section 
onn activities 

Sayin gg goodby e to 
myy siste r In-law 

Goo downstairs 

Sayy my good-bye's 

Figuree 3-3. Activity subsumption 

Afterr my good-bye's I go back upstairs and continue my suspended activity of writing the section of my 
thesis.. While saying my good-bye's I am still in the broader activity of working on my dissertation, otherwise 
theree would be no reason for me to go back upstairs and continue writing. This is situated action, an activity 
thatt is not fully planned in detail, and can be interrupted and resumed (Suchman 1987); think about putting 
onn your pants in the morning, and the phone rings. While there is not a control program that runs and 
controlss our activities, a situation that suddenly comes up has to be dealt with, without articulated task 
knowledge.. While switching context, the higher-level activity is still being engaged in. Therefore, it is such 
higher-levell activities that constrain us from switching context from one lower-level activity to another lower-
levell activity and back. 

Thee idea is that humans can control their own behavior—not from the inside', on the basis of 
biologicall urges, but from the outside', using and creating artifacts. (Engestrom 1991, p.12) 

Peoplee choose which activity they engage in, but cannot choose this for others. Therefore, when people 
suddenlyy enter our space to interact, we juggle the activities we engage in. We suspend the current activity, 
startt a new one, stop a third one never to come back to it again, et cetera. We act in the situation and react 
too our environment. This is how the work practice of an organization is formed, and work happens or does 
nott happen. If we are interrupted all the time during our work activities, we start acting a certain way, 
consciouss or unconscious. We might hide, so that interruptions are minimized, or we might just do those 
activitiess that do not require a lot of time, or can be interrupted at any moment. In short, the situation and the 
environmentt determine our activities, which in turn form our work practice. 

DefinitionDefinition  3 (activity)  An activity is a collection of actions performed by one individual, socially constructed, 
situatedsituated in the physical world, taking time, effort, and application of knowledge. An activity has a well-defined 
beginningbeginning and end, but can be interrupted. 

3.2.33 Collaboratio n 

Onee of the fundamental elements of work practice is the collaboration between individuals. An individual 
rarelyy works in isolation. Even if we would focus on the practice of one of the major professions, like a 
medicall doctor, an architect or an engineer, we have to realize that they are acting in a context that includes 
moree than just themselves. For instance, the doctor serves patients, and is paid for his services by an HMO. 
Inn the office there are physician assistants, nurses, secretaries, et cetera. They are all part of the picture; 
theyy collaborate with each other and with each patient that walks through the door. Even when there are no 
patientss there are collaborative activities that take place, such as doing laboratory tests, entering results of 
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testss into the patient's records, calling the pharmacy about prescriptions, and doctors mentoring the 
physiciann assistant. In short, the people in the doctor's practice collaborate (Wenger 1997). 

Collaborationn is a conceptual phenomenon that happens during the collection of activities being performed 
byy the collaborators. Most individuals speak of having "a collaboration" when they feel that the activities 
engagedd in with others is helpful to whatever the objective of the collaboration is. Mead calls it a social act, 
inn his point of view of social behaviorism. 

AA social act may be defined as one in which the occasion or stimulus which sets free an impulse is 
foundd in the character or conduct of a living form that belongs to the proper environment of the living 
formm whose impulse it is. I wish, however, to restrict the social act to the class of acts which involve 
thee co-operation of more than one individual, and whose object as defined by the act, in the sense of 
Bergson,, is a social object. I mean by a social object one that answers to all the parts of the complex 
act,, though these parts are found in the conduct of different individuals. The objective of the acts is 
thenn found in the life-process of the group, not in those of the separate individuals alone. (Mead 1934, 
p.. 7, footnote 7) 

Collaborationn can happen when two or more people work together at the same or at different times, being 
eitherr in the same place or at different places. 

Thee social act is not explained by building it up out of stimulus plus response; it must be taken as a 
dynamicc whole—as something going on—no part of which can be considered or understood by 
itself—aa complex organic process implied by each individual stimulus and response in it. (Mead 1934, 
p.. 7) 

Inn addition, collaboration can happen without people being conscious about it. 

Thee mechanism of the social act can be traced out without introducing into it the conception of 
consciousnesss as a separable element within that act; hence, the social act, in its more elementary 
stagess or forms, is possible without, or apart from, some form of consciousness. (Mead 1934, p. 18) 

Especiallyy for these forms of collaboration a work practice model could be useful in showing them, making 
thee phenomenon visible and thus explicit. For example, my work practice has changed since I have moved 
fromm New York to California. My colleague in New York and I now use e-mail to discuss our research, 
whereass before we were mostly collaborating face to face, during our daily commute. Our form of 
collaborationn has changed from same-time/same place to different time/different place. It is interesting to 
observee that we changed our communication tools as well (see paragraph 3.2.4). All this would be difficult to 
showw in a workflow model, but in a model of work practice we include the different geographical places, as 
welll as the different times we are each in our separate activities of reading and replying to our e-mails. The 
modell would also show our new tool for communication (i.e. using e-mail), as well as the information (the 
stufff we are writing) we are communicating through our e-mails. 

Collaborationn is a conceptual creation, a state of mental awareness by the individuals collaborating. This 
mentall awareness does not necessarily have to exist at the same time, in the same place, and in the same 
wayy for every individual in the collaboration. Such awareness is created at the moment we are in our 
individuall activities, making us feel we are collaborating. Collaboration integrates the activities of the 
individualss in the group, thus establishing a community of practice. 

DefinitionDefinition  4a (collaboration)  A collaboration is a collection of activities of two or more individuals, all of 
themthem with the mental awareness (being conscious) of working together, either at the same time or at a 
differentdifferent time, and either being in the same place or in a different place. 
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However,, this definition does not capture the fact that people can collaborate even when they are not aware 
thatt they are collaborating, i.e. the mental awareness does not exist for them (see the above quote of 
Mead).. I call this indirect collaboration. For example, when telephone company sales representatives add 
orderr information to the order databases, this information is used to provision the telephone circuit by the 
trunkk assignor at a different time and in a different office. The two individuals are not aware that they are 
collaboratingg when they are in their respective activities. Nevertheless, they are indirectly collaborating by 
thee communication of the order information through the order database. Indirect collaboration is sometimes 
ann external observer's conception, however, most of the time the people who engage in such indirect 
collaborationn know that this takes place. It is especially in the breakdown of such coilaboration-^as when 
thee information in the database is incorrect—that they realize this indirect collaboration they are engaged in. 

DefinitionDefinition  4b (indirect  collaboration)  An indirect collaboration is a collection of activities of two or more 
individuals,individuals, whom together, without mental awareness (not conscious) of the collaboration, but satisfying 
theirtheir individual goals, using an indirect form of (i.e. asynchronous) communication, either at the same time 
oror at a different time, and either being in the same place or in a different place. 

3.2.44 Communicatio n 

Havingg defined collaboration as a collection of activities, direct or indirect between people, I now turn to how 
peoplee coordinate their collaboration. The short answer is, through communication. In order for two or more 
peoplee to collaborate they need to communicate. In the Speech Act theory by Searle, the meaning and 
intentt of speech acts are formalized (Searle 1969). Searle describes people's action in terms of sending and 
receivingg speech acts triggering response actions. A speech act has at least four distinct types of acts that 
aree all part of the act at the same time (Searle 1969, p. 24-25): 

1.. Uttering words is performing an utterance act. 

2.. Referring and predicating is performing a prepositional act. 

3.. Stating, questioning, commanding, promising, et cetera, is performing an illocutionary act 

4.. The consequence or effect on actions, thoughts, and beliefs of the hearers is the periocutionary act. 

Searlee went as far as defining a taxonomy of types of speech acts in which he classified all types as 
embodyingg one of five illocutionary points: assertives, directives, commissives, expressives, and 
declarationss (Searle 1975). Speech Act theory analyzes communication in terms of its illocutionary point, -
forcee and prepositional content. Using this type of communication analysis, we can model the sequence of 
communicationss in a collaboration activity between sender and receiver, as well as the intention and 
meaningg of the speech act. However, in analyzing the way collaboration occurs in practice, we also need to 
analyzee communication in terms of how it actually happens in the real world, thereby modeling collaboration 
ass it really occurs. Speech Act theory abstracts communication in terms of patterns of commitment entered 
intoo by the speaker and the hearer. While this is important, in modeling communication as it happens in 
practicee we also need to take into account if a communication activity between two people actually happens, 
orr does not happen. We need to include the communication tools used in the speech act, because the type 
off tool has an impact on when and how the hearer receives the speech act. 

Today,, communication is more and more efficient and certain communication tools are used globally. 
Phones,, voice mail, e-mail, and fax are communication tools that are more and more taken for granted in 
thee way that we use them. However, it should not be taken for granted that we all have created our own 
practicee around the use of these tools in certain situations. For example, when I work at home I am not 
checkingg my office voice mail as often as I should. Without justifying this, it is simply not part of my work 
practice.. Therefore, if someone is trying to contact me, by calling me at my office phone and leaving a voice 
mail,, I might not respond to it for a couple of days. It is not an efficient way of getting a hold of me. Sending 
e-maill is a better way, since I am constantly checking my e-mail at home. This emphasizes the point that 
collaborationn is very much defined by our practice surrounding our communication tools, and that we, 
therefore,, need to include the use of communication tools in modeling how people actually coordinate their 
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collaborationn in the real world. We need to include a model of the workings of communication tools, and how 
theyy are used in practice. 

3.2.4.11 Content and Information transfer 

Speechh acts are abstractions of the content of a communication activity between speaker and hearer. For 
instance,, directive speech acts attempt to get the hearer to do something. What is left out is how this 
collaborationn actually takes place. The speaker is in a communication activity, communicating some 
questionn or command. The hearer, when receiving the communication, reacts to this communication— 
basedd on the illocutionary point—and will perform some activity that ends in a communication activity that 
communicatess the hearer's response to the speaker—the perlocutionary act. In reality, this speech act is a 
collaborationn between two people, and they are using a communication tool, such as a phone, e-mail, or 
evenn a face-to-face conversation. The time it takes for this collaboration to complete, and be successful, 
dependss on when the hearer receives the initial communication, and is able to communicate his or her 
responsee back to the sender. If the phone rings and the hearer is not in the location of the phone, the 
communicationn will not succeed and the speech act will not be completed. If a voice mail is left, the hearer 
mightt check it latter on and, depending on the message, will either do what is being commanded or will first 
needd to call the speaker back to ask for clarification. This sequence of activities, constrained by the 
communicationn tool used, is part of the collaboration between the speaker and hearer, and needs to be 
takenn into account in a model of work practice. 

DefinitionDefinition  5 (communication)  A communication is the activity (speech act) of directional transfening of 
informationinformation (in the form ofbeiiefs), held by one individual called the sender, to one or more individuals called 
thethe receivers), using a specific communication tool (face~to-face, telephone, e-mail, fax, document, etc). 
AfterAfter the transfer activity is complete, and successful, the receivers) mil hold the same information (belief) 
asas the sender of the information, and can now react to it 

3.2.4.22 Communication tools and their impact on work practice 

Theree are different tools for communication dependent on the location and time spans of the collaborating 
individuals,, having a major impact on the work practice of the group. In one of our investigations, we found 
thatt two different groups of workers would use different communication tools for accomplishing the same 
task.. The first group, a group of technicians and a manager, communicated "the assignment of the day's 
jobs"" in a morning coffee meeting. The technicians all come in to work around eight o'clock in the morning. 
Thee manager who comes in at seven, will have scheduled the jobs for the day, and will sit with the "force" to 
havee a coffee meeting. During this social gathering, the manager would hand out the job assignments for 
thee day. The second group, consisting of all the same level workers, with one having an acting role as a 
manager,, does not engage in the assigning of the day's jobs during a coffee meeting. Rather, the acting 
managerr assigns the jobs through the job scheduling system. As the workers come in to work, they check 
theirr work assignment through the computer. This example shows the difference in the communication 
activities—consequentlyy the communication tools used—in the practice of assigning jobs for the day. The 
sociall interaction and work practice in these two groups is different, which is clearly impacted by the mode 
(tools)) of communication. 

Itt is worthwhile to emphasize that this example shows that the type of communication tools used is an 
importantt element in the communication mode, and is one of the defining factors in work practice. Thus, it is 
importantt to model the communication tools and its uses in activities, as they define the mode of 
communicationn and have an impact on the work practice. 

3.2.4.33 Communication effectiveness and efficiency 

AA communication activity can be seen as simply an information transfer that constrains future actions for the 
receiverr of the information. Either the information is received or not, in which case there is a communication 
breakdown.. A communication activity can be qualified in terms of its efficiency and its effectiveness. In a 
communicationn breakdown its effectiveness is zero. Receiving information means that the information was 
transferredd from the sender to the receiver with an effectiveness of one. Thus, effectiveness of 
communicationn is a measurement about whether the information is received or not. 
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EfficiencyEfficiency is a measurement of how many intermediate communication-activities are needed to receive the 
information.. For instance, when the sender uses a telephone as communication tool and the receiver is not 
theree to answer the phone, the sender can leave a voice mail. When the receiver listens to the voice mail, 
andd the message simply gives the receiver the intended information, the efficiency of the original 
communicationn activity was two. This means it took two communication activities for the transfer of the 
informationn from the sender to the receiver. If, on the other hand, the voice mail message states for the 
receiverr to call back the sender, and the receiver calls back after which the information transfer takes place, 
thee efficiency of the original communication activity is three, meaning it took a total of three communication 
activitiess to transfer the original information. 

Usingg these measurements we can measure the effectiveness and efficiency of a speech act between 
people,, or between people and artifacts (such as a computer system or robot). 

3.2.4.44 Same-location communication 

Whenn collaborators are in the same location there are a number of communication modes they can choose 
from.. If collaborating with just one individual, face-to-face communication is used. In face-to-face 
communication,, two individuals are communicating synchronously and instantaneously. For communication 
withh more than one individual, at the same time, a broadcasting communication mode is used. The 
distinctionn between these two modes is that in a face-to-face communication other individuals around are 
ignored.. In a face-to-face communication people act and react only to the person they are communicating 
with.. When broadcasting, people open the collaborative activity to everyone in the same location, as if 
speakingg to everyone at the same time. The social coffee meeting described above is an example where a 
broadcastingg mode allows the individuals in the group to not only get the information about their own jobs for 
thee day, but also hear what jobs are assigned to the others in the group. Such a communication interaction 
facilitatess learning, because suddenly the job assignment task becomes a social interaction of the group. 
Thee individuals in the group can exchange additional information; such as telling a colleague, who was just 
assignedd a job at a location, about the problems at the location. 

Att the same time, individuals, who are in a location with a collaborating group and are not part of that 
collaboration,, can ignore a broadcasting communication. This means that we, as individuals, can selectively 
reactt to communication. People are in control of their own actions; this is part of the meaning of 
collaboration. . 

DefinitionDefinition  7a (same-location  communication)  Same-location communication is a communication form 
wherewhere the sender and receivers) are in the same geographical location. There are two modes of same-
locationlocation communication, face-to-face communication, and broadcast communication. Face-to-face 
communicationcommunication consists of one sender and one receiver. A broadcast communication consists of one 
sendersender and multiple receivers 

3.2.4.55 Communication over distance 

Communicationn over distance happens when the communicators are not in the same geographical location. 
Thiss form of communication can happen in different modes, same-time communication {synchronous 
communicationn over distance), or different-time communication (asynchronous communication over 
distance).. Depending on these two modes, different types of communication technology can be used. 

Onee of the oldest forms of different-time communication over distance is using a messenger who plays the 
rolee of a communication device. A more efficient form is mailing or faxing a written document. Alternatively, 
thee use of workflow systems, e-mail or voice mail is becoming increasingly standard. Of course, the 
telephonee is one of the most frequently used forms of same-time communication over distance. As 
technologyy is becoming more advanced, different types of communication devices will allow us to 
collaboratee over larger and larger distances, more and more synchronously. As these technologies are 
beingg used in the daily work activities, they become a part of the practice. 

DefinitionDefinition  7b (communication  over  distance)  Communication over distance is a communication form 
wherewhere the sender and the receivers) are in different geographical locations. In communication over 
distance,distance, there is a communication device used to communicate. The sender sends the beliefs to the 
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device.device. The receivers) receives the beliefs from the device. There are two modes of communication over 
distance,distance, same-time communication over distance and different-time communication over distance. In 
same-timesame-time communication over distance (direct communication over distance), the sender and receiver 
communicatecommunicate instantly or with some short transmit delay, using a communication device. In different-time 
communicationcommunication over distance (indirect communication over distance), there is a time span between the 
sender'ssender's communication with the communication device, and the receiver's communication with the 
communicationcommunication device 

3.2.4.66 Taxonomy of communication types in work practice 

Fromm the above description and definitions of communication a taxonomy is presented. The taxonomy also 
includess possible communication tools that can be used for each type of communication: 

Communicatio n n 
Thee directional transfer of information from sender to receiver 

Synchronou ss Communicatio n 
Same-timeSame-time communication between sender and receiver 

Same-Plac ee Communicatio n 
Same-timeSame-time communication where sender and receiver are in the same location 

Face-to-face e 
Broadcast t 

Communicatio nn over distanc e 
Same-timeSame-time communication where the sender and receiver are in different locations 

Phone-call l 
Voice-loop p 

Asynchronou ss Communicatio n 
Different-timeDifferent-time communication with a delay between sending and receiving 

Same-Plac ee Communicatio n 
Different-timeDifferent-time communication where the sender and receiver are in the same location 

Usin gg Artifact s 
Documents s 

Usin gg Electroni c forum s 
E-mail l 
Databasee (or electronic document) 

Communicatio nn over distanc e 
Different-timeDifferent-time communication where the sender and receiver are in different locations 

Usin gg Artifact s 
Fax x 
Mailedd documents 

Usin gg Electroni c forum s 
Voice-mail l 
E-mail l 
Databasee (or electronic document) 

3A 55 Artifact s 

Peoplee live and act within a physical world. People use and create artifacts in almost all activities that they 
engagee in. When in the activity of hammering a nail, we use a hammer and a nail, and we end up with a nail 
inn whatever artifact we have hammered it in. If we try to understand this activity in context of performing it in 
thee real world, we cannot leave out the artifacts. The artifacts constrain the way we perform activities. It is 
partt of our context, and we have no choice but to interact with the physical world in order to act. We need to 
includee these artifacts into our model of work practice. Leaving them out would miss the opportunity to 
understandd the reason for performing activities. In other words, the artifacts are as important in the work 
practicee as the people are. 

DefinitionDefinition  8 (artifact)  An artifact is a physical object in the world. 

Georgee Mead's social-behaviorist notion of instances of the universal, as well as Heidegger's notion of 
breakbreak down and readiness-at-hand, explains the role of physical objects—artifacts—in an activity. Mead, as 
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welll as Heidegger, uses the hammer and the activity of hammering as the example in which the hammer is 
thee object that turns into a tool—as an extension of the hand. Mead's idea is that the concept "hammer" is 
thee universal and the object used in the specific activity is the instance of the universal. Therefore, for Mead, 
thee role of the hammer is socially bound to the activity, and is not a property of the object itself. If the person 
whoo is hammering uses a piece of wood to hammer in the nail, that piece of wood becomes the instance of 
thee universal during its use in the activity, and thus plays the role of a hammer. In other words, the object is 
transformedd into the tool used to hammer in the nail. Heidegger, in essence, says the same. Only he 
speakss to it through the understanding that objects and their properties are not inherent in the world, but 
arisee only in an event of break down in which the object becomes present-at-hand. To the person 
hammering,, the hammer as such does not exist. It is part of the readiness-to-hand'that is taken for granted 
inn the activity, without the user's identification as an object. It is only in the break down, for example when 
thee person cannot find the hammer when he wants to hammer in the nail, that the object is present for the 
user.. Whichever notion speaks to you, the issue that is important in modeling work practice is how the 
artifactt is used and conceptually understood within the activity. Figure 3-4 shows this relationship. 

Figuree 3-4. Mediated relationship of artifacts in activities 

Itt is the use of the artifact in the activity—its role—that transforms the artifact into a tool or a product of the 
activity,, used or created by the subject. Outside the activity the artifact is just an object in the world. To the 
observerr the object is necessary for the activity to be performed. 

DefinitionDefinition  9 (tool)  When an artifact is being being used in an activity, it becomes a tool in the performance of the 
activity. activity. 

DefinitionDefinition  10 (product)  When an artifact is created or changed in an activity, it becomes a product of the 
activity. activity. 

3.2.66 Geographica l environmen t 

Workk is performed within a three-dimensional geographical environment. The restaurant we have dinner at, 
thee office that we work in, and the moon crater the astronauts explore, are all examples of places, spaces, 
andd environments which constraint the way we do our work. The artifacts we use in our work, such as 
communication-- and information tools, are also located in a three-dimensional space. We are constrained to 
ourr three-dimensional world, and it defines very much how we can perform our work. For example, when 
thee phone rings, we cannot hear it if we are not in the same room as the telephone. We also cannot observe 
specificc changes in a location when we are not there. For example, if someone turns off the light in a room, 
andd youu are not there, you will not observe this and therefore will not be aware of the fact that the light in this 
roomm is now off. To show the effect of the environment on the practice, we need to include a model of the 
geographicall environment in a model of work practice. 
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3.2.6.11 Important aspects of modeling the environment 

Modelingg geographical spaces is an intricate subject in and of it self. The question we need to ask is; how 
muchh and how detailed do we need to model the geographical environment if we want to show its 
importancee to the work practice? The answer is that it depends on the work practice and the geographical 
spacee we are trying to model, ff we are interested in office work, we need to model the office space in terms 
off where artifacts are located, such as where the offices of the people are, their telephones, fax machines, 
computerr terminals, meeting rooms, et cetera. When we are modeling astronauts on an extravehicular 
activityy on the Moon, we want to model the traverses, such as which craters they go to, how long it takes to 
goo from one point of interest to another, which rocks are they looking at, and even which soil samples are 
theyy taking back with them. We are also interested in how they are traversing, and how long it takes to go 
fromm point A to point B. Are they walking or using a moon rover to travel. Are they aimlessly wandering 
aroundd or are they following a pre-selected route? All these aspects are specified and constraint by the 
environmentt and the geographical space in which the work takes place. To give a concrete example of how 
thee geography plays an important part in the way work happens, think about the things that might go wrong 
duringg a moon traverse, and how the environment constrains how long you can stay outside on the 
traverse.. How much consumable oxygen do we have to get back to the spacecraft? This is a question that 
wass constantly in the back of the minds of the people at mission control, ft defined whether the next activity 
wass to be done or was to be skipped. Dealing with the environmental constraints shapes the work practice. 

DefinitionDefinition 11 (geography) Geography is the description of the physical environment in which the people 
andand artifacts are located when performing their activities. 

3J33J3 MODEL-BASED APPROACH 

Inn this section I investigate how to operationalize a model of work practice. I use the term operationalization 
too refer to the implementation of a model of work practice that can be executed, i.e. a computational model 
ofof work practice. In this section of the thesis, I have described a framework for modeling work practice at an 
epistemologicall level. Here I investigate how we can implement such a model of work practice. This is the 
operationalizationoperationalization problem (Schreiber 1992). Generally, the term operationalization is used to denote the 
processs of designing and implementing a system. In the context of computational modeling, the 
operationalizationn problem includes the ability to execute the model. 

Inn the last decade, model-based development approaches have become the prevailing paradigm in 
knowledge-basedd system (KBS) development, as well as in more traditional system development. In KBS 
development,, model-based refers to a development approach in which problem-solving expertise is 
describedd (represented) at the knowledge-level (Newell 1982) (Clancey 1985). One of the more well known 
model-basedd KBS design methodology is the CommonKADS methodology (Schreiber et al. 2000) 
(Schreiberr et al. 1993). The CommonKADS methodology defines a number of design models that allow us 
too describe problem-solving behavior at Newell's knowledge-level. Much research has been done about 
howw to operationalize KADS models of expertise (Angele et al. 1991) (van Harmelen and Balder 1992} 
(Karbachh et al. 1991) (Unster and Musen 1992). In software engineering, model-based refers to a system 
designn approach in which the system is described in terms of a number of well-defined design models 
(Yourdonn 1989), using an object-oriented representation of the system that is being designed (Jacobson 
1994).. In this chapter I describe what is meant with a model-based approach for modeling work-practice. 

Wee make observations from within our field of reality. A model is a description of that what we observe to 
existt in the real world. We create models all the time, mental or external, formal or informal. Mental models 
existt in our minds, and are our interpretation—description—of the world as we experience it. External 
modelss are models we create based on our mental models, and therefore, are manifestation of our mental 
models.. In the context of this thesis, all external models are system models in the sense that they describe 
thee world in components—objects—having properties, mirroring the properties of objects existing in the real 
world.. When we create models that are not physically or geometrically identical with the world we are 
studying,, we have to define system objects with properties that, for the purpose of our study, are similar to 
thee real world objects. Secondly, the relations between the system objects have to be similar to the 
correspondingg real world relations. In algebraic terms, the system objects and their relations have to be 
isomorphicisomorphic with the real world objects and their relations in the real world. 
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3.3.11 Forma l and informa l syste m model s 

Whenn we create non-physical, non-geometrical external models, we have a choice of creating these models 
withh a formal representation or, as is often the case, with an informal representation. A formal model uses a 
descriptionn formalism that is predefined having a formal syntax and semantics. One of the benefits of a 
formall model is that the meaning of the model can be formally derived, and there can be no argument about 
thiss meaning. However, due to the formality of such models, creating and understanding formal models is 
oftenn not a simple matter. On the other side of the spectrum, there are informal models, informal models are 
modelss that do not have a well-defined meaning. Often the meaning of such models is in the eye of the 
beholder.. Even though the meaning of informal models is not well defined, they can be useful in the 
understandingg of a system. We all know the saying "a picture tells a thousand words." This also hokte for 
informall models. Ass such, I feel that the value of informal models is often similar to that of a picture of a 
scene.. It gives context, an external description of reality that can be referred to and shared with others. 

Onee of the benefits of creating external models is their use in analysis and design. External models can be 
usedd for explanation of relations and properties of a system that either already exists in the world or is to be 
developed;; in which case the model is the only manifestation of the system. 

3.3.22 Computationa l model s 

Despitee some of the benefits, there are problems with informal models. Informal models cannot be used as 
aa theoretical description of the real world. Therefore, we cannot use informal models to deduce new 
theorems—propositionss about properties of the model. If we cannot do that, we cannot use the model to 
testt hypothesis about properties of the world being modeled. 

II distinguish two formal aspects of a system, namely a structural aspect of the system and a behavioral 
aspectt of the system. Computational models are models that show the behavioral aspects of a system, by 
simulatingsimulating the behavior of the system over time. This is in contrast with static models, which only show the 
structurall aspects (i.e. the system elements and their relations at one moment in time). As the complexity of 
aa system increases, understanding how the system changes over time—its behavior—becomes 
increasinglyy difficult. This is especially true for non-linear systems. A computational model allows us to 
observeobserve the result of changes in the system as time moves forward. 

AA second problem with informal models is that they cannot be made computational, in the sense that they 
cannott be executed. Static models can only describe a system at a particular moment in time. They are a 
staticc representation of the interpretation of the modeler at the moment the world was interpreted. It depicts 
thee model at a specific time slice. If a model is static it cannot be used to describe the changes over time of 
thee world being modeled. In the case of modeling the work practice of a human activity system (Checkland 
andd Scholes 1990) this is problematic. A static model could describe static properties of a system, but it fails 
too describe how dynamic properties change over time. Many elements of work practice contain dynamic 
relationsrelations between system objects, such as activities being performed by people, communications between 
people,, changes in the environment, et cetera, et cetera. In other words, time is an important independent 
variablee on which a lot of other variables depend. Therefore, if we want to model the work practice of a 
humann activity system, we need to be able to create a dynamic model that can show how the system 
changess over time. In this case, we cannot use an informal description of work practice. 

Figuree 3-5 shows how our epistemology of work practice (described in this chapter), formalized in our 
Brahmss modeling language and operationalized in the Brahms simulator (described in chapter 4), relates to 
aa simulation of the work practice in a real world human activity system. 
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Figuree 3-5. Describing real world work practice with computational modeling 

3.3.2.11 The empirical relational system 

Thee work practice in a real-world human activity system is an empirical relational system (ERS). It is 
empiricall in the sense that it is the source system in which we can observe the objects and relations. The 
ERSS refers too a group of people doing work in the real world, observed for the purpose of understanding the 
workk practices of this group of people. 

3.3.2.22 The epistemology of work practice 

Wee observe the ERS by using the epistemological elements of work practice, described in chapter 3.2, as a 
sortt of theoretical filter through which we view the empirical relations between the objects in the ERS. The 
elementss of work practice we use in our filter are, again, community of practice, activities, collaboration, 
communication,, artifacts, and geography. 

3.3.2.33 The formal relational system 

Thee elements of work practice, based on the epistemology, can be encoded into a computational Brahms 
modell using the formal Brahms language (described in chapter 4). A Brahms model is a formal relational 
systemm with objects and relations isomorphic to real-world objects and relations in the ERS. The 
computationall modeling language defines the formal relational system (FRS). In the FRS we describe the 
aspectss of the work practice observed in the ERS. For each epistemological element observed in the ERS, 
theree are formal Brahms language objects and relations that describe our observations. 

3.3.2.44 The Brahms model simulator 

Fromm a computational Brahms model of the work practice a dynamic simulation model is generated, by 
executingg the Brahms model using the Brahms simulation program (also described in chapter 4). This is the 
stepp in which the dynamic behavioral model of the work practice is generated. 
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3.3.2.55 The dynamic behavioral model 

Thee behavioral model is a dynamic model in that it includes temporal activity-relations, and how they 
changee over time. 

Thee epistemological concepts of work practice define the theoretical basis of how to observe, capture and 
talkk about work practice. The Brahms language operationalizes these epistemological concepts by defining 
aa computational modeling language and a simulation program, allowing us to model and simulate a work 
practicee from observations in the real world. Next, I describe how we develop a model of work practice. 

3.3.33 Wor k practic e model s 

Thiss section describes the (sub)models of a work practice model, based on the epistemological work 
practicee level described in section 3.2.1 divide the work practice elements into related models that can be 
viewedd independently. Dividing a model of work practice in this way helps the modeler with the 
decompositionn of the domain, and makes the modeling effort easier. 

3.3.3.11 Agent model 

Peoplee are represented as agents. Just as people, agents do work. We can describe the work of people 
performingg the same work, by describing the work of a group. Each member of the group is an agent, and is 
ablee to perform the work defined for the group. People can belong to multiple groups, and as such an agent 
cann be a member of multiple groups. We represent the people in a community of practice as agents 
belongingg to their respective groups. This way we can model any human activity system as communities of 
practice. . 

3.3.3.22 Activity model 

Thee work that people do is described in terms of activities. Activities are defined at either the individual agent 
level,, or the group level, in which case each member (agent) of the group can execute the activity. An 
activityy represents the behavior of a person for a period of time. There are two types of activities, a primitive 
activityactivity and a composite activity. A primitive activity is primitive, because it is not further decomposed, and 
takess some amount of time. The time element represents how long the agent is working within the activity. 
Thus,, a primitive activity describes what the agent is doing and how long the agent is doing that. A 
compositee activity is a higher-level activity. We can say, it is a more abstract representation of what the 
agentt is doing. An activity can be decomposed in sub-activities, which can be primitive sub-activities, or 
again,, composite sub-activities. Using primitive and composite activities we can describe what people are 
doingg at any level of detail. 

Workk is the execution of activities under certain constraints. Agents' constraints for performing activities are 
matchedd against the beliefs they hold. We represent the constraints when agents can perform activities in 
ann activity rule, called a workframe. A workframe defines the conditions under which the agent can execute 
thee activity. 

3.3.3.33 Communication model 

Wee represent communication between people as an activity in which people engage when communicating 
withh someone or something else. When communicating, people send or receive information. In our FRS, 
communicationn is represented as a type of primitive activity, called a communication activity. A 
communicationn activity is primitive, in that it takes a certain amount of time and is not decomposed into more 
primitivee activities. In a communication activity we can specify what information the agent can communicate 
orr receive, and with whom the agent is communicating when in the activity. Conditions in the workframes for 
communicationn activities specify under what circumstances an agent communicates. 
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3.3.3.44 Object model 

Peoplee use and create artifacts in performing their activities. Artifacts are represented as objects. Types of 
artifacts,, such as telephones, hammers, etc, are modeled as classes. New objects can be created as 
instancess of a class. With these constructs we can model any type of artifact used within the work practice. 

Somee artifacts can perform activities, such as computer systems, telephones, microwaves, et cetera. 
Artifactt behavior is represented similarly as the behavior in agents, meaning that the behavior in objects is 
alsoo represented as activities and workframes. 

3.3.3.55 Geography model 

AA human activity system is always located in some geographical space in which activities are performed. 
Peoplee and artifacts cannot be without location. Location also constrain when activities can be performed. 
Forr example, we cannot pick up the telephone if we're not located in the same geographical space as the 
telephone.. We describe the location of where the agent and object's activities are performed in geographical 
areas. areas. 

Dependingg on the human activity system we can define types of areas with area-definitions, for example, 
buildings.. A geographical area is an instance of an area-definition. 

Ann agent and object performs its activities within only one geographical area. Moving from geographical 
areaa to area is represented as a move activity. A move activity is a primitive activity that takes time, and 
movess the agent fromm its current location to its new location. Using move activities we can formally describe 
thee movements of people, during their activities. 

3.3^44 Developin g a mode l of wor k practic e 

Figuree 3-6 describes an operational methodology for developing a formal computational model and a 
dynamicc simulation model of a work practice, for an observable human activity system. A work practice is 
nott simply the summation of the activities of all elements in the system, but it is the emergent behavior of the 
systemm as a whole, based on the interaction and collaboration between the elements in the system. 
Becausee a human activity system is about humans, we can observe the way the humans are performing 
theirtheir activities. In other words, we can observe the work practice of the system. The goal of the observation 
off the people in a human activity system is to create informal static models of the people, artifacts, the 
activitiess of those people and artifacts as they are being performed over time, as well as the geographical 
environmentt in which these activities take place. 
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Figuree 3-6. Modeling process 

Thee empirical relational system is the human activity system being observed. The purpose of the 
methodologyy is to operationalize the modeling of the ERS, and create a Brahms model that can be 
executedd by the Brahms simulator to create a simulation of the activities of agents and objects. 

3.3.4.11 Method M1 - observing work practice 

Thee purpose of method M1 is to observe the ERS and create an informal static description of an 
observationn of the work practice of a human activity system. The goal of the observation is to create useful 
dataa to create static informal models, which will be used in M2 to develop formal models of work practice. 
Theree are different ways of observing a human activity system, and create data. I only mention two ways we 
cann observe work practice in a human activity system, as examples. The first one is by analyzing video 
recordingss of the actual work, and the second one is by using participant observation. 

3.3.4.22 Method M2 - formal model of the work practice 

Thee purpose of method M2 is to formalize the static informal models created during the application of M1, 
creatingg the FRS. In Brahms terms, this is where the Brahms model is developed. The formal system 
modelerss need to be able to translate the informal models into formal models using a specialized kind of 
formall modeling knowledge. The formal modelers and the informal modelers do not necessarily have to be 
thee same, and in fact, the skill set for these two types of modelers are very different. The informal modelers 
shouldd be system analyists, knowledge engineers and anthropologists. The formal Brahms modelers should 
bee people that understand the concept of agent-based modeling, and often have experience in developing 
rule-basedd systems. 

3.3.4.33 Method M3 - simulation 

Thee purpose of method M3 is to construct a simulation of the formal model, by running the simulator with 
thee formal model as input and the work practice simulation as the output. The M3 method can be seen as 
thee model, compile, simulate, and debug cycle. 
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3.3.4.44 Method M4 - observing the simulation 

Thee purpose of method M4 is to observe and investigate the work practice simulation output, and compare 
itt with the actual human activity system. It is during this cycle that the actual objective of the work practice 
simulationn project is being accomplished. The result might be suggested changes to the formal model, in 
orderr to perform a what-if scenario. Thus, there is a modeling and simulation cycle between M1, M2, M3 
andd M4, which means that these methods have to be closely integrated if we want to make this cycle be as 
efficientt as possible. 

3^44 CONCLUSION 

Inn this chapter, I discussed what I mean with "work practice." In work practice modeling we focus on the 
collaborativee activities of a community of individuals who collaborate together to accomplish a goal. I defined 
ann epistemotogteal framework for describingg a work process at the work-practice level, using concepts such 
ass collaboration, community of practice, communication, activity, and geography. 

Havingg an informal model of a work process at the work-practice levet6 could help us tremendously with our 
understandingg of what is really happening within a work process. However, what has become clear from the 
frameworkk is that practice is an emergent phenomenon that only shows its relationships and influences over 
time.. Therefore, it is important not to leave out time, ff we could simulate a model, we can observe how the 
workk practice in an organization emerges. To allow for dynamics in a model, we need to make it 
computational.. A model that is computational needs to be formal, so that it has a context-free grammar and 
aa defined semantics. In the next chapter, I describe the formal Brahms language for modeling and 
simulatingg work practice. 

188 From now on I m l simpl y ca l Ws "moofein g w o * practice. " 
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4.. MODELING FORMALISM 

Inn this chapter I describe the modeling formalism of Brahms19. Brahms models are written in an Agent-
OrientedOriented Language (AOL) that has a well-defined syntax and semantics. The Brahms language is a parsed 
language.. A Brahms program is parsed by a LR(1) top-down parser. The parser generates an internal 
objectt representation for the run-time component. Using this language, a Brahms modeler can create 
BrahmsBrahms models. The run-time component—the simulation engine—can execute a Brahms model; also 
referredd to as a simulation. 

Belloww is a paragraph from the abstract of the "official Brahms paper", published in 1998 in the International 
Journall of Human Computer Studies (Clancey et al. 1998): 

Brahmss is a multiagent simulation tool for modeling the activities of groups in different locations and 
thee physical environment consisting of objects and documents, including especially computer 
systems.. A Brahms model of work practice reveals circumstantial, interactional influences on how 
workk actually gets done, especially how people involve each other in their work. In particular, a model 
off practice reveals how people accomplish a collaboration through multiple and alternative means of 
communication,, such as meetings, computer tools, and written documents. Choices of what and how 
too communicate are dependent upon social beliefs and behaviors—what people know about each 
other'ss activities, intentions, and capabilities and their understanding of the norms of the group. As a 
result,, Brahms models can help human-computer system designers to understand how tasks and 
informationn actually flow between people and machines, what work is required to synchronize 
individuall contributions, and how tools hinder or help this process. In particular, workflow diagrams 
generatedd by Brahms are the emergent product of local interactions between agents and 
representationall artifacts, not pre-ordained, end-to-end paths built in by a modeler. We developed 
Brahmss as a tool to support the design of work by illuminating how formal flow descriptions relate to 
thee social systems of work; we accomplish this by incorporating multiple views—relating people, 
information,, systems, and geography—in one tool. Applications of Brahms could also include system 
requirementss analysis, instruction, implementing software agents, and a workbench for relating 
cognitivee and social theories of human behavior. 

Thee Brahms language has its roots in other agent-based languages, such as AGENT-0 (Torrance 1991), 
andd PLACA (Thomas 1993). The Brahms language is based on the formal logic of computational multiagent 
systems,, as described by Wooldridge in his 1992 Ph.D. thesis (Wooldridge 1992). However, Wooldridge 
sayss that his theory was not intended as a model of human social systems. In this thesis I am describing a 
theoryy of human social systems. The theory focuses on meso human social systems—as a mid-level theory 
thatt links a micro-level mechanisms to macro-level phenomena, namely the physical and social to the 
individuall cognitive (Carley and Prietula 1994a)—meaning that I describe a specific type of system, namely 
thatt of a human activity system (Checkland and Scholes 1990). As such we need to extend Wooldridge's 
formall logic with provisions for modeling human-actors (social agents), including their activities, 
collaboration,, their environment, and the fact that they are situated in the real world, acting and observing, 
reactingg to and interacting with other agents, objects, and artifacts. 

Brahmss models may be thought of as statements in a new formal language developed for describing work 
practice.. Appendix A shows the conventional notation and constructs used to express the syntax for the 
modelingg language (BNF). The language is domain-general in the sense that it refers to no specific kind of 
sociall situation, workplace, or work practice; however, it does embody assumptions about how to describe 
sociall situations, workplaces and work practice. 

Thee next chapters describe all the major parts of the Brahms language. Every major Brahms concept is 
describedd in a separate section: 

1.. Agents and Groups 

199 Part of this chapter is taken from the Brahms US patent Simulating Work Behavior 
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2.. Objects and Classes 

3.. Beliefs and Facts 

4.. Activities and Workf rames 

5.. Geography 

6.. Simulation 

Thee Brahms language is continuously evolving. Therefore, the description in this section is only a correct 
descriptionn for a short period of time. Just recently the Brahms development team released the new 
simulationn engine, completely re-written in the Java language (the previous engine was in written in a tool 
calledd G220). The new Java simulation engine resulted in an increased simulation speed of more that 
hundredd times that of the old G2 engine. 

Forr an always up-to-date description of the Brahms environment {language and engine), I refer to the 
Brahmss web-site at URL httpV/www.aaentisolutions,com. 

4.11 AGENTS AND GROUPS 

Thiss section describes two important Brahms concepts for modeling individuals and groups of individuals. 
Agentss and groups are central to Brahms. Defining the group/agent hierarchy for a model is one of central 
structuress that need to be designed for any Brahms model. 

4.1.11 Agent s 

Thee notion of an agent is central to the study of Al. In recent years a sub-field of Al has developed, called 
distributedd artificial intelligence (DAI) (see Chapter 2.3). In DAI computer-based components appear as, 
moree or less, independent agents (Gasser 1991). In the literature, there are two general usages of the term 
agent,, a weak notion, and a strong notion (Wooldridge 1992). 

4.1.1.11 Weak agency 

Researcherss concerned with weak agency focus on a shallow understanding of agents, meaning that they 
doo not focus on human-like behavior. These researchers view agents as self-contained, concurrent software 
processess that encapsulate an internal state, and are able to communicate this internal state to other agents 
viaa a message passing protocol. In (Wooldridge and Jennings 1995), weak agency is described in the 
followingg general terms: A hardware or software-based computer system that employs the following 
properties: : 

•• autonomy, agents operate independent from other agents and/or outside intervention, and have 
somee control over their actions and internal state (Castelfranchi 1995); 

•• social ability, agents interact with other agents and/or users of the system, using some kind of 
communicationn language (Genesereth and Nilsson 1994); 

•• reactivity agents have a way to perceive their environment, and can respond to changes in their 
environment.. The environment may be the physical world, interaction with an end-user through 
somee graphical user interface, the internet and/or other agents; 

•• pro-activenessr. agents do not just act in response to their environment. They are able to take 
initiative,, through goal-directed behavior, in their actions. 

Systemss that fall into this camp are systems that behave as independent agents within a larger 
computationall system, but do not possess human-like intelligent reasoning and behavior. Examples are 
webb search-engine agents (also caHed "spiders"), software auction agents, web monitoring agents, et 
cetera. . 

G22 is develope d by Gensy m Coporaüon . 
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4.1.1.22 Strong agency 

StrongStrong agency is used when the term agent includes the above properties, but also behaves more human-
like.. Researchers interested in strong agency belong mostly to the Al community. As is the norm in Al, an 
agentt has cognitive behaviors, such as belief, desire and intention (BDI) systems (Shoham 1993). In other 
words,, strong agency focuses on inteiiigent agents. In the ACTS theory, actions and decisions of intelligent 
agentss are a function of the agenfs cognitive architecture and knowledge (Carley and Prietula 1994a) 
(Newelll 1990). The mechanisms by which an agent processes information, teams and makes decisions are 
aa function of the cognitive architecture of the agent, the (social) position of the agent in the organization, and 
thee tasks in which the agent is engaged. Thus, the ACTS theory refocuses the attention of the researcher 
interestedd in organizations on the details through which the task and social environment influence the 
individuall agent and the group adaptation and performance. 

Otherr attributes that are often discussed in the context of strong agency are, for example: 

•• mobility: agents live" in an environment in which they can move around, be it in an electronic 
networkk (like the internet) or a closed environment, like a simulated world environment (Goodwin 
1993). . 

•• bounded rationality, it is assumed that agents act rational, but will act only in accordance with 
achievingg their goals, and will not act in such a way as to prevent their goals from being achieved. 
Inn this sense agents act bounded to their ability to achieve their goals, and act according to their 
boundedd cognitive ability. (Simon 1955) (Simon 1956). 

Inn Brahms we use the notion of strong agency. The reason for this is obvious; Brahms agents model human 
behavior.. In the next sections I describe how the Brahms modeling language implements, in some way, all 
off the attributes discussed in context of weak and strong agency, i.e. autonomy, social ability, reactivity, pro-
activeness,, mobility, and bounded rationality. 

Peoplee and artifacts (both physical and conceptual) are represented as "objects", generally having 
properties,, such as geographical location, which may change over time depending on their interactions. The 
termm "agent" is generally used to refer specifically to an object that represents a person or, more inclusively, 
thatt represents an interactive system that has behavior interacting with the world that we want to represent 
ass having the capabilities of awareness, reasoning and a mental state—intentionality. 

Ann agent is a construct that generally represents a person within a workplace, or other setting being 
modeled.. Agents have a name and a location. To specify what an agent does, the modeler defines activities 
andd workframes for the agent. The key properties of agents are group membership, beliefs, workframes, 
thoughtframes,, and location. 

4.1.22 Group s 

Wee could model the daily activities of actual individuals in an organization. For example, we can model the 
dailyy activities of agent "Maarten". The activities will then be defined local to the agent, and will be agent-
specificc (i.e. not inherited by other agents). 

Mostt Brahms models will not go into as much detail as to define the activities of individual agents, but rather 
describee the behavior of abstracted groups of agents in entities called groups. In describing the activities of 
groups,, a specific member agent will inherit the activities of the group. In this way we can describe the daily 
activitiess of a group (i.e. non-individual specific). 

AA group can represent one or more agents, either as direct members or as members of subgroups. 
Typically,, a modeler would associate descriptions of activities with groups, so that a group represents a 
collectionn of agents that perform similar work. A group may have only one member and roles may be highly 
differentiated.. Depending on the purpose of the model, agents in a model may represent particular people, 
typess of people, or pastiches. The modeler may define groups to represent anything, such as "service 
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technicians",, "people who like sushi", or "people who wear spacesuits". Each agent and group can be a 
memberr of any number of groups, providing that no cyclic membership results. 

Groupss and agents are the most central elements in a Brahms model. An agent represents an individual, 
whereass a group represents a group of individuals playing a particular role in an organization. The 
simulationn engine schedules the constrained activities of individual agents, not for groups. However, being a 
memberr of a group, the group's constrained activities are scheduled as they pertain to the individual agent. 
AA Brahms model is always about the activities of individual agents in a work process. Agents in Brahms are 
sociallyy situated in the context of work, the organization, and its culture. However, the Brahms language is a 
mufti-purposee AOL, which means that there is nothing inherently in the Brahms language that constrains the 
programmerr to use agents for other purposes. 

4.1.33 Element s off agent s and group s 

Brahmss agents and groups21 have the following elements. 

Name:Name: The name of an agent is its unique identifier. Normally we give agents fictitious names to identify 
specificc individuals in an organization without identifying them. 

Display.Display. The display name of an agent is a textual description of the agent's name. The display name can 
havee spaces. It is not used as the unique identifier for the agent. 

Group-membership:Group-membership: An agent can be a member of one or more groups. When an agent is a member of a 
group,, the agent will inherit all elements from that group. An agent can be seen as an instance of a group in 
termss of object oriented practices. In case the same constructs are encountered in the inheritance path 
alwayss the most specific construct will be used. For example, an activity defined for the agent has 
precedencee over an activity with the same name defined in one of the groups of which the agent is a 
member. . 

CostCost and time. The cost per unit ("Cost/unit"), and the unit time for which the cost is entered ("Unit 
(seconds)").. For example, if the cost attribute is 10.0 and the time attribute equals 3600 seconds it means 
thatt the cost of an agent is 10 BB's (Brahms Bucks) per minute. Using these attributes the simulation engine 
cann calculate cost statistics of a work process, based on a calculation of the summation of an agenfs 
activityy time. 

Location:Location: An agent has an initial location within the geography (see chapter 4.5). 

Attributes.Attributes. Represent a property of an agent or object in the world. Attributes can have values. Currently 
onlyy single-valued attributes are allowed. The value of an attribute is specified through facts and/or beliefs 
(seee chapter 4.3). 

Relations.Relations. Represent a relation between two concepts. A concept can be either an agent or andd object. The 
firstt (left hand side) concept is always the concept for which the relation is defined; the second concept (right 
handd side) can be any other concept. Relations are specified through facts and/or beliefs (see chapter 4.3). 

Initial-beliefs.Initial-beliefs. A belief is a first-order predicate statement about the world (Konolige 1982) (Konolige 1986) 
(seee chapter 4.3.3). Beliefs are always local to an agent, i.e. only the agent can access its beliefs, and no 
otherr agent can. This allows us to represent how a specific agent "views" the state of the world (Hintikka 
1962).. Agents act based on their beliefs. Beliefs are the "triggers" of agent's actions (see chapter 4.4.2). 
InitialInitial beliefs define the initial state for an agent. Initial beliefs are turned into actual beliefs for the agent 
whenn the model is initialized at simulation start time. 

Initial-facts.Initial-facts. Facts represent the state of the world. A fact is a first-orderr predicate statement about the world 
(seee chapter 4.3.4). Facts are, in contrast to beliefs, global. Any agent can detect a fact in the world and turn 
itt into a belief and act on it. Initial facts define the initial state of the world. Initial facts are turned into facts in 
thee world when the model is initialized for a simulation run. There is a fundamental difference between the 

211 In the rest of thi s sectio n I only refer to  agente , however , thi s shoul d be read as "agent s and objects. " 
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"ownership"" of a belief and a fact A belief is "owned" by a specific agent during the execution of the model. 
Noo other entity in the model can access that belief without some interaction with the agent (direct or 
indirect).. However, although initial-facts are defined with an agent or object, at execution time a fact is not 
"owned"" by that agent or object A fact is global, and can be acted on (in the case of objects) or detected (in 
thee case of agents). 

Activities.Activities. In this element the activities an agent can be engaged in are defined. Activities in Brahms take a 
certainn amount of time, either derived or defined (see chapter 4.4.1). There are a number of types of 
activitiess that are defined for the Brahms language. Activities defined are executed by workframes. 

Workframes.Workframes. In this element the activity rules, called "workframes", are defined. Workframes describe the 
constraintss of executing activities. Workframes are situation-action rules (see chapter 4.4.2). 

Thoughtframesr.Thoughtframesr. In this element the agenfs inference rules, called Ihoughtframes", are defined. 
Thoughtframess are inherently different from workframes, as they do not execute any activities and thus do 
nott take any time during execution (see chapter 4.4.4). 

Forr  the synta x for agent s see sectio n 3 of appendi x A. 

Forr  the synta x for group s see sectio n 4 of appendi x A. 

4 22 OBJECTS AND CLASSES 

Objectss and classes are another important set of concepts in the Brahms language. Objects and classes 
cann have similar behavior as agents and groups, except that objects should represent (non-) behavioral 
inanimateinanimate artifacts. 

4^.11 Objects 

Brahmss is different from other AOLs in that we make a definitial difference between animate—intentional-
objectss (which we refer to as agents) and inanimate—unintentional—objects (which we refer to as objects). 
Inn all other agent-languages there is only one type of object, namely an intentional agent. Shoham, 
WookJridge,, Castelfranchi all define their agent-languages as having intentional agents (Shoham 1993) 
(Wooldridgee 1992) (Castelfranchi 1995). Dennett states that an intentional agent is an agent that "harbors 
beliefss and desires and other mental states that exhibit intentionality or aboutness, and whose actions can 
bee explained (or predicted) on the basis of content of these states" (Dennett 1991) (Dennett 1987). In 
Brahms,, our agents are intentional. However we also want to be able to describe artifacts in the real worid 
ass action-oriented systems, but unintentional at the same time. We describe such an artifact as an object. 
Ann example of an object in Brahms is a fax machine. If we want to describe the behavior of a fax machine, 
wee could argue that we could describe a fax machine as an intentional agent. However, in the real world we 
wouldd never ascribe intention to the actions of a fax machine. A fax machine mainly reacts to facts in the 
world;; such as a person pushing the start button on the fax machine that makes the fax machine start faxing 
thee document. Since in Brahms we are interested in describing the worid with its animate and inanimate 
objects,, we want the capability to make a difference between an intentional object (an agent), like a human, 
andd an unintentional object (an object) like a fax machine. 

Ann obvious question is whether it is useful to attribute beliefs and rationality, et cetera to inanimate objects. 
McCarthy,, among others, has argued that there are occasions when the intentional stance is appropriate 
(McCarthyy 1978): 

Too ascribe beliefs, free wi , intentions, consciousness, abibes, or wants to a machine is legitimate 
whenn such an ascription expresses the same information about the machine that it expresses about a 
person.. It is useful when the ascription helps us understand me structure of the machine, its past or 
futuree behavior, or how to repair or improve it. K is perhaps never logically required even for humans, 
butt expressing reasonably briefly what is aduaty known about ne state of the rnacrwie in a particular 
situationn may require mental qualities or quaffes isomorphic to them. Theories of befef, knowledge 
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andd wanting can be constructed for machines in a simpler setting than for humans, and later appied 
too humans. Ascription of mental qualities is most straightforward for machines of known structure such 
ass thermostats and computer operating systems, but is most useful when applied to entities whose 
structuree is incompletely known. 

Whenn this is the case, we might decide to represent a machine as an agent. For example, when we want to 
modell human-robot collaboration, it might be useful to represent both the human and the robot as an agent. 

Ann object, in Brahms, is a construct that generally represents an artifact. The key properties of objects are 
facts,, workframes, and activities, which together represent the state and causal behaviors of objects. Some 
objectss may have internal states, such as information in a computer, that are modeled as beliefs22. Other 
artifactt states—such as the fact that a phone is off hook—are facts about the world. 

4.2.22 Classe s 

Classess in Brahms represent an abstraction of one or more object instances. The concept of a class in 
Brahmss is similar to the concept of a template or class in object-oriented programming (Rumbaugh et al. 
1998).. It defines the activities and workframes, initial-facts and initial-beliefs for instances of that class 
(objects).. Brahms allows for multiple inheritance for objects. Classess are used to define inanimate artifacts, 
suchh as phones, faxes, computer systems, pieces of paper, et cetera. 

4*2.33 Element s of object s and classe s 

AA Brahms object has all of the elements that an agent has, plus two additional elements; conceptual object 
membershipmembership and resource. Furthermore, instead of having a group membership relation with groups, an 
objectt can have class-inheritance relationships with classes. 

AA Brahms object has the following extra elements: 

Class-inheritance.Class-inheritance. An object can be an instance of one or more classes. In case constructs with the same 
namee are encountered in the inheritance path, always the most specific construct will be used. For example, 
ann activity defined for the object has precedence over a workframe with the same name defined in one of 
thee classes of which the object is an instance. 

Conceptual-objectConceptual-object membership: An object can be part of one or more conceptual objects by defining the 
conceptual-object-membershipp for the object. This allows for later grouping of statistical results and 
workflow. . 

Resource:Resource: The resource attribute defines whether or not the object is considered to be a resource when 
usedd in an activity (resource attribute is set to true), or whether the object is considered something that "is 
workedd on" (resource attribute is set to false). The resource attribute is used in relation with the touched-
objectss definition for activities (see chapter 4.4.7.1 about primitive activities). 

Forr the syntax for classes see section 5 of appendix A. 

Forr the syntax for objects see section 6 of appendix A. 

4*33 BEUEFS AND FACTS 

Onee of the attributes of strong agency is bounded rationality. Bounded rationality states that an agent acts 
accordingg to their bounded cognitive ability. In Brahms an agent acts according to its beliefs and its ability to 
deducee new beliefs from its current beliefs. 

222 Brahm s represents  informatio n store d in an objec t as beliefs . I am fuNy aware ol thi s seemir ^  awkvvar d namwig , hwwve r the reason 
forfor  thi s is to  keep a minima l languag e specificalion . 
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Inn this section we describe the intentional notions of Brahms agents, and how intentional notions fit into a 
logicall framework that has been researched by many (Konolige 1982) (Konolige 1986) (Genesereth and 
Nilssonn 1987) (Hintikka 1962). We then describe how in Brahms agent and object intentions are described. 

Thee state of the world and that of agents in Brahms is stored in informational units called "facts" and 
"beliefs".. A fact is meant to represent some physical state of the world or an attribute of some object or 
agent.. Facts are global: with the appropriate workframe any agent can detect a fact (see chapter 4.4.9). 
Objects,, on the other hand, only react to facts. 

AA belief is knowing about some fact by a particular object, typically an agent. Beliefs are always local to an 
agentt or object; that is, only the agent or object itself can examine or search (i.e. reason with) its own 
beliefs,, and no other agent or object can do so. The current value of a belief held by an agent may differ 
fromm the value of the corresponding fact. Beliefs can be declared as initial beliefs at the class, object, group, 
orr agent level. An agent can also create beliefs while performing an activity or an inference in a Brahms 
simulation,, A belief can be thought of as an object-attribute-value triplet. 

Thee modeler can add initial facts at the class, object, group, or agent level, or created by the agent or object 
duringg simulation. Facts have the same components as beliefs. 

Thee representation of beliefs and reasoning implements a conventional first-order predicate logic on beliefs. 
Thee modeler has available the full range of representation of, and reasoning on beliefs, conventionally found 
inn rule-based systems such as EMYCIN (Van Melle 1979). However, because the logic is first-order, agents 
aree not modeled as having second-order beliefs (beliefs about other agents' beliefs). 

4.3.11 Intentiona l system s 

Thee philosopher Daniel Dennett has defined the term intentional systems as entities whose behavior can be 
predictedd by the method of attributing belief, desires, and rational acumen (Dennett 1987, p.49). Dennett 
describedd multiple "grades" of intentional systems; first-, second-, third-, fourth-order, et cetera (Dennett 
1987,, p.243). 

AA first-order intentional system has beliefs and desires (etc.) but no beliefs and desires about beliefs 
andd desires. 

(1)) x believes that p 

AA second-order intentional system [...] has beliefs and desires [...] about beliefs and desires [...] both 
thosee of others and its own. For instance 

(2)) x believes y expects x to jump left 

AA third-order intentional system is one that is capable of such states as 

(3)) x wants y to believe that x believes he is alone 

Dennettt asks his reader how high human beings can go. "In principle, forever, no doubt [...]." The question 
is:: How high do our Brahms agents need to go in order to allow for realistic human behavior being simulated 
byy our agents? It is clear that our agents need to be at least first-order intentional systems; since, if we want 
ourr agents to act independent from other agents they need to be able to act on their own beliefs about 
statess of the world. Now then, do our agents need to be higher-order intentional systems? In exploring these 
multi-orderr phenomena, Cargile explains that humans can keep track of about five or six orders (Cargile 
1970). . 

Too be able to model social knowledge of humans we believe that our agents need to be at least second-
orderr intentional systems. Brahms agents should be able to act on their beliefs about their beliefs, and also 
bee able to act on beliefs about beliefs of other agents. Second-order beliefs allow us to model, for instance, 
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thatt a worker does a certain activity, because (s)he knows that another worker, whom is supposed to do the 
activity,, beliefs that the activity is not necessary for the situation at hand. This allows for a level of 
intentionalrtyy that is very common in human behavior. The ability to reason with second-order beliefs would 
alloww us to model agents such as tutoring agents. Tutoring agents need the ability to create a model of the 
agentt it is tutoring. Such a model would include many beliefs about the beliefs the agent being tutored has. 

Althoughh it is necessary to be able to model second-order beliefs for intentional agents, up to this point we 
havee found no real need to model second-order beliefs in our models of work practice. Using first-order 
predicates,, we are able to create a second-order type of beliefs about others. For example, if Jerry has a 
belieff that Joe believes that John is not trustworthy, we can represent this with the first-order predicate 
Believes-ls-Not-Trustworthy.Believes-ls-Not-Trustworthy. The belief that Jerry has could then be specified with the first-order belief 
Believes-ls-Not-Tmstworthy(Joe,Believes-ls-Not-Tmstworthy(Joe, John). 

4 . 3 ^^  Logica l framewwk for  intentiona l notio n 

Lefss suppose we want to use first-order logic to represent the following belief: 

(1)) Mary believes Jupiter is the president of Immortals 

Iff we would try to translate this into a well-formed formula (WFF) in first-order logic wee might get something 
like: : 

(2)) Believe(Mary, President(Jupiter, Immortals)) 

This,, unfortunately, is not a correct WFF. First, the second argument of the predicate Believe is another 
formula,, and is therefore not a term as is syntactically needed. Secondly, there exists the problem of, what 
logicianss call, referential opaqueness. The standard substitution rules of first-order logic do not hold this 
problem.. For instance, in (2) the term Jl/ptfercould be substituted for Zeus, since they both denote the same 
deity: : 

(3)) (Jupiter=Zeus) 

Followingg the standard rules of first-order logic, and (2) and (3) we could derive (4): 

(4)) Believe(Mary, President(Zeus, Immortals)) 

However,, intuitively we know that believing (2) and (4) is not the same, since it might be that Mary does not 
knoww (3). In short, substituting equivalents into an opaque context does not preserve the same meaning. 

Thee second problem with first-order logic is that it is truth functional. This means that the truth-value of a 
propositionn is solely dependent on the values of its sub-expressions; for instance, the value of the 
propositionn p v q is solely dependent on the truth-value of p and q. It is thus said that the operators of 
classicall logic are truth functional. However, intentional operators, such as Believe are not truth functional. 
Too understand this, think of the fact that a person might believe a proposition that is not true. For instance, 
Johnn might believe the following proposition: 

(5)) President(Bill Clinton, Immortals) 

Johnn his belief is thus not dependent on the truth-value of this sentence, since this sentence is obviously 
false.. Because of these two fundamental logical problems, classical first-order logic is not enough to 
representt intentional notions, and we have to define another formalism. The best-known syntactic formalism 
thatt might be used is a modal language that contains non-truth functional modal operators. 

However,, a third problem needs to be addressed. This problem is a well-known semantic one, and is 
referredd to as the logical omniscience problem. Logical omniscience implies that an agent is a perfect 
reasoner.. This means that, an agent that reasons corresponding a logical theory, will deduce all beliefs that 
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cann be logically deduced from its rules (this is referred to as dosed under logical consequence). This is the 
problemm with using Hintikka's possible worlds mode/for the logic of knowledge and belief (Hintikka 1962). 

Thee most common approach for solving these three problems, and an alternative to the possible worids 
model,, is to use an interpreted symbolic structure approach. This approach, proposed by Konolige, is called 
Konolige'ss deduction model of belief (Konolige 1986). Konolige his approach is based on modeling 
resource-boundedd believers. This fits with our need to model bounded rationality, and addresses the logical 
omnisciencee problem. In the deduction model of belief, an agenfs beliefs are represented as logical 
propositionss in a data structure associated with the agent. An agent then believes <f> if <|> is present in its belief 
dataa structure. Using an inference mechanism an agent will use the inference rules whenever possible to 
obtainn deductive closure of its base beliefs. In other words; an agent has a set of beliefs represented as 
logicall propositions within its database. Using an inference mechanism, it will always deduce new beliefs 
basedd on production rules that have been defined in the agenfs knowledge base . We have used this 
approachh in Brahms. 

4 ^ 33 Belief s 

Agentss and objects in Brahms have beliefs represented as first-order propositions. For instance, suppose 
agentt A1 beliefs that he is writing his dissertation, and that it will be finished on time. A1 would then have the 
belieff set: 

{BEKIs-Writing{BEKIs-Writing (A1, Dissertation)), BEL(WU-nnish-On-rime(A1, Dissertation))} 

Ann agent will always start out with an initial-belief set that is defined at the agenfs local-level, and the groups 
off which the agent is a member. Initial-beliefs are assigned in the initialization phase of a simulation. These 
initial-beliefss define the initial state for the agent An agent without an initial state could be seen as initially 
"dumb",, or an agent that has not experienced anything yet. As the simulation time moves forward agents will 
infer,, detect and receive new beliefs, either based on their actions in the world or deducing new beliefs, 
usingg an inference rule. 

Too conclude, this model of human beliefs is arguably too simplistic to represent all intricacies of human 
beliefs.. However, it should be noted that it is adequate for representing an agenfs beliefs for the purpose of 
All systems, and I assume therefore that it is also adequate for modeling work practice. 

Forr  the synta x of beliefs , see sectio n 11 in appendi x A. 

4 3 44 Fact s 

Facts,, in Brahms, are factual states of the world. They represent, what we call, a "birds-eye view" of the 
world.. Facts are global to the world, meaning that they can be "seen" by every agent and object in the world. 

Konoligee (Konolige 1982) defines the knowledge of an agent. This definition goes as follows: 

(6)) Va,f KNOW(a, f) s BEL(a, 0 A TRUE(f), where a is an agent and f is a wff. 

Thiss means that knowledge of an agent is a belief that actually holds in the wond. In Brahms we do not 
distinguishh between beliefs and knowledge of an agent. By definition all beliefs an agent has constitutes its 
knowledge.. However, different from Konolige's first-order formalization of knowledge, in Brahms we want to 
bee able to represent facts that actually hold in the world, but are not believed by an agent, and vice versa. 
Thiss means that we can represent the facts in the world separate from the knowledge of agents. For 
instance,, although the fact is that the color of my car is red, I believe that the color of my car is green, 
becausee I might be colorblind. In representing the context of the agent as facts in the world, we are able to 
havee multiple agents react on the same facts in different ways, dependent on their beliefs about these facts. 

233 The point should be made that the agent only applies rules when they are available to be applied, i.e. when they are a) in the activity 
scope,, and b) their preconditions match the agent's beliefs. Only then the agent deduces the new beliefs. This is a function of the 
subsumption-likee architecture in agenfs activity-trees. This architecture is ofecussed in more detail in 4.4.7.2. 
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Konoligee defines a common fact, CF, as a fact that is known by all agents. This is different from facts in 
Brahms.. In Brahms, it is not necessary that any agent has any knowledge about a fact. Specifically, facts 
aree independent from the knowledge of agents (see Figure 4-1). 

Figuree 4-1. Beliefs and facts Venn diagram 

Forr the syntax for facts, see section 12 of appendix A. 

4.44 ACTIVITIES AND WORKFRAMES 

Thee notion of activities is not strictly new. Shoham proposes that action is an intuitive concept, and has 
importancee in common sense reasoning (Shoham 1989). For example, given the initial state in which the 
lightt is off, the action of "flipping the switch" creates a new state in which the light is on. This notion of action 
definess a timing-relation between two states of the world. This same notion captures our intuition that agents 
makee choices about their actions, and intuitively we know that there is a connection between action and 
choicee making. 

Anotherr property of action has to do with the level of knowledge the observer has about the observed 
action.. This is closely related to Dennett's argument that "free-will is in the mind of the beholder" (Dennett 
1984).. We do not ascribe free will to an agent if we can always predict the behavior of that agent. Shoham 
suggestss that the same can be said for action. If we have detail knowledge, as an observer, about the 
actionss taken by an agent, we might describe this observation as a fixed function performed by an agentless 
process.. Shoham gives the example of our reasoning about a light switch and a dog (Shoham 1989). We 
understandd the workings of a light switch completely, and would view it as described by a fixed transitional 
function,, and not as an agent who receives our request and decides to act upon it by transferring current, et 
cetera.. On the other hand, if we consider a dog, we are much more ignorant about its behavior. The dog's 
behaviorr is too complex to view it as a transitional function, and some would ascertain that the dog does not 
havee such a function, but has free will. In these situations, we make very much use of the abstract notion of 
action.. In the case of modeling human beings and their work activities, it is clear that we are dealing with the 
latterr situation. Human action-behavior over time is too complex to describe as a transitional function, and 
wee are left to describe it in terms of decision-based actions. 

4.4.11 Activitie s versu s task s 

Thee issue discussed in this section is the difference between task and activity. Most of us who come out of 
thee field of knowledge engineering (KE) and Al have been taught to describe the reasoning-behavior of 
humanss in terms of goal-satisfaction and tasks (Newell 1990) (Schreiber et al. 1993). To understand the 
differencee we start with two definitions: 
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1.. A task  is an abstractio n of a reasoning  proces s tha t accomplishe s a predefine d goa l 

Thiss  mean s that describin g the reasonin g behavio r in term s of goals , sub-goals , and branc h decision-point s 
off  the rationa l agent , describe s an agen t performin g a task . In that cas e we are not concerne d wit h time , jus t 
wit hh the causa l relationships  tha t exis t betwee n th e goal s and the decisio n points . 

2.. An activity  is an abstraction  of real-lif e action s tha t help accomplis h a task . 

AA mode l of an agent* s activitie s describe s wha t the agen t actuall y does over tim e (i.e. its behavior ) base d on 
decision-point ss  tha t are describe d base d on the causa l relationshi p betwee n the decisio n to perfor m an 
actio nn and the pas t and presen t stat e of its beliefs . 

Thee premis e in DAI is tha t activities 24 themselve s do not consum e any time . That is , activitie s are 
instantaneous .. In describin g people' s real-lif e activitie s thi s present s a problem , sinc e fro m our experience s 
wee kno w tha t each activit y in the real worl d takes time , no matte r how short . A perso n is alway s withi n an 
activity .. One canno t be not  withi n an activity . The main differenc e betwee n the two concept s of task and 
activit yy  is th e notio n of time . Activitie s are associate d wit h interval s on at im e line . Activitie s by definitio n take 
time ,, becaus e the y represen t a person' s actio n in the real  world . In the real world , we canno t ignor e time , 
andd thus , if we wan t to  describ e wha t peopl e actuall y do we need a temporal  logic  tha t allow s us to mode l 
this . . 

WookJridg ee describe s activitie s as bein g of onl y two instantaneou s types , communicativ e and cognitive , that 
doo not tak e time , althoug h the y are relate d in a tempora l fashio n on a tim e lin e (WookJridg e 1992). In 
Brahm ss we chang e thi s view of an instantaneou s activity , and we represen t activitie s to  tak e time . 

Thee followin g key point s can be mad e abou t activities : 

1.. Reasonin g is seen as an activit y takin g time , and not jus t an inferenc e or deduction . Thu s logica l 
inference ss happe n within  an activity . 

2.. Activitie s migh t not involv e tasks . For example , answerin g the phon e is an activit y tha t migh t not be 
par tt  of any specifi c task that is bein g accomplished . In fac t it migh t be an activit y tha t is interruptin g 
thee task bein g worke d on . 

3.. Modelin g behavio r involve s mor e than logica l inferencing , namel y the representatio n of 
chronologica ll  activitie s tha t agent s do . 

Activitie ss are constraine d on thei r activatio n by precondition s that are associate d wit h the workfram e it is part 
of .. For example , activitie s may hav e preferentia l star t times,  as expresse d in the preconditions , whic h may 
referr  to the tim e in hours , minutes , seconds , day of the year , and/o r day of the week . Brahm s recognize s a 
variet yy  of tempora l constraints , suc h as always  altera  particula r time , always  before  leaving , and usually  in 
th ee morning . Thus , an activit y may be interrupte d by a schedule d activity , suc h as goin g to  lunc h at noon . 
Tim ee may chang e the prioritie s of behavior s and differen t peopl e migh t do the sam e activitie s at differen t 
times. times. 

AiiAm?AiiAm?  WOlfdntMIM S 

Ann agen t canno t alway s appl y all its availabl e activities , give n the agent' s cognitiv e stal e and the locatio n or 
plac ee it is in . Each activit y is therefor e associate d wit h a conditional  statement  or  constraint,  representin g a 
condition/activit yy  pair , mos t of the tim e referre d to  as a /ufo (WooWridg e 1992) (Shoha m 1993) (KonoNg e 
1962).. If the condition s of a rul e are believed , the n the associate d activitie s are performed , tn Brahms , suc h 
rule ss are calle d workframes.  Workframe s are situated-actio n rules . Worframe s are derive d fro m rule s in 
exper tt  systems , but they are drfferen t in tha t Ihey execut e activities , and Ihu s tak e time  (see Figur e 4-2). 

AA workfram e define s an activit y (or activities ) tha t an agen t or objec t may perform . Worframe s hav e 
conditions ,, calle d preconditions,  tha t constrai n whe n to  can > ou t Ihe activity . A wokf ran ^ 

MM In the DAI literatur e an adMtyis  called an action.  I prefer the wor t ac*fc*K, but * can be used WerehangeaWy . 
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aa belief held by the agent executing the workframe (see chapter 4.4.5). A workframe can also contain a 
detectable.. Detectables describe circumstances (in the form of fact-conditions about the world) an agent 
mightt observe while executing the workframe. Detectables could, for instance, create an impasse to 
completingg the activity (see chapter 4.4.9). 

GROUPSS are composed of 
AGENTSS having 

BELIEFSS and doing 
ACTIVITIESS executed by 

WORKFRAMESS defined by 
PRECONDITIONS,, matching agent's beliefs 
PRIMITIVEE ACTIVITIES 
COMPOSITEE ACTIVITIES, decomposing the activity 
DETECTABLES,, including INTERUPT, IMPASSES 
CONSEQUENCES,, creating new beliefs and/or facts 

Figuree 4-2. Taxonomy for groups, agents, beliefs, activities, and workframes 

Havingg two or more agents with different workframes, performing the same activity, can represent individual 
differences.. Individual differences can be modeled by giving different agents the same workframes but 
differentt beliefs about the world. 

AA workframe is a larger unit than the simple precondition-activity-consequence design might suggest, 
becausee a workframe may model relationships involving location, object resources such as tools and 
documents,, required information, other agents the agent is working with, and the state of previous or 
ongoingg work. Active workframes may establish a context of activities for the agent and thereby model the 
agent'ss intentions, e.g., calling person X to give or get information, or going to the fax machine to look for 
documentt Y. In this way, behavior may be modeled as continuous across time, and not merely reactive. 

Workframess can also be associated with objects. In this case workframes satisfy their preconditions with 
factsfacts rather than with beliefs. Workframes for objects are inherited from object classes as workframes for 
agentss are inherited from groups. 

Forr the syntax for workframes, see section 13 of appendix A. 

4̂ 4. 33 Consequence s 

Consequencess are statements that are inside a workframe's body. They can be situated before or after 
activities.. Consequences are facts or beliefs, or both, that may be asserted when a workframe is executed. 
Theyy exist so a modeler may model the results of the activities in a workframe. A consequence is formally 
likee a condition and defines the fact or belief that will be created or changed, when executed. The property 
fact-certaintyfact-certainty is the probability that the fact will be changed or created; the default value is 100%. The 
propertyy belief-certainty is the probability (with also a default value of 100%) that the belief will be changed 
orr created, conditional on the fact being true. That is, if the fact-certainty and the belief-certainty are each 
50%,, then 1 in 2 times the fact will be created and 1 in 4 times the belief will be created. If the fact-certainty 
iss zero, then no fact will be created but the belief-certainty determines how often a belief is created. 

Forr the syntax for consequences, see section 22 of appendix A. 

4 A 44 Thoughtframe s 

ThoughtframesThoughtframes define deductions, mostly referred to as production rules. Thoughtframes are similar to 
workframes,, but are taken to be inferences an agent (or object) makes without doing any activities. 
Thoughtframess have the same type of preconditions and consequences as workframes. Thoughtframes 
havee no activities, consume no time, and cannot be interrupted. Once the preconditions of a thought frame 
matchh the beliefs of the agent or object, its consequences are immediately executed, similar to forward-
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chainingg mies (Chamiak and McDermott 1986). An important point is that the preconditions in 
thoughtframess for objects always only match with the beliefs of the object. Another important point is that the 
consequencess in a thoughtframe can only create new beliefs for the agent or object, and cannot create new 
factss in the world. 

Forr  the synta x for thoughtframes , see sectio n 14 of appendi x A. 

44.55 Preconditions 

AA precondition is a conditional statement that guards a frame (i.e. workframe or thoughtframe). All 
preconditionss must evaluate to true before the frame will become available to be performed by an agent or 
object.. Preconditions of workframes in objects are satisfied when facts match, whether or not the object has 
beliefss about those facts. In other words, objects do not react based on their beliefs, but on the facts in the 
world. . 

Brahmss has three truth-values for beliefs and facts: tine, false, and unknown. If a particular fact-value or 
belief-valuee is not present then it is said to be unknown rather than being false. This allows agents to have 
preconditionss of the form "If I do not know the due-date of order-3 then..." . In the deduction model of belief, 
Konoligee describes beliefs as having the following meaning; Suppose cftis the deduction structure of agent /, 
thenn belief is given the following meaning (Konolige 1986): 

(7)) (J) e close(di) <=> i believes § 

Inn Brahms this is represented as: known-valuef » or knownf/fi ) 

(8)) <{> ë close(di) <=> i does not believe <j> 

Inn Brahms this is representedd as: not(<|>) 

(9)) - > ^ close(di) <=> i believes - 4 

Inn Brahms this is represented as: knownvalue(<| > is false ) 

(10)) -4> ë close(di) « i does not believe -$ 

Inn Brahms this is represented as: not(<|> is false ) 

Itt should be noted that it might be possible that an agent's belief system satisfies both the conditions (8) and 
(10).. In other words the belief set of agent A1 may satisfy the following conditions at some point: 

(11)) (j) e close(di) A - 4 e. close(di) <=> i does not believe <|> and i does not believe - 4 

Ass Konolige proposes, this is equivalent to having no opinion about belief <j>. 

Inn Brahms this is represented as: unknown(<t>) , which is equivalent to not(<j>) A not(<|> is false ) 

Inn Brahms, we can model conditions (7) through (11) with one of three modifiers: known, known-value, or 
unknownunknown as preconditions. The semantic meaning of the modifiers is described in section 21 of appendix A. 

Forr  the synta x for preconditions , see also sectio n 21 of appendi x A. 

44 .66 Variable s 

Variabless in a frame make the frame a template for activities (workframe) or reasoning (thoughtframe) that 
agentss and objects may perform. Variables may have quantifiers, as will be described below. The scope of 
aa variable is bound to the frame it is declared in. Variables are inherited from the workframe in which they 
aree declared, by any composite activities and workframes within. 
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Brahmss supports three quantifiers for variables: foreach, forone, and collectall. Variables can be used in 
preconditions,, consequences, detectabtes, and as parameters for activities. The quantifier affects the way a 
variablee is bound to a specific instance of the defined type (group or class) of the variable. 

4.4.6.11 For-each 

AA for-each variable is bound to only one instance, but for each instance that can be bound to the variable, a 
separatee workframe instantiation is created. Consider, for example, a precondition and workframe 
indicating: : 

workfram ee Do-Wor k { 
variables : : 

foreach(Order ))  order ; 
whenn (knownval(orde r  is-assigned-t o Allen) ) 
doo { 

work-on(order) ; ; 
} } 

} } 

Iff three Orders are assigned to agent Allen and agent Allen has beliefs for all three of the orders matching 
thee precondition, Brahms creates three workframe instantiations (wfi's) for agent Allen, and in each wfi the 
for-eachh variable is bound to one of the three orders. This means that Allen works on all three the orders, 
oneone order at a time. The order \n which Allen works on the three orders is underfined. 

4.4.6.22 Collect-all 

AA collect-all variable can be bound to more then one instance. The variable is bound to all matching belief-
instances,, and only one wü is created. Consider the previous example with a different variable declaration: 

variables : : 
collectall(Order ))  order ; 

Inn this situation the simulation engine creates one wfi and binds the collectall variable to a list of all three 
orders.. This means that Allen works on all three orders at the same time, cutting the actual activity duration 
inn three. 

4.4.6.33 For-one 

AA for-one variable can be bound to only one belief-instance, and only one wfi is created. A for-one variable 
bindss to the first belief-instance found and ignores other possible matches. As far as the modeler is 
concerned,, the selection is random, meaning in the case of multiple matches it is undefined which order is 
selected.. In the previous example workframe, the variable declaration would look like: 

va r i ab les: : 
forone(Order)) order; 

lnn this situation, one wfi gets created, and only one of the three orders gets bound. This means that Allen 
randomlyy works on just one of the orders, making the activity for one order take the same time as for all 
threee orders together. 

4.4.6.44 Unassigned variables 

AA variable may be declared as assigned or unassigned. An unassigned variable is unbound (that is, it does 
nott get a value) when a frame instantiation is created; an unassigned variable gets a value through a 
communicatedd belief or object creation activity, which binds the variable to a newly created object. 

Forr  the synta x for variable s see sectio n 28 of appendi x A. 
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4.4.77 Primitiv e and composit e activitie s 

Thee activities in a workframe are one or more primitive activities, one or more composite activities or both. A 
compositee activity includes one or more workframes, any of which may trigger other composite activities, 
eachh with its own workframes (Figure 4-3). Other than a few predefined atomic activities that have 
semantics,, activities are differentiated solely by the modeler's description and use of them (see sections 
4.4.7.11 and 4.4.7.2 on primitive activities and composite activities). 

4.4.7.11 Primitive activities 

Primitivee activities take time, which may be specified by the modeler as a definite quantity or a random 
quantityy within a range. However, because workframes can be interrupted and never resumed, when an 
activityy will finish cannot be predicted from its start time. Primitive activities are atomic behaviors that are not 
decomposedd (see Figure 4-3). Whether something is modeled as a primitive activity is a decision made by 
thee modeler. A primitive activity also has a priority that is used for determining the priority of workframes. 

Forr  the synta x for primitiv e activitie s see sectio n 16 of appendi x A. 
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Figuree 4-3. Workframe-Activity hierarchy 

4.4.7.22 Composite activities 

AA composite activity expresses an activity that may require several workframes to be accomplished. Since 
activitiess are called within the do-part of a workframe, each is performed at a certain time within the 
workframe.. The body of a workframe has a top-down, left-to-right execution sequence. Preference or 
relativee priority of workframes can be modeled by grouping them into ordered composite activities. The 
workframess within a composite activity, however, can be performed in any order, depending on when their 
preconditionss are satisfied. In this way, workframes can explicitly control executions of composite activities 
and,, execution of workframes depends not on their order, but on the satisfiability of their preconditions and 
thee priorities of their activities (see Figure 4-3). 
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AA composite activity can terminate in the following four ways. First, a composite activity terminates 
wheneverr the workframe in which it is executed terminates, due to a workframe detectable of type complete 
orr abort. Second, a composite activity terminates whenever a detectable of type complete or abort is 
detectedd within the composite activity. Third, a composite activity terminates immediately whenever an end 
conditionn declared within the composite activity is activated. And fourth, a composite activity terminates 
whenn the modeler has defined it to be ended "when there is no more work available'' and no more 
workframess in the composite activity are available or being worked on. During the execution of a composite 
activity,, the engine continuously checks whether the agent has received a belief that matches any end-
conditions. . 

Forr  the synta x for composit e activities , see sectio n 15 of appendi x A. 

4 A 88 Built-i n primitiv e activitie s wit h semantic s 

Ass mentioned before, primitive activities are atomic actions, and a small number of primitive activities are 
definedd to have built-in semantics that is implemented in the Brahms engine. These predefined primitive 
activitiess exist to communicate beliefs, create runtime objects, and travel to a location. 

4.4.8.11 Create-object activity 

Primitivee create-object activities allow the modeler to create new objects at runtime or to make copies of 
existingg objects dynamically. The modeler can specify when the actual creation or copying takes place 
duringg the performance of the activity, by setting the when-value to either start or end. Create-object 
activitiess can be used, for example, to model a fax machine creating a new instance of a fax, or a customer 
creatingg an order. In addition, in a create-object activity, an object can automatically be connected to a 
conceptuall object or placed at a location. 

Forr  the synta x for create-objec t activities , see sectio n 17 of appendi x A. 

4.4.8.22 Move activity 

Primitivee move activities trigger an agent or object to move to a location, if not yet located there. For this 
activityy type the modeler defines the goal-location, such as the name of an area in the geography model, or 
aa variable referring to the name of an area (see chapter 4.5). 

Inn moving, an agent or object may act as a container for another agent or object that is carried along. For 
example,, a car-object may carry an agent, and then move to a new location. To effect this, the modeler links 
thee carrier and the carried with the built-in contains relation, before the move activity is executed. This is 
donee with a consequence that asserts the relation, and then negates the relation with another consequence 
whenn the trip is completed, and the carrier "drops" the carried object or agent in the new location. 

Whenn a primitive move activity is executed, and the goal-location is different from the agenfs or object's 
currentt location, the agent or object will start moving to the goal location. The simulation engine finds a path 
betweenn the locations and gets or computes the distance. It is possible, however, to define the duration of 
thee activity and thus avoid the need to define a geography model with travel paths. The engine calculates 
thee duration of the trip and uses it to set the duration of the primitive move activity. When the agent or object 
reachess the new location, a new fact in the world and belief for the agent are created stating that it is there. 
Thee agents currently at the new location detect the agent or object and will therefore also get a belief about 
itss location. A newly arrived agent will also detect the other agents and objects in the new location. The 
agentt or object then continues with the workframe. 

Brahmss can handle interruptions that cause the location of an agent to change. Work that has to be done at 
aa specific location may be interrupted and the agent may then move to another location to do work of a 
higherr priority. When the higher-priority work is completed, before the agent resumes the interrupted work, 
thee agentt returns to the location where the agent has to do the work. 

Forr  the synta x for mov e activities , see sectio n 18 of appendi x A. 
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4.4.8.33 Communication activity 

Thee predefined primitive communication activity transfers beliefs to/from agents or objects. An agent can 
givee (send) and request (receive) beliefs. One can think of the agent-to-agent and agent-from-agent 
communicationn primitives as modeling a simple conversation. Agent A can ask agent B to tell him anything 
BB knows about subjects X (From B), and likewise, can tell agent B anything that A knows about subjects Y 
(Too B). In either case, beliefs must be specified in so-called transfer-definitions. In the first case, it specifies 
whatt beliefs will be transferred from the Trom" agent or object. In the second case, it transfers the beliefs to 
thee To" agent or object. Only the agent or object's beliefs that match the specified beliefs in the transfer-
definitionn are transferred. 

AA belief specified in a communication activity is deemed to match another belief under the same conditions 
thatt a workframe known-type precondition is deemed to match a belief. The specified beliefs are transmitted 
onlyy if they are actually held by the agent or object. In other words, an agent or object has to have the belief 
beforee it can communicate (i.e. tell) the belief to another agent or object. The transmitted beliefs overwrite 
anyy beliefs the recipient might have about the same object-attribute or object-relation. 

Beliefss transferred to or from an object, model information stored in or on the object. For example, a 
modelerr can use a communication activity to model the reading of information from, or the writing of 
informationn to, for example, a fax, paper, bulletin-board, or a computer system. If transmitted beliefs contain 
variabless that remain unbound in the recipient-initiator's workframe, then those variables are bound from 
matchingg beliefs supplied by the sender-responder. 

Forr  the synta x for communicatio n activities , see sectio n 19 of appendi x A. 

4.4.8.44 Broadcast activity 

Primitivee broadcast activities work like communication activities. Here, however, the acting agent is 
broadcastingg the matching beliefs to a// other agents in the same location as the acting agent. One can think 
off the broadcast activity as modeling an agent shouting information to other agents in the same location. 

Whenn an agent broadcasts, the agent transmits beliefs to all other agents in the same geographical area 
(location)) if the agent has a location, or to all other agents if the agent has no location. If an object 
broadcasts,, the object most likely transmits a belief about itself (e.g., a phone ringing), which will be received 
byy the agents in the same location if the object has a location, or by all agents if the object does not have a 
location. . 

Forr  the synta x for broadcas t activities , see sectio n 20 of appendi x A. 

4A.94A.9  Detectable » 

AA detectable is a mechanism by which, whenever a particular fact occurs in the world, an agent or object 
mayy notice it. The noticing of the fact may cause the agent or object to stop or to finish the workframe. A 
detectablee is defined in a workframe (a continue-, abort-, complete-, or impasse detectable), or in a 
compositee activity (an end-activity detectable) 

Twoo things occur in a detectable. First, the agent or object detects the fact and the fact becomes a belief of 
thee agent or object. Second, only in the case of an agent, the beliefs of the agent are matched with the 
conditioncondition used in the detectable, and if there is a match the then-part of the detectable is executed, which 
mayy abort or interrupt \he workframe. For objects, there is only the second step, in which facts in the world 
aree matched with the detectable condition. If there is a match the then-part is executed. For agents, step 
onee and two are independent: Whether or not the fact is present in the world, the condition in the second 
stepp is tested against the belief of the agent. For example, if "the color of the telephone-1 is blue" is a fact, 
andd a workframe contains the following detectable condition, "the color of the telephone-1 is red", in the first 
stepp an agent will obtain the belief "the color of telephone-1 is blue". In the second step, "red" would be 
comparedd with "blue" and the condition will fail, so the then-part of the detectable would nor be executed. 
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Thee action or then-part of a detectable defines the detectable type and is one of five keywords: continue, 
abort,, complete, impasse, and end-activity. Continue is the default the agent or object detects conditions, 
butt the workf rame proceeds unaffected. With abort, a condition causes the agent or object to stop executing 
thee workframe. With complete, a condition allows the agent or object to only perform the remaining 
consequencess of the workframe, without doing the rest of the workframe's activities. With impasse, the 
conditionn prevents the continuation of the workframe until the condition is removed. In this case, the 
workframee goes into the intenvpted-iMth-impasse state (see chapter 4.6.2.2). End-activity is only meaningful 
whenn the detectable is in a composite activity: It causes the activity to be terminated immediately, based on 
matchingg the beliefs of the agent or object to the detectable condition. This allows an agent or object to 
abortt working on composite-activities. 

Itt is worth emphasizing that the detectable mechanism is operative for all workframes on the execution path 
off the agent or object's workframe-activity hierarchy (see Figure 4-3). For example, if there would be a 
detectablee in workframe W1 in Figure 4-3, then this detectable is operative during the performance of any of 
thee workframes and activities underneath it in the hierarchy. This even holds for detectables in workframes 
andd activities that are in an interrupted or impasse state, so that a "detect whenever" detectable can detect a 
factt at any time. 

Detectabless can also be used to model impasses. A common example of an impasse is the case of 
inaccuratee or missing information. Workframes may be written to handle impasses. For example, if a 
supervisorr wants to call a technician but does not know the technician's telephone number, the current 
workframee can be impassed—with an impasse detectable—and another workframe may lead the 
supervisorr to look up the number. 

Withh a detectable, an agent may notice passive obsen/ables, as when someone shouts, a fax machine 
beeps,, or an agent is present vying for attention. Passive observables fall into two general classes: sounds 
andd visual states. Objects that cause a sound—fax or phone—create the fact that represent the sound, 
whichh can then be detected. Sounds may persist over many simulation clock-ticks. Propagation into the 
surroundingg space will recur as long as the object is making a sound. Propagation may be affected by 
geography. . 

Forr  the synta x for detectable s see sectio n 23 of appendi x A. 

4 .55 GEOGRAPHY 

Wee live in a three-dimensional geographical space. Social interaction, collaboration, and people's activities 
aree very much dependent on the geographical environment in which it takes place. According to Latané's 
Theoryy of Social Impact, (Latané 1981), the distance between two individuals determines how much impact 
theyy exert on each other. Spatial relations provide a major constraint on work practice (Nowak and Latané 
1994).. Work is done in a 3-dimensbnal space, and it is therefore that we need to include a representation of 
thee spatial relations between agents and artifacts in the environment. 

Inn most DAI systems and agent theories spatial relation is left out. In the ACTS theory (Carley and Prietula 
1994a)) there is no social axiom that states that an agent has a location in space, nor that actions are 
performedd within a geographical environment. In DAI the focus is on coordination. DAI is concerned with 
optimizingg communication and with task- and resource allocation among intelligent cooperative agents, and 
lesss concerned with the spatial relationships within the environment. Both Brooks and Clancey describe 
neww models of intelligence based on the fact that agents are situated in the world (Brooks 1991) (Clancey 
1997a). . 

Inn Brahms, we deal with the emergent behavior of agents in the real world. In Brahms models, agents and 
objectss are situated in a description of the physical world. We therefore need to be able to represent this 
physicall world independent of the reasoning capability of agents about space. In the next sections, I 
describee the Brahms language capabilities of representing a geographical space. The geography design is 
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describedd in more detail in (Steenvoorden 1995) . The design of the geography model is much inspired by 
thee computer game SimCity26. 

Thee current Brahms system includes only a partial implementation of this design, due to time constraints 
andd resource limitations. However, I include a description of the design for completeness. As we continue to 
developp Brahms, we will run into modeling situations where a more complete implementation is needed. 

4.5.11 Geographica l object s 

Geographicall primitives allow the modeler to model locations in the physical world, as well as the 
relationshipss between locations. The scope of the geography is limited to an area. Connectivity between 
areass is established and displayed through connectivity relationships, rather than graphically. 

Graphically,, an area has an area map-grid. Level-1 objects are those that can be placed in the area map-
grid.. A level-2 object is one that can be placed on or in a level-1 object. A level-3 object is one that can be 
placedd on or in a level-2 object, and so on. A level can be looked upon as a view in a geographical space. 
Whenn a user zooms in on a level-3 object, the user sees the level-4 objects that are placed on or in the 
level-33 object 

Ann area map is a 3-dimensional grid (X, Y, Z). The grid has a scaling factor, so distance and travel time can 
bee indicated. Travel time depends on distance and means of transportation and may also be affected by the 
elevattonn angles of road, train tracks, and other paths. 

Geographicall objects generally fall in one or more of the following groups: areas, transportation-related 
elements,, general elements, and artifacts. An area is a super-class for buildings and pseudo-buildings. An 
areaa can have zero or more instances of "exit-entrance". An exit-entrance leads to a path-part, such as part 
off a street, railroad track, or river. 

4.5.1.11 Level-1 objects 

Forr example, buildings are level-1 objects. They are composed of floors and do not have grids. By default a 
buildingg has one floor. Buildings are placed alongside paths, such as roads, waterways, and train tracks. 
Thee exit or entrance of a building has a relation with one of the path-parts that are positioned alongside the 
building.. A pseudo-building is a level-1 object, but does not have floors or rooms. These could be parks, 
parkingg lots, et cetera. 

4.5.1.22 Level-2 objects 

Floorss in buildings are level-2 objects that are composed of rooms and have a 2-dimensronal grid. A floor 
hass a minimum of one default floor-room. 

4.5.1.33 Level-3 objects 

Roomss on floors are level-3 objects. A room has a 3-dimensional grid. To allow modeling a window that 
doess not reach from the ceiling to the ground, or an artifact like a white board hanging on a wall, the Z-
coordinatee of a room has a minimum value of 2. 

4.5.1.44 Level-4 and 5 objects 

Ann artifact inside a room is a level-4 or level-5 object that can be placed anywhere, subject to restrictions 
relatedd to the nature of the artifact. If an artifact has a grid, another artifact can be placed on top of it. 

Edgarr Steenvoorden, Maarten Sierhuis, Ron van Hoof, Dave Torok and Bill Clancey designed the geography. 
SimCityy is developed by Maxis. 
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4.5.1.55 Transportation 

Transportation-relatedd elements can roughly be divided into the following categories: vehicles, 
transportation-relatedd buildings, and transportation paths. A transportation path is a level-1 object that is a 
routee or surface on which agents and objects can move. It has at least one connecting path-part and can be 
onee of the following types: aerial route, waterway, rail, pedestrian path, road (for automotive vehicles), and 
don't-care.. A modeler not interested in simulating transportation can use don't-care paths, which are direct 
connections. . 

Transportation-relatedd buildings can be used as a space or connection to move from one transportation 
pathh to another. A transportation-related building connects two or more path-parts not necessarily belonging 
too the same (kind of) path, without a direct physical connection. Transportation-related buildings include 
airports,, train stations, subway stations, harbors, and tram or bus stops. 

Vehicless are level-2 objects. Vehicles are container artifacts that can contain agents and objects, but 
vehicless can have limited cargo capacity. Vehicles can be divided into the following groups: automotive, 
water,, air, rail-based, and don't-care vehicles. 

Generall geographical elements are level-1 objects that enable a modeler to create a geographical 
landscapee that resembles an actual landscape. Such elements may include bodies of water, which can 
functionn as paths or as decorative obstacles; hills, which can influence the speed with which certain vehicles 
cann travel; and obstacles such as trees and bushes. 

4.5.1.66 Movement 

Agentss and objects can move through the entire geography. An agent or object has the functionality of a 
containerr artifact and can carry other objects. The number of artifacts an agent is able to carry depends on 
thee artifacts' weight and the nature of the artifacts. An agent can also be placed inside an artifact, such as a 
car. . 

Wheneverr an agent or object enters a geographical location, such as a room, the simulation engine does 
thee following: it generates a fact that the agent or object is in that location, it generates a belief for that 
specificc agent that ft is in that location, and it generates that same belief for all other agents in that location. 
Thee geography may be implemented to limit the generation of beliefs to other agents in the immediate 
environmentt of the specific agent. 

Whenn an agent or artifact moves from one location to another location the simulation engine calculates the 
shortestt route between the two locations. When in route, an agent can detect other agents and objects that 
itt passes. In this way an agent can stop on his way to a location and talk to another agent if necessary. 

4.5.22 Implementatio n in Brahm s 

Thee implementation of the geography design is limited in the current Brahms language and simulation 
engine,, however it is such that the modeler can represent any type of geography model, from cities to 
rooms,, and from spacecrafts to craters on the Moon. 

Ann areadefinition is used for defining area instances used for representing geographical information in a 
model.. Area definitions are similar to classes in their use. Examples of area definitions are "Building", and 
"City". . 

Ann area represents a geographical location and is used to create a geographical representation for use in 
thee model. An example is the area 'NewYorkCity'. An area is an instance of an area definition. Areas can be 
decomposedd into sub-areas. For example, a building can be decomposed into one or more floors. A floor 
cann be decomposed into offices. The decomposition can be modeled using the part-of relationship. Using 
thiss relationship areas can be defines as level-1, 2, and 3 objects (as described in the previous sections). In 
otherr words, areas can be part-of other areas. 

90 0 



AA path connects two areas and represents a route that can be taken by an agent or object to travel from one 
areaa to another. The modeler may specify distance as the time it takes to move from areal to area2, over 
thee path. The automatic generation of location facts and beliefs for agente and objects moving from one 
areaa to another is also implemented. However, moving agents and objects do not notice other agents or 
objectss on their path, and cannot stop to communicate when moving. This limitation of the current 
implementationn means that we cannot model agents communicating while moving. 

Forr  the synta x for areadeflnltio n see sectio n 24 of appendi x A. 

Forr  the synta x for area see sectio n 25 of appendi x A. 

Forr  the synta x for path see sectio n 26 of appendi x A. 

4.66 SIMULATION 

Inn this section I present the model of execution for a Brahms model. The model of execution defines how a 
Brahmss model is executed, and thus describes a simulation of a model of work practice. As a multiagent 
system,, a Brahms model consists of a number of agents and objects that operate independently, but 
interactt with each other. Wooldridge (Wooldridge 1992) describes two possible execution models for 
multiagentt systems, synchronous execution, and interleaved execution. In both cases the execution of a 
multiagentt system is defined by a state Gt of the system at time t, and a state Oi+i of the system at time t+1 
causedd by a state-transition T\ at time t. Keeping track of the state changes of the system over time the 
historyhistory of an executing system can be considered a sequence of state and state-transitions. 

4.6.1.11 Synchronous execution 

Inn a synchronous execution system each agent and object27 has an initial state defined as its initial belief 
set,set, closed under its workframes and thoughtframes. This amounts to an initial state of the system as a 
collectionn of initial belief sets for each agent 

Agentss are able to change their state by performing a move. A move is defined as a tuple of actions. A 
transitiontransition is a collection of moves, specifically, one for each agent. In other words, a move is a state-
transitionn for an individual agent, whereas a transition is the global state-transition for the whole system (i.e. 
alll the agents and objects and facts). The operation of a synchronous execution system as defined by 
Wooldridgee goes as follows (Wooldridge 1992, p.60): 

AA system has a defined initial state (call it oo). From this state, each agent picks a (legal) move, which 
combiness with those of others to form a transition, n. As a result of this transition, an new state 01 
results.. The whole process then begins again, with agents choosing moves that form transition xi, and 
soo on. The result is a sequence of states. 

Next,, theree is the concept of a simulation run, and of the history of a simulation run—referred to simply as 
thee history. The collection of the states and transitions that caused the state is called a world. A simulation 
runn is now defined as a sequence of worlds. To capture the history the system needs to capture more than 
thee changes of the belief sets of the agents. It also needs to capture the reason for the changes in the belief 
sets.. This is accomplished by capturing all agent and object activities, as well as the changes in the belief 
sets. . 

Thee operationalization of this within Brahms is as follows: Each agent has a set of beliefs that can be 
changedd over time through consecutive moves. Every execution step (i.e. a simulation clock-tick) all the 
movess of all agents and objects create a transition in the total simulation model. Each moment of a 
transitionn is called a world, and also includes the state of all facts in the world. A simulation run is then a 
sequencee of worlds that are created every clock-tick. Saving the creation of worlds over time, Brahms 
createss a simulation history. This history can be inspected after the simulation. 

277 In the rest of this chapter, whenever I say "agent" you should read this as "agent and object", unless otherwise specified. 
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4.6.1.22 Interleaved execution 

Inn a distributed murbagent system there is no global clock that synchronizes all the agents. This type of 
executionn is used in what I call a reaffirm multiagent system. As Agha points out in (Agha 1986, p.9): 

Thee concept of a unique global dock is not meaningful in the context of a distributed system of self-
containedd parallel agents. 

Inn real-time multiagent systems it is not possible to meaningfully have all agents' transition to their next state 
att the same clock time. The biggest difference between a synchronous and an interleaved execution model 
iss that in the interleaved model only one agent may act in a transition at any one time. This brings with it an 
extraa difficulty in synchronizing the messages being sent and received between agents. This introduces the 
necessityy to keep track of all those messages that have not yet been received. This is done through a 
messagemessage queue. Thus, an interleaved execution model has an added complexity of controlling the 
synchronizationn between agents and their states. 

A.6J2A.6J2 Multiagen t simulatio n in Brahm s 

Inn this section I define how the execution model of Brahms works. In Brahms we use the synchronous 
executionexecution model. The reason for this is simply the fact that we simulating and not running in real-time. In our 
simulationn model our agents and objects need to be synchronized according to a unique global clock28,29. 

AA world is the situation-specific model (SSM) of the simulation, at a specific moment in the execution of the 
systemm (Clancey 1992). A state is defined as the belief-set of an individual agent, at a specific moment in 
thee execution of the system. And, a situation-specific model for an agent is defined by all the existing global 
facts,, and all the agenfs beliefs at the moment of inquiry, as well as the current-, available-, and interrupted 
workframee and thoughtframe instantiations, and the current activities. 

AA state-transition occurs when an agent, performing a work- or thoughtframe, executes a consequence that 
createss a new belief or fact. A state-transition can also occur when an agent receives a new belief as a 
resultt of a) a communication, b) the detection of a fact, c) a move to a new location. During the state-
transitionn the simulation engine determines the effects of the transition on the agenfs internal state, which 
cann result in more transitions. 

4.6.2.11 Frame execution 

Ann order of testing and execution must be imposed in any simulation tool on conditions and operations that 
inn principle apply or occur simultaneously. The following paragraphs describe the order in which the parts of 
aa workframe are evaluated and executed in Brahms. 

Forr each agent the preconditions are the first things checked in a frame (workframes and thoughtframes). 
Theyy are checked in the order in which they are declared within the frame. When all of its preconditions 
matchh (i.e., are satisfied), a frame becomes available. When a frame becomes available frame instantiations 
aree created for each set of variable bindings from the precondition matching. If a frame has multiple 
variabless that can be bound, there will be a frame instantiation created for each valid combination of 
variable-bindings.. Each frame instantiation is executed in sequence (i.e. one after another). There can only 

288 The issue of a distributed event-driven architecture for agents and objects is an implementation issue. Although it has impact on the 
efficiencyy and applicability of an AOL, it is not of concern in this thesis, and will therefore not be discussed. It should be noted that the old 
G22 implementation of the Brahrre simulation erigi 
implementationn is a discrete event-driven system. This re-implementation resulted in at lea& a 1 
Thiss is due to the speed of Java in relation to G2, but more importantly because of the move from a clock-based approach to a dtecrete-
eventt approach. 
299 The new Java engine also implements an interleaved execution mode. In this mode there is no central simulation dock, and each 
agentt runs as fast as possible. This mode is used for implementing real-time agent systems with Brahms. However, this is not the topic of 
thiss thesis, and will therefore not be further discussed. 
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bee one frame instantiation executed at a time (in one clock-tick). The order of the sequence is 
undetermined. . 

Afterr the preconditions match and a workframe30 is selected it will start to work (one frame instantiation for 
eachh set of valid variable-bindings). The working time will be specified in the workframe; or, if the workframe 
containss any composite activities, the working time will be the cumulative time of the executed composite 
activities.. At any time during this working time, a variety of things may happen. Consequences may be 
asserted,, facts may be detected, and communications may occur, depending on their ordering in the do-
part—thee body—of the workframe. If the body includes one or more move activities, the agent will go to the 
specifiedd locations as the moves are executed. 

Withinn a detectable, the modeler can specify when the agent or object can detect a fact. When a workframe 
containss a composite activity, the modeler must specify the time to be "whenever", because the engine 
cannott calculate the total working time for the frame in advance. 

Whenn multiple detectables are declared within a workframe, they are checked in the order in which they are 
declared.. When two detectables are specified to be executed at the same time, and the first states that the 
framee should be interrupted and the second states that the frame should be aborted, the frame will be 
interrupted. . 

Thee body of a frame is ordered, and the simulation engine evaluates the body components in the order in 
whichh they appear from top-to-bottom and left-to-right. The body may include activities and composite 
activitiess for workframes, and consequences that will be asserted as beliefs and/or facts for workframes and 
thoughtframes. . 

4.6.2.22 Frame states and transitions 

Ass described above, frames are stateless andd serve as declarative definitions, whereas frame instantiations 
aree dynamically created, associated with a particular agent or object, have state, and have a related context. 

Thee possible states of a frame instantiation are set forth in Table 4-1. 

Tablee 4-1. Frame instantiation states 

not-availabl e e 

availabl e e 

workin g g 

interrupte d d 

Noo instantiation exists for a given (frame, agent or object, 
context)) set. Either the preconditions of the frame have no 
matches,, or previously active instantiations have ail 
completedd and been reset with no matches. This is more 
orr less the start-state of every frame instantiation. 

Thee preconditions of the frame have been satisfied for 
somee context and agent or object, but the frame 
instantiationn has not yet been started by the agent or 
object. . 

Thee agent or object is performing this frame instantiation 
forr the current clock-tick. 

Thee workframe instantiation has already had at least one 
clock-tickk worked on it, but the agent or object is 
performingg some other workframe instantiation during the 
currentt clock-tick. 

Thoughtframee instantiations cannot be in this state. 

AA detectable has caused the agent or object to have an 

300 The next parts are limited to workframes, because Ihoughttranies do not take time, a r t i c t o r w t r ^ ^ 
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interrupted-with-impass e e 

don e e 

impassee with the workframe instantiation. The workframe 
instantiationn cannot continue until the condition causing 
thee impasse is resolved. 

Thoughtframee instantiations cannot be in this state. 

Thee agent or object has completed all the activities in the 
framee instantiation. If the reset-when-done attribute of the 
associatedd frame is false, then the frame instantiation will 
existt in the done state. Otherwise, the preconditions will 
bee evaluated and the frame instantiation will become 
eitherr available or not-available (i.e., deleted). 

Givenn these possible frame states, there are a number of different allowable state-transitions for frame 
instantiations.. These are shown in Figure 4-4. 

Figuree 4-4. State-transition diagram for frame instantiations 

Thee allowable state transitions, shown in Figure 4-4, are listed in Table 4-2, with their causes and 
implications. . 

Tablee 4-2. Frame state-transitions 

not-availabl ee => availabl e 

Whenn the preconditions of a frame are satisfied for a 
particularr agent or object and context, then a frame 
instantiationn is created and put in the state available. 
Thiss frame instantiation can then be worked on by the 
agentt or object. 

Iff an available frame instantiation has not been started, 
andd the preconditions (which were previously satisfied) 
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availabl ee => not-availabl e 

availabl ee => workin g 

workin gg => interrupte d 

workin gg => 
interrupted-with-impass e e 

workin gg => don e 

interrupte dd => workin g 

interrupted-wlth-impass e e 
=>=> interrupte d 

becomee unsatisfied, then the frame instantiation is 
deleted,, and thus becomes not-available. 

Iff the frame instantiation becomes the current-work of 
ann agent or object, then the frame instantiation has 
statee working. 

Wheneverr a different workframe instantiation becomes 
thee current-work of an agent or object, the (previous) 
workingg frame instantiation becomes interrupted. Note 
thatt the agent can choose from the union of the sets 
(available,, working, interrupted) for the current-work for 
thee next clock-tick. This resolution mechanism works on 
thee basis of priorities of the workframe instantiations. 

Thiss state change happens when the following 
conditionss are all met: (1) an agent detects a fact, (2) 
thee current working workframe instantiation contains a 
detectablee that references that fact, (3) that detectable 
iss satisfied, and (4) the type of the detectable is 
impasse.. The agent cannot continue working on the 
workframee instantiation until the impasse is resolved, 
i.e.. the detectable condition becomes false due to a 
changee in the beliefs of the agent or facts for an object. 
Thee workframe instantiation is set to interrupted-with-
impasseimpasse state. 

Whenn all activities of the frame instantiation are 
completedd after the current clock-tick, then the frame 
instantiationn becomes done, iff the reset-when-done 
attributee of the associated frame is false. Otherwise, the 
transitionss working=>available, depending on whether 
thee preconditions are still being satisfied. However, this 
iss accomplished by creating a new frame instantiation. 
Whenn done, the frame instantiation is deleted. 

Whenn the agent or object picks an interrupted 
workframee instantiation to become the current-work for 
thee next clock-tick, the frame instantiation becomes 
workingworking again. 

Whenn a belief of an agent or fact for an object causes 
thee detectable, that causedd an impasse, to be no longer 
satisfied,, the impasse is removed—the belief causes 
thee detectable-condition to no longer match the current 
beliefss of the agent or fact in case of an object. The 
framee instantiation can be worked on once again, so 
thee state is changed from interrupted-with-impasse to 
interrupted,interrupted, after which, in the next clock-tick the frame 
instantiationn could transition to a working state. 

4.6.33 Decidin g wha t to wor k on nex t 

Too decide for each agent what to work on next, the simulation engine executes a number of steps. At each 
clockk tick, the simulation engine determines which workframe should be selected to work on next. This 
selectionn is based on the priorities of available, current and interrupted workframe instantiations. A current 
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workframeworkframe instantiation is selected in preference to interrupted or available workframe instantiations of equal 
priority,, so that an agent tends to continue doing what it was doing. 

Thee selected workframe is then executed, leading the agent to possibly detect things in the world (through 
detectables)) and begin an activity. When a workframe instantiation is interrupted, it is reexamined on 
subsequentt clock-ticks to see whether it should be considered for selection. When a composite activity is 
terminated,, because its end-condition is satisfied, the workframe instantiations below it are also terminated. 
Whenn an activity is interrupted, Brahms saves the workframe/actrvity-hierarchy so the context can be 
reestablishedd after an interruption. 

Thee questions remain; 1) How does a workframe get selected to become instantiated, and 2) When multiple 
workframess are instantiated, how does the engine determine the priority of a workframe instantiation? 

Thee answer to the first question is that at every clock-tick the simulation engine checks if any of the 
preconditionss of the agent's frames are satisfied (i.e. match with beliefs in the agents belief-set)31. When all 
preconditionss in a frame match, the frame is instantiated and each frame instantiation is set to the available 
state.state. At that moment, the engine includes the frame instantiation in its decision to determine what frame 
instantiationn to work on next. 

Thee answer to the second question defines what workframe instantiation to work on next. Each workframe 
instantiationn has a priority. The priority of each workframe instantiation is set based on the priorities of the 
primitiveprimitive activities in the workframe. The priority of a workframe is the priority of its highest priority primitive 
activity. . 

Thus,, all in all, the emergent behavior of agents during a simulation depends on two independent variables. 
First,, it depends on when preconditions of frames match on the belief-set of the agent. Of course, the belief-
sett of an agent depends on many factors during a simulation, such as detection of facts, moving to 
locations,locations, communication with others, as well as reasoning. This means that the behavior of an agent is first 
andd foremost dependent on the behavior of other agents and objects in its environment, as well as the state 
off the environment itself. Secondly, the behavior of an agent depends on which frames are instantiated 
togetherr at any moment in time. This is because each instantiated frame has a specific priority, and it will 
dependd on the priority of the other frame instantiations whether a frame instantiation is picked as the next 
workk to be done. 

4.6.44 Mutti-taskin g agent s 

Inn a Brahms simulation, an agent may engage in multiple activities at any given time, but only one activity in 
onee workframe is active at any one time. At each clock-tick the simulation engine determines which 
workframee should be selected, based on the priorities of available, current and interrupted work (see 
previouss section). The state of an interrupted or impassed workframe is saved, so that the agent will 
continuee an interrupted workframe with the activity that rt was performing at the moment it got interrupted. 

Ann important consequence and benefit of this paradigm is that all of the workframes of a model are 
simultaneouslyy competing and active, and the selection of a workframe to execute is made without 
referencee to a stack or tree of workframe execution history. This subsumption architecture (Brooks 1991) is 
ann important difference between Brahms and most other goal-oriented problem-solving systems, such as 
Soarr (see section 2.2.1). In Soar, an agent has one goal-stack. Switching to another goal-tree means 
poppingg goals of the stack, and pushing new ones on it. Consequently, the agent cannot automatically 
returnn to the execution of a previous goal-tree that was popped on the goal-stack. This is a serious limitation 
off the Soar architecture in simulating multi-tasking using goal (or activity) context switching. In Brahms, 
activity-contextt switching is inherent in the subsumption architecture. 

311 The speed at which this is done is heavily dependent on the implementation. In the old G2 engine this was done using a loop-structure, 
wheree for every agent and object, all preconditions for an frames are checked at every clock-tick. In the new Java engine, we have 
inventedd a multiagent version of a Rete-like algorithm. We call this a Reasoning State Network (RSN). This allows the engine to only 
checkk those preconditions in frames that can potentially match with beliefs that just changed in the agents' belief-set. 
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Figuree 4-5. Multi-tasking in Brahms 

Ann illustration of this is given in Figure 4-5. An agent (not shown) in a running model may have multiple 
competingg general activities in process: Activities 1,3, and 4. Activrtyl has led the agent (through workframe 
WF1)) to begin a subactivity, Activity 2, which has led (through workframe WF2) to a primitive activity Action 
X.. When Activity 2 is complete, WF1 will lead the agent to do other activities. Meanwhile, other workframes 
aree competing for attention in Activity 1. Activity 2 similarly has competing workframes. Priority or preference 
rankingss led this agent to follow the path to Action X, but interruptions or reevaluarJons may occur at any 
time.. Activity 3 has a workframe that is potentially active, but the agent is not doing anything with respect to 
thiss activity at this time. The agent is doing Activity 4, but reached an impasse in workframe WF4 and has 
begunn an alternative approach (or step) in workframe WF5. This produced a subactivity, Activity 6, which 
hass several potentially active workframes, all having less priority at this time than WF2. 

Thee Brahms subsumption architecture allows two forms of multi-tasking. The first form is inherent in the 
activity-basee paradigm; Brahms can simulate the reactive situated behavior of humans. An agent's context 
forcess it to be active in only one low-level activity. However, at any moment an agent can change focus and 
startt working on another competing activity, while queuing others. In Brahms having the simulation engine 
switchh between current and interrupted work for each agent, simulates this type of multi-tasking behavior. 
Thee second form is subtler. People can be working concurrently on many high- and medium-level activities 
inn a workframe-activity hierarchy. While an agent can only execute one primitive activity in the hierarchy at a 
time,, the agent is concurrently within all the higher-level activities in the workframe-actrvitiy hierarchy. For 
example,, the agent (not shown) in Figure 4-5 is concurrently within Activity 1, Activity 2, and primitive activity 
Actionn X. It should be noted that while a workframe, and its associated activities are interrupted or 
impassed,, the agent is still considered to be in the activity. The activity duration time is still accumulating 
whenn interrupted or impassed. Therefore, the agent is conceptually within all current, interrupted and 
impassedd activities. 

Thiss concludes the description of the Brahms language, as well as Part 1 of the thesis. In Part 2 of the thesis 
II will describe three case studies in which I show the use of the Brahms language and simulation engine. 
Thee more formal description of elements and features of the Brahms language and simulation engine in this 
chapterr will be explained with examples from the case studies in Part 2. 
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5.. RESEARCH DESIGN 

Inn this chapter, I describe my research design. A good research design is a step-wise plan to answer the 
researchh question. I first describe the research methodology and then describe ways of using computational 
modelingg as an analysis and design method for systems. Then, I am able to introduce the cycles in my 
researchh process. Based on the research cycles, I define the case studies that are the foundation of each of 
thee cycles, and are examples of the use of Brahms as a computational modeling and simulation 
environmentt for work practice. 

5.11 SCIENTIFIC METHODOLOGY 

Theree are many variations on the specifics of a scientific methodology, but they all share the common 
themee of scientific understanding of the world. In pursuing a scientific understanding of a problem, the 
outcomee of the research must make sense and correspond with observations. While scientific methodology 
mayy vary across disciplines, most include the following characteristics (Zimmerman and Muraski 1995): 

Understandingg of the problem 

Statingg the problem 

Collectingg data 

Analyzingg data 

Interpretingg data 

Drawingg conclusions 

5.1.11 Understandin g th e proble m 

Inn the introduction chapter I stated the problem I am addressing in this thesis. I restate the problem in the 
nextt section and operationalize it further. Understanding the problem, as Zimmerman describes, is key to 
beingg able to state the problem correctly, and is one of the most important components of research 
(Zimmermann and Muraski 1995). It may take years of disciplined study of a particular domain before an 
adequatee understanding has been accomplished. It is obvious that the understanding of the problem will 
changee as time goes on. A deeper understanding of the problem will most likely change the way the 
researcherr states the problem. Research uses a cyclical process as its modus operandi for scientific 
understandingg (Figure 5-1). 

Understanding Understanding 
Problem Problem 

Drawing Drawing 
Conclusions Conclusions 

Stating Stating 
Problem Problem 

time^ time^ 

'ollecting 'ollecting 
Analyzing Analyzing 

Interpreting Interpreting 
Data Data 

Figuree 5-1. Research Process 



5.1.22 Restatin g th e proble m 

Ass stated in the introduction chapter, the main drive for starting this research was because of our 
experiencee in trying to model the work practice of an organization using a workflow-modeling paradigm. A 
workfloww model is a particular view of the work. It is an abstracted functional view of how conceptual objects 
floww through a sequence of tasks in an organization. After a long effort we came to understand that, 
althoughh useful, a workflow model typically omits people's collaboration, "off-task" behaviors, multi-tasking, 
interruptedd and resumed activities, informal interaction, knowledge, and the environment, i.e. the 
geographicall location and placements of people and artifacts. I am seeking to understand how to model and 
simulatee work practice in such a way that we can include these aspects. 

Thee deeper understanding I am interested in is the question of how work really gets done and how to make 
aa formal representation of this, in the form of a computational model. The creation of a formal representation 
off a system results in deep understanding of the system. Making a computational model allows us to test 
andd refine this understanding by comparing the results of a simulation with reality. In this sense, simulation 
iss a research method for understanding the system. 

Inn order to use simulation as the method for understanding the work practice of an organization, we need a 
schemee to represent work practice, and a computational paradigm to simulate a model developed using the 
representationall scheme. The research problem is: 

Ho ww can w e mode l an organization' s wor k proces s in suc h a way tha t w e includ e people' s wor k 

practice ? ? 

Thiss leads to the main subsidiary question (restated from chapter 1): 

1 .. Ho w can w e mode l an organization' s wor k practic e in suc h a wa y tha t w e includ e people' s 
collaboration ,, "off-task "  behaviors , multi-tasking , interrupte d and resume d activities , informa l 
interaction ,, knowledg e an d geography ? 

Onee answer to this question is to develop a modeling language and simulation program in which we can 
representt the way an individual or group of individuals work—i.e. their practice. This leads to further related 
questions: : 

a.. Wha t is mean t by th e concept s in the questio n state d above ? 

Ethnographicc fieldwork in the workplace (Sachs 1995) has shown that in looking at the way people work in 

practicee we see a number of important aspects: 

(1)) People collaborate with each other to accomplish what they have to do. 

(2)) People often work on seemingly non-task related things, called "off-task" behaviors. 

<< 3) People often work on more than one task at the same time, called multi-tasking. 

(4)) People are often interrupted in their activities, and will resume what they were working on, 
afterr the interruption is over. 

(5)) People have many interactions with others that were not planned before hand, and/or not 
partt of the task at hand, called informal interactions. 

(6)) People use their domain knowledge, as well as their social knowledge about the 
organizationn and the culture to perform their daily work activities. 

(7)) The environment is for most part a given. People are always situated in a three-
dimensionall space. Most of the time, people cannot change the work environment, and 
theyy can never ignore the constraints that the environment places on their activities. 
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Next,, we need to operationaJize these concepts. That is, to put them into a form in which they can be 
subjectt to testing by experiment (Preece 1994, p. 188). This leads to the following operational questions. 

b.. What interpretatio n shoul d be place d on thes e aspect s of wor k practice ? 

Inn other words: How can we model them? 

c.. How can thes e aspect s be include d in a computationa l modelin g language ? 

Inn other words: What formal language can we create that makes it possible to simulate? 

Too reiterate what the presented work is, and maybe more importantly what it is not, the following note 
shouldd be taken into account while reading the next sections; This research is about finding a modeling and 
simulationsimulation paradigm, it is not about researching a work practice of a specific organization. My hypothesis is 
thatt Brahms implements such a paradigm. Therefore, the research method used to test Brahms is not to 
usee the Brahms simulation environment to get a deeper understanding of a particular work practice domain. 
Instead,, the research goal is: 

TestTest  If Brahms  is  a suitable  modeling  language  and simulation  environment  lor  modeling 
andand  simulating  work  practice. 

However,, to do this I need to show the use of Brahms in real world domains. It turns out, not surprisingly, 
thatt in the process one cannot avoid getting a deep understanding of the chosen domain. 

5.1.33 Scientifi c metho d and dat a coMoctJo n 

Theree are a variety of research methods and data collection techniques. As a valid research method for 
testingg qualitative modeling approaches, I test Brahms by performing a number of case studies. We can 
acceptt the hypothesis if it can be shown in a reasonable number of real world examples that we can 
simulatee work practice with Brahms. Therefore, the research method I use is a qualitative analysis of a 
numbernumber of empirical case studies showing different uses of Brahms. The question "how many case studies 
iss a reasonable number?" is the discussion in the next section. 

5.22 USE OF COMPUTATIONAL MODELS IN «MULATION 

Wee can classify the use of computational models for solving problems in one of three ways (Table 5-1). 
DescriptiveDescriptive models are behavioral models of an existing system. The purpose of descriptive models is to 
describee the system in a way that makes us better understand the complexity of the system. Descriptive 
modelss are useful to analyze complex dynamic environments. Predictive models are models that predict the 
wayy an existing system behaves in the future. The purpose of predictive models is to be able to know 
beforehandd how the system will behave in the future. Such models are useful in tasks in which we need to 
makee decisions based on future data from a complex dynamic environment. Prescriptive models are 
modelss of future—not yet existing—systems. The purpose of prescriptive models is to prescribe what a 
futuree system should look like. Such models are useful to design complex dynamic environments. 

Tablee 5-1. Use of Computational Models 

Typee of computationa l mode l 

Descriptivee model 

Predictivee model 

Prescriptivee model 

Usee in proble m domain s 

Describee an existing system in order to 
understandd it. 

Predictt the future of an existing system. 

Prescribee a future system that does not exist yet. 

Modelss help us understand systems. According to Klir there are four basic levels of knowledge about a 
systemm (Klir 1985). At each level we know some important things about the system we did not know at lower 
levelss (Table 5-2). The lowest level, the source level, identifies what part of the real world system we want to 
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model,, and the means by which we are going to observe it. It identifies the variables to measure and how to 
observee them. The next level, the data level, is the database of observations in terms of measurements of 
thee variables from the source system. At the third level, the generative level, we have a model that can 
generatee the data from the previous level. This is the level of system knowledge most people refer to as a 
modell the system. At the fourth and highest level, the structure level, we have a description of the total 
systemm by coupling all generative components from the lower level together into a generative system for 
simulation. . 

Tablee 5-2. Kir's levels of system knowledge 

Levell  Name Syste m Knowledg e 

33 Structure Components (at lower levels) coupled together to form 
aa generative system, i.e. a simulation 

22 Generative Means to generate data in a data system 

11 Data Data collected from source system 

00 Source What variables to measure and how to observe them 

Zeigler,, et al, (2000) define three basic ways to deal with system problems, based on Klir's levels of system 
knowledge;; system analysis, system inference and system design. They allow us to move from one level of 
systemm knowledge to another. In System analysis, we try to understand the behavior of an existing or 
hypotheticall system based on its known structure. System Inference is performed when we do not know the 
structurestructure of the system before hand. In system inference we try to guess the structure from observations, 
allowingg us to use this to predict future data. Finally, in system design we are investigating the alternative 
structuress for a completely new system or the redesign of an existing system. 

Thee important notion in Klir's levels of system knowledge is that in system analysis we are not generating 
neww knowledge, as we move from a higher-level to a lower-level description of the system. In system 
analysiss we are only making explicit what is implicit in the higher-level description. Klir does not consider this 
kindd of subjective (modeler-dependent) understanding to be an increase in knowledge about the system. I 
disagree,, and argue that making something explicit that was implicit before will lead to more insight and a 
deeperr understanding, which is a form of new knowledge. Even though in Klir's sense system analysis 
mightt not generate new knowledge, interesting properties of the system will come to light of which we were 
nott aware before the analysis. 

Inn both system inference and system design we move from lower levels to higher levels of system 
knowledge.knowledge. Therefore, in these activities we are creating new knowledge that did not exist before, according 
too Klir's definition. 

Inn Table 5-3, I relate Zeigler's fundamental system problems first to the transitions in terms of Klir's levels, 
andd secondly to the types of computational models that we are developing at the generative level. When we 
aree in a system analysis activity we are developing a descriptive model of the system. The development of a 
descriptivee computational model leads to an increased understanding of how the system works. In system 
inferencee we are trying to create a predictive model. Predictive in the sense that once we have created a 
computationall model that can explain the generation of observed data, we can now use this model to 
predictt future behavior data of the system not yet observed. In system design we are developing a 
prescriptivee model,, in the sense that the model prescribes a future system. 
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Tablee 5-3. System problems related to model use and types 

Syste mm problem s Modell  use Transitio nn betwee n 
Kilt' ss  level s 

Typee of 
computationa ll  mode l 

Systemm Analysis 

Systemm Inference 

Systemm Design 

Thee system exists, and 
wee try to understand its 
behavior. . 

Thee system exists, and 
wee try to infer how it 
workss from 
observationss of its 
behavior. . 

Thee system does not 
yett exist in the form 
we'ree contemplating, 
andd we try to come up 
withh a good design for 
it. . 

Movingg from a higher to 
aa lower level of 
description,, e.g. using 
informationn at the 
generativee level to 
generategenerate the source 
dataa at the data level. 
Movingg from a lower to 
aa higher level, e.g. 
havingg data and trying 
too find a means to 
generatee it. Then using 
thee generative system 
too infer future behavior. 

Movingg from a lower to 
aa higher level, e.g. 
havingg a means to 
generatee data based a 
designn at the 
generativee level. 

DescriptiveDescriptive model 

PredictivePredictive model 

PrescriptivePrescriptive model 

& 33 THEGASESTUHES 

Too show that Brahms is a modeling and simulation environment for work practice, it needs to be shown that 
wee can use Brahms to develop valid models for the three model uses described in the previous section. 

Too relate the types of uses of computational models (from Table 5-3) back to the research process shown in 
Figuree 5-1,1 instantiate three cycles in the research process used in this thesis. At the end of each cycle I 
willl have an increased understanding of the research problem, and will be able to draw on the knowledge 
gainedd in that cycle to start the next. The sequence of the three cycles follows the sequence of system 
problemm description in Table 5-3. The reason for this is that the complexity of system problem increases in 
thatt order, and thus the learning from a case study performed in a cycle can be used in the next. 

Thee domain for the three case studies is a non-traditional work system of scientific fiektwork on the Moon. 
Thee reasons for choosing this domain are the following: 

1.. Working for NASA, white finishing this thesis, means that the research performed should be 
beneficiall to NASA in some form. Understanding how astronauts worked on the Moon, and how 
peoplee and robots could collaborate in future missions to planets, is an important research topic. 

2.. Scientific fieldwork on the Moon is work, even though we might not view astronauts "hopping" 
aroundd on the Moon, or robots driving on the Moon as working. However, if we consider what is 
beingg accomplished on such missions, and the amount of coHaboratJon that takes place, both on 
thee Moon and on Earth, it is less of a stretch to view NASA missions as complex work systems. 

3.. The nature of the technology that was developed during the ApoNo era, and the technology that is 
beingg developed for future NASA missions, is so important in the performance of the work during 
thesee missions that it is a perfect domain for studying how technology needs to be integrated with 
practice.. This becomes especially important when, in the future, humans wiH need to collaborate 
withh robots to build factories on the Moon or on Mars. 
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Therefore,, the three case studies I present in the next three chapters are not about a more traditional 
workplacee on Earth, but about people and robots working on the Moon. Table 5-4 gives a short description 
off the three case studies and their objectives. First, I will show the use of Brahms to describe a work 
practicee from the Apollo days. Next, I will show the use of Brahms to predict future behavior of astronauts, 
basedd on a model of one of the Apollo missions. Last but not least, I will show the use of Brahms to design a 
workk system for a future robotic mission to the Moon. 

Tablee 5-4. Case study descriptions 

CaseStud y y 

1.. Apollo 12 ALSEP Offload 

Objectiv e e Typee of Brahm s Use 

Modell and simulate the ALSEP 
Offloadd activity during the Apollo 
122 mission. 

Descriptivee modeling 

Apolloo Heat Flow Experiment 
Deployment t 

Modell and simulate the Heat 
Floww Experiment deployment, 
basedd on Apollo 15 and 16, and 
predictt activity and 
communicationn behavior in error 
situations. . 

Predictivee modeling 

3.. Victoria Robotic Mission Modell and simulate missions 
operationss of the proposed 
Victoriaa mission, performing 
scientificc exploration wfth a semi-
autonomouss rover. 

Prescriptivee modeling 
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Inn this chapter, I report on the results of the descriptive modeling case study (Sierhuis 2000) (Sierhuis et al. 
2000a)) (Sierhuis et al. 2000c) (Sierhuis et al. 2000d). A descriptive model is an abstraction of an existing or 
historicall system, and preserving the relations between system states—system morphism. I describe the 
developmentt of a Brahms model and simulation of the ALSEP Offload activity that was part of the ALSEP 
instrumentt deployment during the Apollo 12 Lunar mission. 

Thiss chapter is divided into a number of sections that could be read or skipped independent of the other 
sections.. Section 6.1 gives a short introductory description of the ALSEP Offload task that the astronauts 
performedd during the Apollo 12 mission. Sections 6.2, 6.3, and 6.4 should be read together. They describe 
thee design of the agent-, object-, and geographical models of the Brahms model. Section 6.5 describes the 
designn of the activity model. Section 6.6 describes the behavioral model. This section describes how the 
workframess of an agent are executed, and explains the relationship between time, beliefs, workframes, 
activitiess and detectables during the simulation of the model. Section 6.7 describes how the communication 
betweenn the lunar surface astronauts, as well as the lunar surface astronauts and the Capcom agent in 
missionn control is simulated. Included in the communication model is the simulation of the communication 
timee delay between the Moon and the Earth. Section 6.8 describes in more detail how we can model the 
interactionn between people and artifacts. I describe this by explaining how we can model the interaction with a 
photoo camera, while performing the activity of taking a photograph. Section 6.9 describes the process of 
verifyingg and validating the Apollo 12 ALSEP Offload model. In this section I describe how the Brahms model 
andd simulation is verified and validated against the available historical Apollo 12 data. Last, section 6.10 
describess my conclusions for this case study. 

Goalss and Objective s 

Thee goal of this experiment was to investigate the use of the Brahms-language in order to describe an 
existingexisting work practice. The challenge I faced in this experiment was to investigate if the theory of modeling 
workk practice, implemented in the Brahms language (Chapter 4), is sufficient to describe the work practice in 
thee chosen domain. The objectives of this first experiment were: 

1.. Being able to represent the people, things, and places relevant to the domain. 

2.. Represent the actual behavior of the people, second by second, over time. 

3.. Show which of the tools and artifacts are used when, and by whom to perform activities. 

4.. Include the communication between co-located and distributed people, as well as the communication 
toolss used, and the effects of these communication tools on the practice. 

Thee domain I chose for this experiment is the work practice of the Apollo 12 astronauts in the deployment of 
thee Apollo Lunar Surface Experiments Package (ALSEP) on the Moon. The reasons for choosing this domain 
aree the following: 

1.. The work performed by the astronauts requires unique and highly skilled individuals. The complexity of 
thee work to be described is high enough to argue that if we can model this type of work practice within 
Brahms,, we can model most other work practices as well. 

2.. The ALSEP deployment process is performed by a relatively small number of people. This has a positive 
impactt on the modeling and simulation effort, in terms of the time it takes to develop the model, as well as 
thee time it takes to simulate the model. 

3.. The ALSEP deployment work is distributed over the people involved, and is collaborative in nature. 
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4.. There is no work product "flowing" through the work process. This means that this type of work is not 
easilyy represented in a workflow model. Being able to model this type of work in Brahms supports the 
argumentt for developing Brahms. 

5.. In order to develop a descriptive model of an existing work practice, we need to have access to a 
significantt amount of data about t ie actual work. This often means a long observational and/or 
ethnographicall study of the participants. This takes an enormous amount of effort and is a grounded 
researchh process in and of it self. However, the Apollo project has been well documented by NASA and 
numerouss institutions, and writers (Compton 1989) (Wilhelms 1993) (Chaikin 1994) (Godwin 1999). 
Specifically,, there is a significant library of video and audiotapes taken during the actual missions (NASA 
1972)].. This allows us to develop, verify and validate our models using independent data from the real 
events. . 

6.. Although a Human Mission to Mars is not an official NASA supported activity at this point in time, more 
andd more researchers in and outside of NASA are informally studying what it would take to have humans 
goo to Mars and do scientific work for an extended period of time. We know very little about how people 
cann or should work on Mars. The only reference point we have about humans working on extra-terrestrial 
planetss is the work that humans did on the Moon during the Apollo project. Developing models of the 
workk practices on the Moon might allow us to extrapolate these models and investigate people working 
onn Mars, before we can physically go there. 

7.. There is, to certain extent, a real possibility that before we will go to Mars we will first go back to the 
Moon.. The reasons to do this might be of a scientific or a commerciall nature. Regardless of the reason to 
goo back to the Moon, a model that describes the existing, but mostly forgotten work practices for 
deployingg instruments on the Moon is self-evident. 

6.11 APOLL01 2 AND THE ALSB» OFFLOAD 

Onee of the biggest objectives of the Apollo 12 mission was to deploy the Apollo Lunar Surface Experiments 
Packagee (ALSEP). It would be the first time to deploy the ALSEP on the moon. The earlier Apollo 11 mission 
onlyy deployed a preliminary version, called the EASEP (Early Apollo Surface Experiment Package). The 
ALSEPP consisted of a number of independent scientific instruments that were to be deployed on the moon. 
Thee instruments were data collection devices for different scientific experiments about the moon's internal and 
externall environment. By deploying similar ALSEP instruments over multiple Apollo missions (A12,14,15,16 
andd 17), the ALSEP deployments created an array of data gathering instruments at different locations on the 
lunarr surface. Table 6-1 shows a list of deployed instruments by mission. 

Tablee 6-1 .ALSEP experiments for Apollo missions 

A122 A13 A14 A15 A16 A17 
Passiv ee Seismi c Experimen t (PSE) 
Activ ee Seismi c Experimen t (ASE) 
Supratherma ll  Ion Detecto r Expmlmeii l (SIDE) 
Solar-Win dd Spectromete r 
Luna rr  Surfac e Magnetomete r (LSM) 
CoMM Cathod e Gage (COG) 
Charge dd Particl e Luna r Environmen t Experimen t (CPLEE) 
Sola rr  Win d Spectromete r (SWS) 
Heatt  Flow Experimen t (HFE) 
Luna rr  Eject s and Meteorite s Experimen t (LEAM) 
Luna rr  Seismi c Profilin g Experimen t (LSPE) 
Gravlmetor ,, Luna r Surfac e (LSG) 
Luna rr  Atnwepher e ComposWo n Experimen t (LACE) 

Too deploy the ALSEP on the lunar surface, the astronauts had to accomplish three high-level tasks. First, they 
hadd to offload the ALSEP from the Lunar Module (LM). Second, they had to traverse with the ALSEP 
packagess to the deployment area, away from the LM. Third, they had to deploy each ALSEP instrument onto 
thee surface. In this chapter, I discuss the development of a work practice model for the first task, the ALSEP 
Offload. Offload. 
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""  The roun d bracket s mean that thes e were planne d experiment s that failed to be deploye d properly . 
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Figuree 6-1. SEQ Bay and RTG Cask located on the side of the LM 

Alll the ALSEP instruments and tools, used for deployment, were stored on two sub-pallets ("packages") in the 
Scientificc Equipment Bay (SEQ Bay) during flight. Figure 6-1 shows the SEQ Bay located on the LM, on the 
oppositee side of the ladder from which the astronauts descended to the lunar surface. 

Thee offload consisted of a number of specified (sub-)activities that were trained extensively and assigned to 
eachh of the astronauts. The order in which these tasks were to be performed, and whether the Lunar Module 
Pilott or the Commander was to perform the task, i.e. the plan, was the same for all five missions. Figure 6-2 
showss the plan and start-time for the Apollo 12 ALSEP Offload. 

CDRR in p 

| H 1 55 ALSEP O f F l M U 1-15 ALSEP OFFLOAD 

^^  OPFN SEQ BAY DOOS 

KEWOVEE PKG 

STOWW BOOMS 

uwsro ww UHT 

CONNECTT BAK 

T I PP PKG 2 

fiZMQVEfiZMQVE SIDE 

CLOSEE DOORS 

REMOVEE PKG 2 

DEPLOYY HTC 

2 )) UNS70J CASK TOOLS 

LOWERR CASK 

FUELL RTG 

CONNECTT PKGS 

{BAC KK MALL OF SEQ BAY) 

REST^CKEC KK EMJ REST/CHECK EMU 
SUR-47 7 

 Bastc n.-,,» frtober 27, 1969 £ 
Clwiiqed d 

Figuree 6-2. Apollo 12 Surface Checklist 47 for the ALSEP Offload 

Thee order in which the astronauts were to perform their tasks was pre-specified and trained. In other words, 
offloadingg the ALSEP was a highly choreographed collaborative activity performed by two astronauts working 
inn parallel. 

However,, even though this high-level task was planned and choreographed up front, the plan did not include 
thee situational variations, the actual communication and collaborative activities between the astronauts, and 
thee communication between and coordination of activities by the Manned Spaceflight Center (MSC) in 
Houston.. MSC, also known as Mission Control, kept track of where the astronauts were on the plan, solving 
unplannedd problems, and monitoring and communicatingg life support status for the astronauts. Central in this 
collaborativee activity is the person who played the role of Capsule Communicator (CapCom). The CapCom 
wass the "voice" of Houston and the only person in direct communication with the astronauts. This 
communicationn happened through the voice-loop (see section 6.7 on modeling the voice-loop). 
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Thee work practice of the ALSEP Offload, or any work practice for that matter, consists of more than the 
sequencee and distribution of tasks. What constitutes the practice of the ALSEP Offload is the way the actual 
plann is carried out; The situational activities of the collaborators, the way they react to their environment, the 
wayy they communicate, what is said, the way they "know" how to do their tasks given the situation. It is 
situatedsituated action (Suchman 1987). A choreographed play "executed" during the performance, planned and 
trained,, but always different. 

Inn the next sections, I will describe how the ALSEP Offload work is modeled in a model of work practice. The 
modell is not a model of the problem-solving knowledge of each individual involved in this task. Instead, it is a 
modell of the behavior of the individuals. It describes how the collaboration, coordination, and communication 
betweenn the three individuals happen, and make this a fluent event. The activities of one individual are like the 
movementss of a musician in a symphony orchestra. The communication between individuals is like the 
interleavedd notes that seem to "teir each musician what to play next. The artifacts and tools are like the 
instrumentss of the musician. The environment of the Moon and Mission Control is like the symphony hall. The 
Brahmss "symphony" that is being played is planned and scored on a piece of paper (i.e. the astronaut's 
checklist).. The orchestra has trained the piece many times (i.e. the astronaut training on Earth). However, 
whatt comes out in the performance is due to their practice, the concert hall (i.e. the Moon), and the way they 
playy together that specific evening (i.e. EVA 1 on Apollo 12). 

6 22 -mEAGENTMOOEL 

Onee of the most relevant design issues for any Brahms model is the design of the agents and the groups they 
belongg to. The Agent Model describes to which groups the agents belong and how these groups are related 
too each other. 

Designingg an Agent Model is similar to the design of an Object Model in object-oriented design (Rumbaugh et 
al.. 1998). Just as the class-hierarchy in an Object Model, we need to design the group-hierarchy in the Agent 
Model.. As a rule of thumb, we identify the communities of practice of which the agents in the model are 
members,, and abstract them to a common denominator for all agents. All agents are members of this abstract 
group.. The most abstract group is called the Base Group. This group exists in the Brahms Base library. It 
containss all attribute and relation definitions that are needed by default, such as the name of the agent, the 
groupp membership relation, and the location of the agent. We specialize this group, until we have identified all 
thee similarities and differences between the agents. It should be noted, again, that groups and agents can be 
memberss of multiple groups. 

Figuree 6-3 shows the Agent Model design. We start with defining our agents. Each agent represents a person 
inn our domain, e.g. Ed Gibson, Pete Conrad, Al Bean, and Dick Gordon. We generalize the community all four 
agentss belong to as the group of ApolloAstronauts. 
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Figuree 6-3. Apollo Agent Model design 

Thee Capsule Communicator (CapCom) was always an astronaut. In the case of Apollo 12, Ed Gibson was a 
civiliann chosen with the fourth group of astronauts in 1965. The role of the CapCom was to be the only person 
inn Mission Control to talk directly to the astronauts. Dick Gordon, the CommandModulePilot (CMP), was a 
Navyy Captain chosen with the third group of astronauts in 1963. The role of the CMP was to fly the Command 
Modulee (CM), named "Yankee Clipper", circling in orbit around the moon while the Lunar Module (LM), named 
"Intrepid",, was on the moon. Pete Conrad, the Apollo 12 Commander (CDR), also a Navy Captain, was 
chosenn with the second group of astronauts in 1962. Last, the LunarModulePilot (LMP) Al Bean, who was 
alsoo in the Navy, was chosen with the third group of astronauts in 1963. 

II represent the role of each of the astronauts as a group. This way I can represent role specific attributes and 
activitiess at the group level. The AlsepOffloadGroup is a functional group in the sense that it does not specify 
aa specific role, but a task of the agent. This group represents all work activities and attributes that have to do 
withh the ALSEP Offload task in one group. This way the group represents the community of agents that can 
performm the ALSEP Offload task. For Apollo 12, both the CDR and the LMP trained for the ALSEP Offload 
activities,, and both of them could, if necessary, perform the ALSEP Offload task by themselves, and therefore 
belongg to the group ALSEPOffloadGroup. Thus, the Commander and LunarModulePilot groups are members 
off the group AlsepOffloadGroup. Since both the CDR and the LMP were working on the surface there are 
taskss that both astronauts needed and/or could perform. The ALSEP Offload task was one of them, but there 
weree others as well. All the activities that needed to be performed by all astronauts on the lunar surface are 
representedd in the LunarSurfaceAstronaut group. Such activities include taking photographs and changing 
thee cooling of their space suit. In conclusion, we can describe the group hierarchy of Apollo astronauts in 
threee sub-groups, CapCom, CommandModulePilot, and LunarSurfaceAstronaut. The LunarSurfaceAstronaut 
groupp has the AlsepOffload group as a subgroup, which in turn is subdivided into the subgroups Commander 
andd LunarModulePilot. 
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Figuree 6-4 shows the Brahms source code of the group and agent definitions, as shown in Figure 6-3. 

//Group s s 

grou pp BaseGrou p { . . . } 

grou pp ApoUoAstronau t inembero f BaseGrou p { . . . } 

grou pp CapCo m membero f ApofloAstronau t { . . . } 

grou pp LunarSurfaceAstronau t membero f Apoll o Astronau t { . . . } 

grou pp CommandModulePi W membero f ApoUoAstronau t { . . . } 

grou pp AlsepOffloadGrou p membero f LunarSurfaceAstronau t { . . . } 

grou pp Commande r membero f AlsepOffloadGrou p { . . . } 

grou pp LunarModulePHo t membero f AlsepOffloadGrou p { . . . } 

//Agent s s 

agen tt  PeteConra d membero f Commande r { . . . } 

agen tt  AlBea n membero f LunarModulePHo t { . . . } 

agen tt  DickGordo n membero f CommandModulePilo t { . . . } 

agen tt  EdGibso n membero f CapCom { . . . } 

Figuree 6-4. Brahms source code of the agent model 

Figuree 6-5 shows the Agent Model in the Brahms Model Builder. The Brahms Model Builder application 
allowss the modeler to create and compile the Brahms model. Figure 6-5 shows the group and agent hierarchy 
compiledd from the source code in Figure 6-4. Each group has a number of "folders" underneath it. Each folder 
iss a different category of model elements for the group. The "Member Groups" folder contains all the 
subgroupss that are a member of the group. The "Member Agents" folder contains all agents that are members 
off the group. The rectangles around the groups and agents are not part of the GUI, but are added for 
clarificationn purposes, so that the reader can easily identify them in the figure. The colors show the different 
group-levels.. At the top, in black, you see the BaseGroup. All the other groups are a subgroup of the 
BaseGroupBaseGroup group, and are therefore shown in the "Member Group" folder. The yellow rectangles show the 
fourr agents, while the other colors show the intermediate groups in the group hierarchy (the colors are only 
visiblee in a color reprint). 
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Figuree 6-5. Agent Model in the Brahms Model Builder 
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6.33 THE OBJECT MODEL 

Afterr the Agent Model, the next model that needs to be designed is the Object Model. In this model we design 
thee class-hierarchy of all the domain objects. Figure 6-6 shows the Object Model design in UML (Rumbaugh 
ett al. 1998) for the Apollo 12 domain objects and artifacts. As with the Agent Model, the root-class of the class 
hierarchyy is the class BaseClass. All other classes and objects inherit from this BaseClass class. 

Figuree 6-6. Apollo Object Model design 

Thee objects with the dotted arrows pointing up represent the object instances of a class. The solid arrows 
showw the built-in contains relation. This relation represents objects contained in other objects. This relation 
hass a pre-defined semantic meaning, which is discussed in section 6.4.4. 

Thee objects with the dotted arrows pointing up represent the object instances of a class. The solid arrows 
showw the built-in contains relation. This relation represents objects contained in other objects. This relation 
hass a pre-defined semantic meaning, which is discussed in section 6.4.4. 

Figuree 6-7 shows the Brahms model source code for the LM and SEOSay objects. Both the LM and SEQBay 
objectss are instances of the class BaseClass. Besides representing the corresponding artifacts on the Apollo 
122 mission, the source code also specifies the initial location of these objects within the Geography Model 
(seee section 6.4). Both objects are located in the SEQBayArea area. Furthermore, the objects declare the 
attributesattributes with which we can describe the different aspects of these objects. Although we could describe any 
numberr of aspects of an object, such as the color, height, et cetera, we only declare those attributes that are 
relevant.. To model the fact that the astronauts inspect the LM and the SEQ Bay's exterior appearance after 
thee landing, we declare the attribute exteriorAppearance as a type symbol attribute. Using this attribute we 
cann represent the state of the exterior of these objects. Both the LM and the SEQBay objects have an initial 
factfact describing the state of their exterior appearance after the landing on the moon as an initial fact for the 
simulation,, e.g. 

(the(the  exteriorAppearance of  currents  SEOBayExteriorLooksGood). 

Thee status of the door of the SEQBay is modeled with the door attribute of type symbol that can have a value 
off closed or open. The door is in the initial state (i.e. an initial fact) of being closed, e.g. (the door of current = 
closed).closed). This represents the door of the SEQ Bay being closed at the start of the ALSEP offload. Next, we 
modell the objects that are located within the LM and SEQ Bay. This is represented with the contains relation 
(seee Figure 6-6). This relation is declared in the BaseClass class, and inherited by the LM and SEQBay 
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objects .. The fac t that the SEQBay is locate d on the outsid e of the LM is represente d as an initia l fac t in the 
LMM object , i.e. 

(current(current  contains  SEQBay). 

Thee objec t LM represent s the Apoll o 12 Luna r Module , name d Intrepid . Thi s is the Luna r Modul e in whic h the 
astronaut ss lande d in Surveyo r cater . For thi s mode l the onl y relevan t objec t tha t is par t of the LM and tha t is 
relevan tt  for the ALSE P Offloa d is the SEQBay , positione d on the outsid e of the LM. The SEQBay contain s a 
numbe rr  of artifact s tha t are relevan t durin g the ALSE P offloa d activity . Thes e artifact s are also modele d as 
Brahm ss object s in the mode l (see Figur e 6-7 and Figur e 6-8). 

//ApoHoo 12 object s 
objec tt  UN Instance * BaseOass { 

i l ll  I I I ll l I k l É i t a l f a f f i 

onpwy :: T , 
location ::  SEQBayArea ; 
attributes : : 

publi cc  symbo l exterierAppearance ; 
InlttaLfact * * 

(thee exteriorAppearanc e of curran t  UnExtoricfLooksGood) ; 
(curren tt  contain s SEQBay); 

} } 
objec tt  SEQBay instanceo f BaseOass { 

location ::  SEQBayArea ; 
attributes : : 

pubHcc symbo l door ; 
pubHcc symbo l exteriorAppearance ; 

Inrttaljacts : : 
(thee axtariorAppearanc e of curren t a SEOjBayExtertorLooksGood) ; 
(thee door of currant=closed) ; 
(curren tt  ountoa m AteapPkgl) ; 
(curren tt  contain s AlsepPkg2) ; 
(curran tt  contain s CffloadChecklistDecaJ) ; 
(curren tt  contain s SECfiayDoorLanyardRibbons) ; 
(curren tt  contain s Pkg1 LanyardRibbons) ; 
(curren tt  contain s Pkg2LanyardRlbbons) ; 
(curren tt  contain s SEQBayBooms) ; 

} } 

Figuree 6-7. Apoll o 12 LM and SEQ Bay Brahms object s 

First ,, ther e are the LanyardRibbo n objects . Thes e object s are used to open the SEQBay doo r 
(SEQBayDoorLanyardRibbons )) and tower  the ALSE P package s (Pkg1 LanyardRibbon s and 
Pkg2LanyardRibbons) ,, respectively . The lanyar d ribbon s are rope-lik e artifact s the astronaut s pul l on to open 
thee doo r and lowe r the packages . The two main object s are the ALSE P packages , AlsepPkg ! and 
AlsepPkg2 .. Thes e are the package s the astronaut s have to lowe r fro m the SEQ Bay and positio n on to the 
luna rr  surface . The SEQ Bay also contain s boom s (SEQBayBooms) . Thes e artifact s are rail extensio n 
structure ss at the top of the SEQ Bay. When the astronau t pull s on the packag e lanyar d ribbons,  the ALSE P 
packag ee come s out attache d to the booms . The package s are automaticall y release d fro m th e booms , after 
whic hh the astronau t slowl y lower s the m to the luna r surfac e by releasin g the tensio n on the lanyar d ribbons . 
Thee last artifac t of interes t in the SEQ Bay is the OfMoadChecklistDeca l object . Thi s is the deca l that is show n 
inn Figur e 6-2, and is a deca l tha t show s the activitie s and thei r orde r for offloadin g the ALSEP . ft is ther e as a 
reminde rr  for th e astronauts . 

Figur ee 6-8 show s the object s mentione d above , as wel l as the object s tha t are containe d in each of them . 
Onee last interestin g not e to mak e is that of the pippi n objects . Pippin s wer e used to faste n object s to the 
ALSE PP package s and othe r artifacts . The HTC (Hand Too l Carrier ) objec t is fastene d on AlsepPkg 2 wit h fiv e 
pippins .. The fac t tha t the pippin s faste n the HTC is modele d by havin g the m be containe d in bot h the 
AlsepPkg 22 objec t and in the HTC object . Removin g the HTC fro m AlsepPkg 2 mean s to firs t "remove "  the 
pippi nn object s fro m bot h the HTC and the AlsepPkg 2 objects , befor e the HTC objec t can be remove d fro m the 
AlsepPkg 22 object . 
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//Apoll oo 12 object s 
ob^SECBayDoorl^nyardRibbonsin8tanceo4UnyardRI>bon8{ } } 

objec tt  PfcglLanyardRibbon s instanceo f LanyardRibbons{ } 

objec tt  Pko2LanyBrdRibban s bistanceo f LanyardRibbon s { } 

objec tt  AteepPkg l Instanceo f AlsepPackag e { 
Initfaljfacts : : 

//carrie ss object s 
(ctaran tt  contain s DRT); 
(curren tt  contain s FTT); 
(curren tt  contain s UHT1); 
(currentt  contains UHT2); 

} } 

objec tt  AlsepPkg 2 Instanceo f AlsepPackag e { 
initia ll  facts : 

//carrie ss object s 
(curren tt  contain s PipPinl) ; 
(curren tt  contain s PipPin2) ; 
(curren tt  contain s PipPIrö) ; 
(curren tt  contain s PipPin4) ; 
(curren tt  contain s PipPinS) ; 
(curren tt  contain s HTC); 

} } 

objec tt  HTC instanceo f Tool { 
inrUa ll  facts : 

//carrie ss object s 
(curren tt  contain s PipPinl) ; 
(curren tt  contain s PipPln2) ; 
(curren tt  contain s PipPln3) ; 
(curren tt  contain s PipPln4) ; 
(curren tt  contain s PipPln5) ; 

} } 

objec tt  PipPin l instanceo f WpPln{ } 
objec tt  PipPin 2 instanceo f PlpPIn { } 
objec tt  PipPbi 3 instanceo f PlpPIn { } 
objec tt  PipPirv * instanceo f Pippi n { } 
objec tt  PipPin S instanceo f PlpPIn ( } 

objec tt  DRT instanceo f Too l {}//Dom e Remova l Too l 

objec tt  FTT instanceo f Too l { } //Fuel Transfe r Too l 

objec tt  UHT1 Instanceo f Tool { } //Universa l Handlin g Too l 

objec tt  UHT2 Instanceo f Tool ( } 

objec tt  OfftoadCheckJistDeca l instanceo f BaseClas s { } 

Figuree 6-8. Apollo 12 contained artifacts 

Noww that the agents and artifacts are represented, the next section describes the geography model in which 
thee agents and artifacts are located during the simulation. 

& 44 THE GEOGRAPHY MODEL 

Inn Brahms we model geographical locations using two concepts, area-definitions and areas. Area-definitions 
aree user-defined types of areas. Areas are instances of area-definitions. Thus an area is an instance of a 
specificc location in the real world that is being modeled. Furthermore, areas can be part-of other areas. With 
thiss representation scheme we can represent any location at any level of detail. 

Forr the Apollo 12 ALSEP Offload activity, the following locations are important; Earth, the Manned-Space 
Centerr (MSC), the Moon, the Apollo 12 landing-site ("Surveyor Crater"), the area where the SEQ Bay is 
located,, the ALSEP deployment area, an area away from the SEQ Bay to place artifacts after offloading, and 
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last,, the lunar orbit and the Command Module ("Yankee Clipper"). Figure 6-9 shows the geography model 
design. . 

Figuree 6-9. Apollo Geography Model design 

Figuree 6-10 shows the Brahms source code of the area definitions (areadef) and area objects (area). The 
areaarea definition types used to represent the area-instances are World, City and Building. 

areadeff  Worl d { } 
areadeff  City { } 
areadeff  Buildin g { } 

areaa ApolloGeograph y instanceo f Worl d { } 

//backo nn Earth ! 
areaa PlanetEart h instanceo f City parto f ApolloGeograph y { } 
areaa MissionControlCente r instanceo f Buildin g parto f PlanetEart h { } 

//onn the Moon!! 
areaa Moon instanceo f City parto f ApolloGeograph y { } 
areaa LunarOrbi t instanceo f City parto f ApolloGeograph y { } 
areaa SEQBayAre a instanceo f Buildin g parto f Moon { } 
areaa AwayFromTheSEQBayAre a instanceo f Buildin g parto f Moon { } 
areaa AlsepDeploymentAre a instanceo f Buildin g parto f Moon { } 

//Apoll oo 12 Geograph y 
areaa CommandModul e instanceo f Buildin g parto f LunarOrbi t { 

display ::  "Yanke e Clipper" ; 
} } 
areaa LandingSit e instanceo f Buildin g parto f Moon { 

display ::  "Surveyo r Crater" ; 

Figuree 6-10. Geography Model Brahms source code 
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Itt does not seem logical to give the area-definitions the names 'World", "City",, and "Building," and indeed it is 
not.. The reason for this is the limitation of the current Brahms simulation engine33. The current engine only 
acceptss three types of areas, namely World, City and Building. Also, in the current engine there can only be 
onee world-area. This limitation stems from the fact that our initial designed use of Brahms was for work 
practicee models for the type of work that is performed within buildings, such as the more traditional office-
work.. This creates an obvious limitation in our representational needs for this extra-terrestrial work domain. 
First,, the work happens in two different worlds, namely on Earth and on the Moon. We therefore would like to 
createe two world-areas in our model. However, because of the current limitation of the engine we need to 
createe the Earth and the Moon as type city-areas, being part of one world. We therefore create one world-
areaa called ApolloGeography. This area represents the total "world" for our simulation. An area of type World 
cann contain only areas of type City, therefore the Earth and Moon are areas of type City. Now we have our 
twoo planets—Earth and Moon—represented as cities. Secondly, the work on the Moon does not happen 
withinn buildings. However, we can only represent areas within a city-area as a type Building area. Thus, the 
Moon,, being of type City, can only have areas of type Building located within it. We therefore represent the 
locationss in which the astronauts perform their work as building-areas. A third "city" is created namely the orbit 
off the Command Module around the Moon. Since we are not concerned about the location of the Command 
Modulee with respect to the Moon and the Earth, we represent the orbit as a city-area within our world. The 
reasonn for this is that the Command Module Pilot "lives" within this area. It is therefore easier to locate the 
Commandd Module Pilot within his "building" location. 

Thee geographical areas are hierarchically represented as instances of Buildings, which are part of Cities, 
whichh in turn are part of the World. This leads to the Compiled Geography Model as represented in Figure 
6-1134. . 

File e 

i i 
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S ' QQ Sub Aggregates 
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EBB L i Aggregates 
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-- • PlanetEarth 

++ _tf Area Definition 
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Figuree 6-11. Apollo 12 ALSEP compiled Geography Model 

333 We have re-implementing the engine in Java. 
344 Figure 6-11 is a part screen capture from the Brahms Builder application. 
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&4. 11 Initia l location s 

Eachh agent and object has an initial location in one of the lowest-level areas, (CommandModule, 
AwayFromTheSEQBayArea,, AlsepDeploymentArea, LandingSite, SEQBayArea, or MissionControlCenter). 
Initiall locations are locations in which an agent or object is placed during the initialization phase of the 
simulation.. This way each agent and object starts out being located in a geographical location (an area). To 
definee an initial location for an agent the modeler uses the location attribute at the group or individual agent 
level.. Figure 6-12 shows the initial location for each agent. 

agen tt  PetoConra d membero f Commande r { 
location ::  LandingSite ; 

>" " 
agen tt  AJBean membero f LunarModutePUo t { 

location ::  LandingSite ; 

>" " 
agen tt  DickGordo n membero f CommandModutePllo t { 

location ::  CommandModule ; 

'}" '}" 
agen tt  Eddbeo n membero f CapCom { 

location ::  MissionControlCenter ; 

>" " 

Figuree 6-12. Agent initial location 

&A2.&A2.  Movemen t 

Agentss and objects can move from one area to another. Moving from one location to another removes the 
agentt from the starting location and moves the agent to the new location. This is accomplished by having the 
agentt perform a move-type activity. The time the activity is active (i.e. the activity duration-time) determines 
howw long it takes the agent to move from location A to location B. Figure 6-13 shows an example of a move-
activity. . 

mov ee Moving(Bulldin g loc , in t prf , in t dur ) { 
priority ::  pri ; 
max_duration ::  dur ; 
resources ::  MoveAcrJvtty ; 
location ::  toe; 

} } 

Figur ee 6-13. Move activit y sourc e code 

Thee move-activity Moving starts in the area the agent is located at the moment the move-activity gets 
activated,, and ends at the new area location given by the toe parameter. When both agents, PeteConrad and 
AlBean,, perform the activity Moving(SEQBayArea, 0, 5) they both move independently from the LandingSite 
areaa (Surveyor Crater), their initial location, to the SEQBayArea in 5 seconds, as shown in Figure 6-14. 
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Figuree 6-14. Pete Conrad and Al Bean moving to the SEQBayArea 

Figuree 6-15 gives a from-above view of the LM landing site and the ALSEP Offload Area of activity (the 
SEQBayAreaa in the model) from the Apollo 14 Press Kit (NASA 1971). 

Figuree 6-15. Apollo 14 Landing site and ALSEP Offload area of activity 

6.4.33 Detectin g agent s and object s 

Ass both agents arrive at their new location area they will immediately detect facts about the location of other 
agentss and objects that are also in the area they arrive at. The simulation engine automatically creates beliefs 
forr the agent from the facts about other objects and agents that are in the same location. The agents already 
inn that location will get the belief that the agent that arrived is now also in the location. This way, agents will 
alwayss notice other agents and objects that are in the location the same area. 
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Figuree 6-16. Pete Conrad's location beliefs 

Figuree 6-16 shows the beliefs and facts of the PeteConrad agent in the Brahms Builder application. By 
openingg a simulation history database35 the modeler can investigate what happened during a specific 
simulationn run. Figure 6-16 shows all the beliefs the agent PeteConrad received and the facts it created 
duringg the specific simulation run. The columns show the time the agent created the belief or fact, the type 
(belief/fact)) and how it was created (Created by). The (red) rectangle shows the location beliefs agent 
PeteConradd received at time one second into the simulation, created by the simulation engine (Created By: 
ENGINE).. The agent received these beliefs due to the move activity Moving that moved the agent from the 
LandingSitee area to the SEQBayArea. As you can see in Figure 6-16, at the moment the PeteConrad agent 
arrivedd at the SEQBayArea location it noticed (i.e. received the beliefs) that Al Bean, his EMU space suit and 
cufff checklist, the LM and the SEQBay, and he himself are all in the SEQBayArea location. Figure 6-16 also 
showss other beliefs and facts of the PeteConrad agent. The Created By column shows who or what created 
thee belief/fact for the agent. ENGINE means that the simulation engine created the belief/fact, 
CONSEQUENCECONSEQUENCE shows that a consequence in a workframe or thoughtframe of the agent created the 
belief/fact.. DETECTABLE shows a detectable in a workframe created the belief. The name of an agent or 
objectt in the column shows that that agent or object communicated the belief to the agent. 

6.4.44 Containmen t relatio n 

Duringg this case study I ran into a Brahms language limitation. To model the movement of agents and objects 
correctlyy I had to add the notion of containment to the language (see Figure 6-6). An agent or object can 
"carry"" other agents and objects. Consequently, when an agent or object moves locations all the objects or 
agentss that are "carried" by the moving agent or object should also move to the new location. 

Thiss is best explained with a simple example from the domain. As shown by the contains-relation in the object 
modell in Figure 6-6, the lunar surface astronauts carry their EMU suit and their cuff checklist. As the 

11 a Microsoft® Access database 
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astronautss move from location to location we want these carried objects to move with them, without having to 
specifyy this moving behavior separately for these objects. Instead, to accomplish this automatically we 
specifiedd a built-in semantic relation called contains. 

Whenn the simulation engine executes a move-activity for an agent (or object) it first checks which objects or 
agentss the moving agent contains. The simulation engine checks this by finding existing facts of the form: 

Factt  ([movin g agent-or-object]  contains [contained  agent-or-object] ) 

Forr every such fact the contained agent-or-object is moved as well. To simulate that an agent or object is no 
longerr containing another object or agent the above containment-fact needs to be negated: 

Factt  ([movin g agent-or-object}  contains [contained  agent-or-object]  is false) 

Suchh a negation undoes the containment, and the previously contained agent or object will not be moved in 
casecase the agent or object moves. 

Followingg is a small example of the use of the containment relation in the Apollo 12 model. Consider the 
followingg scenario; while the LMP agent is offloading an ALSEP package from the SEQ Bay, the CDR agent 
needss to move the first ALSEP package (AlsepPkgl) out of the way, so that the LMP can put the second 
ALSEPP package down. Figure 6-17 shows the source code of the activity. 

1 .. conclude((ciirren t contain s AlsepPkgl) , bc:100 , fc:100) ; 

2.. MovePkgOutofTheWay(AlsepPkg1 , AwayFromTheSEQBayArea , 100,5); 

3.. condude((curren t contain s AlsepPkg l is false),  be: 100, fc:100) ; 

4.. Move(SEQBayArea , 10,5); 

Figuree 6-17. Moving contained object source code 

Inn step 1, the agent "picks up" the object AlsepPkgl. This is modeled by creating a contains-relation fact 
(fc:100).. A belief is also created for the agent (bc:100), because it is obvious that the agent knows he picked 
upp the object. Next, in step 2, he performs a move-activity that moves both him and the contained objects to 
thee AwayFromTheSEQBayArea area. Then, in step 3, the agent "sets down" the AlsepPkgl object. This is 
modeledd by negating the previously created containment fact and belief. Last, step 4 moves the agent, and its 
currentt contained objects, back to the SEQBayArea area. Consequently, the AlsepPkgl object remains in the 
AwayFromTheSEQBayAreaa area. 

Figuree 6-18 shows the simulation output of the execution of the MovingPkglOutOfTheWay workframe 
describedd above36. The focus in the picture is on the area within the (red) rectangle. The picture shows the 
activityy time-line of the CDR (agent PeteConrad) and that of the ALSEP package (AlsepPkgl) being moved. It 
cann be seen that agent PeteConrad is performing step 2 and step 4 from Figure 6-17. The two rectangle 
boxess with the text "mv:"37 and "mv: Move" in it, show the duration of the two move activities. It can be seen 
thatt after step 2 (rectangle with text 'mv:") the location of both the agent PeteConrad and the object 
AlsepPkgll has changed from the SEQBayArea area to the AwayFromTheSEQBayArea area38. After agent 
PeteConradd has performed step 4 (rectangle with text "mv: Move"), only agent PeteConrad (and its contained 
objectss not shown in Figure 6-18) has moved back to the SEQBayArea area. Consequently, due to step 1 
andd step 3 (the creation and negation of the containment fact), not shown in the figure but executed 
nonetheless,, object AlsepPkgl has been moved out of the way. 

366 Figure 6-18 is a screen dump of the AgentViewer too) that shows the result of a simulation. This interface is described in section 6.9.5, as 
welll as the loose insert that is provided. 
377 Due to a lack of space in the rectangle, the name of the move activity "McvePkgOutOfTheWayn is not shown. 
388 Figure 6-18 only shows the "Away" text in the agent location bar, again, because of space limitation for the complete text string. 
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Figuree 6-18. Moving contained objectt simulation 

6 .55 THE ACTIVITY MODEL 

Inn this section, I describe the ALSEP Offload activities that are performed on the lunar surface, and I describe 
thee Brahms model of the Apollo 12 ALSEP Offload. This model represents a part of the work practice of the 
Apolloo 12 lunar surface astronauts as they performed the ALSEP Offload activity. As shown in section 6.2, 
theree are four people relevant to the Apollo 12 ALSEP Offload; the lunar surface astronauts; Pete Conrad the 
Commanderr (CRD), Al Bean the Lunar Module Pilot (LMP), as well as Ed Gibson the Capsule Communicator 
(CapCom),, and Dick Gordon the Command Module Pilot (CMP). 

Theree are three separate areas where these four people are located during the Apollo ALSEP Offload activity 
(describedd in section 6.4). The CapCom sits in the Mission Control Center (MCC) located in the Manned 
Spaceflightt Center in Houston, Texas39. His main function is to listen to and communicate directly over the 
voice-loopp with the astronauts. The CDR and LMP are the astronauts on the lunar surface and are located at 
orr near the area of the SEQ Bay, which is located on the backside of the Lunar Module (LM) "Intrepid". The 
CMPP is orbiting around the moon in the Command Module (CM) "Yankee Clipper." The main characters in the 
ALSEPP Offload activity are CDR Pete Conrad, and the LMP Al Bean. Their work activities were planned and 
trainedd according to the ALSEP Offload checklist (see Figure 6-2). 

Figuree 6-19 shows that although the sequence of removing ALSEP packages during the mission was 
planned,, there were more activities performed in practice. After the LMP identified that it is time to start the 
ALSEPP Offload, he walks to the SEQ Bay and picks up the SEQ Bay door lanyard from outside of the SEQ 
Bay,, and uses it to pull thee SEQ Bay door open. The CDR is watching the LMP opening the door, and is not 
ass is suggested in the plan "doing-nothing". Once the SEQ Bay door is open, the CDR grabs the lanyard for 
loweringg the first ALSEP package. He walks back from the SEQ Bay with the lanyard in his hand. Meanwhile, 
thee LMP is warm and decides to lower the temperature in his EMU suit (Extra-vehicular Mobile Unit suit, i.e. 
hiss space suit). The CDR pulls the lanyard to move the first ALSEP package from the SEQ Bay and lowers it 
too the ground. While the CDR is performing this activity, the LMP is watching him. When the LMP sees a nice 
reflectionn in the CDR's helmet visor he decides to take a couple of photographs of the CDR. After the CDR 
hass lowered the first ALSEP package to the surface, it is the LMP's turn to get the second ALSEP package 

Duringg the Apollo days the NASA center in Houston was called the Manned Spaceflight Center (MSC). Today it is referred to as Johnson 
Spacee Center (JSC). 
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outt of the SEQ Bay (compare Figure 6-2 and Figure 6-19). The LMP performs the same activities as the CDR 
too lower the second ALSEP Package to the lunar surface. While lowering the second ALSEP package, it is 
thee CDR who is watching the LMP. However, when the LMP is lowering the package the CDR notices that 
thee first ALSEP package is in the way, and mentions that he will take the first package and carry it away from 
thee SEQ Bay area. Once he has done that, and is back at the SEQ Bay, he will take three photographs. One 
photographh of the first ALSEP package as he placed it away from the SEQ Bay, and two more photographs 
off the LMP lowering the second ALSEP package from the SEQ Bay. During these activities of the two 
astronautss on the lunar surface the CapCom is listening to the conversation of the astronauts. 

CDR R 

Watchingg LMP ^ -

Removee PKG 1 

LMP P 

-^Openn SEQ Bay Door 

— •• Watching CDR 

•• Change EMU Suit Cooling 

 Taking Photographs 

Watchingg LMP <+ 

Movingg PKG 1 Out Of The Way*— 

Takingg Photographs M 

Removee PKG 2 

Figuree 6-19. Activities in practice 

Theree were activities that the astronauts performed that were not planned or trained. This has to do with the 
naturee of what happens in practice, and is precisely what we want to capture in the model, since it defines 
howw the work actually happened, i.e. the work in practice. 

6.5.11 Data source s 

II have identified the similarities and differences between the planned activities and the real performed 
activitiess during the mission by studying the transcribed data of the communications between the CDR, LMP 
andd CapCom from the Apollo Lunar Surface Journal (Jones 1997). These communication transcriptions have 
beenn my major source of data for the Apollo 12 mission. Another source of information has been the Apollo 
122 Press Kit (NASA 1969) and the Apollo 12 NASA Mission Reports (Godwin 1999). Unfortunately, there is 
noo video data for the Apollo 12 ALSEP Offload available. This is due to the fact that an unforeseen problem 
withh the TV camera lens and the bright sun on the Moon left the TV camera incapacitated from the beginning 
off the first EVA, right before the ALSEP Offload. Nevertheless, an accurate account of what happened during 
thee ALSEP Offload can be derived from the second by second verbal communication between the astronauts, 
inn combination with the mission plans. Also, there is video data available from the Apollo 14 ALSEP Offload 
activities.. Although the specifics are somewhat different, the opening of the SEQ Bay door and lowering the 
ALSEPP packages are similar, and the video is therefore a good source for filling in the gaps found in the 
transcribedd communication data. Furthermore, the mission photographs are available as well, and provide 
somee extra visual data. 

6.5.22 The Apoll o 12 ALSE P offloa d mode l 

Too reiterate, the goal of this modeling experiment is to describe the work activities of the lunar surface 
astronautss of the Apollo 12 mission as they are offloading the two ALSEP packages from the SEQ Bay. The 
hypothesiss is that with Brahms we can describe (model and simulate) the work practice of these Apollo 
astronauts. . 

Thee data paints an accurate picture of the two lunar surface astronauts communicating. However, the data 
doess not provide an accurate description of the activities of the LMP and CDR. Although the data provides 
somee of the communication from the CapCom and the CMP, there is no detail data of the activities of the 
CapComm and the CMP. However, I will show that the model proofs the hypothesis, by accurately modeling 
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andd simulating the work practice of the Apollo 12 lunar surface astronauts during the ALSEP Offload, while 
including,, where possible, some of the activities of the CapCom and the CMP. 

Thee model describes the activities listed in Figure 6-2: Open SEQ Bay Door, Remove PKG-1, Remove PKG-
2,, Deploy Hand Tool Carrier, Unstow Cask Tools, Stow Booms, Unstow Universal Handling Tools, and Close 
SEQQ Bay Door. The activity start- and end-times are computed from the Apollo Lunar Surface Journal {see 
Tablee 6-2) (Jones 1997). 

Tablee 6-2. ALSEP Offload activity timetable 

Activit y y 

1.. Open SEQ Bay Door 

2.. Remove PKG-1 

3.. Remove PKG-2 

4.. Deploy Hand Tool Carrier 

5.5. Unstow Cask Tools 

6.. Stow Booms 

7.. Unstow UHT 

8.. Close SEQ Bay Door 

Performe r r 

LMP P 
CDR R 
LMP P 
LMP P 
LMP P 
CDR R 
CDR R 
CDR R 

GETT Begi n Tim e 

116:31:34 4 

116:32:22 2 

116:33:53 3 

116:34:44 4 

116:34:44 4 

116:34:44 4 

116:34:44 4 

116:36:25 5 

GETT End Tim e 

116:32:22 2 

116:33:53 3 

116:34:44 4 

116:38:46 6 

116:36:25 5 

116:36:25 5 

116:36:25 5 

116:36:49 9 

Tota ll  Tim e 

0:00:48 8 

0:01:31 1 

0:00:51 1 

0:04:02 2 

0:01:41 1 

0:01:41 1 

0:01:41 1 

0:00:24 4 

Figuree 6-20 shows the activities Table 6-2 in the Brahms model. The model is viewed within a tree-view. 
Figuree 6-20 shows the AlsepOffload Group in the Groups folder of the Apollo 12 Model. The parent groups of 
aa group are positioned under the Parent Groups folder. The parent group of the AlsepOffload group is the 
LunarSurfaceAstrvnautLunarSurfaceAstrvnaut group (see also Figure 6-3), which means that the AlsepOffload group inherits all 
elementss from that group. The subgroups of a group are positioned under the Member Groups folder. The 
subgroupss are the Commander and LunarModulePilot groups, according to the design of the Agent Model 
(seee Figure 6-3). The PeteConrad agent is a member of the Commander group, while the AlBean agent is a 
memberr of the LunarModulePilot group. Consequently, both the PeteConrad and AlBean agent inherit all the 
modell elements defined in the AlsepOffload group, as well as all model elements inherited by the 
AlsepOffloadd group from its parent groups. This means that both agents can theoretically perform ail the 
ALSEPP offload activities. In reality this was also the case, since both astronauts trained the ALSEP offload 
activitiess together on Earth many times before the mission. If, for some reason, one astronaut would not be 
ablee to perform his planned activity, the other could perform it for him. This was shown in later missions, when 
somee activities where performed by the astronaut who was not planned to perform the activity (e.g. during the 
ALSEPP Offload on the Apollo 15 mission). 
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Figuree 6-20. The Brahms ALSEP Offload group and activities model 

Thee ALSEP offload activities from Table 6-2 are modeled as sub-activities of the AlsepOffload composite-
activity,activity, and can be seen in Figure 6-20 under the Activities Folder of the AlsepOffloadGroup. In the next 
sections,, I will describe these activities in more detail, and will explain the Brahms model accordingly. 

6.5.33 The ope n SEQ Bay doo r activit y 

Thee ALSEP Offload starts at 116 hours 31 minutes and 34 seconds ground-elapsed time (GET)40, with the 
LMPP announcing that they're starting the offload of the ALSEP (see Table 6-2 and Figure 6-21). The next 
activityy is for the LMP to open the SEQ Bay door. In this section, I describe how I modeled this activity in 
Brahms,, based on the available Lunar Surface Journal data (Jones 1997). Figure 6-21 is the transcription 
fromm the actual voice loop communication between the CDR and the LMP during the opening of the SEQ Bay 
doorr (Jones 1997, Apollo 12 ALSEP Off-load). 

116:31:344 Bean: Okay. And we'll off-load the ALSEP. (Garbled). 

116:31:399 Conrad: Nope. (Pause) ) 

116:31:422 Bean: We ought to be able to move out with this thing. 

116:31:444 Conrad: Okay. 

116:31:488 Bean: The experiment bay looks real good. 

DD The ground-elapsed time (GET) was the time clock in Houston that was started at the moment of launch. 
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116:31:499 Conrad: Yup. 

116:31:500 Bean: The LM exterior looks beautiful the whole way around. Real good shape. Not a lot that doesn't look the way it did 

thee day we launched it. 

116:32:022 Conrad: (Possibly pulling a lanyard to open the SEQ bay doors) Light one. (Pause) 

116:32:122 Bean: Okay. Here we go, Pete. Ohhhhh, up they go, babes. One ALSEP. (Pause) 

(Theyy have raised the doors that cover the cavity where the ALSEP packages are stowed.] 

116:32:222 Conrad: There it is. 

Figuree 6-21. Apollo 12 LSJ: ALSEP Offload transcription (Jones 1997) (with permission) 

Theree are three high-level (sub)activities that one can identify in this OpenSEQBay activity. First, there is a 
communicationn to MSC in Houston that they are ready to offload the ALSEP. This is the communication 
startingg at 116:31:34. The issue to solve for the modeler is when this activity ends and the next activity begins. 
Fromm the CDR communication at 116:32:02 we can infer that this is the time that the LMP actually opens the 
SEQQ Bay door by pulling at the SEQ Bay door lanyard ribbons. So, we could start the activity of raising the 
SEQQ Bay door around that time. However, from the video of the Apollo 14 ALSEP Offload it can be shown 
thatt before the LMP can pull the lanyard ribbons he has to grab them from the SEQ Bay, walk back until the 
ribbonss are tight, and only then pull the ribbons to raise the SEQ Bay door. These activities have to happen 
beforee 116:32:02. 

Tablee 6-3 shows the activities and sub-activities of the Open SEQ Bay Door activity for both LMP and CDR, 
mappedd onto the communication transcribed in the Apollo LSJ. The actual names of the activities and sub-
activitiess are more or less arbitrary, and conceptualize the modeler's interpretation of the observations of the 
Apolloo 12 communication data and the Apollo 14 video data. However, these data and observations are 
strongg evidence that these are the actual activities that are performed during the OpenSEQBay activity. 
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Tablee 6-3. Open SEQ Bay door activity 

LMP P 

Communicat ee Ready To Offloa d 

Activity y 

Communicate Communicate 
OpenOpen  Door 

InspectInspect  SEQ 
Bay Bay 

V V 

Communication n 

116:31:344 Bean: Okay. An d 
we'lll off-load the ALSEP. 
(Garbled). . 

116:31:422 Bean: We ought to 
bee able to move out with this 
thing. . 

116:31:488 Bean: The 
experimentt bay looks real 
good. . 

Raisin gg SEQ Bay Door 
Activity y 

GrabGrab  Lanyard 
Ribbons Ribbons 

WalkWalk  Back  To 
PullPull  Ribbons 

Tight Tight 

PullU PullU 
Ribb Ribb 

nyard nyard 
ons ons 

Communication n 

116:31:500 Bean: The LM 
exteriorr looks beautiful the 
wholee way around. Real 
goodd shape. Not a lot that 
doesn'tt look the way it d id 
thee day we launched i t 

116:32:122 Bean: Okay. Here 
wee go, Pete. Ohhhhh, up 
theyy go, babes. One ALSEP. 
(Pause) ) 

COR R 

Watchingg Opening SEQ Bay Door 

Communication n 

116:31:399 Conrad: Nope. 
(Pause) ) 

116:31:444 Conrad: Okay. 

116:31:499 Conrad: Yup. 

116:32:022 Conrad: 
(Possiblyy pulling a lanyard 
too open the SEQ bay 
doors)) Light one. (Pause) 

116:32:222 Conrad: There it 
is. . 

Activity y 

WatchWatch  Opening 
SEQSEQ Bay Door 
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6.66 THE BEHAVIORAL MODEL 

Thee activities from Table 6-3 are implemented in the Brahms model as the OpenSEQBayDoor composite-
activity.. Figure 6-22 shows this activity, its sub-activities and workframes. 

--%--% Move 
a - ^^ OpenSEQBayDora 

ÉÉ t j Activities 

^^ Communicatee! penD oor 
:: >• GrabLanyardRibbons 
: ^ %% InspectSeqBay 
!•—*•• PullLanyardRibbons 

•'*•• WalkBackToPullRibbonsTight 
'' ^ WatchOpeningSEQBayDoor 

ÉÉ Gi l Workframes 

SS " t i CommunicateR eadyT oOffload 

SII ? * i RaisingSEQBayDoor 

fflffl - * ! WatchingOpeningSEQBayDoor 

Figuree 6-22. The OpenSEQ BayDoor composite-activity, sub-activities, and workframes 

Eachh (sub)activity is "executed" by a workframe, which means that when an agent executes the workframe 
thee activity is performed within the context of that workframe. As the first activity during the ALSEP offload, the 
CDRR and LMP start walking to the area of the SEQ Bay. Walking to the SEQ Bay area to start opening the 
SEQQ Bay door is modeled by the Move activity, seen at the top of Figure 6-22. Now that we defined the sub-
activitiess and workframes of the OpenSeqBayDoor activity the question is; how do the CDR and LMP agents 
startt this activity during the simulation? Figure 6-23 shows the workframes of the AlsepOffload activity that 
bothh agents can execute to offload the ALSEP. 

Thee first workframe to fire—the highest-level workframe, but lowest in Figure 6-23—is the OffloadingAlsep 
workframe,, which executes the AlsepOffload activity. Executing the AlsepOffload activity enables all the 
workframes,, shown in Figure 6-22, it to potentially fire for the agent. Each of these workframes will execute 
lower-levell activities, which are subsumed by the higher-level AlsepOffload activity. 
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Figuree 6-23. The AlsepOffload workframes 
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Wee can represent the relationship between workframes executing activities, containing other workframes that 
executee activities, etc, in a workframe-activitiy subsumption hierachy as shown in Figure 6-24. 

ACT:: AlsepOffload 

I I 

B —— *™? ZEMi ZEMi 

ACT:: OpenSEQBayDoor 

\VF:: CommunicateReadyTc 11 I WF: RaisiagSEQBayDo \VF:: WatchingOpeoingSEQBayDoor 

ACT:: CommunicateOpenDoor ACT: InspectSeqBay ACT:: WatchOpeningSEQBayDoor 

ACT:: GrabLanyardRibbons ACT: WalkBackToPullRibbonsTight ACT:: PuULanyardRibbons 

Figuree 6-24. AlsepOffload workframe-activity subsumption hierarchy 

Onlyy one primitive activity can be active at any given time (i.e. at any clock-tick). This means that the order in 
whichh workframes at the same level in the hierarchy fire depends on two things; first, the conditions of the 
workframee that are to be matched to the beliefs of the agent, and second, the priority of the activities within 
thee workframes. 

6.6.11 Representing the work context 

Figuree 6-25 represents the parallel sequential order of the activities of the CDR and LMP from Table 6-3 and 
Figuree 6-22. However, Figure 6-25 does not represent how the CDR and LMP came to do what they did. The 
questionn is not if we can describe the sequential activities of each of the astronauts, but rather, what makes 
thee astronauts do what they do at each moment in time. What influence does the specific Apollo 12 situation 
havee on when and how they do things? What influence do they have on each other's activity? Are they merely 
executingg the OpenSeqBayDoor plan? Or, are they deciding what to do based on their personal knowledge of 
thatt plan? If so, we can represent the knowledge of the plan for each individual agent, and be done. This is 
thee traditional knowledge-based systems approach, in which we represent the knowledge "inside people's 
heads"" as production rules. However, what makes Al Bean know that he needs to open the door now, and 
whatt makes Pete Conrad know that he has to just watch the commander. What makes them react? 

Ass much as it has to do with their knowledge of the plan for opening the SEQ Bay door, e.g. the steps that 
theyy have to go through, it is also a function of the situation, i.e. the situation specific context which they are 
partt of. To start the opening door activity they not only need to know what is the right activity to be performing 
att that moment (according to the plan), but they also need to know that they need to go to the SEQ Bay. To 
goo to the SEQ Bay they need to know where the SEQ Bay is. Once they are at the SEQ Bay, they can see if 
thee door of the SEQ Bay is already open or not. They need to know that the ALSEP packages are located 
insidee the SEQ Bay, and where the lanyard ribbons are located, et cetera. All this has to do with the context of 
thee Apollo 12 mission. 
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Figuree 6-25. Open SEQ Bay door activity sequence model 

Inn Brahms, we model context using three different modeling concepts. First, we model the geographical 
placess at which people perform the work we are interested in (see the section on the Geographical Model, 
sectionn 6.4). Second, we model all the objects and artifacts that are important in the work. In the case of 
openingg the SEQ Bay door, we model the LM, the SEQ Bay, the ALSEP packages, as well as the lanyard 
ribbonn used to pull open the SEQ Bay door (see the section on the Object Model, section 6.3). Third, we 
modell the state of the world in terms of facts that can be detected by our agent astronauts. For example, 
whenn the astronauts walk over to the SEQ Bay, they immediately detect the state of the SEQ Bay door; is it 
openn or closed? They notice the location of all objects in their surroundings. These are the world-facts that 
triggerr the agents to react in certain ways, given the activity they are currently performing. For example, Al 
Beann would not always open the SEQ Bay door when he comes to the SEQ Bay and notices that the door is 
closed.. He will only do this when he is in the activity of offloading the ALSEP, in particular when his next 
activityy is to open the door. This is where the plan interacts with the situation specific context. 

Whyy does Pete Conrad watch the LMP? What makes him perform that activity? His plan does not say to 
performm that activity (see Figure 6-2). Rather, this activity is a reaction on the LMP's activity of opening the 
doorr during the ALSEP Offload. It is the collaboration between the two astronauts that makes Pete Conrad 
watchh his partner. He sees his partner grabbing the lanyard ribbons. He therefore knows what activity his 
partnerr is performing. It is a reaction to the situation and the context, as well as the fact that he is done 
performingg his previous activity. 

Figuree 6-25 does not represent this context. The influence the context has on the sequence of the activities 
withinn Figure 6-25 determines the transitions. The interesting parts of Figure 6-25 are the transitions between 
thee activities. What makes the model go from one state to another? This is what we want to uncover in the 
understandingg of the work practice of the ALSEP offloading. 

6.6.22 A narrativ e descriptio n of wha t happen s in practic e 

Followingg is my interpretation of what happened during the opening of the SEQ Bay door and why the LMP 
andd CDR do what they do: 

WhenWhen they are ready to offload the ALSEP, they first have to walk over to the SEQ Bay, 

OnceOnce they arrive at the SEQ Bay, the two astronauts can see the SEQ Bay and can immediately notice that 
thethe door of the SEQ Bay is still closed. Of course, they both know that the SEQ Bay contains the two ALSEP 
packages,packages, and since they are in the activity of offloading the packages they first need to open the door. 
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77wss triggers them to start the activity of opening the SEQ Bay door, and since the Apollo 12 ALSEP Offload 
planplan states that the LMP, Al Bean, is to open the SEQ Bay door, he is the one that announces that they will 
nownow start with me ALSEP offload. 

SinceSince the LMP is the one who is to perform the activity of opening the SEQ Bay door, he is taking the first 
actionaction and the next activity that is performed is the LMP inspecting the SEQ Bay. However, this is not a 
plannedplanned activity. It seems very likely that this activity is performed performed based on the astronauts' knowledge that 
missionmission control is interested in knowing how the SEQ Bay and the LM have withstood the long travel to the 
Moon.Moon. It is therefore a very important piece of information that the LMP communicates to Mission Control at 
thisthis point. 

Next,Next, the LMP is ready ready to start raising the door. To do this he needs to grab the lanyard ribbon with which to 
pullpull open the door of the SEQ Bay. This means he must know where the lanyard ribbon is to pick-up the 
ribbon.ribbon. He then walks back with the ribbon. He needs to tighten the ribbon to have enough leverage to pull the 
ribbon.ribbon. Meanwhile, the CDR is standing standing close by and is watching the LMP, ready to help in case it is needed. 
EvenEven though the offload plan does not specify any activity for the CDR at this moment, it is logical to infer that 
thethe CDR's objective is to closely watch what is happening just in case something happens. This is an an activity 
inin and of itself. The CDR would not do anything else even though he could. It seems that the two astronauts 
alwaysalways know what high-level activity the other is performing. This means they are always ready to help each 
other. other. 

AfterAfter the SEQ Bay door is all the way open, the LMP lets the lanyard ribbon drop to the lunar surface. 

II created this narrative, based on my analysis of the available mission data. Based on this short description of 
whatt is happening and what makes the two astronauts do what they do, we can list those elements in the 
contextt that are most important to include in the model of work practice of the astronauts. 

•• The SEQ Bay area location near the LM where this all takes place. 

•• The SEQ Bay and the fact that the SEQ Bay is part of the LM located in the SEQ Bay area location. 

•• The fact that the exterior of the LM and SEQ Bay are in good condition. 

•• The two ALSEP packages and the fact mat they are located inside the SEQ Bay. 

•• The door of the SEQ Bay, and that it is closed. 

•• The lanyard ribbon with which to open the SEQ Bay door. 

•• The fact that both astronauts detect each other's activity. 

•• The fact that the LMP needs to carry the lanyard ribbon, and thus must know where this ribbon is located 
forr him to pick it up. 

•• The fact that after the LMP has completed the activity of opening the door, the SEQ Bay door is open. 

•• The fact that after the SEQ Bay door is open the lanyard ribbon's location is the lunar surface, because 
thee LMP lets it fall to the surface. 

•• The fact that both astronauts are noticing all these events and become aware of them, and react to them 
appropriately. . 

Thee challenge is to include these independent context elements into the model. Being able to include these 
elementss in the model is what makes a Brahms model different from the sequential model of Figure 6-25. A 
sequentiall model, such as Figure 6-25, can only be executed in the pre-speoified order, and does not aHowfor 
variationss based on context. However, work practice is not the rigid execution of a pre-specified activity 
sequence.. In practice, the sequence of activities depends on the situation. Is the door already open? Are the 
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packagess inside the SEQ Bay or are they already on the ground, et cetera? In the next section, I will describe 
howw these contextual and situational elements are included in the model. 

6.6.33 Executin g th e OfBoadhiyAlso p worMraiii e 

Inn this section, I describe the execution of the OffloadingAlsep workframe (Figure 6-26). The OffloadingAlsep 
workframee is the highest-level workframe (see Figure 6-23) in the AlsepOfftoad group (see Figure 6-24). Both 
LunarSurfaceAstronautt agents (LMP and CDR) inherit this workframe, and independently, can execute this 
workframee in order to start the ALSEP offload. 

workfram ee OffloadingAlse p { 
repeat:repeat:  false ; 
variables : : 

coMectaHfl-inVotceljoop )) vlcoms ; 
forone(LiaiarSuifaceAstronaut)pagt ; ; 
forone(EMUSutt )) emusutt ; 

l l l l ll  II I l i lMl l l l l» ! 

detectabl ee DetoctPartno i Activit y { 
whe nn (whenever ) 
detectftlh ee currentActrvtt y o l pag t = th e cunwrtActivityo f pagt)) ; 

detectabl ee DetectCooHngLeve l { 
whe nn (whenever ) 
detod((th ee cooNngLevel  of emusu H = value)) ; 

} } 

detectabl ee NoticeAleepPkglLocationChang e { 
whe nn (whenever ) 
detedflth ee objectLocaMo n of AlsepPkg l = anytocatJon)) ; 

detectabl ee NotlceAlaepPkp^LocatlonChang e { 
whe nn (whenever ) 
detectfttheobktctLocaUo nn of AtoepPkg 2 = anytocatkxi)) ; 

} } 

whe nn (knownvaKth e currentConceptua l Actlvtt y of curren t = AlsepOlfload ) and 
not(th ee name of current=th e name of vlcoms ) and 
knownvaKth ee communlcaüonTyp e of vlcom s = LmVofeeLoop ) and 
knownvaKth ee partne r of curren t a pagt ) and 
knownvaKcurren tt  contain s emusult) ) 

do { { 
AlsepOffkMKKvlcoms ,, pagt) ; 

) ) 
} } 

Figuree 6-26. AlsepOffloading workframe 

6.6.3.11 Variable bindings and preconditions 

Inn order for the agents to execute a workframe (or thoughtframe) all preconditions of the workframe must 
evaluatee to true. The Brahms scheduler will test each precondition and match the precondition to the beliefs of 
thee agent, ff there is a belief that matches the precondition, the precondition evaluates to true. The 
AlsepOffloadingg workframe in Figure 6-26 uses three variables within the preconditions to bind to objects and 
agentss in the model. The first variable, vlcoms (i.e. voice-loop communicators), is used to match to the list of 
alll agents (a "collectair variable) who are members of the group Lm VoiceLoop (see the "communicationTypeB 

precondition),, except for the agent itself (see the "not" precondition). This variable is passed as a parameter to 
thee AlsepOfftoad activity, where it is used to communicate to all the agents who are listening to the voice loop 
(seee section 6.7). The second variable, pagt, is used to bind to the partner of the agent in the "partner 
precondition.. In case the agent executing the workframe (i.e. current) is the CDR, pagt is bound to the LMP 
agentt (i.e. AlBean). In case the agent executing the workframe is the LMP, pagt is bound to the CDR agent 
(i.e.. PeteConrad), This is because the LMP agent, AlBean, has an initial-belief 

(thee partne r of curren t = PeteConrad) , 
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whitee the CDR agent, PeteConrad, has an initial-belief 

(thee partne r of curren t = AlBean) . 

Forr each of these two agents the precondition matches, and the pagt variable gets bound to the matched 
agent.. The third variable, emusuit, is bound to the EMUSuit object of the current agent in the "contains" 
precondition. . 

Alll the above-mentioned preconditions are not used to actually guard the workframe from firing. These are all 
preconditionss that are used to bind the variables to the appropriate objects and agents. The only real guard for 
thee workframe is the "currentConceptualActivity" precondition. Not until the agent has the belief that his 
currentt (conceptual) activity is to offload the ALSEP, will this workframe fire. This shows that writing 
workframee preconditions has all the similar precondition control characteristics, such as the ordering, as 
writingg preconditions for production rules in traditional expert systems (Clancey 1983), (Clancey 1988) and 
(Clancey1992). . 

6.6.3.22 Detectables 

Thee workframe in Figure 6-26 contains four detectables that are active as long as the agent is executing the 
AlsepOffloadd activity within the workframe (this is due to the "whenever" condition in each detectable). All four 
detectabless have a "continue" action part (this is the default action of a detectable). This means that all the 
detectabless are defined in the workframe so that the agent executing the workframe will detect any of the 
factss that match the detect-conditions, while performing the AlsepOffload activity without disrupting the activity 
itself.. This makes it possible for the agent to notice certain facts in the world and react to them, because the 
factss turn into beliefs for the agent. This allows for the following reactive behavior on the part of the agent: 

•• The DetectPartnerActrvity detectable makes sure that during the ALSEP offload activity the CDR and 
LMPP are always aware of the activity their partner is performing. This enables the agent to react to 
theirr partner's activity. There are multiple reasons for modeling that the astronauts on the lunar 
surfacee are always aware of this. The first one is that their activities are well choreographed and 
trained,, and the second reason is that it is part of the NASA policy that there is a "buddy system" for 
EVAA work performed by astronaute. This "buddy system" is a safety precaution. This way there is 
alwayss someone who can help out. This means that the two lunar surface astronauts where very 
muchh in tune with what their partner was doing, even if they would be working on their own activity. 

•• The DetectCoolingLevel detectable models the fact that both astronauts are always aware of the 
cooling-levell of their space suit. The fact that the astronauts are wearing their space suit makes this 
obvious.. This detectable allows the agents to react to the cooling-level, and chance the level of 
coolingg accordingly. 

•• The NoticeAlsepPkg1(2)LocationChance detectables speak for themselves. Whenever the location 
off either ALSEP package is changed, the agent will notice this, and can react accordingly. This is 
usedd to simulate the fact that when one of the agents lowers the ALSEP package from the SEQ Bay, 
bothh agents will become aware of the fact that the ALSEP package has changed its location from the 
SEQQ Bay to the SEQ Bay area (i.e. the lunar surface). This belief is used to start/stop the activities for 
offloadingg the actual packages 

6.6.3.33 Workframe exectution 

Followingg is a description of how Brahms executes the AlsepOffloading workframe during simulation of both 
thee AlBean and the PeteConrad agent. The workframe is executed at time t=0 for both agents. This means 
thatt both agents are executing an instance of the workframe (Workframe Instantiation or WFI) at the same 
time.. I'll show the WFI for both agents by repeating the workframe from Figure 6-26, but then showing the 
bindingss of the variables in preconditions, consequences, detectables, and activity parameters. Figure 6-27 
andd Figure 6-28 show the WFI for the agents AlBean and PeteConrad respectively. 
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woricfram ee OffloadngAlae p { 

coUectaH(LmVoiceLoop )) vteoms ; => (PeteConrad . LmComCircuit ) 
tofone(LunaiSurtaceAatronaut)tofone(LunaiSurtaceAatronaut)  pacfc => PeteConra d 
torone(EMUSuit)torone(EMUSuit)  emusult ; => BeanEmuSui t 

detectabl ee DetoctPartnerActivit y { 
whe nn (whenever ) 

detectffthecun^errtAstlvtfrr tt  PeteConra d = th e cu r r ^ 
} } 

CMWcuDi ee ueiecnx)oiingLeve i \ 
wha nn (whenever ) 

detectffth ee cooënqLeve l of BeanEmuSui t = value)) : 
} } 

detectabl ee NoticeAlsepPkgILocationChang e { 
whe nn (whenever ) 
detect((theorjk4ctUcatlono ff  MsepPkg l = anytocatton)) ; 

} } 

detectabl ee Notk»AleepPkg21ocatk)nChang e { 
whe nn (whenever ) 
detect((theobtectUxatlcflofAteepPkg 22 = anylocatlon)) ; 

} } 

whe nn (knownvatfth e cunvnK^>rtceptualActMtyo<A!Bja n = AlsepOffload)an d 
rtotflh ee nam e of AIBean=thenameo l (PeteConrad . UriComCircuin ) and 
knownvaKth ee conwiunteattonTvp e of (PeteConrad . LmComCircuit ) = LmVotceLoop ) and 
knownvaKth ee partne r of AlBea n  PeteConrad ) and 
knownvakAIBea nn contain s BeanEmuSuit) ) 

do { { 
AJaapQnToaoïfPeteConrad .. LmComCircuit) . PeteConrad) : 

} } 

Figur ee 6-27. AlsepOffloafin g WFI for agent AlBean 
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workfram ee OffloadngAtoe p { 

coltodalKLmVoiceLoop )) vfcoms ; => (AlBean. LmComCircuit) 
forone(LunarSurfac«Astronaut)forone(LunarSurfac«Astronaut)  pagt ; => AJBean 
forone(EMUSuit )) emusuK ; => ConradEmuSuit 

detectabl ee DetectPartne r Activit y { 
wtie nn (whenever ) 

detoct((th ee eurrantActMt y of AJBean = th e curoentActlvlt y of AJBean)); 

} } 

detectabl ee DetectCodlngLeve l { 
whe nn (whenever ) 

detect((th ee cooHngLeve l of BeanEmuSuit = value)) ; 

} } 

detectabl ee NotlceAJeepPkgILocatlonChang e { 
whe nn (whenever ) 
detecttfth ee obJectLocatlo n of AteepPkg l = anylocation)) ; 

} } 

detectabl ee Notk*AlsepPkg2Locatk>nChartg e { 
whe nn (whenever ) 

deteettfth ee obJectLocatlo n of AteepPkg 2 = anylocation)) ; 

} } 

whe nn (knownvalflh e currentConceptualActlvtt v of PeteConrad = AteapOfftoad ) and 
notfth ee nam e of PeteConrad = th e name of f AlBean. LmComCiraiit)) and 
kncwnvaKth ee communfcationTyp e of {AlBean. LmComaroui» = LmVoiceLoop ) and 
knownvaKth ee partne r of PeteConrad = ABean) and 
knownvaKPeteConra dd contain s ConradEmuSuitM 

do{ { 
AlsepOmoadftAIBean .. LmComCircuiti. AlBean): 

} } 

Figuree 6-28. AlsepOffloafing WFI for agent PeteConrad 

Thee next two sections describe how the CDR and LMP agents are both performing the AlsepOfftoad activity, 
andd in doing so collaborating in opening the SEQ Bay door. 

6.& 44 Performin g th e AlsepOffloa d activit y 

Afterr the firing of the OffloadingAlsep workframe both agents execute the AlsepOffload composite activity (see 
Figuree 6-29). For each agent, the simulation engine changes the agent Activity-Context Tree (ACT) based on 
thee workframes and thoughtframes in the composite activity that execute. An ACT consists of WFI's and the 
currentt activity context of the selected workframe41. In this section, I will show how the simulation engine 
schedulerr schedules the activities for each of the lunar surface astronaut agent. To do this, I first provide the 
sourcee code of the workframes of the AlsepOffload composite activity. Next, I will show the ACT for both the 
AlBeann and the PeteConrad agent for two simulation events (steps). I will show the change in the ACTs as 
thee beliefs of the agents and the world-facts change over time, due to the workframe execution and the 
agent'ss reasoning, interaction with other agents/objects and their environment. 

411 Only one vworWrame instantiation can be fired at any t i ^ 
onee current activity-context. 
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workfram ee MovfngToSEQBa y { 

delectabl ee DetBdSEQBayOoo r { 
whenn (100) 

detocttfth ee door of SEQBay=value)) ; 
} } 

whenn (notftt w agentLxtcatlo n of curren t = SEQBayAree) ) 
do { { 

condude(fttM >> currentActfvtt y of current=MoveActMty),bc:100,te:100) ; 
MovefSEQBayArea ,, 5,1); 
condude((lh ee nexttetfvit y of curren t = OpenSEQBayDoorActivity) , bc:100, teO); 

workfram ee OpenlngSEQBayDoo r { 
repeatt  false ; 

coHertall(AlnopPactogo )) afeeppkgs ; 

whenn (knownvaKth e agentLocatio n of curren t  SEQBayArea ) and 
krownvaJflh ee door of SEQBay=closed ) and 
MrtftfieobJeciL«caöo nn of alseppkg s = SEQBayAree) ) 
do { { 

concfcjde((th ee currentActMt y of current=OpenSECrBayDoorActivity) , bc:100, felOO); 
OpenSEQBayDoortvlcorm) ; ; 
conduckXOh ee door of SEQBay=open) , bclOO, felOO); 

} } 

Figuree 6-29. Workframe s withi n the composit e AlsepOffloa d activit y 

STEPP 1: t ime t = 0 

Forr  each Luna r Surfac e Agent , the schedule r check s the procwxlroonso f aMth*wortdYamesan d 
thoughtframe ss in the AlsepOffloa d activity , based on th e agent' s c^iren t belie f se t 

AlBean : : 

Curren tt  Belie f Set: 
t=00 => BELV: The currentConceptuaJActivit y of AlBean = AlsepOffloa d 
t=00 => BELV: The agentLocatio n of AlBean = Surveyo r Crater 
t=00 ^ > BELV: The agentLocatio n of PeteConra d = Surveyo r Crater 
t=00 => BELV : Th e agentLocatio n of DickGordo n = Yanke e Clippe r 
t= 00 =*> BELV : Th e agentLocatio n of EdGibso n = MissJonControlCente r 
t= 00 => BELV : Th e partne r of AlBea n = PeteConra d 
t=00 =c» BELV : SEOBa y contain s AlsepPkg l 
t= 00 => BELV : SEQBa y contain s AlsepPkg 2 
t= 00 => BELV : SEQBa y contain s OfftoadChecklistDeca l 
t= 00 => BELV : SEQBa y contain s PkglLanyardRibbon s 
t= 00 = > BELV : SEQBa y contain s Pkg2LanyardRibbon s 
t= 00 = > BELV : SEQBa y contain s SEQBayDoorLanyardRibbon s 
t= 00 = > BELV : AlBea n contain s BeanEMUSui t 
t= 00 = > BELV : AlBea n contain s UnpCuffCheckLis t 
t= 00 => BELV : BeanEMUSui t contain s BeanHasseblad70m m 
W)) => BELV: PeteConra d contain s ConradEMUSui t 
t=00 => BELV: PeteConra d contain s CdrCuffCheckLis t 
t=00 o BELV: CtonradEr^SuitcontaireConraiHasselblad70fTH n 

Preconditio nn Matching : 
workfram ee MovingToSEQBay : 

Prec::  not(th e agentLocatio n of curren t = SEQBayArea ) 
TRUE,, based on BELV: The agentLocatio n of AlBean = Surveyo r Crater 

workfram ee OpeningSEQBayDoo r 
Prec::  knownvaKth e agentLocatio n of curren t = SEQBayAre a 
FALSE,, based on BELV: The agentLocatio n of AlBean = Surveyo r Crater 
Prec::  knownval(th e door of SEQBay = closed ) 
FALSE,, based on NO belie f about the door of SEQBay 
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Pree:: not(the objectLocation of alseppkgs = SEQBayArea) 
TRUE,, based on NO belief about the location of AlsepPkg! and AlsepPkg2 

Activity-Contextt Tree: 

WORKINGG WFf: 
OfOoadiagAJsep OfOoadiagAJsep 

ACT:: AlsepOraoad((PeteConrad, LmComCircuit), PeteConrad) 

Createdd Beliefs/Facts During WFI Execution 

detecf«tli<ss ctirreaiAttivity of PeteConrad" flie onreirtArtlvity of 
PeteConrad)) ) 

BELV:: The «urealActivity of PeieC©ura<l= MoveActivity 

CURRENTT ACT: ' ~ I 
Move(SEQBayArea,, 5, 1) 

CONCLUDE: : 
BELV/FACT;; (the tnrreittActMty of AlBean » MoveActivity) 

DETECTABLE: : 
detectffthee (loer of SEQBay = vahie)) 

BELV:: (The door of SEQBay- doted) 

ENDD OF MOVE ACTIVITY : 
BELVflFACT:: (The agentLoeatioil o( AlBean - SEQBayArea) 

BELV7FACT:: (The ohJectLocarteii of BeanEMBSoit - SEQBayAre») 
BELVTACT:: (The objectLecatloii of LmpCBffCheckLbl - SEQBayArea) 

CONCU.1DE: : 
BELV:: (The nextActMty of AlBeaii - sOpeaSEQBayDoorAcUvity) I 

Figuree 6-30. AlBean's Step 1 Activity-Context Tree 

PeteConrad: : 

Currentt Belief set: 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 

=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 

BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 

Thee currentConceptualActivity of PeteConrad = AlsepOffload 
Thee agentLocation of PeteConrad = SurveyorCrater 
Thee agentLocation of AlBean = SurveyorCrater 
Thee agentLocation of DickGordon = YankeeClipper 
Thee agentLocation of EdGibson = MissionControlCenter 
Thee partner of PeteConrad = AlBean 
SEQBayy contains AlsepPkgl 
SEQBayy contains AlsepPkg2 
SEQBayy contains OffloadChecklistDecal 
SEQBayy contains PkglLanyardRibbons 
SEQBayy contains Pkg2LanyardRibbons 
SEQBayy contains SEQBayDoorLanyardRibbons 
AlBeann contains BeanEMUSuit 
AlBeann contains LmpCuffCheckList 
BeanEMUSuitt contains BeanHasselblad70mm 
PeteConradd contains ConradEMUSuit 
PeteConradd contains CdrCuffCheckList 
ConradEMUSuitt contains ConradHasselblad70mm 

Preconditionn Matching: 
workframee MovingToSEQBay: 

Prec:: not(the agentLocation of current = SEQBayArea) 
TRUE,, based on BELV: The agentLocation of PeteConrad = SurveyorCrater 

workframee OpeningSEQBayDoor 
Prec:: knownval(the agentLocation of current = SEQBayArea 
FALSE,, based on BELV: The agentLocation of PeteConrad = SurveyorCrater 
Prec:: knownval(the door of SEQBay = closed) 
FALSE,, based on NO belief about the door of SEQBay 
Prec:: not(the objectLocation of alseppkgs = SEQBayArea) 
TRUE,, based on NO belief about the location of AlsepPkgl and AlsepPkg2 
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Activity-Contextt Tree: 

WORKINGG WFI: 
OfflowUngAliep p 

ACT:: AUepOffloadtfAlBean, LmComCircult), AlBean) 

WORKINGG WFI: 
MoviiicToSEQBav v 

CURRENTT ACT: t - 1 

MovefSEQBayArea,, 5,1) * 

Createdd Beliefs/Facts During WFI Execution 

DETECTABLE: : 
4etect((toee i run ent A i(i vii y of AiBeau« tile ainvili A< t ivh y of 

AlBean)): : 

BELV:: The clHreiUActlvlty of AlBean - MoveActlvtty 

DETECTABLE: : 
üetecl(flhee door o I' SEQBxy  value)) 

ENDD OF MOVE ACTIVITY : 

BELVVFACT:: (Tne ebjectLocaUon of Coiu-ailEMUSuit - SEQBayArea) 

BELVirJhenextAcrivltyofPeteCoiiraill  " 5sO|ienSEQBayDooiActlvity) 

Figuree 6-31. PeteConrad's Step 1 Activity-Context Tree 

Bothh agents are executing a move-activity from their current location (i.e. Surveyor Crater) to the 
SEQBayArea,, as can be seen in Figure 6-30 and Figure 6-31. As the agents move to the new location, the 
objectss that they are containing (i.e. cuff checklist and EMU suit) are automatically moved with them to the 
neww location. As the agents arrive in the new location, they detect that the SEQ Bay door is still closed. Also 
shownn in Figure 6-30 and Figure 6-31, the agents automatically notice (i.e. the engine automatically creates 
thee beliefs for the agents) the location of all other objects and agents that are also in the new location; i.e. the 
locationn of the other agent, its cuff checklist and EMU Suit, the LM, and the SEQ Bay. Both agents also detect 
eachh other's current activity, through the DetectPartnerActivity detectable in the AlsepOffload activity. Lastly, 
thee agents receive a belief about their next activity to open the SEQ Bay door. 

Whenn the simulation clock has increased by one, the following (partial) situation exists: 

2.. STEP 2: tim e t = 1 

Forr  each Luna r Surfac e Agent , the schedule r check s the precondition s of all the workframe s and 
thought ff  rames in the AlsepOffloa d activity , based on the agent' s curren t belie f set. 

AlBean : : 

Curreni i Belieff Set: 
=>BELV:: The currentActivity of AlBean = OpenSEQBayDoorActivity 
=>> BELV: The nextActivity of AlBean = OpenSEQBayDoorActivity 
=>> BELV: The door of SEQBay= closed 
=>BELV:: The currentActivity of PeteConrad = MoveActivity 
=>> BELV: The objectLocation of SEQBay = SEQBayArea 
=>> BELV: The objectLocation of LM = SEQBayArea 
=>> BELV: The agentLocation of AlBean = SEQBayArea 
=>BELV:: The objectLocation of BeanEMUSuit = SEQBayArea 
=>BELV:: The objectLocation of LmpCuffCheckList = SEQBayArea 
=>> BELV: The agentLocation of PeteConrad = SEQBayArea 
=>BELV:: The objectLocation of ConradEMUSuit = SEQBayArea 
=>BELV:: The objectLocation of CdrCuffCheckList = SEQBayArea 
=>BELV:: The currentActivity of AlBean = MoveActivity 
=>> BELV: The currentConceptualActivity of AlBean = AlsepOffload 
=>> BELV: The agentLocation of DickGordon = YankeeClipper 
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t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 
t=0 0 

=> > 
=> > 
=> > 
=o o 

=> > 
=> > 
=> > 
^> > 
=> > 
=> > 
=> > 
=> > 
=> > 
=> > 

BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 
BELV: : 

Thee agentLocatio n of EdGibso n = MissionControlCente r 
Thee partne r of AJBean = PeteConra d 
SEQBayy contain s AteepPkg l 
SEQBayy contain s AlsepPkg 2 
SEQBayy contain s OffloadCheckiistDeca J 
SEQBayy contain s Pkg1 LanyardRibbon s 
SEQBayy contain s Pkg2LanyardRtobon s 
SEQBayy contain s SEQBayDoori-anyardRibbon s 
AlBeann contain s BeanEMUSui t 
AlBeann contain s LmpCuffCheckLis t 
BeanEMUSui tt  contain s BeanHasselblad70m m 
PeteConra dd contain s ConradEMUSui t 
PeteConra dd contain s CdrCuffCheckLis t 
ConradEMUSui tt  contain s ConradHasselbtad70m m 

Preconditionn Matching: 
workframee MovingToSEQBay: 

Pree:: not{the agentLocation of current = SEQBayArea) 
FALSE,, based on BELV: The agentLocation of AlBean = SEQBayArea 

workframee OpeningSEQBayDoor 
Pree:: knownval(the agentLocation of current = SEQBayArea 
TRUE,, based on BELV: The agentLocation of AlBean = SEQBayArea 
Pree:: knownvalfthe door of SEQBay = closed) 
TRUE,, based on BELV: The door of SEQBay = closed 
Pree:: not(the objectLocatJon of alseppkgs = SEQBayArea) 
TRUE,, based on NO belief about the location of AlsepPkgl and AlsepPkg2 

Activity-Contextt Tree: 

Ass the move-activity in Step 1 (Figure 6-30) ends, in the next clock-tick (t=1) the ACT for agent AlBean 
changes.. The agent is still within the OffloadAlsep activity, because there are still workframes that are in the 
working-state.. The MovingToSEQBay workframe has finished executing, its preconditions are false, and its 
repeat-variablee has the value "false". Therefore, the working WFI is finished and stops. However, the 
preconditionss of the OpeningSEQBayDoor workframe have become true in the same clock-tick (t=1), and a 
neww working WFI for this workframe is created (see Figure 6-32). Next, the composite activity 
OpenSEQBayDoorr in this WFI gets executed. Consequently, the preconditions of all workframes in it are 
checked.. It turns out that for agent AlBean, the preconditions of two of the three workframes evaluate to "true". 
Thiss means that WFI's are created for both the RaiseSEQBayDoor and CommunicateReadyToOffload 
workframes,, and their state becomes "available". Since there can only be one WFI working at that level in the 
ACT,, the engine solvess the conflict by comparing the priorities of the two available WFI's. The priority of a WFI 
iss equal to the priority of the highest activity priority within it. In this case, the priority of the RaiseSEQBayDoor 
WFII is zero (0) and that of the CommunicateReadyToOffload WFI is ten (10). Consequently, the 
CommunicateReadyToOffloadd WFI becomes the working WFI, and its first activity Talk the current activity, i.e. 
thee agent's activity that is being executed. 
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WORKINGG WFl: 
orn-Ki - i i iH ' \ ts f t i i 

ACT:: AlsepOraoad((FeteCoiirad, LniComCircuit). t = 2 
PeteConrad)) " 

WORKINGG WFI: 

Createdd Beliefs/Facts During WFI Execution 

DETECTABLE: : 
TentActlvftyy «f Pet. _ . 

currentt Activity of PeteCoimul)): 

BELV:: Tiie ciuxentActiviiy of Pete Conrad -
WatclrOBeutasSEOBayDoorAcllYBy y 

ACT:: OpenSEQBayDoor((PeteConrad, 
LmComCircuit)) ) 

WFII priority = 10 

CURRENTT ACT: 
Taik((PeteCoiirad,, LmComCircuit). «tart, t = 2 ï 

OpenSEQBayDoorActivity,, 10, 8) 

BELV/FACT:: («he cum 
OpenSEQBayDoorAcUvitv) ) 

CONCLUDE: : 
BELV:: (Tile ipeecllAct of Ml!can ,>i]iiaj« Ready! «Offload) 

DETECTABLE: : 
detect((tiiee exteriorAppearaoce of SEQBay = value» 

BELV:: The exteriorAppearance of" SK 
KErm^vExterforLooksGood d 

Figuree 6-32. AlBean's Step 2 Activity-Context Tree 

Alsoo shown in Figure 6-32 are the detectables in the workframes OffloadingAlsep and 
CommunicateReadyToOffloadd firing in step 2 (t=1). However, in both cases the beliefs are not created until 
t=2,, as a result of detecting the facts at t=1. This occurs at t=2 and not t=1, due to the clock-based simulation 
engine.. The current activity Talk starts execution at t=1. This means that all the detectables in the working 
WFI'ss are checked at t=1. The beliefs are not created until the next clock-tick, t=2.42 

PeteConrad : : 

Currentt Belief Set 
t=11 => BELV: The currentActivity of PeteConrad = WatchOpeningSEQBayDoorActivity 
t=11 => BELV: The currentActivity of PeteConrad = OpenSEQBayDoorActivity 
t=11 => BELV: The nextActivity of PeteConrad = OpenSEQBayDoorActivity 
t=11 => BELV: The door of SEQBay = closed 
t=11 =>BELV: The currentActivity of AlBean = MoveActivity 
t=11 => BELV: The fieldOfVision of PeteConrad = AlsepPackagelnSeqBay 
t=11 => BELV: The objectLocation of SEQBay = SEQBayArea 
t=11 => BELV: The objectLocation of LM = SEQBayArea 
t=11 => BELV: The agentLocation of AlBean = SEQBayArea 
t=11 => BELV: The objectLocation of BeanEMUSuit = SEQBayArea 
t=11 => BELV: The objectLocation of LmpCuffCheckList = SEQBayArea 
t=11 => BELV: The agentLocation of PeteConrad = SEQBayArea 
t=11 => BELV: The objectLocation of ConradEMUSuit = SEQBayArea 
t=11 => BELV: The objectLocation of CdrCuffCheckList = SEQBayArea 
t=11 =>BELV: The currentActivity of PeteConrad = MoveActivity 
t=00 => BELV: The currentConceptualActivity of PeteConrad = AlsepOffload 
t=00 => BELV: The agentLocation of DickGordon = YankeeClipper 
t=00 => BELV: The agentLocation of EdGibson = MissionControlCenter 
t=00 => BELV: The partner of PeteConrad = AlBean 
t=00 => BELV: SEQBay contains AlsepPkgl 
t=00 => BELV: SEQBay contains AlsepPkg2 
t=00 => BELV: SEQBay contains OffloadChecklistDecal 
t=00 => BELV: SEQBay contains PkglLanyardRibbons 
t=00 => BELV: SEQBay contains Pkg2LanyardRibbons 
t=00 => BELV: SEQBay contains SEQBayDoorLanyardRibbons 
t=00 => BELV: AlBean contains BeanEMUSuit 
t=00 => BELV: AlBean contains LmpCuffCheckList 
t=00 => BELV: BeanEMUSuit contains BeanHasselblad70mm 
t=00 => BELV: PeteConrad contains ConradEMUSuit 
t=00 => BELV: PeteConrad contains CdrCuffCheckList 

!! In our new Java-based discrete event simulation engine the beliefs will be created at the same clock-tick, i.e. t=1. 
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t=0 0 BELV:: ConradEMUSuit contains ConradHasselblad70mm 

Preconditionn Matching: 
workframee MovingToSEQBay: 

Pree:: not(the agentLocation of current = SEQBayArea) 
FALSE,, based on BELV: The agentLocation of PeteConrad = SEQBayArea a 

workframee OpeningSEQBayDoor 
Pree:: knownval(the agentLocation of current = SEQBayArea 
TRUE,, based on BELV: The agentLocation of PeteConrad = SEQBayArea 
Pree:: knownval(the door of SEQBay = closed) 
TRUE,, based on BELV: The door of SEQBay = closed 
Prec:: not(the objectLocation of alseppkgs = SEQBayArea) 
TRUE,, based on NO belief about the location of AlsepPkgl and AlsepPkg2 

Activity-Contextt Tree: 

Ass the PeteConrad agent also comes into the SEQBayArea location, he also starts working on the 
OpenSeqBayDoorr activity. Potentially the agent can execute the same workframes as AlBean. However, due 
too the belief-set of the agent PeteConrad, it will fire the WatchingOpeningSEQBayDoor workframe, which 
thereforee becomes the working WFI. 

WORKINGG WFI: 
Offloadill&Alsei ) ) 

ACT:: AlsepOfnoad((PeteConrad, LmComCircuit), 
PeteConrad) ) 

WORKINGG WIT: 
OpeiiiiieSEQBayDoor r 

ACT:: OpenSEQBayDoor((AIBeaii, 
LmComCircuit)) ) 

tt = 1 

WORKINGG WIT: 
WatchiiieOpeiiineSEQBayDoor r 

CURRENTT ACT: 
WatchOpeningSEQBayDoor(u,, 5) 

tt =J 

Createdd Beliefs/Facts During WFI Execution 

DETECTABLE: : 
detect((thee currentActivfty of AJBean= the 

curreirtActivityy of AlBean)); 
.*> .*> 

_ELV:: The cnrrentActNtty of AlBeau= 
OnenSEOBavDoorActfvitv v 

CONCLUDE: : 
BELV/FACT:: (the currentActivity of PeteConrad -

OpenSEQBayDoorActivity) ) 

CONCLUDE: : 
BELV7EACT:: (the cnrrentArtivity of PeteConrad

WatdiOpeniiieSEQBayDooiActivitv) ) 

CONCLUDE: : 
BELV/FACT:: (the fieldOfVisio» of PeteConrad = 

AlsepPackagelnSeqBay) ) 

Figuree 6-33. PeteConrad's Step 2 Activity-Context Tree 

6.6.55 Viewin g th e simulatio n result s 

Inn this section I show the results of the simulation of the OpenSEQBayDoor activity, as described in the 
previouss sections. Figure 6-34 shows the ACTs of the AlsepOffload activity performed by both the AlBean 
andd the PeteConrad agent, as described in section 6.6.4, as well as the communication between the two 
agents.. While performing the AlsepOffload composite activity, both agents are within the OpenSEQBayDoor 
activity.. While AlBean is performing the activities within the CommunicateReady and the RaisingSEQBayDoor 
workframe,, the PeteConrad agent is performing the activities within the WatchingOpenSEQBayDoor 
workframe.. The grain-size of the simulation is one second. This means that the simulation engine changes 
thee ACT for every agent and object every second of simulated time. We can therefore say that the simulation 
iss a second by second model of the work practice of the lunar surface astronauts. Figure 6-34 also shows the 
locationn the agent was in when performing the activity. As an overlay, the dotted arrows show the 
communicationn of beliefs between agents AlBean and PeteConrad. The direction of the arrows show the 
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directionn in which the beliefs are being communicated, while the little square box at the start of the arrow 
showss the agent that is performing the communication. 

Figuree 6-34 is a screen shot from the AgentViewer application . The AgentViewer application takes as input 
aa Brahms Simulation History database44. This history database contains the historical situation-specific model 
dataa of a particular simulation run. The AgentViewer application creates a graphical representation of the 
activityy of agents and objects during a simulation. 

SEQBayArea a 

Ajgentt Pet£ Corjrad 
yy , Y 

vlvl OEDiutBijAJiqi 

irf ii  OpmmiSF.QBïyÖKC 

i::  OpfliSEQB»yD<«ï 

ii  WtteliOpaim§SEQBiyDn'i ii  Wö(hOpaiinEÏEQBiyBnr 

Figuree 6-34. AlsepOffload activity agent timeline 

Groupingg a number of important data about the activity of the agent during the simulation into an agent 
workframe-activityy hierarchy shows the ACT of an agent or object, at any time during the simulation. Each 
agent'ss ACT consists of a number of "bars." Each bar is an object that can be manipulated in the 
AgentViewer. . 

Att the top of each agent's ACT there is the location bar. The location bar shows the movement of the agent 
throughoutt its activities. When an agent changes location the color of the location bar changes45. In Figure 
6-344 both agents start in the same initial location This is the Apollo 12 LandingSite area (Surveyor Crater). 
Youu can see that the next location both agents are in is the SEQBayArea location. 

Thee next bar in the agent's ACT is the time-line bar. This bar shows the simulation time. Figure 6-34 shows 
thatt the AlsepOffload activity starts just after 8:31:30 AM (in fact the simulation clock starts at time 8:31:32 
AM).. Each thin white line in the time-line bar shows a 5-second interval. Consequently, Figure 6-34 shows an 
activityy interval of about 50 seconds (from 8:31:30 AM until about 8:32:23 AM. 

433 The AgentViewerr application is a stand-alone Visual Basic application we developed for viewing the results of a simulation (see Figure 
6-500 on page 159). 
444 The history database is a complex relational database containing the simulation data preserving their relationships. 
455 An agent does not effectively change its location until the simulation engine has finished a move activity and consequently positions the 
agentt into the new location. The agenf s location during the move activity stays unchanged, even though the agent is moving, and should 
thuss not be in any location. Brahms is not modeling the movement of agents during the execution of a move-activity. 
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Thee third bar is the agent's name bar, with the name of the agent and an agent icon). This bar shows which 
agentt or object46 is being displayed 

Thee fourth and final bar is the workframe-activity bar. This is the bar that shows the execution of the 
workframes,, activities, and thoughtframes for the agent. Workframes are represented as blue bars that start 
withh the letters "wf, for workframe, and the name of the workframe (if it fits within the graphics block). 
Underneathh a workframe bar there can either be a flesh-colored bar, or a green-colored bar. A flesh-colored 
barr represents a composite actMy, and starts with the letters "ca", for composite activity. A green-colored bar 
iss a primitive-, move-, communicate-, or create-object activity. These are always the lowest level activities. 
Eachh type of primitive activity is indicated by a different shade of green. Other than a color indication; a 
primitivee activity is indicated by the letters "pa", for primitive activity; a move activity by the letters "mv", for 
move;; a communicate activity by the letters "cw", for communicating-with; a create-object activity by the letters 
"co",, for create-object. When the size of the graphics block is large enough to contain the name of the activity 
itt is shown as well. If not, the name is shown when the user moves the mouse over the activity or workframe 
box. . 

6.77 VOICE-LOOP COMMUNICATION 

Onee of the most important aspects of work practice is the way people communicate. The communication to 
andd from the Apollo Lunar Surface was made possible by the Extra-Vehicular Communication System 
(EVCS).. The EVCS was a communication relay system that communicated voice from the astronauts via their 
EMUU suits to the LM and via the LM, using a S-Band antenna, to mission control. The voice of the CapCom 
wass communicated back to the LM and the astronauts via the same system (see Figure 6-35). This way the 
lunarr surface astronauts and CapCom were in constant two-way communication. The CMP and CapCom had 
aa similar communication system via the CM. The two lunar surface astronauts where operating their 
communicationn system in duall mode, which meant that they were always able to hear each other. However, 
thee CMP was not in direct communication with the lunar surface astronauts, and was therefore not always 
ablee to hear them. 

Inn this section I describe how the EVCS, or as I have named it, the voice-loop communication has been 
modeledd in Brahms. 

6.7.11 Communicatio n dela y 

Conversationall overlaps are a normal part of human dialog, and humans are pretty well apt to deal with this 
phenomenon.. However, the communication delay from Earth to the Moon is significantly larger than the face-
to-faceto-face or phone communication on Earth. The one-way delay, to Earth and to the Moon, is one and a quarter 
(1.25)) second. This means a minimum of two and a a half (2.5) seconds round-trip communication delay. If one 
off the astronauts made an utterance, the CapCom would hear the utterance one-and-a-quarter second later. 
Iff the CapCom would respond immediately, the astronauts would not hear this response until one and a 
quarterr second later, which means a total of, at minimum, two and a half seconds. 

'' Objects have a different object icon. 
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\JL1.255 sec 

Figuree 6-35. Extra-Vehicular Communication System 

Duringg the Apollo missions the communication delay sometimes lead to problematic communication patterns, 
ass is shown in the example from Apollo 17 from the section "Journal Preparation and Structure" in the Apollo 
LSJJ (Jones 1997). 

Inn the following example, we imagine CapCom Bob Parker giving Gene Cernan instructions on parking 
thee Rover. Before Cernan hears Parker, he starts to make a comment about where he is parked. He 
thenn stops talking, listens to Parker (who doesn't stop talking), responds, and then continues with his 
comment. . 

Parker:: Gene, just a reminder that we want a Rover (garbled)... 

Cernan:: Bob, we've stopped next to...(Hears Parker) 

Parker:: ...(heading) of 045; and, when you get out, we'll need readouts. 

Cernan:: (Responding to Parker) Okay, Bob. We've parked next to one of the fresh craters that shows up 
onn the map. 

Generally,, when someone's utterance ends with ellipses and his next utterance begins with ellipses, the 
readerr should infer that the speaker kept talking under the overlapping remark. When someone's 
utterancee ends with ellipses but his next utterance does not begin with ellipses, the reader should infer 
eitherr a break in thought or a pause to listen. Unintelligible dialog is indicated by the editorial comment 
"garbled".. Unintelligible dialog is often associated with overlapping conversations and in this illustration, 
onn the continuation of Parker's utterance I have indicated the likely missing word." 

Althoughh in this example Eric Jones is referring to the transcription as done for the Apollo LSJ, the fact of the 
matterr is that if one wants to model the communication utterances of the astronauts and their impact on work 
practice,, we have to model the one and a quarter delay for each communication event. 

6.7.22 Modelin g th e communicatio n to Eart h 

Thee voice-loop in context of the Apollo missions is the inter-communication system between the astronauts on 
thee Moon and the CapCom at MSC in Houston. 

Theree is a significant difference between voice-loop communication and face-to-face (f-2-f) communication. 
First,, and foremost, f-2-f communication is bounded to geographical location of the agents. This means that 
thee agents have to be in the same location to be able to engage in a f-2-f communication activity. This is 
referredd to as Same Time/Same Place (STSP) communication (Chapter 3.2.4.4). In voice-loop 
communicationn there is no restriction on the geographical location of the engaging agents. The agents can be 
inn any location, indeed even on Earth and on the Moon. 
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Anotherr difference is the fact the in a voice-loop communication there is no need to "go to" somebody before 
aa communication can take place. This is similar to a phone communication (Same Time/Different Place 
(STDP)) communication). However, different from a phone communication, there is no need to "call" someone 
beforee the communication can start. Therefore, a voice-loop communication is a combination of f-2-f and 
phonee communication, it is a STSP/DP communication form. 

Too model the communication delay over the EVCS, I have developed a voice-loop communication model that 
includess the LM communication circuit as an additional agent with behavior. When a lunar surface agent 
makess an utterance (i.e. performs a communication transfer), this utterance is communicated to his partner 
andd to the LM communication circuit agent. The LM communication circuit agent (LmComCircuit) 
communicatess the utterance to the CapCom agent with a delay of one second47. The result is that the 
CapComm agent will receive the communicated belief a second (a clock-tick) later, while the partner on the 
lunarr surface will receive the belief instantaneous, i.e. at the moment of the communication. 

Figuree 6-36 shows how the voice-loop communication model lets the lunar surface agent AlBean 
communicatee to both his partner PeteConrad and CapCom EdGibson that he is ready to start with the offload 
activity.. First, the agent that speaks, AlBean in this case, has to have a belief about what needs to be spoken. 
Figuree 6-36 shows this belief about the speechAct attribute being created in the 
CommunicateReadyToOffloadCommunicateReadyToOffload workf rame: 

conclude((th ee speechAc t of curren t = ReadyToOffloadAlsep)) ; 

Thee agent AlBean can now communicate this belief in the Ta/fr communicate-activity: 

Talk(vtcoms ,, start , OpenSEQBayDoorActtvlty , 10,8); 

Thiss Talk activity transfers the belief at the start of the activity to all the agents bound to the vlcoms variable 
(PeteConradd and LmComCircuit in this case). The Talk activity is part of the VoiceLoopCommunicator group 
shownn in Figure 6-37. Every member of the VoiceLoopCommunicator group, which the AlBean agent (as well 
ass the PeteConrad and LmComCircuit agents) is a member of, inherits this Talk activity and will therefore be 
ablee to communicate its current belief about the speechAct attribute. Consequently, both the PeteConrad and 
thee LmComCircuit agent receive AlBean's belief about the speechAct attribute. Next, the LmComCircuit agent 
performss the SendComToEarth activity, which actually transfers the speechAct belief it just received from 
AlBeann to the agents bound to the vlagts variable. 

SendComToEarth(AiBean ,, vlagts) ; 

Thee vlagts variable is bound to just the EdGibson agent (since he is the only agent with the 
communicationTypecommunicationType equal to "MscVoiceLoop," meaning he is the only agent listening to the voiceloop in 
MSC.. The SendComToEarth activity, shown in Figure 6-36, has a duration of one second and transfers the 
speechActspeechAct belief at the end of the activity. Consequently, this describes the communication delay from the 
Moonn to Earth. For longer delays one would simply increase the duration of SendComToEarth activity, 
makingg this a general model for voice-loop communication with communication delay. 

''  The Brahm s cloc k grain-siz e canno t be set to  125 seconds , but has to be set to  an intege r number . 
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AlsepOffloadGroup : : 
work ff  rame CommunicateReadyToOf f load { 

repeat ::  false ; 
detectables:.. . . 
whenn (knownval(th e groupMembershi p of curren t = "LunarModulePilot") ) 
do { { 

conclude((th ee speechAc t of curren t = ReadyToOffloadAlsep)) ; 
Talk(vlcoms ,, start , OpenSEQBayDoorActivity , 10,8); 

conclude((th ee nextActivit y of curren t = sRaiseSEQBayDoorActivity)) ; 

CSS AgépïEó Qfbsoh 

wtf:: Listening To Voice Loop 

ca:: ListenTo VoictLoop 

vrf:: Listening 

pa;; Listen 

wf:: Listening 

pa:: Liswn 

«f:: Liiienii ü 

pa:: Listen 

ComCircuit : : 
work ff  rame SendingLmpComToEart h { 

repeat ::  true ; 
variables : : 

collectall(MscVoiceLoop )) vlagts ; 
foreach(LunarModulePilot)lmp ; ; 

whenn (knownval(th e earthCo m of Imp = true ) and 
knownval(th ee groupMembershi p of Imp = "LunarModulePilot" ) and 
knownval(th ee communicationTyp e of vlagt s = MscVoiceLoop) ) 

do { { 
SendComToEarth(lmp ,, vlagts) ; 
conclude((th ee earthCo m of Imp = false) , bc:100 , fc:0) ; 

Figur ee 6-36. Voice-loo p communicatio n via LmComCircui t 

6.7.33 The voice-loo p librar y mode l 

Thiss voice-loop behavior is something that we want to re-use in other modeling efforts. I therefore developed 
thiss behavior as a library model that can be re-used over and over again. To do this we need to abstract the 
functionalityy of the voice-loop into separate functional groups. In this section, I describe the design of the 
voice-loopp library model as it is shown working in Figure 6-36. 

Wee can abstract the workings of the voice-loop system into two separate groups. First, there is a group of 
agentss that can communicate over a voice-loop together. These agents are all members of the 
VoiceLoopCommunicatorVoiceLoopCommunicator group. The VoiceLoopCommunicator group in turn is a member of the more 
abstractt Communicator group. This group specifies those agents that can communicate in one way or 
anotherr with each other, be it using a voice-loop, a telephone, e-mail, et cetera. There are three subgroups of 
thee VoiceLoopCommunicator group, namely the LmVoiceLoop, the CmVoiceLoop, and the MscVoiceLoop 
group. . 
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Thenn there is a group of agents that represent the communication circuits for each voice-loop. This is the 
ComCircuitComCircuit group. This group has two member agents, namely one for the CM voice-loop, CmComCircuit, 
andd one for the LM voice-loop, LmComCircuit. These two agents represent the communication circuits that 
createe the delay of the communication between Earth and the Moon. The reason for modeling these as a 
groupp with agents, as opposed to a class with objects, is because we need these communication circuit 
agentss to react to the communication transfers of beliefs from the "talking" agent. Although objects can 
receivee and communicate beliefs, they cannot react to the beliefs they receive (objects only react to facts). All 
inn all, it makes things easier from a modeling standpoint to model the communication circuits as agents, and 
sincee Brahms does not prescribe when to use agents versus objects this is a perfectly fine decision. The 
groupp hierarchy of the voice-loop model is presented in Figure 6-37. 

BaseGroup p 

J. J. 
Communicator r 

Ï Ï 
VoiceLoopCoo m municator 

earthComm ; boolean 
speechActt ; symbol 

communicatee Talk() 

x x 
j. j. 

MscVoiceLoop p 
I I 

LmVoiceLoop p 

T T T 

ComCircuit t 

cmComm : boolean 
ImComm : boolean 
earthComm : boolean 

communicatee SendComToEarth() 
workframee SendingCdrComToEarthQ 
workframee SendingCmpComToEarth() 
workframee SendingLmpComToEarthQ 

7T T 

CmVoiceLoop p 

~w ~w 
K-... K-... 

EdGibson n PeteConrad d ABean n DickGordon n 

I T T 

LmComCircuit t 

SendComToLm() ) 
workframee SendingComToLmQ 

CmComCircuit t 

SendComToCmO O 
workframee SendingComToCmQ 

Figur ee 6-37. Voice-loo p librar y model grou p hierarch y 

6.88 OBJECT INTERACTION 

Wee live in a world with objects. We look at them, touch them, and use them in our every day lives. When 
peoplee work they use tools to accomplish what needs to be done. Interacting with objects in our environment 
iss something so natural that we almost take it for granted when we consider how we do things. If we take a 
closerr look at the work practice level, we need to include the way people interact with objects to describe what 
theyy do. On the moon the astronauts were together. However, they had artifacts with them, and objects that 
theyy needed to work on, and tools to use in their work. In this section, I describe how in Brahms we can model 
thee interaction between objects and agents. I show the astronauts taking photographs and describe the model 
off the activities of the agent, and how the object it uses in these activities reacts and the way they both 
interact. . 

6.8.11 Luna r surfac e photograph y 

Imaginee taking a photograph. What do you do? What do you need? What does the camera do? Is it you or 
thee camera that creates the photo? As I described before, all the tasks of the astronauts were planned and 
welll trained. However, taking photographs was an acceptation to that rule. As it turns out, the Apollo 
photographss were one of the most important scientific data returned to Earth. Some photographs were 
planned,, but most were not, as is shown in the following example. 

148 8 



Figuree 6-38. NASA picture AS12-47- 6913 

Figuree 6-38 shows a photograph that Al Bean took of CDR Pete Conrad, when he was lowering ALSEP 
Package-11 to the lunar surface. How did he do it? It is a subtle point, but it shows the collaboration between 
thee two astronauts through the use of the photo camera. 

116:32:488 Bean: Sure do. (Pause) Here it (probably the first package) comes. 

116:32:533 Conrad: Coming right out. 

116:32:544 Bean: And just about right. Riding right out on the boom, Houston. Sure looks pretty. 

116:33:022 Gibson: (Making a mis-identification) Roger, Pete. We copy. (Long Pause) 

116:33:366 Bean: (Wantin g to take a picture ) Look at me, Pete.. (Pause) It's a good shot , babe. The 
LMM and everything' s reflectin g in you r visor . (Pause) 

[Al's[Al's photos AS12-47- mi £) and em Ö show Pete using a tape to guide the first of the ALSEP 
packagespackages out of the SEQ Bay. Photo 47-6915 £) was probably taken late in the ALSEP off-load.] 
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Figuree 6-39. Al Bean taking two photographs of Pete Contrad 

Figuree 6-39 shows what happened during the simulation of the activity of taking this picture. First, it is 
importantt to realize how Al Bean decides to take a picture, and how this is modeled in Brahms. If we look at 
thee utterance of Al Bean, we get some clues as to how this interaction happened. Al Bean says: 'The LM and 
everything'ss reflecting in your visor." I interpret this as that the beautiful reflections in Pete Conrad's visor of his 
EMUU suit made him want to take a picture (see the beautiful reflection in Figure 6-38). You can see in Figure 
6-399 that the ConradEMUSuit object creates the fact that there is a reflection from its visor. At that moment, 
agentt PeteConrad performs the activity LoweringPkgToSurface. Agent AlBean detects the reflecting visor 
fact,, while watching agent PeteConrad. This detection interrupts agent AlBean's activity, and makes him 
performm the activity GetCommandersAttention. This activity represents the communication of Al Bean at time 
116:33:36,, where he says: "Look at me, Pete." This communication is shown in Figure 6-39 by the first arrow. 
Afterr this activity, agent AlBean starts the TakingPhotograph workframe shown in Figure 6-39 and described 
inn Figure 6-40. 
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Firstt of all, taking a photograph is something that is not related specifically to the ALSEP Offload activity. 
Therefore,, the TakingPhotograph workframe is not defined in the AlsepOffloadGroup group. Instead, it is part 
off all possible activities for members of the LunarSurfaceAstronaut group, because every lunar surface 
astronautt can take photographs at any moment. It is therefore that the agent AlBean interrupts the 
AlsepOffloadd activity to start the TakingPhotograph activity. 

Grou pp LunarSurfaceAstronau t Classs PhotoCamera 

workfram ee TakingPhotograp h 

detectablee DetectPhotoHasBeenTaken { 
whenn (whenever) 

detect((thee hasTakenPhoto of cam = true)). 
2a a 

detectablee ReleaseShutter{ 
when(whenevGr ) ) 

detect((currentt PushesShutterReleaseButtonOf cam is false)) 4 | 
thenn complete, 

»» 2b 
whenn (knownval(the numberOfPhotosTaken of current < 

thee numberOfPhotosToTake of current)) 
d o { { 

conclude((thee hasTakenPhoto of cam - f a l se ) , be 100,fc: 100). 
conclude((currentt PushesShutterReleaseButtonOf cam), be: 100, fc: 100); 
TakeThePicture(cam,, 20, 0); 

} } 

thoughtfram ee PhotoTake n 

whenn (knownval(the current Activity of current = Take Photograph Activity) and 
1»» knownval(the hasTakenPhoto of cam - true)) + -

workfram ee OpenAndCloseShutte r 

variables' ' 
forone(EMUSuit)) emu. 
forone(LunarSurfacee Astronaut) agt, 
unassignedd forone(NasaPicture) photo, 

whenn (knownval(emu contains current) and 
knownval(agtt PushesShutterReleaseButtonOf current)) M 

d o { { 
CreateimageOnF!lm(ASl2-47-691x.. photo); 
conclude((currentt hasPhoto photo), bc:100,fc:100); 

—— conclude((the hasTakenPhoto of current = true), bc:0, fc; 100), 
—— conclude((agt PushesShutterReleaseButtonOf current is false), 

bc;0.fc:100); ; 

-ii  1 1 

d o { { 1 1 4a a 
conclude((thee hasTakenPhoto of cam = false), be 100, fc:0); 
conclude((thee numberOfPhotosTaken of current = the numberOfPhotosTaken of current + 1) 
bc:100,fc:0); ; 

4b b 

Figuree 6-40. Taking a photograph 

Afterr he has taken the photographs, he continues with the interrupted AlsepOffload activity (see the small 
verticall four lines in Figure 6-39, at the beginning and end of the OffloadingAlsep workframe of agent AlBean). 
Figuree 6-40 describes the interaction between the agent and a PhotoCamera object in order for the agent to 
takee a photograph (this numbered list refers to the numbers in Figure 6-40): 

1.. After agent AlBean starts the workframe TakingPhotograph, due to the fact that it beliefs that the number 
off photos to take is smaller than the number he has taken (see the precondition), it is simulated that the 
agentt pushes the shutter release button on the camera. This is represented by the creation of the belief 
andd fact 

(AlBea nn PushesShutterReleaseButtonO f BeanHasselblad70mm ) 

Thee creation of this fact triggers the PhotoCamera object BeanHasselblad70mm to perform the 
OpenAndCloseShutterOpenAndCloseShutterworkframe,workframe, due to the fact that its preconditions are now satisfied. 

2.. Next, the camera object performs the CreatelmageOnFilm create-object activity. On the left side of Figure 
6-399 this dynamically-created object is shown as a NasaPicture object (AS 12-47-691x). This actually 
representss the photo in Figure 6-38. After this activity, the camera object creates three facts; first, it 
createss the fact that the photo object has been created. Secondly, it creates the facts that it has taken a 
photoo and that the agent AlBean stopped pushing the shutter release button on the camera. These last 
twoo facts are detected by agent AlBean, who is still performing the TakingPhotograph activity (arrows 2a 
andd 2b in Figure 6-40). Arrow 2b shows that the agent stops the TakeThePicture activity by performing a 
completecomplete action in the ReleaseShutter detectable, simulating that the agent has pushed the shutter 
buttonn and has taken the picture. 

Arroww 3, at the same time, shows that the agent fires the thoughtframe PhotoTaken. This thoughtframe 
increasess the agent's belief about the number of photos it has taken. 
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4.. Last, but not least, arrows 4a and 4b, make sure that the agent takes the right number of photographs. In 
thee example in Figure 6-39, the agent takes two photographs, one after the other. 

Thiss example shows a general model for taking pictures. The only thing the agent needs to start out with is its 
cameraa contained on his EMU suit. Later on in the ALSEP Offload activity, during the offload of the second 
package,, the PeteConrad agent actually takes three photos of AlBean while he is lowering object AlsepPkg2 
too the ground, using the ConradHasselblad70mm PhotoCamera object (see Figure 6-41). 
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Figuree 6-41. The PeteConrad agent taking photographs 

Figuree 6-42 shows the three actual photographs Pete Conrad took. 

Figuree 6-42. Photographs AS12-47-6783, 84, and 85 by Pete Conrad 
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AA Brahm s limitatio n 

Thiss example shows one of the limitations of a Brahms simulation. Although we can represent and simulate 
thee taking of photographs, as well as the camera actually creating the NasaPicture objects, Brahms cannot 
showw the sightiines of the camera, and that of the agents. The picture objects created do not include a 
representationn of what was captured on film (shown by the three photos in this example). The only way we 
couldd possibly represent this is to create beliefs that represent the scene being captured and "store" these 
beliefss in the NasaPicture object 

Nott being able to model the line of sight of agents means that the model does not include whether the 
astronautss could actually see each other and/or the objects during their activities. Noticing other people and/or 
objectss is often constrained by the line of sight. In Brahms, we can only model the detection of facts, based on 
thee detectable being active and the existence of the fact in the world. However, in the real world the detection 
off certain facts depends on whether we can "observe the fact" through our field of vision, such as seeing 
someonee in distress. Not being able to model the field of vision limits us in constraining the detection of facts 
basedd on the sightiines of the agent. 

6.99 VBOnCATONANDVAUDWTIO N 

Inn this section, I describe the verification and validation (V & V) process I have followed to test the accuracy of 
thee Apollo 12 ALSEP model. First, I will talk about V & V as a process and describe its elements, and some of 
itss issues. Then, I will show in some detail the V & V steps I have followed and the results of this process in 
thiss experiment. Using this V & V process, I can say something about the accuracy of the model and my 
hypothesiss about Brahms as a modeling and simulation language for describing a work practice. 

Too clarify the issues involved, I define the concepts verification, validation, and to be complete, credibility as 
follows: : 

•• Verification is the process whereby the modeler asks if the model is performing as it was designed. In this 
stepp in the V & V process, the objective is to determine if the logic of the computer model correctly 
implementss the assumptions made in the conceptual model. 

•• Validation is the process whereby the modeler asks how accurately the model is representing reality. 
Thatt is, is it a good model of the intended work system? 

•• A credible model is one that the client accepts as being valid enough to use in making decisions. That is, 
iss it a useful model for the task at hand? It should be noted that in this experiment we do not have a client 
thatt will make such a credibility judgment. 

6.9.11 The purpos e of verificatio n and validatio n 

Ann important part of modeling and simulation is the V & V of the model and the results of the simulation. 
Withoutt a thorough V & V there is no ground in having any confidence in the model and the results of the 
simulation.. Although it is important to realize that it is impossible to prove that a model is a general valid model 
(Robinsonn 1999). The reason for this is the fact that: 

1.. A model is only certified as valid with respect to its purpose. For instance, a model that has been created 
forr the purpose of predicting the future state of a system might not be valid as a prescriptive model of the 
futuree system. 

2.. There are different interpretations of the real world possible. Depending on the worktview, or 
Wertanschaiing,, is a different interpretation of the real world and therefore, of the model and its validity 
(Checklandd and Scholes 1990). 

3.. The data used to develop the model may be inaccurate. Even if that is not the case, it should be realized 
thatt the data used and the data generated by the simulation are but a small data sample. Therefore, they 
cann only be seen as a probabilistic answer and not a definitive one. 
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Thee conclusion is thai, although in theory a model is either valid or invalid, in practice it is not easy and often 
nott possible to prove that a model is valid. Therefore, we have to think in terms of the confidence we can 
placee in the model. The V & V of the model in this experiment is not one of demonstrating that the model is 
correct,, but instead it is a process of falsification, i.e. demonstrating that the model is incorrect (Robinson 
1999).. In so doing, the purpose of V & V is to increase the confidence in the model, even though we might 
findd inconsistencies and problems with the model according to the real-world data. 

6.9.22 The verificatio n and validatio n proces s 

Manyy authors have described the process of a successful simulation (Law and Kelton 1991) (Kleindorf et al. 
1998)) (Banks et al. 1996) (Robinson 1994). All of them mention a series of processes that need to be 
followed.. The high-level processes are shown in Figure 6-43, which is borrowed from (Robinson 1999). A 
simulationn study first starts with understanding the real world, as well as the problem to be tackled. In this 
Brahmss study, the real world is the Apollo 12 ALSEP Offload, with as the problem to be tackled, to test if we 
cann describe the work practices of the lunar surface astronauts in a Brahms simulation. When the real world is 
sufficientlyy understood the modeling activity starts, and a conceptual model is described. For this study, I 
describedd the model as a qualitative model using a modeling approach called World Modeling (Sierhuis and 
Selvinn 1996). After this, the model was coded into a computer model, in this case the Brahms language. 
Whenn the model is complete, experiments are run to develop solutions to the real-world problem being 
handled.. In this case, a greater understanding of the real world was obtained. In real-world projects it is hoped 
thatt the solutions found in the experiments can be implemented in the real world, or that the better 
understandingg of the problem will lead to better decision making. In this experiment there has been no attempt 
too implement the model or change the real world based on the understanding, simply because this was not 
thee purpose. 

Evenn though there is a natural sequence in following these steps, it is obvious that the actual process is not 
strictlyy sequential, and that several iteration through the steps are necessary. This was also the case in this 
effort.. First, there was no implementation phase based on the outcome of this study. Secondly, there were a 
numberr of cycles through the conceptual model, computer model and solution/understanding phase that were 
mostlyy driven by the validation and verification of the models with the real-world data. Even though this study 
didd not end with an implementable solution in the real world, the process as depicted in Figure 6-43 still holds. 

Implementation n 

Reall World 

Solution/ / 
Understanding g 

Data a 
Validatio n n 

Experimentation n 

Computer r 
Model l 

Conceptuall Modeling 

Conceptual l 
Model l 

Modell Coding 

Figuree 6-43. Simulation model verification and validation in the modeling process (borrowed from (Robinson 1999)) 

Inn the next sections, I will describe the activities of the three phases, conceptual model, computer model, and 
solution/understandingg and the validation and verification methods used in each of these phases. 
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6.9.33 Data validatio n 

Ass is shown in Figure 6-43, data validation is important at every step of the simulation process, because at 
eachh step in the process data is used. The data I used are all original NASA records of the actual Apollo 
missions.. Table 6-4 lists all data sources that have been used in this case study. Since the Apollo missions 
aree part of world history the facts and data are well known to the world and are therefore undisputed. By using 
thee original lunar videos, as well as the transcripts of the original conversations of the astronauts, and the 
originall photographs, mission reports and press releases, the validity of the data is very high. It can thus be 
saidd that, if the simulation data is validated against the original mission data, and it can be shown that the 
outcomee is correct in relation to this data, the validity of the simulation model is high. 

Tablee 6-4. Data sources used during experiment 

Dataa Sourc e 

Apolloo Lunar Surface Journal 

Apolloo 14,15 & 16 Video Tapes 

Apolloo 12,14,15 & 16 Press Kits 

Dataa Type 

Transcriptionss of actual astronaut voice loop 

recordingss + mission photographs. 

Videoo Recordings of the actual Apollo 

missionss from NASA. 

Copiess of the actual Apollo Press Kits from 

thee Apollo missions, published by NASA. 

6.9.44 Conceptua l mode l validatio n 

II started the modeling effort by creating a conceptual model of the Apollo 12 ALSEP Offload. The method 
usedd is called Compendium, and is described in (Sierhuis and Selvin 1996) (Selvin and Sierhuis 1999b) 
(Selvinn and Sierhuis 1999a) (Selvin et al. 2001). The discussion of this method falls outside of this thesis. 
Figuree 6-44 shows the Raise SEQ Bay Door activity described in the conceptual model. To model this activity, 
II used the voice loop transcription data from the Apollo LSJ (see Figure 6-45), as well as the Apollo video of 
thee Apollo 1448 mission. The voice loop data is modeled as the communication attribute in the model. By 
readingg and listening to the communication, matching this to the mission plan, and validating this with the 
video,, I was able to analyze who performed this activity (see Figure 6-45), and where in the voice loop 
transcriptionn the astronaut was starting and ending this activity. The approach I used was to identify the 
activityy duration based on communication sequences. The astronaut was performing the activity during the 
firstt utterance and the last utterance of a communication sequence. By using the timestamps in the Apollo 
LSJ,, I calculated the total time of the activity (see Figure 6-47). I also represented where the agents were 
locatedd while performing this activity, as well as what objects (artifacts) the astronaut was touching or using 
duringg this activity. 

Byy analyzing the transcription of the voice loop data this way, I have represented and validated each activity 
off the agents. After this process was completed, the conceptual model had to be coded in the Brahms 
language. . 

Duee to a unfortunate problem with the camera, there is no video tape of the Apollo 12 ALSEP Offload. 
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 Ouesfflsp |dap|: Raise SEQ Bay Door [Activity) 

Systemm £ « Bspraj Üode firewse Mail Help 

9 9 
Raisee SEQ Boy Door 

7~ ~ 
Lunarr Module Pilot 

thee nextOpenDoorTask = OpenDoor 

9 9 
thee agentLocation of current = SEQBayArea 

Grabb Lanyard Ribbons 

Pulll Lanyard Ribbons 

Grabb Lanyard Ribbons [Activity] 

M M 
Pulll Lanyard Ribbons [Activity] 

1166 31.48 Bean: The experiment bay looks real good. 

9 9 
11B:31:«Conrod:Yup. . 

9 9 
. /" [Thee ALSEP experiments are contained in two compact packages whic 

??  ér^  9 
Communication?^*~^-116:31^50Bean:TheLMM exterior looks beautiful the whole way aro 

9 9 
116:32:022 Conrad: (Possibly pulling a lanyard to open the SEQ bay 

\\ 9 
116:32:122 Bean Okay Here we go. Pete Ohhhhh. up they go. babes 

9 9 
[Theyy have raised the doors that cover the cavity where the ALSEP 

WW [Maarten Sierhuis 01/26/99 M] 

Figuree 6-44. The conceptual model 

Thee purpose of the conceptual model validation is to determine that the scope and level of detail of the 
proposedd model is sufficient, and that all assumptions are correct (Robinson 1999). To describe this 
validation,, let me take a step back and restate the problem I addressed in this study. The problem in this study 
wass that of showing that the Brahms modeling and simulation language is powerful powerful enough to describe the 
workwork practice of the Apollo 12 lunar surface astronauts during the ALSEP Offload activity. The level of model 
detaill that is needed to test this hypothesis is given by the definition of what to include in a model of work 
practicee (see chapter 3.2). 
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Figuree 6-47. Voice loop activity time analysis 

Iff we take as a given the aspects of work practice from chapter 3.2, then we can validate that these aspects 
aree indeed included in the model. Therefore, the validation method I used for the conceptual model was to 
analyzee the important aspects of modeling work practice, as described in the theory, and to make sure that 
thee conceptual model included all of them. Table 6-5 lists the aspects that were to be included in the model, 
ass well as how these aspects are made operational in the coded model: 
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Tablee 6-5. Aspects of modeling work practice 

Aspec tt  of Wor k Practic e 

Communitiess of Practice 

Activities s 

Collaboration n 

Communication n 

Reall world artifacts 

Geographyy and Movement 

Model l 

Thiss aspect is incorporated in the model by modeling the 
roless and functional groups of the agents as groups with 
behaviorr in the model. People who belong to certain CoP 
aree represented as agents being members of the groups, 
inheritingg the common behavior of the group members. 
"mee behavior of all agents and artifacts is described in terms 
off primitive activities taking time, and composite activities 
decomposedd into lower-level activities, and the lowest-level 
intoo primitive activities. 
Collaborationn is an emergent aspect of the model that is 
shownn in the output data of the simulation. By describing the 
activitiess of agents, and the interaction and constraints that 
makee each agent perform an activity based on activities of 
otherr agents, shows that agents are collaborating together. 
Thee model includes all the speech acts from the real voice 
data.. Activities are sometimes dependent on whether these 
speechh acts are performed and received. 
Forr each activity the artifacts that are used or touched in the 
activityy are represented in the model. Relationships between 
activitiess and artifacts are represented. 
Forr each activity, the location where the activity is performed 
iss represented. Agents move from location to location, and 
performancee of an activity is sometimes dependent on being 
inn the location or noticing other agents and/or artifacts in a 
location. . 

6.9.55 Compute r mode l verificatio n 

Thee next phase in the modeling process is the design and implementation of the Brahms model source code. 
Inn this phase, the modeler needs to translate the activities, groups, agents, classes and objects represented in 
thee conceptual model into the Brahms language. To do this, the modeler needs to be proficient in the Brahms 
language,, and specifically in the multiagent and activity programming concepts in Brahms. For first time 
Brahmss modelers this is a painstaking process, and is similar to the compile-debug cycle in traditional 
programmingg languages, such as C++ or Java. 

Debuggingg M o d e l i n 9 

Compiling g 

Figuree 6-48. Brahms compile-debug cycle 

Figuree 6-48 shows the modeling cycle, which first continues until the complete model can be compiled without 
syntaxx errors by the Brahms compiler. However, verifying the model is more than getting the Brahms compiler 
too compile the model without syntax errors. Although this is of course a first and important step in the process, 
thee most important step is to compare the "functioning" of the model with the conceptual model. The model 
validationn and verification steps are driving the Brahms model development process, shown in Figure 6-49 

2 2 ^ > > 
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Developmen t t 

Model l 
Compilatio n n 

Modell Source Code 

N N 

Modell Changes 

Modell  V & V -«-

Modell  B rte Code 

Brahm s s 
Simulatio n n 

Simulatio nn Histor y Data 

Figuree 6-49. Brahms model development cycle 

Thee functioning of the model is visually verified using the AgentViewer application. The AgentViewer is a 
separatee Brahms application that uses the simulation history data to display a 2-dimensional graphical time-
linee view of the activities of agents and objects. The timeline figures in this and other subsequent chapters are 
alll screenshots from selected agents and objects in the AgentViewer. Using the AgentViewer application the 
modelerr can investigate the simulation run. 

Figuree 6-50. AgentViewer application 

Figuree 6-50 shows the AgentViewer. Using this application the end-user can select which agents and objects 
too view in the time-line view, and investigate the exact behavior of those agents and objects during the 
simulationn (see a-l explanations in Figure 6-50): 
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a.. Using the menu-bar, the end-user can parse the simulation history data into a history database, and open 
aa history database for viewing. 

b.. When the database is opened all the agents and objects are loaded into the tree view. Using the tree 
view,, the end-user can select which agents and/or objects (s)he wants to view in the time-line view. 

c.. By selecting to view the agent/object communication, the (blue) arrows show all the communication 
activities,, and the direction of the communication (sender and receivers). The communicated beliefs are 
alsoo accessible by clicking on the square at the top of the sender side of the communication arrow. 

d.. For each agent/object the "current" location is shown. When the agent/object moves to a new location, it 
iss shown as a change in the location name and color. 

e.. The time-line can show the time in different time-intervals, therewith zooming in and out. 

f.. The tool-tip pops up when the mouse is moved over "hot spots". The hot spots are those areas where 
moree information is available than can be shown on the screen. By moving the mouse over those areas 
thee hidden information pops up in a tool-tip, such as the name of a workframe or activity. 

g.. The Activity-Context Tree is the central piece of the agent/object time-line. It shows the workframe and 
activitiess hierarchy of the agent or object. 

h.. The touch-object line is a (yellow) line that is shown when the agent/object is using certain objects in its 
activity.. 'Touch objects" are used to calculate the time those objects are used in activities. 

i.. The explanation facility view is used to display more detailed information about the execution of 
workframes.. By clicking on any workframe (light blue in color), an explanation facility window is opened 
forr the workframe at hand. 

j .. By selecting the "Active" tab in the explanation facility view, the executed statements in the workframe 
bodyy are shown. 

k.. You can select the statements in the workframe body to get more info. 

I.. When you select a statement in the body of the workframe, the total time the activity was active is shown. 
Usingg the other tabs in this view, you can find out the exact time the workframe became available, as well 
ass the exact time it became active and ended. 

m.. Workframes are situated-action rules that execute activities. The top of a Activity-Context tree is always a 
workframe.. You can recognize a workframe by the "wf:" symbol, followed by the name of the workframe. 
Whenn the zoom-level is too high to contain the name of the workframe it is left out of the display. Using 
thee tool-tip the user can find out the name. 

n.. Composite Activities are executed by workframes, and contain lower-level workframes. You can 
recognizee Composite Activities by the "ca:" symbol followed by the name of the activity. When the zoom-
levell is too high to contain the name of the activity it is left out of the display. Using the tool-tip the user 
cann find out the name. 

o.. Primitive Activities are executed by workframes, and are always at the bottom of the Activity-Context 
Hierarchy.. You can recognize Primitive Activities by the following symbols, depending on the type of 
primitivee activity: "pa:" (for a primitive activity), "mv:B (fora move activity), "cw" (for a communicate activity), 
"co:"" (for a create object activity), followed by the name of the activity. When the zoom-level is too high to 
containn the name of the activity it is left out of the display. Using the tool-tip the user can find out the 
name. . 

Usingg this AgentViewer I have visually inspected the simultaneous behavior of the agents and objects, and 
comparedd the expected behavior from the conceptual model with the actual behavior during the simulation. 
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6.9.66 Exp6riHioiitatlo n vaüdstio n 

Comparingg the model output to data from the real system is the most objective and scientific method of 
validation.. Of course, this type of validation can only be performed if there is a real system, and real-world 
dataa that correspond to the simulation parameters. In this descriptive modeling experiment there was a real 
systemm back in the Apollo days. That system does not exist anymore, but what is most important is the fact 
thatt there is historical data available to validate our model. 

II describe two types of quantitative data validation of the simulation output data of the Apollo 12 model, based 
onn the historical data from the Apollo missions: 

1.. Validate the simulated activity times and duration with the activity times and duration derived from the 
timestampss in the Apollo 12 communication transcript from the Lunar Surface Journal (Jones 1997). 

2.. Validate the simulated voice loop communication with the voice loop recordings from the actual mission, 
whichh are transcribed in the same Apollo 12 communication transcript (Jones 1997). 

6.9.6.11 White-box versus black-box validation 

Wee consider two types of real-world data validation, white-box and black-box validation. The model 
verificationn described in section 6.9.5 is considered a white-box validation. Validating the simulated activity 
timess with the timing of the activities based on the transcript of the voice loop communication is a white-box 
validation.. The second validation, that of the actual voice loop data, is a black-box validation. 

White-boxx validation is a micro validation of the content of the model. In a white-box validation we try to 
validatee the model by investigating the model content in detail. The purpose of this type of validation is to 
ensuree that the content of the model is true to the real world. The use of a graphical visualization and 
spreadsheett tools are very appropriate in this type of validation. 
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Reall  Syste m 

Black-Bo x x 
Simulatio n n 
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>utput ss fro m real 

put ss to simulati o 
utput ss from  sim i 

Iss  = IR then Os -

O R —

O s —
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nn mode l 
ilatio nn mode l 

OR R 

Figuree 6-51. Black-box validation: comparison with the real system (from (Robinson 1994)) 

Inn a black-box validation we are not looking inside the model, but we are validating the overall behavior of the 
mods/withh the output of prespecified real-world data. In this type of validation we need to validate that when 
wee specify input data to the simulation model that is similar to that of the real system, the output data from the 
simulationn should be relatively similar to that of the real system as well. This is a validation of the alternative 
hypothesiss H1 (Figure 6-51). 

6.9.6.22 Validate activity times 

Too validate the timing and duration parameters of the simulation model, we measure the activity times of the 
individuall activities performed by each astronaut. Initially I had identified the activities of the astronauts based 
onn the Apollo 12 communication transcripts (see Figure 6-45). Based on this and the fact that each 
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communicationn utterance in the transcript is timestamped with the actual mission clock at MSC, I was able to 
calculatee the ground-estimated time (GET) start and end times of the activity. From this the total activity time 
couldd be calculated (Figure 6-47). Here I am only showing the validation of the first three high-level activities 
(Tablee 6-6). This is only in the interest of space, and I hope that with this example the reader is satisfied and 
cann infer that the same holds for the other activities. 

Tablee 6-6. Calculated activity times based on real-world data 

Activit y y 

Openn SEQ Bay Door 

Remov ee PKG-1 

Remov ee PKG-2 

Star tt  GET 

116:31:34 4 

116:32:22 2 

116:33:53 3 

Endd GET 

116:32:22 2 

116:33:53 3 

116:34:44 116:34:44 

Tota l l 

Tota l l 

Time e 

00:00:48 8 

00:01:31 1 

00:00:51 1 

0:03:10 0 

(1900 sec) 

Afro m m 

ALSE P P 

Offloa d d 

Begi n n 

0:00:00 0 

0:00:48 8 

0:02:19 9 

Performe r r 

LMP P 

CDR R 

LMP P 

Ann issue is the fact that the start and end times of the activities were chosen based on a thorough reading of 
thee Lunar Surface Journal transcriptions, books and reports on the Apollo 12 mission, as well as the videos of 
thee ALSEP Offload activities in subsequent missions. The choices I made are subjective to my own 
interpretation,, as well as that of Erik Jones, the editor and creator of the Apollo Lunar Surface Journal (Jones 
1997).. It might well be possible that someone else would make a different interpretation of the timing based 
onn the same data. Although this may be the case, it should not have much influence on the outcome of this 
study,, since the goal of this validation is in context of the objective of the experiment. As mentioned before, 
thee objective is to show that with Brahms we can describe the work practice of a real human activity system. 
Wee can still make a judgment on this, regardless of the fact that the subjectivity of the modeler is unavoidable 
inn a modeling activity. 

Tablee 6-7. Activity times for LMP Al Bean from simulation history database 

II DoneByl D 

ALBEAN N 

ALBEAN N 

ALBEAN N 

ALBEAN N 

ALBEAN N 

ALBEAN N 

ALBEAN N 

DisplayText t 

OpenSEQBayDoor r 

RemovePkgl l 

ChangeEMUSuitCooling g 

RemovePkgl l 

TakingPhotograph h 

RemovePkgl l 

RemovePkg2 2 

Start™ ™ 

1 1 

49 9 

53 3 

58 8 

124 4 

137 7 

140 0 

|| Star t SET"' | 

8:31:34 4 

8:32:22 2 

8:32:26 6 

8:32:31 1 

8:33:37 7 

8:33:50 0 

8:33:53 3 

End d 

49 9 

53 3 

58 8 

124 4 

137 7 

140 0 

191 1 

|| End SET 

8:32:22 2 

8:32:26 6 

8:32:31 1 

8:33:37 7 

8:33:50 0 

8:33:53 3 

8:34:44 4 

Total Total 

TotalTime ll  Statu s 

488 COMPLETED 

44 INTERRUPTED 

55 COMPLETED 

666 INTERRUPTED 

133 COMPLETED 

33 COMPLETED 

511 COMPLETED 

190 0 

!! The times in the Start, End, and TotalTime columns are in seconds. 
JJ The times in the Start Simulation Elapsed Time (SET) and End SET are in the format h:mm:ss. 
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Figuree 6-52. Al Bean's RemovePkgl and RemovePkg2 activities 

Thee activity times from Table 6-7 are the result of the emergent performance of lower-level activities of Al 
Bean,, as can be seen in Figure 6-52. The timing of the composite activities from Table 6-7 are based on the 
cumulativee times of the lower-level primitive activities performed ass part of these composite activity. 

Tablee 6-7 shows that Al Bean interrupts the RemovePkg activities twice to perform activities that are not 
necessarilyy part of the high-level AlsepOffload composite activity. The ChangeEMUSuitCooling activity is an 
activityy that can be performed at the moment the astronaut feels too warm or too cold. Performing this activity 
iss an interruption of the AlsepOffload activity and its underlying subactivities that are being performed at that 
moment.. Consequently, the current RemovePkgl activity will continue after the ChangeEMUSuitCooling 
activityy is finished. You can see this represented in both Table 6-7 and Figure 6-52. Table 6-8 and Figure 6-53 
showw the activities for Pete Conrad. Pete Conrad does not perform the ChangeEMUSuitCooling activity (he is 
tooo busy offloading the package!), but he is interrupting his RemoveAlsepPkg2 activity taking three 
photographss while Al Bean is lowering the second ALSEP package. 

Tablee 6-8. Activity times for CDR Pete Conrad from simulation history database 
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Figuree 6-53. Pete Conrad's RemovePkgl and RemovePkg2 activities 

Fromm Table 6-6, Table 6-7 and Table 6-8 it can be seen that the timing for both the AlBean and PeteConrad 
agentss are similar as the timing data from the Apollo LSJ. With this verification the white-box validation of the 
modell is completed, and we can state that the computer model content (i.e. the Brahms model) is a valid 
implementationn of the conceptual model, which in turn is based on the Apollo 12 data. 
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6.9.6.33 Subtracting communication delay 

Thee times, as shown in Table 6-6, present the following small but significant validation issue. The times based 
onn the actual voice transcriptions are the mission times as they were measured by mission control. Since the 
activitiess are those of the lunar surface astronauts being performed on the moon, the actual times that the 
astronautss spoke the words transcribed in the Apollo LSJ documents would have had to be one and a quarter 
(1.25)) second earlier. This is because there was a one and a quarter second delay between earth and moon 
communicationss (see section 6.7.1 about communication delay). 

Thee start and end GET times are not the actual start and end times of the activities performed on the moon. 
Althoughh the total activity time stays the same, to be correct, the activities of the astronauts need to start one 
andd a quarter second earlier. To get to this point, I followed a two-step validation process: 

1.. Validation of the simulated activity times by making the times match up exactly with those measured on 
earth,, shown in Table 6-6. The result of this validation was shown in Table 6-7 and Table 6-8. 

2.. After the simulation model is validated according to (1), we transpose the simulation times to include the 
earth/moonn delay. Because only the start time is different, we can simply start the simulation clock earlier. 
Thiss results in the activities of the astronauts starting at the actual start time, and thus in communication 
utterancess arriving at mission control at the time measured by the GET clock. The result for agent AlBean 
iss shown in Table 6-9 

Theree is an issue with the capability of the simulation engine only being able to have an integer clock-grain-
size.. This means that we cannot simulate the one and a quarter second delay. The closest we can get is to 
havee a clock-grain-size of one (1) second. Therefore, the delay I have been able to introduce in the simulation 
iss one second. The numbers that have consequently been generated are still off by a quarter (0.25) of a 
second.. However, this is a consistent error rate, and thus could easily be subtracted from the generated 
numbers. . 

Tablee 6-9. Activity times for LMP Al Bean including communication delay 
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6.9.6.44 Validate output with real-world data 

Nextt is the black-box validation. The purpose is to validate that the simulation can recreate the 
communicationn utterances by the astronauts exactly and at the same ground-elapsed time as the data from 
thee Apollo LSJ. I show this validation of the model for the OpenSEQBayDoor activity as described in section 
6.5.3.. For ease of the reader, I repeat here the activity/communication table for the OpenSEQBayDoor 
activity. . 
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Tablee 6-10. OpenSEQBayDoor activity with communication 

LMPP CDR 

Communicat ee Ready To Offloa d 

activit y y 

Talk Talk 

Talk Talk 

InspectInspect SEQ 
Bay Bay 

Talk Talk 

Communicatio n n 
116:31:344 Bean: Okay. And 
we'lll off-load the ALSEP. 
(Garbled). . 

116:31:422 Bean: We ought to 
bee able to move out with this 
thing. . 

116:31:488 Bean: The 
experimentt bay looks real 
good. . 

Raisin gg SEQ Bay Door 

activit y y 

GrabGrab Lanyard 
Ribbons Ribbons 

WalkWalk Back To 
PullPull Ribbons 

Tight Tight 

PullPull Lanyard 
Ribbons Ribbons 

Talk Talk 

PullPull Lanyard 
Ribbons Ribbons 

Communicatio n n 

116:31:50116:31:50 Bean: The LM 
exteriorr looks beautiful the 
wholee way around. Real good 
shape.. Not a lot that doesn't 
lookk the way it did the day we 
launchedd it. 

116:32:122 Bean: Okay. Here 
wee go, Pete. Ohhhhh, up they 
go,, babes. One ALSEP. 
(Pause) ) 

Watchin gg Openin g SEQ Bay Door 

communicatio n n 

116:31:399 Conrad: Nope. 
(Pause) ) 

116:31:444 Conrad: Okay. 

116:31:499 Conrad: Yup. 

116:32:022 Conrad: (Possibly 
pullingg a lanyard to open the 
SEQQ bay doors) Light one. 
(Pause) ) 

116:32:222 Conrad: There it 
is. . 

activit y y 

WatchWatch Opening 
SEQSEQ Bay Door 

Talk Talk 

WatchWatch Opening 
SEQSEQ Bay Door 

Talk Talk 

WatchWatch Opening 
SEQSEQ Bay Door 

Talk Talk 

WatchWatch Opening 
SEQSEQ Bay Door 
WatchWatch Opening 
SEQSEQ Bay Door 

WatchWatch Opening 
SEQSEQ Bay Door 

WatchWatch Opening 
SEQSEQ Bay Door 

Talk Talk 

WatchWatch Opening 
SEQSEQ Bay Door 

Talk Talk 

Tablee 6-10 shows the subactivities of the OpenSEQBayDoor activity. The objective of this black-box 
validationn is to have the simulation generate the exact communication utterance for each agent, at the exact 
timee specified in. Of course, the same issue exists regarding the measurement of the time in GET and the 
communicationn delay to/from the moon. It should again be realized that the times in Table 6-10 are times 
measuredd by MSC, and are therefore the times that the CapCom agent heard the utterance over the voice 
loop,, thus one and a quarter second later than the time the lunar surface astronauts uttered the words. 

Afterr having validated the activity times from the previous section, I changed the model to include the 
communicationn utterances specifically for this validation. To generate the exact utterance, the agent creates 
thee utterance as a belief right before it communicates the belief in the Talk activity. 
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woriuYam ee CommuntcateBeadyToOffloa d { 

whe nn (knownvaKth e groupMembershi p of curren t = "LunarModutePllot") ) 
do{ { 
//cornmunteatJo nn fro m transcriptio n 

condude((th ee speec h of curren t = "Okay . And wel l off-toe d th e ALSEP. (Garbled).") , bc : 100, fc:0) ; 
concNJdeftth ee speechAc t of curren t = ReadyTcOfftoadAteep) , bc:100 , tc:0) ; 
Talk(vtcoms ,, start , OpenSEQBayDoorActMty , 10,8); 

//endd validatio n 

//communicatio nn fro m transcriptio n 
conckide((1h ee speec h of curren t = "W e ough t to  be able to mov e out wft h thi s thing.") , bc:100,fc:0) ; 

TaJkivlcoms ,, start , OpenSEQBayDoorActivtty , 0,1); 
//endd validatio n 

lnspectSeqBay(0,4) ; ; 

//communicatio nn fro m transcriptio n 
condude((tn ee speec h of curren t = "Th e experimen t bay look s real good.") , bc:100 , fc:0) ; 
condude((th ee speechAc t of curren t = the exterio r Appearanc e of SEQBay) , bc:100 , fc:0) ; 
Taltyvlcoms ,, end , OpenSEQBayDoorActrvtty , 0,1); 

//tendd validatio n 

conclude((th ee nextAcnvft y of curren t = sRaiseSEOBayDoorActtvtty) , bc : 100, fc : 0); 

} } 
} } 

Figuree 6-54. Workframe with communication utterance from Apollo LSJ 

Figuree 6-54 shows the rewritten CommunicateReadyToOffload activity including the communication 
utterances.. For each utterance there is a belief created for the speech attribute for the LMP agent (i.e. 
AlBean).. This speech attribute signifies the actual speech-utterance of the agent. 

communicat ee Talk(Communicato r agt , symbo l whn , Activit y act , in t pri , Int maxd ) { 
priority ::  pri ; 
max^duratJon ::  maxd ; 
resources ::  act ; 
with ::  agt ; 
abou tt  send(th e speec h of current=value) , 

send(th ee speechAc t of curren t = value) ; 

when ::  whn ; 

> > 

Figuree 6-55. Talk activity to validate communication 

Next,, the Talk communicate-activity actually communicates the speech belief to appropriate agents (Figure 
6-55).. Running the simulation again with this added communication, first and foremost, does not change the 
behaviorr of the agents. The end-result of the simulation is the same, as can be seen in Figure 6-56, but Table 
6-111 shows that the simulation generates the actual voice loop communication transcription consistent with 
thatt in the Apollo LSJ. 

Thee data in Table 6-11 is compiled from the history database. The data shows the communication of the 
speechspeech attribute from the LmComCircuit agent. This is the agent that simulates the communication delay 
from/too the moon (see section 6.7, explaining the voice loop model). Therefore, the time this agent relays the 
communicationn should be equal to the GET from the Apollo LSJ. This is shown in the last two columns. The 
secondd to last column shows the simulated elapsed time (SET), which is the time from the simulation. The 
lastt column shows the ground-elapsed time (GET) as it is recorded at MSC, and is shown in the Apollo LSJ. 
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Figuree 6-56. Voice loop communication for OpenSEQBayDoor activity 

Tablee 6-11. Agent speech communication validation 

Agen t t FrameNam e e 
Attribut e e 

Name e 
Value e 

(fro mm Apoll o 12 LSJ ) 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

LMCOMCIRCUIT T 

SendingAIBean n 
ComToEarth h 

SendingPeteConrad d 
ComToEarth h 

SendingAIBean n 
ComToEarth h 

SendingPeteConrad d 
ComToEarth h 

SendingAIBean n 
ComToEarth h 

SendingPeteConrad d 
ComToEarth h 

SendingAIBean n 
ComToEarth h 

Time e 

speech h 

LMCOMCIRCUITT SendingPeteConrad 
ComToEarth h 

LMCOMCIRCUITT SendingAIBeanCom 
ToEarth h 

LMCOMCIRCUITT SendingPeteConrad 
ComToEarth h 

"Okay.. And we'll off-load the 
ALSEP.. (Garbled)." 

speechh "Nope." 

speechh "We ought to be able to 
movee out with this thing." 

speechh "Okay." 

speechh 'The experiment bay looks 
reall good." 

speechh Yup. 

speechh 'The LM exterior looks 
beautifull the whole way 

around.. Real good shape. 
Nott a lot that doesn't look the 

wayy it did the day we 
launchedd it." 

speechh "Light one." 

Speech: : 
SET T 

Speechh at 
GET T 
(fro m m 

Apolloo 12 
LSJ) ) 

0:00:02 2 

0:00:07 7 

0:00:10 0 

0:00:12 2 

0:00:16 6 

0:00:17 7 

8:31:34 4 

8:31:39 9 

8:31:42 2 

8:31:44 4 

8:31:48 8 

8:31:49 9 

116:31:34 4 

116:31:39 9 

116:31:42 2 

116:31:44 4 

116:31:48 8 

116:31:49 9 

0:00:188 8:31:50 116:31:50 

speechh "Okay. Here we go, Pete. 
Ohhhhh,, up they go, babes. 

Onee ALSEP." 
speechh 'There it is." 

0:00:30 0 

0:00:40 0 

0:00:50 0 

8:32:02 2 

8:32:12 2 

8:32:22 2 

116:32:02 2 

116:32:12 2 

116:32:22 2 
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Thee data from Table 6-11 shows that the simulation, indeed, generates the communication transcription from 
thee Apollo LSJ, herewith validating the output of the simulation model. This concludes the validation of the 
model.. In the next section some conclusions will be discussed. 

6.100 CONCLUSION 

Inn conclusion, I restate the research questions that needed to be answered, and show that indeed these 
questionss are answered in this experiment. These questions are operationalized in the Apollo 12 ALSEP 
domain,, and this operationalization is implemented in a Brahms model of the domain. The goal of this 
experimentt was to investigate the use of the Brahms-language in order to describe an existing work practice. 
Thee challenge was to investigate if our theory of modeling work practice, implemented in the Brahms 
language,, would be sufficient to describe the work practice in the chosen domain. The research questions 
were: : 

1.. How can we represent the people, things, and places relevant to the domain? 

2.. How can we represent the actual behavior of the people, second by second, over time? 

3.. How can we show which of the tools and artifacts are used when, and by whom to perform certain 
activities? ? 

4.. How can we include the communication between co-located and distributed people, as well as the 
communicationn tools used, and the effects of these communication tools on the practice? 

Tablee 6-12 shows how these questions were implemented in the Brahms model. The first column shows a 
moree detailed instantiation of the research questions. The second column shows the operationalization based 
onn the Apollo 12 mission. The third column shows how this is implemented in the Brahms model, thus 
answeringg the question in the first column. 

Tablee 6-12. Answering the research questions 

Researchh Question 

Howw to represent people? 

Howw to represent 
Communitiess of Practice? 

Howw to represent artifacts? 

Howw to represent places? 

Operationalizationn in Apollo 12 
ALSEPP Offload 

Thee astronauts Al Bean, Pete 
Conradd on the moon, CapCom Ed 
Gibson,, and CMP Dick Gordon 

Thee different organizational roles of 
Commander,, Lunar Module Pilot, 
Capsulee Communicator, and 
Commandd Module Pilot. Also, the 
functionall roles of "being an 
astronautt on the moon" and 
"offloadingg the ALSEP." 

Thee artifacts that are used and are 
importantt during the lunar surface 
activityy of the two astronauts on the 
Moon;; the LM, SEQ Bay, ALSEP 
packages,, Lanyard Ribbons, 
Booms,, Photo cameras, Space 
Suits,, etc. 

Thee areas where the astronauts are 
located,, Mission Control, the 

Implementationn in Brahms 
Model l 

Agentss AlBean, PeteConrad, 
EdGibson,, and DickGordon 

Hierarchyy of different roles as 
groupss of agents; 
ApolloAstronaut,, CDR, LMP, 
CMP,, CapCom, 
LunarSurfaceAstronaut, , 
AlsepOffloadGroup p 

Classs hierarchy representing 
typess of objects, and objects 
beingg instances of classes to 
representt specific artifacts in the 
world;; LM, SEQBay, AlsepPkgl, 
AlsepPkg2, , 
Pkg11 LanyardRibbons, 
Pkg2LanyardRibbons,, etc. 

Typee of areas as area definitions. 
Representingg the Apollo 12 
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Howw to represen t locatio n 
off  peopl e and artifacts ? 

Howw to represen t actua l 
behavio rr  over time ? 

Howw to represen t the use 
off  tool s and artifacts ? 

Howw to represen t 
communication ? ? 

Commandd Module, and the areas 
onn the moon where the astronauts 
aree working to offload the ALSEP, 
suchh as the area in front of the SEQ 
Bay,, etc. 

Thee lunar surface astronauts are 
locatedd on the Moon, the CapCom 
iss located in Mission Control, and 
thee CMP is located in the 
Commandd Module. 

Duringg the mission the astronauts 
aree always performing activities. 
Whilee the CDR and LMP are 
offloadingg the ALSEP packages the 
CapComm is listening on the 
voiceloop,, etc. 

Thee lunar surface astronauts use 
toolss to perform activities, such as 
thee use of the lanyard ribbons to 
lowerr the ALSEP packages from 
thee SEQ Bay. 

Thee communication between the 
lunarr surface astronauts on the 
moon,, the CapCom in Mission 
Control,, and the communication 
betweenn CapCom and CMP. 

Geographyy model as the World 
area,, containing the areas Moon, 
PlanetEarth,, and LunarOrbit. 
Next,, the separate areas part of 
thee Moon. Mission Control is part 
off PlanetEarth, and the 
CommandModulee area is part of 
thee LunarOrbit area. 

Usingg the initiai^location attribute 
inn agents and objects. Each 
agentt and object is given an initial 
locationn at the beginning of the 
simulation.. From that moment on 
agentss and objects have 
locations,, which means they are 
locatedd in an area and can move 
too other areas when needed. 

Thee agenfs real-life activities are 
representedd as different types of 
Brahmss activities that take time. 
Compositee activities decomposed 
intoo primitive activities, 
communicatee activities, and move 
activities.. Behavior of objects, 
suchh as the astronaut's space suit 
andd photo camera is also 
representedd as activities. Next, 
thee activities are executed as part 
off workf rames, constrained by the 
agent'ss beliefs acquired or 
changedd over time. 

Thee use of tools and artifacts in 
activitiess is represented using the 
resourcesresources attribute. Also, the 
generationn and detection of facts 
representt the interaction or use of 
ann artifact in an activity by an 
agent.. The generation of facts is 
aa representation of the actual 
physicall interaction with the 
artifactt being used in the activity. 
Forr example, in the taking a 
photographphotograph activity the agent is 
usingg the PhotoCamera object. 

Communicationn is represented as 
ann activity. During this activity 
beliefss are communicated to/From 
agents.. All the communication 
betweenn the astronauts is 
representedd as timed activities 
communicatingg speechacts, i.e. 
thee speechact is represented as 
thee value of the attribute 
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Howw to represen t 
communicatio nn tools ? 

Thee Apollo astronauts where on a 
communicationn voiceloop circuit 
withh each other and CapCom at 
Missionn Control. The 
communicationn time delay between 
Earthh and the Moon was 1.25 
seconds. . 

speechactspeechact communicated as a 
belieff from one agent to another. 

Voiceloopp communication is 
representedd as a communtcate-
activity,, communicating with 
agentss of the group 
VoiceLoopCommunicator.. To 
representt the time delay in the 
communicationn a LmComCircuit 
agentt represents the voiceloop 
circuitt through which the 
communicationn is send to/from 
Earthh to the Moon. Both the 
agentss on Earth and on the Moon 
communicatee through this 
LmComCircuitt agent. 

Inn this Apollo 12 ALSEP Offload experiment I was able to represent the intricate detail of the human activities 
andd collaboration using the Brahms language. The fact that the model generates all the communication 
betweenn the astronauts, including the timing of the communication, shows that the Brahms Language is 
powerfull enough to model and simulate the work practice of the astronauts on the Moon and on Earth. Of 
coursee the level of collaboration is shown in terms of the activities each agent is performing, as well as the 
locationn of the agents, the artifacts the agent is using at that moment, and the use of artifacts in the activity. It 
hass been shown that the research questions posted are answered satisfactory. Therefore we can say that the 
hypothesiss is proven, and that with Brahms we are able to describe an existing work practice. 

Thiss concludes the first of three experiments to show that Brahms is a sufficient language for modeling and 
simulatingg work practice. In the next experiment I will show that with Brahms we can predict the future activity 
behaviorr of agents, based on a model of the work practice. 

170 0 



AA  theory is only a good theory if it can predict future events. In this chapter, I show that a Brahms model can 
bee developed that predicts plausible future work practice scenarios (Sierhuis et al. 2000b). The model is of 
thee Heath Flow Experiment (HFE) deployment during the ALSEP deployment EVA. This model is a theory 
off the work practice of the HFE deployment. In order to prove that this model is a valid implementation of the 
theoryy of the HFE work practice, I show that the model predicts the future behavior of the agents based on 
thee behavioral aspects of the agents in the model. If it can be shown that this model can predict future agent 
behavior,, the theory underlying the model (i.e. the theory of modeling work practice) is a valid theory for 
modelingg such behavior. This is the next step in the quest for evidence that Brahms is a tool for modeling 
andd simulating work practice. 

Goalss and objective s 

Thee objective is to abstract the work practice of the HFE deployment in such a way that we can simulate 
anyy HFE deployment plan for situation-specific scenarios. To do this, I focus on three important features that 
aree needed. First, the model needs a general situated activity-plan execution approach. Second, the model 
needss a general communication policy to handle the necessary planned voJce<lata communications from 
thee lunar surface astronauts. Third, during error situations in the HFE deployment activity the model has to 
showw the error-recovery behavior of the agents in situations that have not been previously described. 

Iff it turns out that we can only model communication and error-recovery by prescribing every situation, it can 
bee said that a general model can never be constructed, and that we cannot use the model to predict 
plausiblee behavior of the agents during new and not previously prescribed situations. If, on the other hand, 
wee can model the communication and error-recovery practice of the agents in such a way that we do not 
simplyy "hardwire" the behavior of the astronauts in previously observed situations, we can use the model to 
predictt what will happen in future situations that have not occurred previously. 

Thee research question in this experiment is: 

CanCan a work  practice  model  of  the Heath Flow  Experiment  deployment  procedures  on the 
MoonMoon  predict  plausible  changes  In the activity-behavior  of  the agents  in  the model,  when 
previouslypreviously  unmodeied  events  occur? 

Provingg that we can predict the work practice behavior of agents during new situations is the first step in 
showingg that we can use Brahms to design new work processes. Designing a new work process is the 
objectivee of the third and last experiment, in which we will design the work practices of a semi-autonomous 
robott on the Moon. 

Itt is important to stress that what is predicted in this experiment is the agent behavior performing situated 
activitiess from a predefined set, given the occurrence of certain events. It could be easily misunderstood that 
thee model is predicting events or new, not previously defined activities. It should be clear that this is not the 
case.. By predicting the activities the agents perform from a pre-specified set in given events, we are 
validatingg the model being a theory of work practice for the HFE deployment on the Moon. 

Approac h h 

II develop a model of work practice for the HFE deployment based on the Final Apollo 16 Lunar Surface 
Proceduress document, in which the detailed nominal timed activities during the HFE deployment are 
specifiedd (Kain et al. 1972). Using the actual Apollo 16 voice-loop data and mission video I am able to 
analyzee how the procedures are performed in practice. Unlike the Apollo 12 ALSEP Offload model from the 
previouss experiment, this model is not a descriptive model of what happened during the Apoto 16 mission. 
Instead,, this model is a more abstract and general model of the HFE deployment activity, based on an 
analysiss of how the planned nominal procedures are executed in practice. After the general HFE 
deploymentt activity is implemented, I will include the error-recovery activities of the astronauts based on 
observedd and analyzed errors during the Apollo 15 and 16 missions. During both these missions, events 
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occurredd that made the astronaut deviate from the nominal planned procedures. Using these situated-
specificc events, a generic activity model with which the agent can react appropriately and plausible in 
"future"" error events will be shown. 

Ass a validation step of this generic error-recovery activity, previously observed error events from Apollo 15 
andd 16 will be generated, and the behavior of the agents during the simulation will be compared to those 
observed.. In the next sections I describe the important aspects of the model, and the results of the 
validation.. Last, there will be some conclusions about the results from this experiment. The description of 
thee model will not be in as much detail as that of the first experiment in Chapter 6. Many of Brahms specific 
featuress are detailed in that chapter, as well as in chapter 4. 

7.11 HFE DEPLOYMENT 

Thee purpose of the Heat Flow Experiment (HFE) was to measure the thermal conductivity and temperature 
gradientt of the upper 2.44 meters of the lunar surface. They predicted two heat sources active in the Moon's 
interior:: (1) original heat from the time of the Moon's formation, and (2) radioactivity. The objective of the 
experimentt was to gather data on the Moon's internal heating process and use it as a basis for comparing 
thee radioactive content of the Moon's interior with the Earth's mantle. In addition to the Moon's internal 
temperature,, the experiment was capable of measuring the thermal conductivity of the lunar rock material. 
Thesee combined measurements would give a net heat flux from the lunar interior to the lunar surface. 
Similarr measurements on Earth had contributed to the understanding of volcanoes, earthquakes, and 
mountainn building processes. Together with seismic and magnetic data from the other experiments, the 
HFEE data would give scientist the ability to develop better models of the Moon, and therefore develop a 

Thee HFE (S-037) was part of the Apollo Lunar Surface 
Experimentss Package (ALSEP), and was part of the 
missionn plans for Apollo 13, 15, 16, and 17. As many 
peoplee know, Apollo 13 never made it to the Moon. The 
firstt deployment was during EVA-1 of Apollo 15. Although 
problematic,, the experiment was deployed and data from 
thee lunar internal at Hadley-Apennine was sent to Earth. 
Nextt was the deployment planned for Apollo 16, also 
duringg EVA-1. Unfortunately, the experiment was broken 
duringg the deployment and no data was ever received from 
Descartes-Cayley.. The last HFE deployment was at 
Taurus-Littroww during the first EVA of Apollo 17. There, 
thingss finally went according to plan. 

Figuree 7-1. HFE deployment configuration 

Thee HFE consisted of two heat-flow probes, an electronics box, a probe emplacement tool, and the Apollo 
lunarr surface drill (ALSD). Figure 7-1 shows that in the deployment configuration each of the two probes 
wass connected by a cable to the HFE electronics box that rested on the surface, at the center of the two 
probes.. The two probes were positioned on either side of the electronics box in a straight line about 18 feet 
away.. The HFE electronics box provided control, as well as monitor and data processing capability for the 
experiment.. The box was connected with a cable to the ALSEP central station 30 feet away. The astronaut 
responsiblee for deploying the HFE used the ALSD to drill two lined boreholes in the lunar surface to insert 
thee probes. By drilling three hollow drill-rod sections into the surface a lined borehole was created. A closed 
drill-bitt on the first drill-rod allowed for penetration into the lunar surface. After the lined borehole was 
createdd an emplacement tool was used to insert the probe to full depth. 

7.1.11 HFE tim e lin e 

Onee astronaut performed the HFE deployment solo, while the other astronaut was deploying other ALSEP 
instruments.. During the Apollo missions different astronaut-roles deployed the HFE. During the Apollo 15 
andd 17 missions the CDR deployed the HFE, however during the Apollo 16 mission it was the LMP. I have 

betterr understanding of its history and origin. 
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PROBEE «1 

PROBEE '2 

(30'' mm BETWEEN PROBES! 
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nott been able to uncover the reason for this switch, but it might have been as simple as personal preference 
off the individual astronauts. Regardless of this switch, the plan for deploying the HFE was the same on all 
missions.. Figure 7-2 shows the summary time line of the ALSEP offload and deployment for the Apollo 16 
mission. . 

SUMMARYY TIME LINE 
FROMM ALSE P OFFLOAD THROUGH ALSE P DEPLOYMENT 
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Figuree 7-2. Apollo 16 summary time line 

Itt shows the high-level ALSEP Offload and Deployment activities of the CDR and LMP over time. The 
ellipsee in Figure 7-2 shows that the HFE deployment is performed by the LMP and consists of three high-
levell activities: HFE equipment preparation, deploying HFE Probe 1 and 2. 

7.1.22 HFE Deploymen t procedure s 

Thee summary time line from Figure 7-2 was decomposed for planning and training purposes into a very 
detailedd step-by-step EVA procedure for each astronaut. In this procedure every step or activity is timed and 
planned.. Figure 7-3 shows this detailed procedure for the LMP from the Apollo 16 Final Lunar Surface 
Proceduress document (Kain et al. 1972). This is the data used to develop the work practice model. 
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Figuree 7-3. Apollo 16 HFE deployment timeline procedures for LMP 

Thee high-level activity HFE Equipment Preparation in Figure 7-2 appears in Figure 7-3 as the detailed 
proceduress Remove HFE SubPallet and Deploy HFE. The HFE Probe 1 activity is decomposed into the 
proceduress Bore Hole 1 Drilling and Emplace HFE Probe 1. Similarly, HFE Probe 2 is decomposed into 
BoreBore Hole 2 Drilling and Emplace HFE Probe 2. 

7.1.33 HFE Deploymen t activit y mode l 

Figuree 7-4 shows the activity decomposition for the HFE deployment procedure from Figure 7-3. The HFE 
deploymentt procedure consists of the HfeEquipmentPreparation and the DeployingHfeProbe composite 
activities.. Every astronaut that has trained to deploy the HFE knew how to perform these activities in the 
HFEE deployment procedure. The HFE deployment activities from Figure 7-3 are therefore represented in a 
Brahmss activity model that is implemented into the group AstronautsThatCanDeployTheHFE. All members 
off the AstronautsThatCanDeployTheHFE group are able to perform these activities. 
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Figuree 7-4. HfeEquipmentPreparation Activity and DeployingHféProbe Activity 

Beforee the astronaut can drill the HFE boreholes and insert the HFE probes, he has to prepare the 
equipmentt for deployment. The HFE subpallet is stored on the Power Package (PwrPkg; this is the 2nd 

ALSEPP package that also contains the RTG power supply). So, first the astronaut takes the HFE pallet off 
thee PwrPkg and lays it on the surface next to the PwrPkg. Now the HFE instrument on the pallet has to be 
connectedd to the Central Station (C/S). The astronaut grabs the flat cable with the C/S connector and walks 
overr with it to the C/S (see Figure 7-5, movement 1). There he connects the HFE instrument to the C/S. He 
thenn goes back to pick up the HFE instrument and carries it a minimum of 30 feet away from the C/S. In 
casee of the Apollo 16, the HFE deployment area is 30 feet South of the C/S (see Figure 7-5, movement 2). 
Afterr he positions the HFE pallet on the surface, he takes off the HFE probe box in which the two HFE 
probess are held. The box is in two halves held together with Velcro strips. The astronaut separates the two 
halvess of the probe box. Next, he carries the probe box halves 18 feet to the left and right respectively, to 
thee HFE borehole areas (see Figure 7-5, movements 3 & 4). He puts the instruments where he will return to 
drilll the holes. As the last activity in the equipment preparation, the astronaut needs to get the ALSD, the 
HFEE bore, core stems and the bore stem rack together. These are located on the Lunar Rover (LRV), and 
thuss the astronaut has to go to the LRV, get the drill, bore stems and rack from the rover and configure them 
(seee Figure 7-5, movement 5). 

7.1.3.11 DeployingHféProbe Activity 

Next,, the most complex activity is the actual deployment of the two HFE probes. As can be seen from 
Figuree 7-3, these two activities are identical. Therefore, the model requires only one DeployHfeProbe 
activity.. This activity is performed twice, once for the first probe and once for the second, at a different 
locationn with the same drill, but using different bore stems and a different probe. The actual task is pretty 
simple,, and if performed on Earth should not create a lot of problems. However, on the Moon in 1/6 G, this 
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tasktask is quite an effort. First, the astronaut has to carry the ALSD, the bore stems and bore rack to the 
deploymentdeployment site, i.e. the drill hole (see Figure 7-5, movement 6). 

RTG G 

t0m t0m 

PROBCC £1 

Next,, the ALSD tools have to be set up and made 
readyy for drilling. This entails opening the core stem 
bag,, picking the first core stem from the bag and 
attachingg it to the ALSD. Then the core stem is 
pushedd with the ALSD into the surface so that the 
drillingg can start. By starting the drill, the astronaut 
drillss the first bore stem into the surface. When the 
boree stem is far enough into the surface, the ALSD 
hass to be removed from the drill. Using the wrench 
doess this. The drill is positioned on the surface and 
aa second bore stem is grabbed from the bag. 
Insteadd of screwing the bore stem onto the drill 
layingg on the surface, the second stem is screwed 
onn the previous stem already drilled into surface. 
Thenn the ALSD is picked up and screwed on to the 
neww bore stem. After this has been accomplished, 
thee astronaut activates the ALSD again and the 
secondd bore stem is drilled further into the surface. 
Next,, it is time for the third and last bore stem. After 
alll three bore stems are drilled into the surface the 
astronautt has to place the HFE probe into the 
borehole.. The probe is located in the probe box that 
wass positioned near the borehole during the 
HfeEquipmentPreparationHfeEquipmentPreparation activity. 

Figuree 7-5. Astronaut movement during HFE Deployment activity 

Thee astronaut picks up the probe box to take out the HFE probe and the probe emplacement tool. He then 
insertss the HFE probe into the borehole, using the emplacement tool. After the probe is emplaced a thermal 
shieldd is placed into the borehole. As a last activity, the astronaut places a sun shield over the stem to 
protectt it. 

7.22 PREDICTIVE MODELING 

Thee Apollo 12 model of the ALSEP Offload from the previous experiment (chapter 6) is a descriptive model. 
Thee agents perform their activities and communications in a pre-specified, more or less "hardwired" way. 
Thee model can only simulate the ALSEP Offload as it happened during the Apollo 12 mission. The question 
thatt is being addressed in this experiment is how we could develop a work practice model that can be used 
too simulate the work practice during any HFE deployment mission. Such a model would be a predictive 
modell of the work practice. 

Theree are a number of issues in the design of a predictive model that will be worked out in the next sections. 
First,, I will describe how we can go from a "hardwired activity model" to a more flexible model in which the 
orderingg of an agent's activities is flexible enough that it can change dynamically, rather than having to 
changee the source code of the model. Secondly, I will address the issue of having conversations. A 
conversationn is a dynamic and situated activity. Agents need to be able to act and react to speech acts in a 
dynamicc fashion, such as asking a question when there is a need for information, and answering the 
questionn if it is being asked. 

176 6 



7.2.11 Dynami c plan s and schedule s 

Thee activity plan for the agents in the Apollo 12 ALSEP Offload model was hardwired into the workframes of 
thee model. After an agent is finished with an activity, the agent knows which next activity to perform, 
becausee a consequence in the workframe creates the belief about what activity to perform next. 

Forr example, Figure 7-6 shows a hardwired plan in which, after the agent has moved to the SEOBayArea, 
hee will open the SEQ Bay door as his next activity, regardless of the situation that arises at the SEQ Bay. 

workfram ee MovbigToSEQBa y { 
repeat:repeat:  false ; 
whenn (notfjh e agenlLocatlo n of curren t 
do { { 

== SEOBayArea) ) 

concfcide((cunmtcuTBntAcDVtt yy  = MoveActivity) , DKIOO, fc100) ; 
MovefSEQBayArea ,, 5,1); 

>> condudeKcunenUtextAcövity a 

} } 

sOpenSEQBayDoorActMty) ,, bc:100, IEO); 

Figuree 7-6. Hardwired activity plan 

Iff we want to use this plan for another Apollo mission, or another future HFE deployment mission, it is 
obviouss that this approach is not flexible enough to plan new situations. Therefore, a more dynamic 
approachh for the scheduling of activities for the agents needs to be implemented, without having to specify 
everyy context in which an activity might occur (Agre 1995). 

Thee approach taken is to view the astronauts' activity of determining what next activity to work on as part of 
theirr work practice. As such, determining what activity to work on next is explicitly represented as an activity 
inn the model instead of hardwiring it in workframes, such as the workframe shown in Figure 7-6. The 
operationalizationn of this activity in the real world can be found in the use of the cuff-checklist fae astronauts 
aree wearing on their space suit. In effect, this artifact contains a plan for action. When the astronaut is done 
withh an activity, he consults his cuff-checklist to determine the next activity. This is modeled as the 
DetermineNextActMtyDetermineNextActMty activity. In this activity the astronaut simply reads from his cuff-checklist what his next 
activityy is supposed to be51. The cuff-checklist artifact is modeled as located on his space suit (using the 
containmentt relation), and contains the astronaut's activity schedule (represented as "beliefs in the object"). 

Figuree 7-7 graphically represents this activity. The astronauts' plans are modeled as objects with relations to 
thee previous and next activities to be performed. By specifying the sequential ordering relationships between 
activities,, we specify the astronaut's plan to be performed. Even more, because the plan is modeled as 
beliefsbeliefs about activity objects, changing the beliefs about the next activity can dynamically change the plan. 
Thiss also allows for the agent to dynamically receive or change his beliefs about the plan. This is a crucial 
elementt in the design of this approach, which is used to model the change in the plan during situated errors. 

Next,, the model reperesents under what conditions the astronaut will perform the DetermineNextactivity. 
Thiss is done using a very simple workframe, shown in Figure 7-8. Whenever the agent gets the belief 

(currentgetNextActMty=true), , 

thee ReadingCuffCheckList workframe (Figure 7-8) gets executed. This immediately makes the agent 
performm the DetermineNextAcMty activity, while interrupting any current activity due to the high priority given 
too the execution of the DetermineNextAcMty activity (priority = 100). 

511 It should be noted that the agent is nof planning in this adfc/ity, but readhg a pre-specffied plan developed 
activity,, developed and trained long before the actual mission. 
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objec tt  LmpCuffCheckLis t instanceo f CheckLis t 

extend ss Deploymen t Plan 

initial_beliefs: : 
(currentt performer CharlieDuke); 

(current.firstt Activity = AlsepPackagePlacementActivity); 

(AlsepPackagePlacementActivityy nextActivity = HfeEquipmentPreparationActivity); 
(AlsepPackagePlacementActivity.. previous Activity = AlsepPackagePlacementActivity): 

(HfeEquipmentt Preparation Activity. nextActivity = HfeProbeNol Activity); 
ii HfeEquipment Pre par at ionActi vit y. previous Act i vity = AlsepPackagePlacementActivity); 

(HfeProbeNolActivity.nextActivityy = HfeProbeNo2 Activity); 
(HfeProbeNoll Activity.previousActivity = HfeEquipmentPreparationActivity); 

(HfeProbeNo2Activity.previousActivityy = HfeProbeNolActivity); 

LmpCuffChecklist-firstt Activity 

[currentact].. nextActivity, 
[[ c urre nta ct]. previ ou sActivity ii  I j 

att m.\ 

tt  ML it 
agentt CharlieDuke 

Figur ee 7-7. Dynami c plan executio n activit y 

workfram ee ReadingCuffCheckLis t { 

repeat ::  true ; 

whe nn (knownval(currentgetNextActivit y = true) ) 

do { { 

DetermineNextActivity(start ,, 100,1); 

conclude((current.getNextActivit yy  = false) , bc:100 , fc:0) ; 

} } 
> > 

Figuree 7-8. ReadCuffChecklist workframe 

Figuree 7-10 gives the source code of the DetermineNextActivity composite activity. This activity is defined 
withinn the ApolloAstronaut group. Thus all members of the ApolloAstronaut group can potentially perform 
thiss activity. However, in the HFE deployment model, only members of the LunarSurfaceAstronaut 
subgroupp have the ReadingCuffChecklistvioMrame, from Figure 7-8. This means that only the members of 
thatt group (i.e. the LMP and CDR agents) will read a cuff-checklist. Within the DetermineNextActivity 
compositee activity there is a communicate-activity for reading the first activity from the checklist. There also 
iss a communicate-activity to read all the next activities from the checklist. There are two separate 
workframes,, FteadingFirstActivity and ReadingNextActivity, that make the agent perform the 
DetermineNextActivityDetermineNextActivity activity. Obviously, when the agent checks his cuff-checklist for his first activity, the 
FteadingFirstActivityFteadingFirstActivity workframe is executed. After this, every time the agent needs to determine his next 
activity,, he will execute the ReadNextActivity workframe. 

Importantly,, there are two thoughtframes in the composite activity (see Figure 7-10). One of the 
thoughtframess is fired every time, immediately after the agent has performed one of the two reading next 
activityy workframes. These thoughtframes create the belief for the agent to start performing the correct next 
activity, , 

conclude((current.nextActivit yy  = curact.nextActivity) , bc:100 , fc:0) ; 

Whenn the agent gets an updated belief for the attribute nextActivity it immediately triggers a workframe to 
performm the next activity. This workframe needs at a minimum a precondition of the form 

knownval(current.nextActivit yy  = <activit y objec t name>) . 

Everyy possible activity needs to be an object-instance of the class Activity. For example, the workframe that 
startss the activity for HFE Probel deployment is shown in Figure 7-9. There is an object 
HfeProbeNolHfeProbeNol Activity Vnat is an instance of the class Activity. 
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^ ^ 

} } 

repeat-fatoe ; ; 
whe nn (knownvaKcunwiLnextActMty = HfeProbeNolActMty) ) 
*» { { 

conclude((currantxurrentAcUvit yy  = 
Dep4oytngHteProbe<0) ; ; 
conclud9((cunwiLo8tNoxtActlvtt yy  = 

} } 

HfeProbeNo ll  Activity) , bc:100 , fc:100); 

== true),bc:100,fc:0) ; 

Figuree 7-9. Workframe for DeployingHfeProbeNol 

Thee workframe from Figure 7-9 has to be read as follows: When the agent knows that his next activity is 
HfeProbeNoll Activity he starts working on that activity by first concluding that this is his current activity, then 
hee starts performing the DeployHfeProbe activity. After he is done with the DeployHfeProbe activity he 
concludess that he has to get his next activity from the plan. 

7 ^ 22 Questio n and answe r conversatio n polic y 

Similarr to the hardwired plan, the Apollo 12 ALSEP Offload model also has the agent communication 
hardwiredd in the workframes. Obviously, most conversations are not hardwired, meaning, in situated 
activitiess we don't have pre-specified speech acts that are always spoken52. People don't just utter loosely 
connectedd speech-act sequences. They engage in conversations, i.e. a sequence of speech-acts between 
individualss that when interpreted in the context of a larger activity belong together and form an interpersonal 
dialogue.. In order to model conversations, Holmback (1999) argues that we need to predefine the policy of 
specificc types of conversations (Holmback et al. 1999b) (Holmback et al. 1999a). 

Theree are of course exceptions, such as a standard greeting. 
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composfe_actlvft yy  DetennineNextActivityfsymbo l whn , in t pri , in t dur ) { 
priority ::  pri ; 
uttlvHiou : : 

communicat ee ReadHrstActtvity(DepioymentPla n plan , symbo l whn , in t pri , in t mdur ) { 

} } 
com n n 

} } 
workframes : : 

priority ::  pri ; 
max_duration ::  mdur ; 
with ::  plan ; 
abou t t 

recerwe(plan.firstActJvity=value) ; ; 
when ::  wtm ; 

lunicat ee ReadNextActlvtty(DeploymentPta n plan , Activit y act , symbo l whn , hi t pri , in t mdur ) { 
priority ::  pri ; 
max_durarJon ::  mdur ; 
with ::  plan ; 
abou t t 

recetve(acLprevk>usAcrjvft yy  = value) , 
receive(acLnextActivit yy  = value) ; 

when ::  whn ; 

workfram ee ReadingRrstActMt y { 
repea tt  false ; 
variables : : 

forone(Act JJ vlty ) curact ; 
forone(CheckUst )) checklist ; 

whe nn (unlmowrHcurrefitairrentActivit y = curact ) and 
knownvaKcurren tt  contain s checklist) ) 

do { { 
ReadRrstActMty(checklist ,, whn , pri , dur) ; 

} } 
> > 
workfram ee ReadingNextAcUvit y { 

repea tt  false ; 
variables : : 

forone (( Activity ) curact ; 
forone(CheckUst )) checklist ; 

whe nn (lcnownval(currenLcurrentActivit y = curact ) and 
knownvaKcurren tt  contain s checklist) ) 

do { { 
ReadtJextActMtyfcheckUst ,, curact , whn , pri , dur) ; 

} } 
} } 

trtoughtframes : : 
thoughtfram ee HrstActivtt y { 

repeat ::  false ; 
variables : : 

foronefChecUJst )) checklist ; 
whe nn (knownvaKcurren t contain s checklist ) and 

known(checkllsLfirstActivit yy  & value ) and 
unfoowi^curoentnextActtvity=checkilstfirstActivity )) and 
unknown(ciirrenLhasStarte dd = true) ) 

do { { 
corxHucle({currentnextActivit yy  = checklistflrstActrvtty) , bc : 100, fc:0) ; 
conctudeQcurrenthasStarted=true) ,, bc:100 , fc:0) ; 

} } 
} } 
thoughtfram ee NextActMt y { 

} } 
} } 

repeat ::  false ; 
variables : : 

forone (( Activity ) curact ; 
whe nn (laiownvaHcurrenLhasStarte d = true ) and 

knownvaKcurrenLrtextActlvrt yy  = curactname) ) 
do { { 

corK^ude({currerrt.nextActMty == curactnextActivtty) , bc:100 , fc:0) ; 

} } 

Figuree 7-10. DetermineNextActivity source code 

Duringg the Apollo missions, the detailed EVA timeline procedures included the specification of the voice-
datadata that the CDR and the LMP were to communicate during their activities. Figure 7-11 shows a piece of 
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thee voice-data the astronauts need to communicate during the HFE deployment activities, that is part of the 
lunarr surface procedures (Kain et al. 1972). The voice-data schedule includes what data to report, which of 
thee astronauts is to report the data, and also the priority of the data (this is the number one or two between 
thee rounded brackets in Figure 7-11). A priority one (1) means that there is a mandatory requirement for the 
dataa at the time or event designated. A priority two (2) means that the data may be deferred until the 
debriefing. . 

Itt is easy for people to forget to make such scheduled utterances in the moment, even if they are well 
plannedd and trained. This happened a number of times during the Apollo 16 EVA. When this occurred, the 
CapCom,, keeping track of the schedule, would ask the astronaut for the data later. 

2+10 0 

Too model this kind of interaction, I introduce a type of conversation 
policyy called the question and answer voice-data policy. The 
purposee of this policy is to represent how the CapCom and the 
lunarr surface astronauts handle the voice-data that needs to be 
reportedd back to Earth. The policy consists of two parts, one part 
describingg the policy for the receiver (i.e. the agent(s) needing the 
answerr to a question) and one part for the sender (i.e. the agent 
answeringg the question). 

Thee operationalization of this policy for the lunar surface EVA's is 
ass follows. The question is the indirect request for the voice-data 
ass is specified in the lunar surface procedures (see Figure 7-11). 
Thee sender policy (or answer policy) is the utterance of the 
astronautt at the moment that the voice-data is to be reported. 

Thee receiver policy defines when the CapCom is going to ask specifically for the data (i.e. a direct request). 
Forr example, if the astronaut forgets to provide the data as was specified in the schedule and the data has a 
highh priority, the CapCom will ask for the data during the EVA. Figure 7-14 shows the conversation policy. 

VoiceDat aa Conceptua l Objec t Class 

Everyy piece of voice-data that needs to be communicated according to the plan will be represented as a 
VoiceDataVoiceData conceptual object (Figure 7-12). The voice-data is represented as a conceptual object, because 
itt is not a physical object, but represents a conceptual voice-data element of the schedule the astronaut 
remembersremembers from their extensive training. Since the astronaut's cuff-checklist does not include all the voice-
data53,, they have to remember to communicate the voice-data at the appropriate time during the 
performancee of their activities. 

Conceptuall Object Class 

VoiceDat a a 

attributes : : 
symbo ll  data ; 
Agen tt  fromAgent ; 
Agen tt  toAgent ; 
in tt  priority ; 
Activit yy  durin g Act ; 
symbo ll  when ; 
boolea nn sent ; 
boolea nn received ; 

Figuree 7-12. VoiceData definition 

533 Some astronauts added references to specific voice-data as reminders on their personal cuff-checklist, but this was the exception and 
theyy certainly did not contain all voice-data. 
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Figuree 7-11. Voice-data schedule 



Eachh voice-data object has the following meta-data associated with it: 

•• data: This represent the data that is communicated. 
•• fromAgent This links the voice-data object to the agent that needs to communicate the data. 
•• toAgent. This links the voice-data object to the agent that needs to receive the data. 
•• priorty. This is the priority ("1" or "2") of the voice-data. 
•• duringAct This links the voice-data object to the activity after which the fromAgent needs to 

communicatee the data. 
•• when. This tells when the voice-data needs to be communicated during the activity; at the 

beginning,, or at the end of the activity ("start" or "end"). 
•• sent This tells if the voice-data has already been communicated or not ("true" or "false"). 
•• received This tells if the voice-data has already been received or not ("true" or "false"). 

Forr each planned voice-data communication there is a conceptual object. The agents get (initial) beliefs 
aboutt these objects as a representation of the fact that they remember the scheduled communications from 
theirr training, and remember who needs to communicate it and when. For example, Figure 7-13 shows that 
att the moment the LMP has removed the battery thermal shield from the ALSD, he needs to report the start 
off the HFE bore hole #1 drilling. 

MISSION::  APOLLQ 16 
EVA::  1 

DATE::  MAR( 
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(1 ))  CDR -  Repor t  C/S :  LEVE L 
ALIGNMENT T 

(1 ))  LH P -  Repor t  star t  o f  HF E bor e 
hol ee # 1 drillin g 

LM PP ACTIVITIE S 

BOREE HOLE 1 DRILLING 
Sett  d r i l l on surfac e 

Leann bore/cor e stem bag 
agains tt  rack ; open bag 

Inser tt  54"  bor e stem Int o d r i l l 

Pic kk up d r i l l a pus h b i t 
In t oo surfac e as f a r as possibl e 

Removee b a t t . therma l shie l d 

Energiz ee d r i l l un t i l stem 
to pp approx . 16"  abov e surfac e 

EVA A 
TIME E 

2 2 HO O 

CDRR ACTIVITIE S 

Deplo yy 2nd l eg , posit io n leg s 
Plac ee M/P NNE C/S; poin t NW 

REHOVEE LSM 
Releas ee LSM fro m C/S - Z BB 
L i f tt  LSM o f f C/S, ck . cabl e 

Sett  LSM on surfac e clea r o f C/S 

ERECTT CENTRAL STATION 

Leve ll  and a l ig n Ptcg 1 

Releas ee C/S So. sid e - 5 BB 

Figuree 7-13. Voice-data example 

Thiss voice-data instance is represented as the conceptual object ReportStartHfeBoreHoleDrilling 

conceptual_objec tt  ReportStartHfeBoreHoleDrillin g Instance d VoiceDat a { > 

Thee lunar surface astronauts and the CapCom get initial-beliefs about this conceptual object. Each agent 
thatt remembers the planned voice data communication has beliefs about the 
ReportStartHfeBoreHolelDrillingReportStartHfeBoreHolelDrilling conceptual voice-data object, such as: 

(ReportStartHfeBoreHoteOrllllng-duringAc tt  = RenrwveBatteryThermalShleWActJvtty) ; 
(ReportStartHfeBoreHotoDrilling.wh nn = end); 
(ReportStartHteBoreHoleDrllllng.frornAgen tt  = ChariieDuke) ; 
(Rep«1StartHf8BoreHotoOrlHing.toAgent=TonyEngland) ; ; 
(ReportStartHfeBoreHoteDrllling^r ii  = 1); 
(RepoilStartHfeBoreHoleDrilling^ent=false) ; ; 
{ReportStarmfeBoreHoteDrilllng.receive dd = false) ; 

Nott having beliefs about a voice-data object means that the agent does not remember that this data needs 
too be communicated. This is the way forgetting to communicate the voice data becomes possible. Next, I 
describee how the Question & Answer Conversation Policy is implemented in the Brahms model. 
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Benderr  Policie s 

o o 

A A 
LunarSurfaceAstronau t t 

Name: : 

Description : : 

Data: : 

Activity : : 

Precondition : : 

Consequence : : 

Senderr  Polit y 1 

Whenn the sender needs to communicate voice data at the end of the activity 

VoiceDataa dat a Object 

CommunicateVoiceData(dataObjectdata,dataObjectfromAgentdataObjectdurinoActivitv) ) 

knownvaKdataObjectduringActisDonee = true) AND knownval(dataObject priority = 1) AN! 
knownval(dataObjectwhenn = end) AND knownval(dataObjectsent= false) 

knownval(dataObject.sendd = true) 

Name: : 

Description : : 

Data: : 

Activity : : 

Precondition : : 

Consequence : : 

Senderr  Polic y 2 

Whenn the sender needs to communicate voice data at the beginning of the activity 

VoiceDataa dataObject 

CommunicateVoiceData(dataOb|e(i.data,da1aObiectfyornAgent,dataObject.durinaActivrrv); ; 

knownvalfYoiceData.duringAct== currerrtcurrentActtvrty) AND knowmal(dataObjectpriority 
ANDD knownval(VoiceData.when = start) AND knownval(VoiteData.send = false) 

knownval(dataObject.sendd = true) 

Receiverr  Policies 

O O 

A A 
CapCom m 

Name: : 

Description : : 

Data: : 

Activity : : 

Precondition : : 

Consequence : : 

Receive rr  Polic y 1 

Whenn the receiver needs to ask for the voice data 

VoiceDataa dataObject 

RequestForData(dataObject.data), , 

knownval(dataOtaject.priorrry== 1) AND knownval(dataObject.duringActisDone = true) ANC 
knownval(dataObject.receivedd = false 

knownval(dataObject.. received = true) 

Figuree 7-14. The Question & Answer conversation policy 
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Senderr  Policie s 

Senderr Policy 1 (SP1) and Sender Policy 2 (SP2) define how the sender of the voice-data communicatBS 
thee data. This is considered the answer-part of the policy. The condition under which the sender will 
communicatee the data is given in the precondition row of Figure 7-14. For example, the precondition in SP1 
statess that if the sender is done with the activity during which he needs to communicate the data, and he 
hass to communicate the data at the end of the activity, and the data to be communicated has priority one, 
thenn communicate the data using the CommunicateVoiceData activity. The precondition in SP2 states that if 
thee sender is working on the activity during which he needs to communicate the data, and he has to 
communicatee the data at the beginning of the activity, then communicate the data using the 
CommunicateVoiceDataCommunicateVoiceData activity. 

Eachh sender policy is implemented as a separate workframe. For example, SP1 is implemented in the 
workframee SenderPolicyl (see Figure 7-15). 

woMrarn ee SenderPolicy l { 
repeat ::  true ; 
variables : : 

forone(VoiceData)forone(VoiceData)  votee_data ; 
forone(Activtty )) act ; 
cotlectalKLmVoiceLoop )) vtcoms ; 

whe nn (knownval(vo)ce_data.dijrtngAc t = act ) and 
knownval(currentsubActiv)t yy  = act ) and 
knownvaKactisDone=true )) and 
knownvat(voice_datawh nn = end ) and 
kncwnv8l(voice_dat&pr ll  = 1) and 
knownvaKvofce_data.fromAgen tt  = current ) and 
not(voice_data.8ent=true )) and 
kncwnvaKvkxxns-comnunicalionTyp ee = LmVotceLoop ) and 

not(currentnam ee = vk»ms.name) ) 
d o { { 

conclude((voice_data.dat aa = currentspeechAct) , bc:100 , fc:0) ; 
CommunicateVoiceData(100,1 ,, start , voic e data , act , vteoms) ; 
conclude((voic ee data.sen t = true) , bc:100 , fc:0) ; 

} } 
} } 

Figur ee 7-15. Workfram e SenderPolicy l 

Thee actual voice-data speech-act in both SP's is implemented using the CommunicateVoiceData 
communicationn activity. Figure 7-15 shows how this activity is called from the SP1 workframe, with the 
correctt parameter values. The source code of the communication activity is shown in Figure 7-16. The 
senderr communicates the data and fromAgent attributes for the voice-data. The sender also communicates 
thee (sub)activity he is working on when communicating the voice-data. This means that the receiver will get 
thee data that needs to be communicated, as well as who communicated it and during what activity. 

communicat ee CommunicateVoiceData(lrr t pri , in t dur , symbo l whn , VoiceDat a vd , 

{ { 

} } 

Activit yy  act , LmVotaeLoo p vteorns ) 

priority ::  pri ; 
maxx duration : du n 
resources ::  act ; 
with ::  vlcoms ; 
abou tt  send(vd.data=anyvalue) , 

send(vd.1romAgen tt  = current) , 
send(currentsu bb Activity=act) ; 

when ::  whn ; 

Figur ee 7-16. CommunicateVoiceDat a activit y 

Thee reason for communicating all this data is that although the voice-data communication schedule— 
implementedd by the voice-data conceptual objects and the agents' beliefs about them—specifies who is to 
communicatee the data, during the mission another agent might actually communicate the voice-data. 
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Similarly,, while the plan specifies during what activity the voice-data has to be communicated, in reality this 
mightt be done during another activity. 

Receive rr  Policie s 

Thee Receiver Policyl (RP1) describes under what conditions the receiver (i.e. CapCom) will ask for the data 
(seee the precondition row of Figure 7-14). This is considered the question-part of the policy. In normal 
circumstancee the receiver never has to ask for the data, since the schedule states when the lunar surface 
astronautss are to communicate. However, this might not always happen, in which case CapCom will ask for 
it.. The condition under which the receiver askss for the data is when the data has a high priority (i.e. "1") and 
thee receiver knows that the sender is already done with the activity after which he is supposed to 
communicatee the data, and the data has not yet been received. The RP1 is implemented by workframe 
ReceiverPolicylReceiverPolicyl that specifies the policy conditions and executes a request for the voice data as a voice-
loopp communication activity (Figure 7-17). 

workfrarn oo nocolvorPoicy l { 
repeakfolM, repeakfolM, 
variables : : 

forono(Vo4cflData )) votcs_data ; 
FLUU m ia(/Wjtlvlly ) act ; 
toron6(LunDfSurtaccA5tronaut)trofnagt; toron6(LunDfSurtaccA5tronaut)trofnagt; 

whe nn (knownvaKvoic«_datadurlngAc t = act ) and 
knownvaKactisDone=true )) and 
knownval(votca_dala.fromAoBnt=fromagt )) and 
Know nn vaUhuwag t sub AclMt y a act ) and 
knownvaKvoice.claULpr tt  = 1) and 
not(vok»_datajBcaived=true) ) ) 

do { { 
RequestForData(100,1 ,, start , vofce.data , a d , fromagt) ; 

} } 
} } 

Figur ee 7-17. Workfram e ReceiverPolicy l 

Whenn the receiver asks the sender for the data, the sender, if possible, will reply by executing one of the two 
SPs.. This works as follows. 

Iff the sender does not communicate the voice-data when he needs to according to the schedule, it means 
thatt the sender has forgotten about it. In the model this happens when the agent does not have the beliefs 
forr the specific voice-data conceptual object. Not having any beliefs about a specific voice-data object 
impliess that neither of the sender policies can be executed. Thus, when the receiver determines that he has 
nott yet received the voice-data that he was supposed to receive, he executes the RequestForData 
communicationn activity in the ReceiverPolicyl workframe. This activity communicates all the necessary 
beliefss for the voice-data object (see Figure 7-18). When the sender agent receives the beliefs from the 
requestt for voice-data, it triggers one of the sender policies, which makes him communicate the voice-data. 
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communicat ee RequestFörData( M prl , Int dur , symbo l whn , VoteeDat a vd , Activit y act , 
LunarSurfaceAstronau tt  fromagt ) 

{ { 
priority ::  prl ; 
tnax_duratlon::  dun 
wtlh ::  LmComCircuM ; 
aboutt  senoX vdduringAct = act), 

sonoXvd-fromAgan tt  = fromagt), 
send(vd.toAgen tt  = current) , 
send(vd.pr ii  = anyvalue) , 
9Bnd(vd.receive dd = false) , 
aend(vd.sen tt  = false) , 
send(vd.wh nn = anyvalue) ; 

when ::  whn ; 
> > 

Figuree 7-18. RequestForData Activity 

Noticee that it will be possible for the agent to have forgotten or simply not to know specific beliefs associated 
withh the voice-data. Such an occurance would represent partial forgetting. For example, agent CharlieDuke 
mightt remember that he needs to communicate the start of the borehole drilling, but has forgotten its priority. 
Inn that case, there could be an additional policy that would handle this. 

Thiss concludes the description of the Q&A policy and its implementation in the Brahms model. Next, I 
describee how situated-errors can be handles in a general way, without having to specify every error 
conditionn and situation in advance. 

7.33 DEVIATIONS FROM NOMINAL PROCEDURES 

Thee procedures for the HFE deployment are nominal, meaning that these only hold as long as everything 
goess according to plan. In practice this almost never happens. The issue is thus, what will happen when 
somethingg goes wrong, or not according to plan? The question we need to answer is how we can represent 
howw agents will deal with problem situations, without having to describe every possible situation that can 
occur. . 

7.3.11 Problematic situations 

Thee notion of human error is often cited as the cause for mistakes and disasters. What constitutes a human 
errorr is often left to the interpretation of the accident investigator. Usually, a deviation from a standard or 
nominall procedure is identified as an "error." However, when we consider the situation-specific issues and 
thee work practice in contrast to the procedures, often human error lies in the design and validation process 
off the procedures. Very often the procedures do not take into account the context and the situation in which 
thee activities take place. Were the right people involved in the planning process? How were interactions 
betweenn subsystems tested? Did organizational/functional breakdown prevent interactions between 
activities,, materials and the situation? 

Thee following "human error" occurred during the Apollo 16 deployment of the HFE. The LMP was in the 
processs of drilling a hole in the lunar surface to implant the first HFE probe. He had connected the HFE 
packagee to the Central Station (CS) with a flatbed cable. At the same time, the CDR was busy deploying the 
Passivee Seismic Experiment (PSE) in close proximity to the C/S. All this was planned and trained and had 
veryy detailed procedures (see Figure 7-3). Unfortunately, although known at the time, the procedures and 
trainingg did not include the fact that the flatbed cables would not lay flat on the lunar surface due to the 
minimall lunar gravity. For example, the procedures did not include specific instructions on how to avoid 
gettingg tangled in one of the cables—it was very difficult for the astronaut to see his feet through the visor of 
hiss helmet. Consequently, the cable connecting the HFE to the C/S hooked on one of the CDR's boots 
withoutt the CDR noticing it, thus ripping the cable of the C/S and breaking the connection, making the 
Apollo166 HFE probes unusable. 

Iff we consider the CDR's specific situation, the procedures and his training displaying itself through the work 
practicee of the astronauts, it is obvious that we should not call this an astronaut error. The CDR's actions 
weree not an intentional deviation from the nominal procedures. It was the situation specific context on the 

186 6 



moonn that showed the error in the designs and procedures, as well as the lack of a developed work practice 
onn the moon. Procedure designers and HFE engineers did not take this into account. 

Nominall procedures can never capture the intricacies of work practice. One of the benefits of modeling and 
simulatingg not just the nominal procedures—but also the work practice of how the procedures are put into 
action,, including the effects of the environment, communication, tools and artifacts, and error conditions—is 
thatt the design of the activities and interaction of the agents with each other and the environment can be 
moree detailed. Thus, specifying contextual procedures and detailing how activities will be performed in 
realityy will lower the chance of unplanned situations causing problems. Note that without considering these 
issues,, Brahms models could incorporate the same kinds of failures. Therefore, a critical engineering 
frameworkk is required, by which we include systematical failure analysis of past designs (of which the HFE 
iss one example). 

Thee next two sections describe types of activities that I have been able to identify and generalize from data 
off the Apollo 15 and 16 missions. I then describe an activity design that implements a general error-recovery 
activityy that is used by the lunar surface astronaut agents to recover from both types of errors, without 
havingg to specify the error situationss up front. 

7.3J27.3J2 Two type s of errorrecovw y 

Ass briefly described in the previous section, the error during the Apollo 16 HFE Deployment broke the 
experiment.. This meant that the HFE drilling activity the LMP was working on was not useful anymore. 
Oncee the LMP had determined this, he decided to stop the activity and start another activity by reordering 
thee scheduled plan. This type of behavior is what I refer to as individual error-recovery. In other words, in 
individuall error-recovery the individual recovers from a situated error and decides what to do next. 

Thee second type of error-recovery behavior was observed during the Apollo 15 HFE deployment. I refer to 
thiss type as distributed error-recovery. During the Apollo 15 HFE drilling activity the CDR could not get the 
ALSDD off of the first bore stem he had just drilled into the surface. He was supposed to use his foot to stop 
thee bore stem from turning, while he was turning the ALSD counter clockwise, to get it off the bore stem. 
Whateverr the CDR tried to do, the bore stem would turn with the ALSD, and consequently the drill would not 
comee lose. After awhile the CDR gave up and asked CapCom what he should do, thus letting the people at 
missionn control solve the problem. After a few minutes the CapCom gave the CDR a new procedure using a 
wrenchh to keep the bore stem from turning with the drill. The essence of distributed error-recovery is that the 
individuall relies on others to help in an error-recovery activity. The problem solving is distributed over a 
numberr of individuals. 
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7.3.33 Error-recover y activit y desig n 

Howw do we model error-recovery activities without describing every potential error situation? The design of 
thee error-recovery activity is divided into two pieces. The first objective of the design is to provide a default 
error-recoveryy practice the lunar surface astronauts will follow when they detect an error and they have no 
specificc practice for resolving a particular error. Secondly, the design should allow a modeler to add more 

specificc error-recovery activities as part 
off the work practice of each planned 
activities. . 

Figuree 7-19 shows the design of the 
ResolveErrorResolveError group. This group is a 
subgroupp of the 
LunarSurfaceAstronautsLunarSurfaceAstronauts group, and 
implementss the default error-recovery 
activityy that every lunar surface 
astronautt can perform during error 
situations.. The figure is read from left to 
right.. It shows the group with all its 
workframess and thoughtframes. The 
designn of this default activity is based on 
howw the Apollo 15 and 16 astronaut 
resolvedd the errors that occurred during 
thee HFE deployment. First, the 
astronautt goes over to the location 
wheree the error has occurred to check 
outt the problem {CheckOutProblem 
workframe).workframe). This is a workframe that the 
astronautss will always perform in case 
off an error situation that affects their 
activities.. During the CheckOutProblem 
activityy any of the thoughtframes can 
fire,, based on the situation. First, the 
agentt needs to determine if the error 
needss to be resolved or not 
(ErrorNeedsToBeResolved(ErrorNeedsToBeResolvedworkframe). workframe). 

rrorToResolve e 

6fNeedsToBeRee Solved 

B B 
Noo iMy Error ToResolve 

ResolveError r Workframess of Re sol1 

Legend d 

El l 
-- a Group 

== a Workframe 

== a Thoughtframe 

nitalizeErrors s 

ErrorHandling g 

CheckOutProblem m 

MovingBack k 

Figuree 7-19. Default error-recovery activity workframes and thoughtframes 
(generatedd by the old Brahms simulation G2 engine) 

Afterr it has been determined that the error needs to be resolved, the agent then needs to determine if the 
errorr needs to be resolved by him (MyErrorToResolve or NotMyErrorToResolve workframes). When the 
agentt has decided that it is responsible for solving the error, it now has to figure out if it can start solving the 
errorr at that moment. There are two possibilities; if there is no previous error the agent can go ahead and 
resolvee the one at hand {ResolveErrorl thoughtframe). If there is a previous error that the agent was 
supposedd to solve, but he is at the moment not working on that particular error, then he can go ahead and 
startt solving the one at hand (ResolveError2 thoughtframe). When the agent decides to resolve the error, he 
willl start the CheckOutProblem workframe. Next, the astronaut will perform the ErrorHandling workframe. 
Last,, the MovingBack workframe allows the agent to move back to the location he was at before he started 
checkingg out the problem. 

Thee CheckOutProblem workframe has two activities (Figure 7-20). During the performance of this 
workframe,, the thoughtframes in Figure 7-19 can fire. The Moving activity lets the agent move to the 
locationn where the error occurred. The CheckOutProblem composite activity has just one workframe called 
InvestigateProblem.InvestigateProblem. During the investigate activity the agent can detect the facts that represent the problem 
thatt occurred; i.e. detect((error.errorCode = value)). 
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Figuree 7-20. CheckOutProblem workframe & activity hierarchy 

Noww that the agent knows the type of error that has occurred, it can always handle the error using a error 
handlingg activity. This is done through the implementation of the HandleError activity. Figure 7-21 shows the 
defaultt HandleError activity implementation in the ResolveError group. The ErrorHandling workframe gets 
executedd when there is no other more specific HandleError activity available. The effect of this default 
activityy is that the agent will ask the CapCom (effectively mission control) how to solve the error. Then the 
agentt will wait until the CapCom comes back with a solution. This default behavior is an implementation of 
thee default distributed error-recovery approach. 

Whenn the CapCom communicates back the solution from mission control, the agent can execute the 
thoughtframess in Figure 7-21. The two options that have been implemented as default behavior are that a) 
thee solution from mission control is to continue with the activity and ignore the error (ContinueCurrentActivity 
thoughtframe),, and b) the solution from mission control is to start working on another activity, effectively 
abandoningg the current activity (StartNewActivity thoughtframe). In the second case the CapCom 
communicatess what activity to work on next, thus effectively changing the astronaut's plan. 
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Figuree 7-21. ErrorHandling workframe & activity hierarchy 

7.44 PURPOSE OF GENERAL REPRESENTATIONS 

Thee objective of this experiment is to determine if with Brahms we can develop a predictive model of a work 
practice.. As described in the introduction of this chapter, prediction in this context means that the model can 
predictt what will happen during the Apollo HFE Deployment in not previously specified situations in terms of 
thee activities of the lunar surface agents, as well as the communication of voice-data. The focus of the 
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predictionn of future scenarios is on the order in which astronauts perform activities, their communication of 
thee scheduled voice-data, and on the situated error-recovery activities that are performed when a not 
previouslyy modeled error situation occurs. 

Thee ALSEP Offload model of the Apollo 12 mission (see chapter 6) was not predicting new communications 
patternss or showing how the agents would recover from error situations. The model was hard-wired in terms 
off speech acts by the lunar surface astronaut agents, and no error-recovery procedure was part of the 
model.. The purpose of the design and implementation of the question and answer policies and the error-
recoveryy procedure described in the previous two sections is to allow for a more general and predictive 
modell of practice. 

Byy abstracting the default practice of the Apollo astronauts dealing with error situation, I was able to develop 
aa more general applicable model. The model cannot only show the behavior of the Apollo 16 astronauts, but 
thee model is able to predict the behavior of Apollo lunar surface astronauts in situations that were not 
modeled.. More over, we could add more specific error-recovery behavior, based on observable errors in 
previouss missions. Doing this would make the model even more applicable in predicting the behavior in 
futuree error events. Such capability would be useful in designing work practice simulations for future 
missionss to the Moon that are based on the Apollo missions from the past. I have shown that we can 
implementt more general models in Brahms, which will allow us to move to the use of Brahms in design. 
However,, in the next section, I first present the V&V of this general model of HFE deployment. 

7 . 55 VERIFICATION AND VALIDATIO N 

Thiss section describes the V&V of the model developed in this experiment. The V&V process used in this 
experimentt is similar to the process described in the first experiment (section 6.9). Again, we need to verify 
thee data used and the conceptual model developed based on this data, as well as the implementation of the 
modell in Brahms source code, and the black-box validation of the experiment. 

7.5.11 Data validatio n 

Ass in the previous experiment, the data used in this experiment are all original NASA records of the actual 
Apolloo missions. Table 7-1 lists all data sources that have been used in this experiment. 

Tablee 7-1. Data sources used during experiment 

Dataa Source 

Apolloo 16 Final Lunar Surface Procedures 

Apolloo Lunar Surface Journal 

Apolloo 15 & 16 Video Tapes 

Dataa Type 

Originall official Apollo 16 mission procedures 

Transcriptionss of actual astronaut voice loop 

recordingss + mission photographs. 

Videoo Recordings of the actual Apollo 

missionss from NASA. 

Thee conceptual model is mostly based on the Apollo 16 Final Lunar Surface Procedures (Kain et al. 1972). 
Thiss is the official mission procedures document, and thus contains an accurate pre-mission plan of the 
activities,, communications, and timelines. Besides the pre-mission data, there are also mission voice-
transcriptionss and video data. Together these provide a very accurate data set upon which the models can 
bee based. 

7.5.22 Conceptua l mode l validatio n 

Thee validation of the conceptual model is easier in this experiment than in the previous one. This is because 
II developed the conceptual model based on the HFE procedures as described in the Apollo 16 Final Lunar 
Surfacee Procedures. Validation in this respect means that we need to make sure that all the activities from 
thee procedures are indeed specified in the model. The model comprises the hierarchy of activities shown in 
Figuree 7-4. The named activities are based upon and cross-referenced with the detailed HFE activity 
timelinee in the procedures. Besides basing the activity model on the lunar surface procedures, I also verified 
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thatt the specified activities can be matched with the Apollo 15 and 16 voice transcriptions in the ALSJ 
(Joness 1997), as well as video data available for both missions. 

7«5<33 Computermodelvorificatio n 

Thee Brahms model is a generic HFE Deployment model. It does not describe the work practice of a single 
Apolloo mission from the past Instead, it is an idealized model of the lunar surface astronaut activities based 
onn the nominal HFE Deployment procedures. The objective of the model is to represent the procedures in 
suchh a way that it can be used to simulate past and possible future HFE deployments on the moon, by 
representingg the nominal procedures at a work practice level. 

Beforee we can validate the predictive nature of the model, we need to verify that the model simulates the 
nominall procedures correctly. To do this we split the verification process in two steps. In step one, we verify 
thatt the model shows the performance of the HFE deployment in the order in which the nominal procedure, 
givenn in the Final Lunar Surface Procedures (FLSP), tells us that it should be done. In step two, we verify 
thatt the voice-data that needs to be communicated is communicated in the nominal simulation, according to 
thee voice-data schedule given in the FLSP. 

7.5.3.11 Nominal procedure verification 

Thee order of the high-level HFE deployment activities (Figure 7-2) is: 

0.. Place ALSEP Packages on the Lunar Surface (this is the pre-HFE deployment activity) 

1.. Prepare the HFE equipment for deployment 

2.. Deploy the first HFE Probe. 

3.. Deploy the second HFE Probe. 

Whatt we need to verify is that a) the order in which the lunar surface astronaut agent performs the HFE 
deploymentt is consistent with the FLSP activity order, and b) that each high-level activity is correctly 
performed,, based on the detailed FLSP. 

ALSEPP Packag e Placemen t 

Beforee the astronaut can start with the HFE deployment, he first needs to place the packages on the lunar 
surfacee in the correct location, based on the mission specific ALSEP deployment area configuration (see 
Figuree 7-1 for Apollo 16's configuration). This is considered the first activity. 

Wee verify that this happens in our simulation. Figure 7-22 shows LMP agent CharlieDuke reading his first 
activityy to perform from the LmpCuffChecklist object contained on his EMU suit. The beliefs the agent gets 
fromm this "reading" activity triggers him to start the AlsepPackagePlacement activity, described in Figure 
7-23.. It shows that the model correctly simulates the start of the first activity, because the name of the first 
activityy is provided as input data to the agent on its cuff checklist, instead of being "hardwired" in the model. 
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Figuree 7-22. Reading the first activity 

Figuree 7-23 shows the nominal procedure of the ALSEP Package Placement Activity. The astronaut to 
performm that activity is the LMP. The first sub-activity is to place the ALSEP packages on the surface. Since 
thee LMP carries the packages from the LM to the deployment site, and this is the first activity on arrival at 
thee deployment site, the LMP is carrying the antenna-mast with the two packages attached to it. Placing the 
ALSEPP packages on the surface means that the astronaut has to put the antenna-mast on the surface, and 
thenn remove each of the two packages off of the mast. This is done at the C/S site (the site of C/S package). 
Afterr ALSEP Pkg1 (includes C/S) is on the surface, Pkg2 includes the RTG (RTG package) is removed 
fromm the antenna-mast and carried to the RTG area (i.e. 8' West of Pkg1 in the case of Apollo 16). 

ALSEPP PACKAGE PLACEMENT 

Placee ALSEP Pkgs on sur face 

Movee Pkg 2 8 ' West of Pkg 1 , 
o r i e n tt UHT'S po in t i ng North 

Tetherr UHT 
REMOVE_HFEE SUBPALLET 

Figuree 7-23. ALSEP Package Placement Activity 

Figuree 7-24 shows the simulation of this activity. After the agent has determined its first activity from the 
plan,, it performs the sub-activities from Figure 7-23 in the correct order. First the agent places the ALSEP 
packagess on the surface (PlacePkgsOnSurface activity). You can see that during this activity the agent first 
movess the AntennaMast object to the surface (in the CentralStationArea), and at the end of the activity the 
CentralStationCentralStation object (ALSEP Pkg1) has also been moved to the surface. 
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Figuree 7-24. ALSEP Package Placement Activity Verification 

Onee might ask how it is represented that the agent would first perform the PlacePkgsOnSurface activity. Will 
thee agent always perform this activity? Always performing this activity would obviously not be accurate. The 
agentt only needs to perform this activity if he is in the correct location and is carrying the antenna-mast with 
thee two ALSEP packages attached to it. Figure 7-25 shows how this is accomplished in the preconditions of 
thee workframe. The question is also how the agent moves the antenna-mast and the packages to the lunar 
surface?? This is done in the body of the workframe. First, the AntennaMast object is moved to the ground. 
Thee consequence 

conclude((AntennaMast.moveToGroun dd = true) , bc:100 , fc:100) ; 

inn Figure 7-25 creates the belief for the agent, but also creates a fact in the world. The AntennaMast object 
reactss to this fact and executes the MoveToGround activity, which moves the object to the ground (i.e. 
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movess it to the same location as the agent currently containing it). The detectable makes sure that when the 
AntennaMastt has moved to the ground, the agent detects that the object is not contained anymore.54 

workfram ee wf_P1acePkgsOnSurfac e { 

detectabl ee DetactAntennaMastRctoas o { 
whe nn (whenever ) detecttfeunen t contain s AntennaMas t is false)) ; 

} } 
whe nn 0cncwrwaJ(curreriLlocatJo n = CentraiStationArea ) and 

knownvaKcurrerr tt  contain s AntennaMast ) and 
knownvaKAntennaMas tt  contain s AlsepPkgl ) and 
knownvaKAntennaMas tt  contain s AlsepPkg2) ) 

do{ { 
conclude((AntennaMasLrnoveToGround=true) ,, bc:100 , fc:100) ; 
P1acePkgsOnSurface() ; ; 
conclude((AlsepPkg 11 jnoveToGroun d = true) , bc:100 , fc:100) ; 
condude(<AntennaMas tt  contain s AlsepPkg l is false) , bc:100,fc:0);//don t creat e fact ! 
conckide((AntBnnaMas tt  contain s AlsepPkg 2 is false) , be: 100, fc:100) ; 
conclude((curren tt  contain s AlsepPkg2) , bc:100 , fc:100) ; 

Figuree 7-25. PlacePkgsOnSurface Workframe 

Afterr the AntennaMast object is on the ground, the agent takes the AlsepPkgl off of the AntennaMast, and 
thenn moves it to the ground. This is represented by the consequence after the PlacePkgsOnSurface activity 

conclude((AlsepPfcg 11 .moveToGroun d = true) , bc:100 , fc:1O0) ; 

andd moves the AlsepPkgl object to the ground at the end of the activity. Both these object movements can 
bee seen in Figure 7-24. 

Next,, the agent moves to the HtgArea, carrying the PwrPkg object {AlsepPkg2j, which is therefore also 
movedd to the RtgArea. When the agent arrives at the RtgArea it puts the PwrPkg object on the ground. After 
this,, the agent performs the orientation activity {OrientPkg2) and then tethers the universal handling tool 
objectt (UHT). At the far right side of Figure 7-24 you can see that the agent is determining its next activity by 
againn reading its next activity from the cuff-checklist object. 

Representingg work practice means more than the sequential execution of activities according to the 
procedure.. It is at minimum necessary that we represent under what situational condition activities are 
performed,, e.g. people wont put objects down that they are not carrying. Although it would take a lot of 
spacee to show all the situational preconditions for each workframe, every workframe contains those 
situationall conditions that would make the agent execute the activities within it. Each activity can and will 
onlyy be executed if the "correct" situational context exists in the world, and the agent is aware of it (i.e. has 
beliefss of this context). Effectively, this makes the model able to predict what activities the agent will execute 
next,, based on the situational events (modeled by facts) that happen in the world. 

544 Modelin g puttin g object s on the groun d in this way is needed becaus e the Brahm s languag e does not contai n a built-i n "put "  and "get " 
activity .. Such an activit y shoul d be added to the language . 
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HFEE Equipmen t Preparatio n 

Thee next high-level activity to be verified is the HfeEquipmentPreparation activity (see Figure 7-2). This 
activityy is decomposed into three other high-level activities from the Final Lunar Surface Procedures; 
RemoveRemove HFE Sub Pallet, Deploy HFE, and Deploy ALSD (see Figure 7-3, number 1 on the left-hand side 
andd Figure 7-4). 

RtgArea a 

Agentt Charlie Duke 

Preparingg H fe Fq uip m r n l wf:: PreparingHfeEquipm wf;; PrrparingHfr Equipment 

HlrFquipmeml'irpai-ation n HH t> ! iju ip me n tl' i  p a> i:: KftFjjuipmrntPirpai-jtlon 

Removingg Sukpallet wf:: Deploying Instrument wf:: Deploy ApolloLuiuiSurfaceDrill 

Removee Hie Suhpdie i 

Ree moving Hie 11 t m A Is ep Pkg2 wf:: DrpliïHFESukPackïge wf:: TakeAlsdHaHvareOfLrv 

wf:: CarrfHfcPille1 wf: RemmPnAeBox 

pa:: RemoirHicSidiPaiietFromPwrPfcg pa:: ConfigureAisdHmlware 

RtgAA | ^  B B V 

HfeSubPallet t 

HfeProbe2Box x 

Figuree 7-26. HfeEquipmentPreparation Activity Verification 

Alll the way to the left on Figure 7-26 we can see the thoughtframe being fired to read the next activity 
(shownn by the light bulb right underneath the agent icon). Next, the HFE equipment preparation activity is 
performed.. During the HFE equipment preparation activity the agent carries the necessary objects 
{HfeSubPallet,{HfeSubPallet, HfeProbelBox and HfeProbe2Bo>() to the appropriate locations. Due to the limited space 
available,, the zoom-level in Figure 7-26 is such that some of the workframe and activity names cannot be 
displayed,, however it has been verified that they are all correctly executed according to the procedure. 
Figuree 7-26 shows again that the agent is not simply executing the activities, but is also interacting with 
objectss in the environment and moving them to the correct locations. 

HFEE Prob e No. 1 
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Byy far the longest and most complex activity is the DeployingHfeProbe activity. This activity is peformed 
twice,, once for deploying HFE Probe No.1 and again for HFE Probe No.2. Figure 7-27 verifies the activity 
forr deploying the first probe. Again, the full procedure for this activity is shown in Figure 7-3 (numbers 2 and 
3)) and Figure 7-4. 

w££ DeployineHfoProbeNpl 

ra:: DeployineHfrProbr 

H££ BonHoleDifilfcif ££ BoreHolrliriÜili g 

taitai B ore Holp Drilling enen Bore Hole Drilling 

«1:: OC SetupAUd wff  SenpAbd wt 

mtmt IniertBoreStenl 

Figuree 7-27. DeployingHfe/2Probe Activity Verification 

Theree is a lot that can be said about the implementation and workings of this activity. However, the most 
interestingg aspect in this activity is how the agent actually drills the boreholes into the lunar surface, using 
thee Apollo Lunar Surface Drill (ALSO). This is modeled in the BoreHoleDrilling activity. The execution and 
durationn of this activity is determined by the time it takes to drill the bore stems into the surface. For each 
boreholee the agent has to drill three bore stem objects into the surface. A bore stem cannot be drilled into 
thee surface, unless the previous stem is drilled sufficiently deep in the lunar crust. The start of drilling the 
nextt bore stem is therefore dependent on the astronaut's ability to drill the previous stem first. The agent will 
executee the DrillingBoreStem workframe and perform the EnergizeDrill activity, until the bore stem being 
drilledd into the ground is all the way into the surface. This means that there is an interaction between the 
agentt and the ALSD object, and the ALSD object and the Stem objects that are being drilled. 

Thee agent first picks a bore stem from the bore stem bag, and inserts the drill onto the stem. Then, when the 
agentt energizes the drill (i.e. starts drilling), the ALSD object starts drilling the stem objects connected to drill 
intoo the ground. The duration of the drilling activity is dependent on the length of the bore stem being drilled 
intoo the ground and the speed at which the stem is going into the ground (the speed of drilling is an average 
off five inches every five seconds). The stem objects themselves simulate this. Each stem object has a 
length,, plus the workframe DrillinglntoSurface that simulates moving the bore stem into the lunar surface, as 
longg as it is contained by the ALSD and the ALSD is energized. It does this by calculating how deep the 
currentt bore stem is in the surface, using the following consequence 

conclude((cuirent.incheslntoSurfac ee = currentincheslntoSurfac e + 5), bc:0 , fc:100) ; 

Everyy five seconds the stem moves five inches deeper into the ground. The stem object continues moving 
itselff into the surface as long as the ALSD is energized. Moreover, the agent energizes the ALSD, as long 
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ass the bore stem is not all the way into the surface. Consequently, this is an interaction between the agent, 
thee ALSD object and the bore stem object, as shown in Figure 7-28. 
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Figuree 7-28. Drilling BoreSteml in the surface 

Itt should be noted that when a bore stem is drilled into the surface and the next bore stem is attached to it, 
alll the bore stems that are attached to each other will be moving deeper into the surface with every drilling 
cyclee of the ALSD. This phenomenon is shown in Figure 7-29 when bore stem objects BoreSteml and 
BoreStem2BoreStem2 are both being moved into the surface at the same time. Since the bore stems have different 
lengths,, the time it takes to drill each one of them into the surface differs. 
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Figuree 7-29. Drilling BoreStem2 in the surface 

Itt should be noted that if the agent fails to drill one bore stem all the way into the surface, he will not be able 
too drill the other ones either, and thus will not finish the drilling activity. This is an important feature of the 
modell for being able to model errors, which is the subject of the black-box validation (section 7.5.4 - 7.5.6). 
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7.5.3.22 Voice-data communication verification 

Thee second step in the computer model verification is to verify that the voice-data communications happen 
ass they are prescribed in the procedures (Figure 7-11 and Figure 7-13). Figure 7-30 is the verification that 
thee sender conversation policy described in section 7.2.2 works correctly. 
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Figuree 7-30. Conversation Policy Verification 

Figuree 7-30 shows that right after the interrupted DeployingHfeProbeNol activity, agent CharlieDuke 
communicatess the ReportStartOfDrilling data to agent TonyEngland specified by the 
ReportStartHfeBoreHoleDrillingReportStartHfeBoreHoleDrilling voice-data object. A second later, through the voice-loop delay, agent 
TonyEnglandTonyEngland has received the voice-data, as well as the belief about which agent communicated the voice-
data. . 

Too end the nominal model verifcation, Figure 7-31 shows the complete simulation of the HFE deployment, 
includingg the voice-data communication. The LMP agent CharlieDuke first prepares the HFE equipment in 
thee RTG area. He then deploys the HFE and the ALSD in the HFE area and the LRV parking area 
respectively.. Then, the agent deploys HFE probe 1 and 2 by drilling three bore stems for each into the 
surface.. All the while communicating the voice-data to the CapCom agent TonyEngland. Figure 7-31 is the 
emergingg activity performance and communication, based on the FLSP. 
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Figuree 7-31. Voice-Data Communication Verification 

7.5.44 Experimen t validatio n 

Validationn is the determination of the degree of accuracy of a measuring device.55 In this case the 
"measuringg device" is the Brahms model of the Apollo HFE deployment procedures. What could this device 
bee measuring? In other words, what are we validating? 

Inn the previous section we have verified that the model simulates the nominal procedures for deploying the 
HFEE experiment on the Moon. Meaning, we have established the truth about the accuracy of the model. 
Thus,, we can say with a certain degree of confidence that the model is a representation of the nominal 
proceduress at the work practice level, of the lunar surface astronauts performing the HFE deployment task. 
However,, showing that this could be done in Brahms was the subject of the first experiment. In this 
experimentt we want to go a step further and ask the question; if we have a model of work practice that 
simulatess how astronauts on the Moon deploy the HFE, can we use this model to predict what will happen if 
thee situation is different from the nominal procedures? The ultimate question in this section is thus whether 
thee model is a "measuring device" for the work activities of the astronaut performing the HFE deployment in 
situationss never previously described in the model. In other words, can we use the model to predict how the 
astronautt will behave in unanticipated situations, i.e. situations beyond the nominal case? 

Onee of the main reasons for using simulation of any system is to predict the future behavior of the system, 
especiallyy if we want to understand the impact of changes to a system before they happen. What is being 
validatedd here is whether the nature of the modeling—the way we built the model—allows us to use Brahms 
inn developing predictive models that are based on representations at the work practice level. We want to 
understandd what the impact will be on the activity performance of the lunar surface astronaut deploying the 
HFE,HFE, if the situation changes from the nominal procedures. I will show this by running different simulations in 

Miriam-Webster'ss Collegiate Dictionary 
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whichh I introduce a specific type of change event into the simulation—a scenario—and evaluate the 
outcome. . 

Wee could try to give an exhaustive list of situations that could change the nominal procedures (types of 
changes).. However, besides being impossible, this is overkill in relation to the purpose of this experiment. 
Thee purpose is to show that with Brahms we can make predictions about the work practice. Showing the 
modell can handle one type of change would be too limited of a sample to draw conclusions. Being able to 
showw more than one type would increase the validity, and thus two types of changes to the nominal 
proceduress are worked out. The types of changes to the nominal model that can be introduced are: 

Typess of Chanaes in the Model 

Chang ee in Voice-Dat a Communicatio n 

Creatin gg proble m Situations — 

—— Addin g Voice-Dat a Communicatio n 

—— Forgettin g to communicat e Voice-Dat a 

—— Agen t doesn t kno w how to resolv e proble m 

—— Agen t know s how to resolv e proble m 

7.5.55 Validatin g change s In voice-dat a communicatio n 

7.5.5.11 Adding voice-data communication 

Addingg voice-data communication to the model allows the simulation to predict when agents will 
communicatee the voice-data during the performance of their activities. Adding voice-data requires the 
modelerr to add a voice-data object to the model. There are two ways of changing the model. First, we could 
addd a voice-data object statically, i.e. before the simulation starts. In a sense, this is like changing the voice-
dataa communication procedures for the agent. This is obviously possible, because that is how the nominal 
voice-dataa communication is simulated. However, more interestingly we could assume that the agent who is 
too communicate the voice-data has no pre-specified procedure for this. What will happen if another agent, 
sayy the CapCom agent asks the HFE deployment agent for specific information not previously part of the 
procedures? ? 

Scenario o 

Whenn the LMP starts drilling the first bore stem into the surface, mission control wants to know when the 
boree stem is all the way into the surface. Therefore, the CapCom asks the LMP to give an "end mark" for the 
drillingg of the borehole. 

Wee change the model as follows: we add a workframe to the CapCom group that will make the CapCom 
askk the LMP for this drilling end mark voice-data (Figure 7-32). 
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work ff  rame wf_ AskForDrillingEndMar k { 
repeatfalse ; ; 
whe nn (knownval(ReportStartHfeBoreHoleDrïlling.dat a = ReportStartOfDrilling) ) 
do { { 

conclude((ReportDrillingEndMark.duringAc tt  = EnergizeDrillActivity) , bc: 100, fc:0) ; 
conclude((ReportDrillingEndMark.fromAgen tt  = CharlieDuke) . bc:100 . fc:0) : 
conclude((ReportDrillingEndMark.pr ii  = 1), bc:100 , fc:0) ; 
conclude((ReportDrillingEndMark.receive dd = false) , bc: 10, fc:0) : 
conclude((ReportDrillingEndMark.sen tt  = false) , bc: 100, fc:0) ; 
conclude((ReportDrillingEndMarktoAgen tt  = current) , bc:100 . fc:0) ; 
conclude((ReportDrillingEndMark.wh nn = end) , bc: 100, fc:0) ; 
AskForDrillingEndMark() ; ; 

} } 
> > 

Figuree 7-32. AskForDrillingEndMark workframe of CapCom agent 

Thee precondition of the wf_AskForDrillingEndMark (Figure 7-32) states that when the agent gets the belief 
thatt the drilling of the borehole has started, the agent will ask agent CharlieDuke to report the drilling end 
markk (i.e., the moment the bore stem is all the way into the lunar surface). 

Figuree 7-33 shows that immediately after the LMP agent tells the CapCom agent that he will start the 
drilling,, the CapCom agent asks the LMP agent to communicate when he is done with drilling the bore stem. 
Thiss communication happens at the end of the DrillHfeHole activity. Note, that the LMP agent's model did 
nott change from the nominal model of the procedures. The simulation predicts that the LMP agent will 
answerr the question of the CapCom agent for Voice-Data, as well as when the LMP agent will give the 
answer. . 

Agen tt  Charli e Duke 

itf :: DeployingHfeProbeNol || w£ DeployingHfePn 

DeployingHfee Probe :: DeployingHfePn 

II a BoreHolee Drillin g wff  BoreHoUDrülin: 

BoreHoleDrilling g :: BoreHoleDrillin; 

DrillHfeHole e 

wf:: RemoveDrilll 

:: RemoveDrilll 

wf:: GetWrenrh 

ICenter r 
11 9:10:25 AM ' 9:10:40 AM 

Agentt Tony England 
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Figur ee 7-33. Askin g For Voice-Dat a 
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7.5.5.22 Forgetting to communicate voice-data 

Thee Q&A conversation policy includes a policy for the receiver to ask for voice-data (as shown in the 
previouss scenario). If the sender does not communicate the pre-specified voice-data communication, the 
receiverr is to ask for it. Using this approach the model is able to predict when the CapCom agent will ask for 
voice-dataa in situations where the LMP forgets to communicate it. 

Scenario o 

Let'ss assume the LMP forgets to communicate the first scheduled voice-date communication (i.e. reporting 
thatt the RTG cable is connected to C/S). 

Wee change the model as follows: remove the LMP agent's (the sender's) initial-beliefs about the 
ReportHfeCableConnectedToCsReportHfeCableConnectedToCs voice-data. This creates the situation that the agent forgets to 
communicatee the voice-data. 

CentralStationArea a 
8:53:355 AM 

RtgArea a 
8:53:455 AM 

(5 5 Agentt Charlie Duke 

wf:: PreparingHfe Equipment wf:: PreparingHfe Equipment 

ca:: HfeEquipmentPreparation 

wf:: RemovingSubpaJlet 

ca:: RemoveHfeSubpallet 

wf:: Oonnectinglnstrument 

ca:: ConnectHfe 

wf:: ConnectHFE 

pa:: ConnectHfeToCS 

ca:: HfeEquipmentPreparation 

wf:: Deployinglnstrument 

ca:: HfeDeploy 

wf:: DepIoyHFESuoPackage 

ca:: DeployHFE 

wf:: CarryHfePaUet 

arryHfePailetToo Hfe^ 

8:53:355 AM 8:53:455 AM 
Agentt LmComCircuit 

y y MisslonControlCentf r r 

AgentlTon^^ England 
8:53:455 AM 

wf:: ListeningToVoiceLoop wf:: UsteningToVoiceLoop 

ca:: ListenToVoiceLoop JReceiverPolicyll  [iVoiceLoop 

wf: : 

pa:: Listen 

wf:: Listening 

pa:: Listen 

wf: : 

pa:: Listen 

wf:: Listening 

pa:: Listen 

wf:: Listening 

pa:: Listen 

wf: : 

pa: : 

Figuree 7-34. Asking for Voice-Data 
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Figuree 7-34 shows that after the LMP agent has finished connecting the HFE cable to the C/S, and is 
startingg to move to the RtgArea to deploy the HFE, the CapCom agent realizes that the LMP agent did not 
communicatee that the HFE cable was connected to the C/S. Therefore, the CapCom agent executes the 
ReceivePolicylReceivePolicyl workframe to ask the LMP for confirmation. The LMP agent replies with the confirmation of 
thiss voice-data. Thus, the simulation predicts a question and answer conversation about voice-data between 
thee CapCom agent and the LMP agent, in case the lunar surface agent forgets to communicate the voice-
data.. This was validated against the voice transcription of the Apollo 15 and 16 missions. 

7.5.66 Validatin g creatin g proble m situation s 

Ass described in section 7.3, the model includes an error-recovery procedure. The agent has a general 
proceduree for dealing with unknown situations that cannot be handled by nominal procedures. The 
correctivee behavior of people in a work setting is all about their ability to handle situations that occur and are 
nott described by the nominal procedures. This is part of human ability that is difficult to duplicate by 
machines.. If we want to model and simulate human work practices, we need to be able to simulate this 
humann ability in our models, in order to predict what will happen to the activity-behavior of people in 
unplannedd situations. I will describe the result of two types of scenarios that show how the model is able to 
predictt the agenfs activity-behavior when unplanned situations occur. The first scenario deals with a 
situationn the agent does not know how to handle. Consequently, the agent falls back on the default error-
recoveryy procedure described in section 7.3.3. The second scenario deals with a situation that the agent 
doesdoes know how to handle. 

7.5.6.11 Agent does not know how to solve problem 

Thee default error-recovery procedure (section 7.3.3) describes how a distributed team can handle a 
situation.. This procedure, used by the lunar surface astronauts was very simple: when you're stuck and 
don'tt know what to do next, ask mission control what to do. The following scenario is being modeled and 
validatedd against the mission data. 

Scenario o 

Let'ss assume that after the LMP astronaut has carried the ALSD tools from the LRV to the first HFE probe 
area,, and he is setting the tools down on the lunar surface, something happens to the bore core stem bag 
thatt creates a problem situation. When the astronaut has no method to solve this problem, he asks 
CapComm what to do. 

Wee change the model as follows: during the activity SetAlsdToolsOnSurface an error event needs to be 
generatedd that simulates the problem occurring. Having the BoreCoreStemBag object create an Error 
objectt simulates this. 
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Agentt Charlie Duke 
Wffff f _"L L m m 

wf:: DeployingHfeProbe Nol wf:: Error Han duns wf:: DeployingHfeProbeNol 

ca:: DeployingHfeProbe da:: Handle Error ca:: DeployingHfeProbe 

wf:: Bore Hole Drillin g 

a:: BoreHoleDrilling 

wf:: TakeAlsdHardwareToHfe Dril l Hole 

ca:: CarryAlsdHardwareToHfeDrillHole 

wff  MoveToHfeDrillHole 

-U--:.lM:cWha'ToDo o 

wf:: Bare Hole Drillin g 

ca:: BoreHoleDrilling 

wf:: TakeAlsdHardwareToHfeDrUlHole 

ca:: CarryAlsdHardwareToHfeDrillHole 

wf:: PlaceAIsdToolsOnLnrtarSurfece 

pa:: SetAlsdToolsOnSurface 

Figuree 7-35. Default error-recovery procedure 

Figuree 7-35 shows both the generation of the error event and the performance of the default error-recovery 
proceduree by the LMP and the CapCom. At time 8:43:07 AM the BoreCoreStemBag object creates the 
HfeDeploymentErrorr object (Figure 7-35), and transfers (communicates) the error information in the form of 
beliefss to the object (shown in Figure 7-36). This in effect is the generation of the error-event. The error 
objectt contains event-specific information about the error. The information that is generated is that an error 
hass occurred, where the error has occurred, and an error code that specifies the severity of the error. 

AGENTorOBJECT T StartTime e DISPLAYTEXT T 
HfeDeploymentErrorr 24 BELV: HfeDeploymentError hasOccurredln HfeProbeNolActivity 

HfeDeploymentError r 

HfeDeploymentError r 

24 4 
24 4 

BELV:: The errorCode of HfeDeploymentError equals notserious 
BELV:: The hasOccurred of HfeDeploymentError equals true 

Figuree 7-36. Error Object Data 

Thee LMP detects the error immediately, and after deciding that the error is an error he has to resolve (this is 
representedd by the four thoughtframes that are shown in Figure 7-35) he starts the CheckOutProblem 
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activityy described in section 7.3.3, Figure 7-2056. After checking out the problem and because the agent 
doess not have a specific error procedure for this type of error, the agent starts the default ErrorHandling 
activity,, described in section 7.3.3, Figure 7-21. In this default ErrorHandling activity the LMP asks the 
CapComm for help in solving the problem. The CapCom decides what activity the LMP needs to perform 
next.. This is what the CapCom communicates back to the LMP over the voice-loop (Figure 7-37). 

Display-Tex tt  [Aqent-or-Focus O | StartTim e [DisplayTex t |Aqenl-or-FocusObiect_ 
BELVV The speechAd of Tony England equals HfeProbeNolActivity LmComCircwt 42:SendComTol_m: Charlie Duke 

Figur ee 7-37. CapCom' s error-recover y decisio n 

Becausee the ErrorCode for the Error object is "not serious," the CapCom has decided that the LMP should 
continuee with the deployment of the first HFE probe (i.e. the HfeProbeNol Acrtivity in Figure 7-37). The LMP 
performss the WaitForAnswer activity until the CapCom has communicated this decision. At that point the 
LMPP determines (via a thoughtframe) that he needs to continue with the HfeProbeNolActivity. He continues 
thee DeployingHfeProbe composite activity, and keeps setting the ALSD tools on the lunar surface. 

Thiss error handling activity is a general activity, and would work for both lunar surface astronauts in any of 
theirr activities for any type of error that affects their activity performance. This is because the error object 
describess (in terms of the beliefs it "encodes") what activity it impacts ((error hasOccuredln activity)). The 
downsidee of this approach is that it is not the astronaut agent determining whether the error impacts his 
activity,, it is the modeler creating the error event. What the model predicts is how the astronaut agent 
behavess when such an error occurs. To make the determining of the error impact also predictive, we need 
too represent cognitive error diagnosis abilities for the agent, based on the type of error and its impact on the 
activity. . 

7.5.6.22 Agent knows how to solve problem 

Thee previous section verified the model's default error-handling procedure. Asking mission control what to 
doo is a safe default procedure, because mission control has more information, and more people to help in 
findingg the best solution in a given situation. However, this is not the fastest procedure in all cases. EVA 
timee is resource bounded, and time is critical. Therefore, it makes sense to have the astronaut be able to 
makee critical decisions when he can. The question is how we can model such behavior in a generic way 
suchh that the astronaut will use his decision procedure in a situation when there is one, and if not, will fall 
backk on the default error-handling procedure. This is the topic of this section. 

Examplee Scenario from Apollo16 

Whilee the LMP is emplacing the first HFE probe into the borehole that has been drilled and is 
communicatingg the voice-data about the depth of the probe, et cetera., the CDR is working at the C/S taking 
offf a sub-package and bringing it to another site. While the CDR is walking away from the C/S, his foot gets 
caughtt behind the HFE cable connected to the C/S, and he breaks the cable at the connector to the C/S. At 
thiss point the LMP decides how to solve this unrecoverable error. 

''  Figur e 7-35 does not show the name of the CheckOutProblem  workfram e and activit y due to the font size and lack of space . 
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workfram ee O'onÉo l WnCnMoFiTn r { 

whe nn (knownvaKHfeCabl e isConnecteaT o current ) and 
kmmmaKChartteOukBJocatio nn = ProbeNolArea ) and 
taxwmvaKErnptoceProbeActtvlty.isDone=truo)taxwmvaKErnptoceProbeActtvlty.isDone=truo)  and 
lowwnvaKCharlieDukBxunBntAcövtt yy  = HfaProbeNo2Activtty) ) 

d o { { 
(»nciucto((HfeOepioymentErnirJiaBOcciaTB dd = true) , bc.100 , fe:10u) ; 
coM*Kte((HfeOeploymentEjTo rr  hasOccurred n HfeProbeNo2AdMty) , bc:100 , fc:100); 
condude((HlBDaploynwnlEiTor.occtgreclnljOcalio nn = CentralStattonAnM) , bc:100 , fc:100) ; 
conclude((Hf8Depk>ymentEiTor4rroKkKt ee = unrecoverable) , bc:100 , fc:100) ; 
Error(HfeDeptoymentError ,, CetrtiaStoUonArea , HfeProbeNo2ActMty) ; 
conchida((currari tt  contain s HfaCaMe is fatae),  beO, talOO); 

} } 
} } 

Figur ee 7-38. CreateHfeCableErro r workfram e 

Wee change the model as follows: 

Ass in the previous validation, the model needs to generate the appropriate error-event at the appropriate 
time.. In a complete model of both the lunar surface astronauts' work practices, we would include the 
behaviorr of the CDR agent as well. In that case, the CDR agent would trigger the error-event because the 
modell would simulate him tripping over the HFE cable. In this limited model we leave out the behavior of the 
CDRR agent. We use an approach similar to the previous error-recovery validation (section 7.5.6.1). The 
AlsepPkgll object (i.e. the C/S) generates the HfeDeploymentError object with the appropriate error-event 
information,, at the appropriate moment in time (Figure 7-38). The error-event is generated when the LMP is 
donee with the EmplaceProbe activity, and is just starting the HteProbeNo2Acdvity activity. Breaking the HFE 
cablee cannot be fixed; thus the error is an unrecoverable error. The location where the error occurred is the 
locationn of the C/S (CentralStationArea). 

Noww that the correct error-event is being generated, the next change in the model is to add a situation 
specificc error-handling activity that allows the agent to handle unrecoverable errors during the DeployingHfe 
activity.. When there is an unrecoverable HFE error, the astronaut deploying the HFE should not continue 
deployingg the HFE, because this would be a waste of time. This is the basis upon which we can develop an 
error-handlingg activity in which the astronaut can decide himself what to do next. 

Polymorphicc Activity-Behavior 

Polymorphismm is a feature of object-oriented programming in which it becomes possible to design and 
implementt systems that are easily extensible (Cardelli and Wegner 1985). By including more specific 
classess and methods in a generic hierarchical class structure, only those parts of a program need 
modificationss that require direct knowledge of the more specific behavior. In borrowing this concept for 
designingg the ability to add more specific error-handling behavior, I have developed an extensible and easy 
modifiablee error-handling activity design, based on the notion of polymorphism. 

Thee idea behind the design is the following: we specify default activity-behavior for agents who need to be 
ablee to perform an error-handling activity in a group that represents the activity—in this case I called the 
groupp the ResoiveError group. This group includes all the activities and workframes for being able to resolve 
errorss in a default way. Agents who are members of this group can resolve errors. Then, if we need to make 
aa more specific error-handling behavior for an agent, we add a more specific error-handling activity in a 
subgroupp of the ResoiveError group, and use a form of activity overriding to execute the correct error-
handlingg activity. 

Figuree 7-39 shows the polymorphic design for the error-handling behavior. The ResoiveError group 
representss the default error-handling behavior. The ErrorHandling workframe calls the HandleError activity 
(seee Figure 7-21 and Figure 7-35) with a high priority of 50. In the HfeDeployment group a more specific 
error-handlingg procedure is defined in the more specific HfeDeployment.HandleError() activity. This activity 
iss called in the DeployingHfeProbeErrorHandling workframe with a priority of 55. 
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Whenn the error-handling activity needs to be performed, both workframes in the two groups can become 
availablee for an agent. Because of the higher priority activity in the more specialized lower-level workframe, 
thee lower-level workframe will always have precedence over the more higher-level workframe. Interestingly, 
iff for some reason the more specialized activity cannot find an appropriate solution, the higher-level activity 
willl be executed, which in this case will always result in the default error-recovery behavior, i.e. asking 
missionn control for help. 

ResolveErro r r 

Activities: : 
HandleE(TOr (( .nt, Error, LmVoiceLoop, Activity) 

Workframes s 
ErrorHandlin gg ( 

whenn (...) { 
HandleError(50 ,, ....); 

} } 
) ) 

I I 

4 4 
HfeDeploymen t t 

Activities: : 
HandleError (( int, Error, LmVoiceLoop, Activity) 

Workframes s 
DeployingHfeProbeErrorHandlin gg { 

whenn (...) { 
HandleError(5 55 ); 

] ] 
} } 

Figuree 7-39. Polymorphic Error Handling Behavior 

HfeDeploymentt HandleError Activity 

Figuree 7-21 shows the workframe-activity hierarchy for the default HandleError activity, whereas Figure 7-40 
showss it for the more specific HandleError activity in the HfeDeployment group. 

Finished d 

Dee cldeErrorS olution 

Figuree 7-40. HfeDeployment group's HandleError Activity tree, generated by the Brahms engine 

Inn this more specific activity the agent decides on a solution to the error situation. The only decision he 
knowss to make is when there is an unrecoverable error. In that case, while the agent is executing the 
DecideWhatToDoDecideWhatToDo activity, the L/nrecoveraWeErrorthoughtframe fires. 

LunarSurfaceAstronau t t 

Activities s 

Workframes s 
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woiMran ww DeploylngHfBProbeEnwHandiin g { 
repeatfalse ; ; 
variables : : 

foreach(Error )) erro r 
forone(Activity )) act ; 
coUectalKUnVoteeLoop )) vtcoms ; 

whe nn (knownvaKerror^MrentClas t  Error ) and 
knawnvat(curren tt  isTtosoMn g error ) and 
knownvaHvIcomsxornmuntcationTyD ee = LmVotoeLoop ) and 
notfcurrertLnani ee = vlcorns/iame ) and 
lrownvaKcurreritxiMren*Actrvtty=act) ) ) 

d o { { 
HandtaError(55 ,, error , vlcoms , act) ; 

) ) 
} } 

Figur ee 7-41. Workfram e DeptoyingHfeProbeErrorHandlin g in the HfeDeptoymen t Group 

cornoosrèe_ac*rvttyHana1eEriic<(irr t t 
priority ::  prl ; 
activities : : 

prtmltlve.actJvtt yy  DeckJeWrtafToDofln t prl , in t dur , Activit y act ) { 

__ } 
workframas : : 

priority ::  prl ; 
max_duratJon ::  dur ; 
resources ::  act ; 

workfram ee DeckJeErrorSolutJo n { 
repaabb islss ; 
whe nn (known(error^rrorCod e = value) ) 
do< < 

DeckteWha«ToOo<0,5 ,, act) ; 

} } 
} } 

thougrttframes : : 
thouuJitfiBw ee UnrBcovwrwhlwrrm r { 

} } 
} } 

repea tt  fatoe ; 
whe nn (taownvaHenwjRTorCod e = unrecoverable) ) 
*>{ { 

com*ide((ctjrrenLnextActivlt yy  = DrIHCoreSampleActMty) , bc:100 , fc:0) ; 
conckideftcurren tt  needsToResolv e erro r Is false) , bc:100 , fc:0) ; 
concaJde((curren tt  tsResoMn g erro r is false) , bc100 , fc:0) ; 
condude((error.statu ss = resolved) , bc:100 , fc:0) ; 

} } 

Figur ee 7-42. Activit y HandleErro r in the HfeDeptoymen t Group 

Figuree 7-41 and Figure 7-42 give the source code for the workframe that calls the HandleError activity, and 
thee HandleError activity, respectively. As described above, it is the UnreooverabfeError tnoughtframe that 
allowss the agent to decide what to do next. In case of an unrecoverable error situation during the 
deploymentt of a HFE probe, the agent will stop with the current activity, and will start the 
DrillCoreSampleActMtyDrillCoreSampleActMty as his immediate next activity (see the thoughframe in Figure 7-42); 

condude((currentnextActivtt yy  = DrMCofeSampieActMty) , b e l t » , fteo) ; 

Howw does the agent switch from deploying the HFE probe to drilling the core sample? This is accomplished 
usingg an impasse detectable. An impasse means that the workframe being impassed cannot continue until 
thee impasse condition is lifted. In this scenario, the impasse condition should hold as long as the HFE 
deploymentt error is not corrected, and the agent cannot continue deploying the HFE probe. This is 
implementedd with the DetectErrorCondition detectable in the DeployingHfeProbeNol and 
DeptoyingHfeProbeNo22 workframes. Figure 7-43 shows the detectable in the DeptoyingHfeProbeNo2 
workframe. . 
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Duringg the deployment of the HFE probes, as soon as the agent detects that an HfeDeptoymentError error 
hass occurred (see detectable in Figure 7-43): 

detBCt((Hf0OeploymentError.hasOccurTied=true)) ) 

thee current activity of the agent gets impassed, until, 

(HfeDepk>ymentError.hasOccurredd = false) 

workframee PeptoytngttfeProbeNo2 { 
repeat:repeat: false; 
detectables: : 

detectablee DetectErrofCondltion { 
whenn (whenever) 

delBct((HfeDaploymentError.hasOccunedd = true)) 
thenn impasse; 

} } 

whenn (knownvaKcurrentnextActJvity= HfeProbeNo2Acttvtty)) 
do{ { 

condude((currentcurrentActivityy = HfeProbeNo2Activtty), bc:100, fc:100); 
PtekUpAlsdHardvrare(0); ; 
Depk>yingHfeProbe(0); ; 

} } 
} } 

Figuree 7-43. Workframe DeployingHfeProbeNo2 

Simulationn Result 

Simulatingg the scenario results in the behavior is shown in Figure 7-44. When the HFE error occurs at 
9:20:500 AM, the agent immediately detects the error and starts the default error-recovery procedure, 
impassingg the current PickUpAlsdHardware activity (see Figure 7-19). The default error-recovery procedure 
iss started. The first step is to check out the problem. To do this the agent moves to the location where the 
errorr occurred, i.e. at the CentnalStationArea. Then, instead of performing the default HandleError activity, 
thee agent performs the more specific HandleError activity in the HfeDeployment group. You can see the 
firingg of the UnrecoverableError thoughtframe above the HandleError activity. 
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Figuree 7-44. Simulating DeployingHfeProbe ErrorHandling Procedure 

Afterr the agent has made the decision, he continues with the default error-recovery procedure. The next 
activityy is to move back to the area where the agent came from, i.e. ProbeNolArea. Once he has arrived at 
thatt area, he starts the DrillCoreSample activity. The DeployingHfeProbe activity is impassed, and will stay 
impassed,, because the error will not be resolved. 

Validationn of the simulation data 

Thee simulation in Figure 7-44 is based on the real Apollo 16 error-scenario described previously. We can 
thereforee validate the simulation result with the data from the Apollo 16 mission. Following is the voice 
transcriptionn of the Apollo 16 mission from (Jones 1997). Although the specific timing from the real data and 
thee simulation data is not exact, the model is a plausible representation of what transpired during the actual 
Apolloo 16 mission. 

121:21:211 Duke: Okay, (on) the second one: the thermal cover is in to the second red mark. And, Tony, the probe is out of the 
groundd up to B-8. Right on the line between B-7 and B-8. 

121:21:377 England: Okay: Baker 7 and 8. (Pause) 

(While(While Charlie was talking, John lilted the mortar package of! the top of the Central Station and headed around the east side 

towardtoward the subpallet. Ashe went between the rock and the Central Station, he lifted his right foot to clear a cable - as he had 

donedone previously - but, just off-camera, his trailing left foot was caught in the heat-flow ribbon cable and, because of the tension 

fromfrom that cable, he stumbles slightly and, in the process, bends his right knee enough that his left knee almost touches the 

ground.ground. Ashe brings his lelt leg forward, we see the heat-How cable draped over the top of his foot. Fendell tilts the TV down as 

JohnJohn steps forward with his right foot and then, as he makes a final step with his left, the cable pulls taught and tears loose from 

thethe base of the Central Station. John turns to his left and, as he hops backwards away from the Central Station, his left leg off 

thethe ground, he surveys the damage.] 

121:21:455 Young: Chadie. 

121:21:466 Duke: What? 

121:21:477 Young: Something happened here. 
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12121:411 Duke: What happened ? 

12121:499 Young : I dorï t know . (Brie f Pause) Here's a Ine that pule d loose . (Pause) 

(John(John  puts  the monar  package  dom  andgoes  to  his  right  knee to  try  to get  the end ofthe  heat-Bow  cable.  He rises wimoutiL] 

»» 121:2157 Duke: Ulwh . 

121:21: »» Young : What is that ? What tne is* ? 

{John{John  kicks  the end of  the cable  toward  the rock  and then  gets  dom  on both  knees,  steadying  hknseiï  with  hb left  hand  on fie 

rock,rock,  and picks  up the severed  end of  tie  cable.] 

11 22:02 Duke: That' s the heat flow.  You'v e pule d i off . 

121:22:055 Young : I don t know how it happened . (Pause) 

[John[John  rises  easily  and merely  has to  step  forward  to  get  his  feet  under  him.  Al  of  r&rnoverrients  are amazingly  stable.] 

12122:111 Young : (Wakin g towar d the Centra l Station ) Puled loos e fro m there ? 

12122:122 Duke: Yeah. 

12122:144 Young : God almighty . (Pause) 

-+12122:177 Duke: Wei , I'm wastin g my time . 

[John[John  drops  to  his  knees  at me back  of  tfie  Central  Station  and examines  tie  connector.  Photo  AS16-113-W348 O is  a close-

upup  of  the end of  the cable  and tie  connector.] 

12122200 Young : I'm sorry . I didn' t even know... I didn' t even know it. (Pause) Agh ; it' s sur e gone . 

[John[John  leans  back  to  get his  cerrter-of-gravky  overhis  feet  rises, and,  this  time,  has to  hop  back  a foot  or  two  to  get  his  balance  J 

12122:344 England : Did the wir e or die connecto r com e off? 

12122:366 Young : (los t unde r Tony ) had our firs t catastrophe . It's brok e right  at the connector . 

[John[John  starts  waiting  toward the  monar  package;  and Chariie  comes  into  view,  going  to  the Central  Station  to  inspect  the 

damage.] damage.] 

22 Duke: The wir e came off at the connector . 

12122:455 England : Okay, we copy . (Pause) 

[To[To  get  past  the rock,  John  actualy  steps  up on it  and over.  To my knowledge,  thb  b me only  record  in  Apoto  of  someone 

steppingstepping  up on something.  The rock  is  approximately  20 centimeters  tal  and is  equivalent  to  the rise of  an ordinary  household 

step.] step.] 

12122:455 England : Okay, I gues s we can forge t the rest of that heat flow. 

55 Duke: Yeah, I'l go do the (deep core) . (Pause) Oh, rats ! 
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7.66 CONCLUSION 

Inn conclusion I come back to the research question for this experiment, and discuss the findings. Simulation 
iss an imitation of the operation of a real-world process or system over time. Whether done by hand or by 
computer,, simulation generates an artificial history of the system and the observation of that history to draw 
conclusionss about the operating characteristics of the real-world process or system (Banks et al. 1996). 
Predictingg behavioral changes of a complex system is thus one of the important reasons for using 
simulationn technology. 

Inn this case study I used Brahms to simulate the procedures for the Apollo HFE deployment. The simulation 
modell was used to predict the astronauts behavior, based on the real Apollo 15 and 16 missions. The 
Brahmss simulation generated a simulation history file that could be inspected using the Brahms 
AgentViewerr program. 

7.6.11 Experimen t outcom e discussio n 

Thee goal in this experiment is to determine whether using Brahms allows us to develop models of work 
practicee that can predict the changes in human behavior and the impact on the work system based on 
contextuall changes. To determine this, I implemented a Brahms model of the nominal work process of a 
lunarr surface astronaut (the LMP) deploying the Heat Flow Experiment on the Moon (sections 7.1, 7.2, and 
7.3). . 

First,, I verified the Brahms model's simulation of the normative behavior of the astronaut, based on the 
detailedd Apollo 16 Lunar Surface Procedures (sections 7.5.1, 7.5.2 and 7.5.3). Next, I defined a number of 
typess of situational changes we could create as changes to the model (section 7.5.4). Then, I found a two 
scenarioss from the Apollo 15 and 16 missions with which I tested these types of changes in separate 
simulationn runs, to validate the predictive behavior of the model (sections 7.5.5 and 7.5.6). The outcome of 
thiss experiment is summarized in Table 7-2. 

Tablee 7-2. Summary of Experiment Outcome 

Predic t t 

Nomina ll  Activit y 
Behavio r r 

Change ss in 
Voice-Dat a a 
Communicatio n n 

Erro rr  Recover y 
Behavio r r 

OperaUonalizatio n n 

Apolloo HFE deployment 

Addingg and forgetting of 
HFEE voice-data 
communicationn from 
lunarr surface to mission 
control l 

Situatedd error events 
duringg HFE deployments 

Modell  Inpu t 

Apolloo 16 Final Lunar 
Surfacee Procedures for 
nominall HFE 
deployments s 

Changess to the Apollo 
166 Final Lunar Surface 
schedulee for HFE voice-
dataa communication 
(additionss and 
omissions) ) 

Errorr objects and 
generatedd error events 

Modell  Outpu t 

Predictionn of nominal 
activityy behavior during 
HFEE deployment on the 
Moon. . 

Predictionn of voice-data 
communication-activity y 
behavior. . 

Predictionn of individual 
andd distributed error-
recoveryy behavior 

Thee validation shows that with the correct behavioral abstraction and modeling approach we can develop 
Brahmss models that can be used to predict the collective behavior of agents in specific situations. 
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7.SJ27.SJ2  Modelin g approach — discussio n 

Thee modeling approaches that have been developed during this experiment are useful for future predictive 
models.. In the first experiment, the Apollo 12 ALSEP Offload, the model was developed with no generic 
featuress in mind, even though we were able to reuse part of the voice-loop communication model. The 
modell could not simulate any other scenario than the Apollo 12 specific scenario. In the HFE Deployment 
modell I focussed on making the model generic. This means that by changing some simple parameters in 
thee input, I was able to simulate a different scenario. The following modeling techniques and approaches 
weree developed, and could be used in the future for predictive models. 

1.. Parameterize the activity plan for agents—Section 7.2.1. 

Thee agents do not have their activity plan hardwired in the preconditions, but instead have an externall plan 
representedd as beliefs in an artifact. This way the agent can dynamically determine the order of the 
activities,activities, either by communicating with the artifact (such as reading a plan), inferring a new plan, or by 
detectingg changes in the environment. Other agents are also able to communicate any changes in the plan. 

2.. Conversation policies for predicting agent communication—Section 7.2.2 

II abstracted a standard process of asking and answering questions into conversation policies. Using this 
pragmaticc modeling approach for defining how agents converse, based on transcriptions of the Apollo 15 
andd 16 mission, I was able to predict when and how question and answer conversations between agents 
takee place. Again, in the Apollo 12 model the communications were hardwired in the body of workframes, 
andd were very limited, because it does not allow for variations in the communication between agents. 

3.. Polymorphic activity design for specializing activity behavior—Section 7.5.6.2 

Anotherr interesting finding in this experiment is the use of polymorphism, supported by the Brahms 
languagee in designing default and more specialized activity behavior. The use of group membership and the 
inheritancee of attributes, relations, initial beliefs and facts, as well as activities and workframes, allow for 
polymorphism.. This is similar to polymorphism in object-oriented languages. In object-oriented languages 
polymorphismm is used to specialize object type behavior. However, in modeling agent behavior, 
polymorphismm is used tor a different purpose. The purpose here is to create default and specialized 
behavior.. The lower in the group hierarchy a polymorphic activity is defined, the more specialized this 
behaviorr is. However, the specialized behavior is not overriding the default behavior, but is in addition to it. 
Therefore,, the agent can perform both the default behavior, as well as the more specialized behavior. Using 
thiss approach we can make sure the agent is always able to act in any situation, by providing at least one 
defaultt activity and more specialized activities for different situations. 

Thiss ends the second case study. Next, I describe the third and last case study, that of prescribing a new 
workk system. 
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Inn this chapter, I describe the third and last case study. This study is showing the use of Brahms as a tool for 
thee design of a work system for a robotic mission to the Moon. Design is a prescriptive activity, and using 
Brahmss as a design tool means that we are creating a prescriptive model, that is, a model of a work system 
thatt does not yet exist. At NASA this type of design activity falls under the rubric of Mission Operations 
Designn (Wall and Ledbetter 1991). Currently, the people involved in designing mission operations forr robotic 
missionss use relatively impoverished tools for the task at hand. Consequently, the confidence in the 
prescriptivee models is not high, with as a result that the designers include "slack" in their designs. For 
example,, the complexity of spreadsheet models for the design of mission timelines and activities does not 
alloww them to include all relevant variables into the analysis. Also, the lack of powerful modeling tools does 
nott allow mission operation designers to investigate many scenarios that could be relevant. In a personal 
conversationn with a Co-Investigator for the 2003 Mars Exploration Rovers ('03 MER) mission57, I was told 
thatt due to a lack of powerful tools they were able to investigate only two of the original five mission 
scenarios.. The reason for this was the complexity of the model and the time it took to create a scenario. 

Inn this case study I investigate the use of Brahms for the design of mission timelines and activities, based on 
aa richer model of the work system than is currently possible with the available tools. This case study shows 
thatt providing mission operation designers with more powerful prescriptive modeling tools will allow them to 
bee more efficient and effective in the design of missions. This helps NASA with doing missions better, faster, 
andd ultimately cheaper. 

Robotss and Humans as Partners 

Inn the coming decades, the moon will also prove useful as a laboratory and test bed. Astronauts at a 
lunarr base could operate observatories and study the local geology for clues to the history of the solar 
system.. They could also use telepresence to explore the moon's inhospitable environment and learn 
howw to mix human and robotic activities to meet their scientific goals. 

Thee motives for exploration are both emotional and logical. The desire to probe new territory, to see 
what'ss over the hill, is a natural human impulse. This impulse also has a rational basis: by broadening 
thee imagination and skills of the human species, exploration improves the chances of our long-term 
survival.. Judicious use of robots and unmanned spacecraft can reduce the risk and increase the 
effectivenesss of planetary exploration. But robots will never be replacements for people. Some 
scientistss believe that artificial- intelligence software may enhance the capabilities of unmanned 
probes,, but so far those capabilities fall far short of what is required for even the most rudimentary 
formss of field study. 

Too answer the question "Humans or robots?" one must first define the task. If space exploration is 
aboutt going to new worlds and understanding the universe in ever increasing detail, then both robots 
andd humans will be needed. The strengths of each partner make up for the other's weaknesses. To 
usee only one technique is to deprive ourselves of the best of both worlds: the intelligence and flexibility 
off human participation and the beneficial use of robotic assistance. (Spudis 1999) 

Missionn operation design and planning for robotic and mixed human-robotic tasks is currently done quite 
informallyy with the design team's heuristic intuitions about tasks the agents (either human or robotic) need to 
do,, and the likelihood of that capability being available in the future state of the art. This creates the 
fundamentall problem where the analysis of the human and robotic collaborative elements of a mission is 
beingg carried out at a very high-level of abstraction, until well into the commitment for a design of the robot. 
Inn part this is a consequence of the inadequacy of current systems in allowing easy modeling of the 
intricaciess of a rich and dynamic set of tasks being carried out by robots in conjunction with humans (Sims 
ett al. 2000). 

http://mare.jpl.nasagov/missions/future/2003.html l 
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Thee Melding of Mind and Machine 

Humann dexterity and intelligence are the prime requirements of field study. But is the physical 
presencee of people really required? Telepresence—the remote projection of human abilities into a 
machine—mayy permit field study on other planets without the danger and logistical problems 
associatedd with human spaceflight In telepresence the movements of a human operator on Earth are 
electronicallyy transmitted to a robot that can reproduce the movements on another planet's surface. 
Visuall and tactile information from the robots sensors give the human operator the sensation of being 
presentt on the planet's surface, "inside" the robot. As a bonus, the robot surrogate can be given 
enhancedd strength, endurance and sensory capabilities. 

Iff telepresence is such a great idea, why do we need humans in space? For one, the technology is not 
yett available, vision is the most important sense used in field study, and no real-time imaging system 
developedd to date can match human vision, which provides 20 times more resolution than a video 
screen.. But the most serious obstacle for telepresent systems is not technological but psychological. 
Thee process that scientists use to conduct exploration in the field is poorly understood, and one 
cannott simulate what is not understood. Finally, there is the critical problem of time delay. Ideally, 
telepresencee requires minimal delays between the operator's command to the robot, the execution of 
thee command and the observation of the effect. The distances in space are so vast that instantaneous 
responsee is impossible. A signal would take 2.6 seconds to make a round-trip between Earth and its 
moon.. The round-trip delay between Earth and Mars can be as long as 40 minutes, making true 
telepresencee impossible. Robotic Mars probes must rely on a cumbersome interface, which forces the 
operatorr to be more preoccupied with physical manipulation than with exploration. (Spudis 1999) 

Theree are two major problems Spudis writes about: 1) poorly understood work practice of field science, both 
onn Earth and in space, and 2) the issue of time delay in teleoperated robots and its impact on the interface 
betweenn humans and machines. Both these issues have been the partial focus of the previous case studies 
inn this thesis. Unlike Spudis, who states that "one cannot simulate what is not understood," in the previous 
twoo case studies I used modeling and simulation to understand the work practices of field scientists on the 
Moon,, while in the process of developing the simulations. In other words, in the previous case studies I have 
developedd a way of using multiagent simulation technology as a technology solution for the process of 
understanding.understanding. In this case study I go one step further, and use modeling and simulation as a process for 
designingdesigning solutions. 

InIn this study, I use Brahms to design the human-robotic collaboration58 for the Victoria mission. The Victoria 
missionn proposal is a recently submitted NASA proposal for a semi-autonomous robot to search for water 
onn the South Pole of the Moon. In this proposal an Earth-based science team will conduct a long-term 
roboticc mission investigating permanent dark areas on the Moon's South Polar region. A semi-autonomous 
robott will be the agent doing the actual field science, while in constant communication with the science 
team.. The issue I address in this case study is the use of work practice modeling and simulation for design 
off the human-robotic collaboration. 

Goalss and objectives 

Thee goal of this case study is to show that with Brahms we can design how humans and robots can work 
together.. In the process of developing a computational model of a new human-robotic work system we 
acquiree requirements for the systems (such as for the robot and data systems), communication, team 
interactions,, and the distribution of work activities. 

Thee research question in this case study is: 

588 Some people might question the concept of collaboration with a teleoperated robot, and I am aware of this seemingly strange notion. 
However,, in this thesis the notion of collaboration is used specifically in situations where one or more agents (human or machine) are 
awaree of each other's activities in pursue of a common goal. The question is thus rx* #tlw humans arr i the robot are collaborating, but 
insteadd we accept the fact that the l>jmans in the e r ^ 
participants.. Therefore, the question becomes, how can we make the robot aware of the fact that such collaborations exists? Answering 
thiss question goes beyond the scope of this study, but a start will be made with getting closer to answering this question, by creating a 
modell of this collaboration. 
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CanCan the Brahms  modeling  and simulation  environment  be used  to  prescribe  a realistic  work 
practicepractice  In tire design  of  the human-robotic collaboration  during  a robotic  lunar  mission? 

Thee objective of this case study is to design a working Brahms simulation that models a relatively simple, 
butt realistic human-robot collaborative activity of Ine Victoria rover described in the Victoria mission 
proposal.. The model should show in relative detail the collaboration and distribution of activities between 
humanss on Earth and the robot on the Moon. In the next sections I describe the result of this study. First, the 
nextt two sections describe the Victoria mission in more detail. Then, I describe how the use of Brahms in 
thiss case study will be evaluated. I will then briefly describe the V&V of the model. After this the model 
detailss are described, as well as the outcome of the simulation. Last, I will conclude with some observations. 

8.11 VICTORIA MSSION 

Victoriaa is the name of a proposed long-term semi-autonomous robotic mission to the South Pole region of 
thee Moon at the end of 2005. The name Victoria was chosen after the only ship of Ferdinand Magellan's 
voyagee that circumnavigated the world59. 

Att the start of this case study the Victoria team was in the middle of writing the proposal. Team members 
(soo called Principal Investigator and Co-Investigators) of the Victoria mission are world-renowned scientists 
fromm different scientific disciplines (planetary scientists geologists, robotisists, and Al-specialists). The 
descriptionn and all data mentioned in this thesis come from the drafts of the actual proposal, which can be 
seenn as functional requirement specifications for the mission. Scientific space mission proposals are 
necessarilyy very detailed descriptions of every aspect of the mission. One could view a robotic science 
missionn proposal as a detailed requirement specification for the proposed science investigation, the science 
instrumentation,, the launch vehicle, spacecraft and robot, and the control & data communication. 

Forr a space science mission to be funded, a proposal needs to withstand many reviews and severe 
competitionn from other proposals, ft is therefore not surprising that a proposal needs to provide the 
reviewerss with much detailed information showing that, when funded, the mission is doable and the 
proposedd goals and objectives are likely to be met within the proposed schedule, with the proposed mission 
technologyy and within the proposed budget. The Victoria mission proposal is a multi-million dollar project 
descriptionn and plan from which scientists and engineers are able to start the design and implementation of 
thee needed mission elements. 

8.1.11 Missio n overvie w 

Victoria'ss fundamental goal is to gain a better understanding of the history of volatiles in the solar system, by 
firstt getting a deeper understanding of how these volatiles might be preserved at an ideal site in space. It is 
determinedd from the data returned by the previous Lunar Prospector0 mission that the Moon's permanently 
shadowedd areas at the poles might be an ideal site for the preservation of volatiles, in particular in the form 
off water ice (Hubbard et al. 1998). There is a secondary goal of gaining a better understanding of the 
evolutionn of the Moon. Even though the Apollo missions significantly increased our knowledge about the 
Moon'ss evolution, the ultimate question of how the Moon came about is still not positively answered today. 
Givenn this, the mission's objectives are to: 

1.. Verify the presence of water ice and other volatiles within permanently shadowed regions on the Moon. 
Thiss will be accomplished by gathering the necessary in-situ data for analyzing the history of water and 
otherr volatiles on the Moon, and by implication in the inner solar system. This is the primary mission 
sciencee objective. 

2.. Perform a geological survey of the southern lunar polar region, in extreme high resolution. 

3.. Determine the composition of recent pyroclastic type deposits around mare-type voteanos that are 
betweenn one to two billion years old, as well as nearby mare basalts that are about 3.2 billion years old. 

599 Ferdinan d Magellan , (14807-1521), Portuguese-bo m Spanis h explore r and navigator , leader of the first  expeditio n to  circumnavigate , 
orr  sai l completel y around , the world . 
600 http^/kjnar.arc.nasagov / 
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4.. Transect the South Pote-Aitken (SPA) basin creating a fine scale geological survey to understand the 
interactionn betweem the SPA impact61 event and the underlying mantle materials. 

Thesee are the high-level scientific purposes of the Victoria mission. From these scientifically important 
objectives,, the Victoria team argues that the most efficient way to meet these science objectives is to use a 
high-speedd semi-autonomous rover that can traverse over long distances (several hundreds of kilometers), 
forr a tong time period (three months to a year), to gather the necessary geological and physics data. 

& 22 PR0BLBH 8 WITH AUTOMATB ) PLANETARY SURFACE EXPLORATION 

8.2.11 Data overloa d 

Scientificc field exploration on Earth is difficult work. Not only does the scientist have to endure tough 
environmentall conditions, such as being in cold or warm climates for a long period of time, isolated from the 
restt of the world, but also because of its data intensive nature and the fact that good scientific principles 
needd to be adhered to. Automated planetary surface exploration will for the most part eliminate these 
environmentall and isolation problems. It will not, however, change the data intensive nature of the work. As 
aa matter of fact, recent studiess of remote science team activities in automated field exploration on Earth has 
shownn that the amount of data that is being collected automatically by the robot in the field is sometimes 
overwhelmingg for the science team. Thomas et al, note the following problem with data archiving in their 
studyy of a remote science team at NASA Ames Research Center, during an experiment for automated 
planetaryy surface exploration (Thomas et al. 1999, p.24); 

Thee greatest difficulties were noticing the arrival of new information and finding relevant information 
enteredd by other researchers. Some data products were only available after the initial, raw information 
wass reprocessed. Consequently information became available at different times, but no global 
mechanismm was available to alert the scientists. 

Basedd on the problem of data archiving observed by Thomas et al, I will address the following questions in 
thee model: 

1.. How will science data be gathered, in collaboration with the Earth-based science team, rover 
teleoperator,, and the rover on the lunar surface? 

2.. How will the gathered science data be made available to the science team on a continuous basis during 
thee long mission? 

Too answer these questions, I will develop a model of the activities of the above-mentioned teams, based on 
thee description of a planned mission traverse described in the Victoria proposal. 

8.2.22 Powe r constrain t 

Onee of the biggest constraints in any robotic mission is power consumption of the robot. A robot gets its 
energyy from onboard batteries. These batteries are charged by solar energy, using large solar arrays on the 
robott (Figure 8-1). In every activity the rover uses energy, therefore the sequence of activities for the rover is 
constraintt by the amount of power available to complete the sequence. When the robot's batteries are low, it 
needss to return to a sun-exposed spot in order to recharge its batteries. Batteries are heavy artifacts that 
needd to be brought up in space, and are therefore limited in size and power. This makes the robot power 
consumptionn issue a very important constraint in the design of the robot, but also a very important constraint 
inn the abilityy of the robot to perform certain activities during the mission. 

611 SPA is the largest recognizable impact basin in the solar system. 
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Duringg the Victoria mission the rover will traverse 
intoo permanently dark regions on the Moon. 
Thesee are interesting areas, because of their 
potentiall to keep water ice from evaporating. 
Thesee areas exist particularly on the South Pole 
off the Moon, because a) the angle of the Sun at 
thee South Pole and b) the terrain relief due to 
largee impact craters. A problem with traversing 
intoo permanent dark regions is the fact that the 
robott needs to have enough power to make it 
safelyy out of the permanent dark region before its 
batteryy is empty. This might not be immediately 
obvious,, but it should be clear when one realizes 
thatt when the robot runs out of power in a 
permanentt dark region the mission is over and 
donee with. Permanently dark means no sun, 
ever,, and if sun is the only way to recharge the 
robot'ss batteries we can easily see why this is a 
veryy important constraint. 

Figuree 8-1. Victoria Rover 

Inn order to calculate the power consumption for the Victoria rover at any moment in time, I developed the 
followingg equation: 

PowerPower consumption for rover at time t (Prover(t)) = 

powerpower for driving (Pd(t)) + power for command & data handling (Ph(t)) + 

powerpower for science instrumentation (Pi(t)) + power for communications (Pc(t)) + 

powerpower used for thermal protection (Pt(t)) + other (not measurable power) 

(1.0) ) 

Givenn (1.0), we can now define the energy usage during an activity tor the rover to be: 

- I I 
endend of acti 

startstart of acti 
Prover(t)dt Prover(t)dt (2.0) ) 

Thee energy constraint thai exists during a mission traverse into a permanent dark area is: 

ff halfway point of traverse 

JJ start of traverse 
Prover(Prover( i )dt< Pbattery(start of traverse) -15% full battery reserve - 50% of Pbattery(start of traverse) 

(3.0) ) 

Thiss constraint says that the total energy usage of the rover during the traverse into a permanent dark area 
cannott be bigger than the available battery power minus a 15% reserve battery capacity, and minus a 100% 
marginn (i.e. 50% of Pbattery(start of traverse)). The 15% reserve is a standard reserve that has to do with 
thee battery operation specifications. The 100% margin is used only in traverses into permanent dark areas. 
Thee idea is based on the fact that when the rover does a mission in a permanent dark area, it will use the full 
batteryy capacity to make the mission as effective as possible. With a full battery you can safely assume that 
youu can use half of the battery life to drive intolhe permanent dark area, and you need half of the battery life 
too get out of the permanent dark area. Therefore, the total energy you can use to get into the permanent 
darkk area is given by the energy constraint (3.0). In other words, the time available to get to the halfway 
pointt of a traverse within a permanent dark area is constraint by the time it takes to use the maximum power 
availablee that still does not violate constraint (3.0). 
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& 33 EVALUATION CRITERIA POR USE OF BRAHMS M DESIGN 

Thee objective in this study is to show that Brahms as a modeling language can help in specifying work 
practices,, while the simulation engine permits execution and evaluation of a newly designed work system. 
Rememberingg that the previous two case studies proved that modeling and simulation with Brahms has a 
"realityy value," the quality criteria to be applied to this case study are radically different from the ones in the 
firstt two. In this case study the Brahms language and the simulation engine are used as design aids, which 
impliess that the value should be judged on the aid provided, i.e. an evaluation of this aid on relevant criteria. 
Thesee criteria must be elaborated, defined and judged. In other words, the quality of the model and the aid 
thee model simulation provides in design is more or less subjective. 

Thee work system design method proposed in this case study involves modeling, simulation, and analysis of 
aa candidate work system for the Victoria mission. There are two quite different uses of modeling and 
simulationn in this area: 

1.. A Brahms model may be developed and simulated to verify the operational correctness in terms of the 
workk system, as well as to evaluate the performance of the designed system. During such an effort, 
moree than one design of the work system may be modeled and evaluated to select the best one for 
implementation. . 

2.. In complex systems, plans are often used for short time horizons. The relative unpredictable nature of 
realityy will make a plan useless at the moment situations occur that were not previously considered 
duringg the planning activity. During the actual Victoria mission, continuous changes to the planned 
activitiess of the rover and science team will be necessary. If we have a validated model of the 
implementedd work system, we can use this model for continuous mission planning during the mission. 
Necessaryy changes to the plan can be modeled, simulated and evaluated before the actual changes to 
thee active plan are being carried out. What-rf scenarios can be simulated and different plans compared. 

Formulatedd as objectivesior modeling, these two purposes lead to two quite different experimental frames. 
Ann experimental frame is a specification of the conditions under which the system is observed, or 
experimentedexperimented with. As such, an experimental frame is the operationalization of the objectives that motivate 
thee modeling and simulation project (Zeigler et al. 2000). 

Objectives s 

Outcomee Measures 

Outputt Variables 

—— Experimenta l Frame — - ^ 

Figuree 8-2. Transforming objectives into experimental frames (borrowed from (Zeigler et al. 2000)) 

Figuree 8-2 shows the process of transforming objectives into an experimental frame. In order to evaluate 
designn alternatives, modeling objectives require measures of effectiveness for the system to accomplish its 
goals.. Such measures are called outcome measures. To compute such measures the model needs to 
includee output variables that are computed during model execution runs. Therefore, for the above-
mentionedd objectives for the use of Brahms in work system design we will need to identify output variables 
thatt represent system performance. 
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8.3.11 Outcom e measure s 

Forr this thesis, I am focusing on the use of Brahms for verifying operational correctness of a specific work 
systemm design (i.e. #1 use). Possible measures that the model could provide are62: 

•• human activities performed 
•• robot activities performed 
•• the time it takes for the team to complete a mission objective 
•• activity times per agent (human and robot) 
•• power consumption and energy usage for the robot agent 
•• robot command sequence send by the Earth-based team to the robot 
•• amount and type of data send to Earth by the robot, and used for decision analysis and 

historicall record 
•• amount of surface covered during a traverse 

Wee call these outcome measures. By identifying such outcome measures, we are able to identify the output 
variabless that a Brahms simulation should be able to calculate. By investigating the ability of the Brahms 
languagee to model such output variables, and the ability of Brahms to determine these variables during a 
simulationn run we are able to evaluate the use of Brahms in a more objective manner. 

8 ^ 22 Outpu t variable s 

Givenn the above outcome measures we can define the output variables of the simulation. The simulation 
willl produce the output variables, and they can be used to determine the performance of the designed work 
system.. If we have enough confidence in the validity of the model, we can use these output variables to 
draww conclusions about the operational correctness of the particular work system design. Table 8-1 shows 
thee output variables that will be generated during the simulation: 

Tablee 8-1. Simulatio n outpu t variable s 

Outcom ee Measure s 
humann activities performed 
robott activities performed 
thee time it takes for the team to complete a 
missionn objective 
activityy times per agent (human and robot) 

powerr consumption and energy usage for the 
robott agent 

robott command sequence send by Earth to 
thee robot 
amountt and type of data send to Earth and 
usedd for decision analysis and historical 
record d 
amountt of surface covered during a traverse 

Outpu tt  Variable s 
aa list of activities for each human-agent 
aa list of activities for each robot-agent 
thee total duration of a high-level mission 
objectivee activity 
thee duration time of each specific agent-
activity y 
thee total power consumed by the robot agent, 
thee energy used in each robot activity, 
thee battery power left after each robot activity, 
dataa send to the robot 

forr each data transmission made by the 
robot,, its type and the amount of data 

lengthh and time of traverses, 
numberr of mission relevant stops 

& 44 MODEL VERIFICATION AND VALIDATIO N 

Inn system design, i.e. when designing a system that does not yet exist, it seems only possible to do model 
verification.. Model validation is difficult, because we cannot compare the outcome of the model with the 
outcomee from an existing source system (Zeigler et al. 2000, chapter 14, fig.1). In this section, I describe 
howw the simulation in this case study is verified and validated. 

622 One coul d defin e a numbe r of additiona l relevant  measures , but for the purpos e d thi s case stuJy , in ligh t of this thesis , acMing irrar e 
measure ss does not necessaril y enhanc e the outcome . 
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&4. 11 Verificatio n 

Ass described in chapter 6.9.5, verification is Ihe attempt of establishing that the simulation relation holds 
betweenn the simulator and the model being simulated. In other words, does the simulator execute the model 
correctly?? Correctly in this context means, does the simulator execute the model as intended, after the 
compilerr has been able to correctly translate the model source code? 

Thee model is developed based on the Apollo HFE deployment model from the second case study on the 
onee hand, and the Victoria mission proposal on the other. This data allows for a relatively accurate design of 
thee activities and the robot. To verify the correctness of the simulation of the model, I presented the 
conceptuall design model of the Victoria work system to the principal investigator, and a science team 
memberr of the Victoria mission, and based on their feedback I implemented the conceptual design into a 
Brahmss model. I also interacted with co-investigators of the Victoria mission on the modeling of the rover 
andd its instruments. With one of the designers of the Victoria rover from Carnegie Mellon University I had 
designn interactions on the energy performance of the rover. With the designers of the lunar surface drill 
(Honeybeee Robotics, Ltd.) and the research scientists responsible for the Neutron Detector instrument, I 
discussedd the operations and energy consumption of these instruments. After syntax error revisions, and 
becausee of the two previous case studies, we can be confident that the Brahms simulator executes Brahms 
modelss correctly. I then verified the model simulation using the visual AgentViewer application. After several 
debuggingg cycles, I verified that the outcome of the simulation produced the correct behavior of all the 
agentss in the system over time. 

&4. 22 Validatio n 

Thee point of the exercise is to test the use of simulation as a design aid for the implementation of the actual 
system.. The model consists of a number of modeled agents (humans and robots) and systems that could 
individuallyy be validated. However, the overall system behavior is what determines the effectiveness. 

Sincee there is no real-world system data, the way I have been able to validate is to use a rather qualitative 
comparisonn step; i.e. validating the model based on responses from the Victoria principal investigator. After 
thee model was simulating correctly, I presented this outcome to the principal investigator of the Victoria 
missionn and he validated its behavior. This gives a relative confidence that the model indeed simulates the 
appropriatee level of behavior of the future work system. 

8 A 33 Mode l fidelit y 

Ann important concept in design models is fidelity. Fidelity is often used for a combination of validity and 
detail.. Thus, a high-fidelity model may refer to a model that is high both in detail and in validity. However, 
onee needs to be aware of the fact that high detail is a necessary, but not sufficient condition for high fidelity. 
Theree can be a highly detailed, but invalid model that is very much in error. This tacit assumption is 
especiallyy important in design models, because design models are very difficult to validate before a system 
iss implemented and we are able to validate the model against the implementation. Therefore, it is important 
too realize that high detail does not eliminate the validity concern in work system design models. 

Modell detail depends on the objective of the modeling effort. The more demanding the question, the greater 
thee resolution needs to be to answer the question. The level of detail of the human-robotic work system to 
bee designed should be high enough so that the modeling activity is relatively simple and fast, but on the 
otherr hand detailed enough to be relevant for mission-operation designers, robot designers, and/or software 
developers. . 

Thee collaboration between the humans on Earth and the robot on the Moon is grounded in the performance 
off a specific task. What needs to be included in the model should be based on all the relevant activities and 
contextuall information that influence this collaborative activity. The level of detail at which to model each 
aspectt depends on our ability to identify those aspects that have influence. There is no hard and fast rule 
thatt can be applied to the modeling level. For example, it is obvious that the communication time-delay 
betweenn the Earth and the Moon needs to be included in whatever collaborative activity is being designed. 
However,, it is not clear if and how the make-up of the mission science-team has to be included in the 
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model.. I could decide to model every individual member of the science-team as separate agents, while on 
thee other hand I could decide to model a whole team as one agent communicating their decisions to other 
teams.. From previous field-test simulations K seems obvious that the work practices of the human teams 
hass great influence on the collaboration with the robot in performing field science (Thomas et al. 1999) 
(Cabroletal.2001). . 

Inn system design, the measures of the effectiveness of the system in accomplishing its goals are required to 
evaluatee the design alternatives. This suggests that the outcome measures from Table 8-1 could be used to 
measuree the effectiveness of a specific work system design model. One of the most important measures for 
thee evaluation of an alternative is the power consumption and energy usage of the robot during the model 
simulation.. For a design alternative to be accepted it will at least need to satisfy energy constraint (3.0). The 
levell at which to model is the level that can show and explain all the events that influence this constraint. 
Thee objective in the rest of this chapter is to describe how this was done in the Victoria model. 

BJSBJS MSSIOII OPERATIONS WORK SYSTBM DESIGN 

Thee work that is involved in the Victoria mission is distributed over a number of human teams, and the 
Victoriaa rover. In a sense, we can view the Victoria science team as a user of the semi-autonomous rover. 
Thee science team is a user from the perspective that the rover is on the lunar surface in service of the Earth-
basedd science team. On the other hand, the rover is not merely a computer system with a user in the 
traditionall sense of the word. The rover is more of a collaborator with its user. From the perspective of a 
teamm performing a scientific lunar surface exploration mission, the rover is part of the team. The work 
practicee of this team is what will make the difference in the performance of this team. As such, the rover 
cannott be simply viewed as a complex piece of machinery that needs to be remotely controlled by its user, 
butt instead the rover has to be seen as an integral part of the team performing the work; Who is doing what, 
where,, when, and how? The purpose of this case study is to show how a model of the prescribed work 
practicee can aid the mission operation system (MOS) designers in designing the most efficient work system 
forr the mission, given its objectives. 

8 3 . 11 Functiona l divisio n of activit y 

Organizationall structures of mission operation teams for robotic missions can be based on similar functions 
forr more traditional remote-sensing missions. Wall & Ledbetter describe the organizational structure of 
remote-sensingg missions in functional terms (Wall and Ledbetter 1991). The two top functions described 
are: : 

1.. Keep the robot safe and functioning, and 

2.. Request, collect, process and analyze the data sent back by the robot. 

However,, in the case of a semi-autonomous rover mission the rover is defined as a member of the mission 
operationss team. Therefore, I identify a third important top-level function. 

3.. Perform the science activity and send data back to Earth. 

Thesee functions require two distinct data flow processes: uplink, the definition, preparation and transmission 
off instructions and data to the robot; and downlink, the collection, transmission and processing of data from 
thee robot. Wall & Ledbetter describe the sub-functions necessary for accomplishing these two data flow 
processess from an Earth-based mission operations point of view, (see Table 8-2). 
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Tablee 8-2. Relation of data flow process to functions (from (Wall and Ledbetter 1991)) 

Robot/Spacecraf tt  operatio n 
andd safet y 

Request ,, collect , process , 
analyz ee data 

Uplinkk process 

Downlinkk process 

1. . 

2. . 

3. . 

4. . 

5. . 

1. . 

2. . 

3. . 

4. . 

Commandss for engineering 

operationn of robot/spacecraft 

Maneuverr commands 

Telecommunicationss commands 

Emergencyy or anomaly resolution 

commands s 

Engineeringg data loads 

Monitoringg of health and status 

telemetryy from robot/spacecraft 

subsystems s 

Subsystemm trend analysis 

Subsystemm performance prediction 

Qualityy of downlink signal 

1.. Command sequences for 

experimentt operation 

2.. On-board data storage commands 

3.. Paytoad pointing commands 

4.. Long-term planning for science 

opportunities s 

1.. Experiment data collection 

2.. Data processing and enhancement 

3.. Image processing 

4.. Data quality assessment 

Thee functions in Table 8-2 need to be performed collaboratively by the mission operation teams and the 
rover.. How this happens is constrained by the work system that needs to be designed. The model will 
prescribee the work system by incorporating a model of the work practice, including all the Earth-based 
teams,, the rover, their communication actions, as well as the hardware and software systems they use. 

Figuree 8-3 gives a pictorial representation of the currently known elements and their relative geographical 
locationn during the Victoria mission. The Science Team consists of a number of sub-teams, all co-located in 
Buildingg 244 at NASA Ames Research Center, Moffett Field, California. The sub-teams are the Science 
Operationss Team (SOT), the Instrument Synergy Team (1ST), and the Data Analysis and Interpretation 
Teamm (DAIT). There are two other supporting teams outside the Science Team. These are the Data and 
Downlinkk Team (DDT) and the Vehicle and Spacecraft Operations Team (VSOT). All these teams work 
togetherr to perform the mission. In doing so, their objective is to accomplish the scientific objectives of the 
mission.. They communicate with the Victoria rover on the lunar surface, using the Universal Space Network 
(USN)) via two separate communication links, the high capacity S-Band direct Earth to rover link, as well as 
thee UHF communication link via Victoria's lunar orbiter. 

Thee flow of data from the rover will be dominated by contextual and multi-spectral image data, but will also 
includee thermal emission, neutron spectrometer, time-of-flight mass spectrometer (TOF-MS), X-ray 
spectrometerr (APXS), microscopic imaging, and various engineering data of scientific interest. This data will 
comee to NASA Ames via the USN data connection and will be automatically converted in near real-time to 
accessiblee data formats that can be made available to the teams via data access and visualization 
applications.. In addition to this continuous data conversion activity, the data will be streamed to a redundant 
DVDD storage facility-that will then immediately be made available to the Planetary Data System (PDS) in 
raww format. Within a 24 hours time period, the Victoria science team will release the images of greatest 
interestt on the public available Victoria web site. 

Inn the next sections I will describe the design of this work system through the design of the agent model, the 
objectt model, their activity models and the geographical model 
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Teamm j Visualizatio n System s 

Figuree 8-3. Victoria work system 

8.5.22 Agen t mode l desig n 

Figuree 8-4 shows the group membership hierarchy on which the design of the work system is based. The 
agentss in the model are the Earth-based human teams and the Victoria rover, as shown in Figure 8-3. The 
teamss are represented as agents, because at this moment it is not possible to describe the composition of 
eachh team in more detail. This means that the activities represented in the model are at the team-level, and 
itt remains unspecified how the teams themselves inter-operate. For example, the "plan a command 
sequence"" activity of the SOT represents the work of the whole team, while the individual activities of each 
teamm member remain unspecified. As the team structure and inter-operation of the teams become known, 
wee could update the model to reflect more specific internal team-design. The modular agent-based design 
allowss us in the future to decompose the team into multiple agents, as well as decompose each team-
activityy into more specific team member activities. 

Thee VictoriaRover is modeled as an agent, i.e. an instance of the group Rover, which is a subgroup of the 
groupp DataCommunicator. Agents of the group DataCommunicator know how to create and communicate 
dataa objects. This is relevant for rovers, because they need to communicate information to Earth. The 
VictoriaRoverr agent can communicate either over the S-Band directly to Earth, or over the UHF-band via 
thee orbiter. . 
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MyBaseGrou p p 
Group p 

Victoriaa Team 
Group p 

Dataa and Downlin k Team 
Agent t 

Scienc ee Team 
Group p 

Vehicl ee and Spacecraf t 
Operation ss Team 

Agent t 

Dataa Analysi s and 
Interpretatio nn Team 

Agent t 

Instrumen tt  Synerg y Team 
Agent t 

ff Data Analysi s and 
Interpretatio nn Team 

II Agent 

DataCommunicato r r 
Group p 

Rover r 
Group p 

VictoriaRover r 
Agent t 

Figuree 8-4. Victoria Agent Model 

Givenn the above teams, Table 8-3 shows a possible distribution of the functions from Table 8-2 over the 
Victoriaa teams. Different teams collaborate together to perform these functions. How such collaborations 
happenn depends on the work practice, specified in the situation-action rules (i.e. the workframes) of the 
differentt agents. 

Tablee 8-3. Functional activity distribution over Victoria teams 

Uplin k k 
proces s s 

Scienc e e 
Operation s s 

Team m 

1.. Maneuver 
commands s 

2.. Command 
sequences s 
for r 
experiment t 
operation n 

3.. Payload 
pointing g 
commands s 

4.. Long-term 
planningg for 
science e 
opportunities s 

Instrumen t t 
Synerg y y 

Team m 

1.. Commands 
for r 
engineering g 
operationn of 
robot/spacec c 

raft t 

2.. Emergency 
orr anomaly 
resolution n 
commands s 

3.. Payload 
pointing g 
commands s 

4.. Long-term 
planningg for 
science e 
opportunities s 

Data a 
Analysi s s 

and d 
Interpretati o o 

nTeam m 

1.. Long-term 
planningg for 
science e 
opportunities s 

Dataa and 
Downlin k k 

Team m 

1.. Telecommun 
i-cations s 
commands s 

Vehicl ee and 
Spacecraf t t 
Operation s s 

Team m 

1.. Commands 
for r 
engineering g 
operationn of 
robot/spacec c 

raft t 

2.. Maneuver 
commands s 

3.. Telecommun 

i-cations s 
commands s 

4.. Emergency 
orr anomaly 
resolution n 

commands s 

5.. Command 

sequences s 

for r 

Rover r 

1.. Command 
execution n 

2.. Long-term 
planningg for 
science e 
opportunities s 
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Downlink k 
process s 

1.. Monitorin g of 

healt hh and 

statu s s 

telemetr y y 

fromm robo t 

subsystem s s 

2.. Subsyste m 

tren d d 

analysi s s 

3.. Subsyste m 

performanc e e 

predictio n n 

1.. Data qualit y 

assessmen t t 

2.. Experimen t 

data a 

collectio n n 

1.. Qualit y of 

downlin k k 

signa l l 

2.. Experimen t 

data a 

collectio n n 

3.. Data 

processin g g 

and d 

enhanceme n n 

t t 

experimen t t 

operatio n n 

6.. On-boar d 

datastorag e e 

command s s 

7.Paytoa d d 

pointin g g 

command s s 

1.. Monitorin g of 

healt hh and 

statu s s 

telemetr y y 

fromm robo t 

subsystem s s 

2.. Subsyste m 

tren d d 

analysi s s 

3.. Subsyste m 

performanc e e 

ptecJctio n n 

1.. Experimen t 

data a 

collectio n n 

2.. Monitorin g of 

healt hh and 

statu s s 

telemetr y y 

fromm robo t 

subsystem s s 

Forr the purpose of this study, the model only includes some of the functions from Table 8-2, and 
consequentlyy also from Table 8-3. 

8.5.33 Objec t mode l desig n 

Thee object model consists of the classes and instances of the artifacts, as well the statically and dynamically 
createdd data objects. The Victoria object model (Figure 8-5) includes classes for the science instruments on 
thee rover, as well as other objects contained in the rover, such as the carousel and the battery. Furthermore, 
thee model includes the data communicator class, which includes the objects for S-band and Uhf 
communication.. The simulation scenario, presented in the next section, only requires the S-bandMGA 
antennaa on the rover. The model also includes the software system that is needed to receive and convert 
thee mission data, as well as an object that represents the data visualization system needed to present the 
Victoriaa team with the data in a usable format. The Data and CoreSample classes are used to dynamically 
createe data instances and lunar core sample objects, during the simulation. 

8.5.44 Geograph y mode l desig n 

Thee geography model is similar to that of the two Apollo models, since we are again modeling geographical 
locationss on Earth and on the Moon. Figure 8-6 shows the Victoria geography model design, as is depicted 
inn Figure 8-3. There are two distinct areas of interest on Earth; The Building244 area where the Victoria 
teamss and systems are located, and the UsnSatelliteLocatjon area where the UsnDishl satellite dish is 
located.. On the Moon, the areas represented are locations for the specific scenario that is being simulated 
(seee next section). There is a location called ShadowEdgeOfCraterSNI, which represents the location the 
roverr is at the start of the simulation. This is the location on the shadow edge that is in crater SN1. Another 
locationn that is important during the scenario is the area ShadowArea1lnCraterSN1. This represents the 
specificc location in the permanent shadowed SN1 crater where the rover will perform a drilling activity. The 
LandingSitee area is only represented for completeness, and does not play a significant role in the simulation 
off the actual scenario. 
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Figuree 8-5. Victoria Object Model 
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Figuree 8-6. Victoria Geography Model 

8 . 66 MODEL SIMULATIO N SCENARIO 

Thee Victoria proposal spells out a number of surface activities that will be performed by the rover, in 
collaborationn with the teams on Earth. For this case study I selected the activity of searching for water in 
permanentlypermanently shadowed craters, as described in the proposal: 

[T]hee Victoria team will proceed to the crux of the primary science objective, i.e., the characterization 
off volatiles, including ice in a permanently shadowed crater or depression. The rover will traverse 
fromm the landing site area to a preselected nearby crater that contains a permanently shadowed area. 
Itt will seek ice and other volatiles that are expected to be present in such a permanently shadowed 
coldd trap. Several regions close to the pole exist that fulfill Victoria's exploration criteria: 

Sitee number 1 is a depression located at . The depression is approximately 10 km across. 
Bothh radar and Clementine data indicate that it is permanently shadowed in its center. Assuming that 
aa landing site close to the pole is selected, high resolution coverage exists from the pole along a ridge 
too the edge of the depression. 

Sitee number 2 is located . Clementine showed that there is a plateau in this region 
receivingg large amounts of illumination. Several dark zones surround this plateau and appear to be 
permanentlyy in the dark. The good hires coverage of this region, coupled with Victoria team members 
[...]] who are particularly knowledgeable about the lunar polar regions and their topography, will ensure 
ann optimization of the current existing data and a minimization of environmental risks. 

Uponn arriving at the chosen crater, the rover will travel down into the selected crater and to the edge 
off the shadow. Then, a full battery charge will be confirmed and the rover will traverse into the crater's 
darkk area for a duration of approximately one hour. Over the next few Earth-days several rover 
traversess will be performed into this shadowed zone, each lasting up to three hours or longer. The 
Victoria'ss rover is capable of reasonably high speeds on much of the lunar terrain, but it is anticipated 
thatt shadowed zones will be traversed at speeds not exceeding 1 m/sec. During this traverse, the 
roverr will periodically stop and deploy its neutron detector to seek hydrogen within the first half nieter 
off the surface. Either at the detection of hydrogen or at a fixed time, the rover will use the drill to 
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collectt samples from a depth of approximately 1 m below the surface. Samples will be examined by 
thee microscopic imager, APXS (modified for the detection of hydrogen), TDL looking for volatile water 
andd by the laser VIMS. For this phase of investigation, the integration time of the neutron detector and 
APXSS will be approximately 15 minutes and for the laser VIMS and TDL less than a minute each. The 
1mm drilling for a core will take a half-hour or less. The analysis of the core sample will give us a 
stratigraphicc record of the texture, volatiles, elemental analysis and unambiguous water ice present in 
thee top meter of the surface. At half its traverse time, the rover will retrace its tracks back to lighted 
areass to recharge its batteries. 

Thee part of the scenario that is modeled is the traverse into crater site number 1. The model scenario is as 
follows: : 

TheThe rover has arrived at the shadow edge of crater site number 1. The battery has been fully charged. 
BasedBased on the data analysis by the Earth-based teams, of the Clementine data available for the shadow 
edgeedge area of crater site number 1, the science team now decides where to go into this crater and search for 
waterwater ice. While the rover is traversing into the crater, it is taking hydrogen measurements with the Neutron 
Spectrometer.Spectrometer. When the rover arrives at the assigned location within this crater and it finds hydrogen there, 
thethe science team decides it should start drilling 10cm into the surface using the SATM, and collect a 1.0cc 
lunarlunar sample. When the rover receives this command, it starts the drilling activity and finally deposits the 
samplesample into the instrument carousel. 

Tablee 8-4 describes these two instruments in terms of the science it is used for. 

Tablee 8-4. Victoria rover instruments used during scenario 

Instrument t 

Neutronn spectrometer 

Lunarr Prospector Neutron 
Detector r 

Science e 

Detectt hydrogen within the first half meter of the 
lunarr surface below the rover. The most likely form 
off this hydrogen is water ice. 

SATMM drill 

Samplee Acquisi t io 
andd Transfer 
Mechanism m 

SATMM can penetrate the lunar regolith to depths of 
overr 1 m to acquire samples while preventing 
cross-contamination.. The SATM is equipped with 
aa sample cavity volume capable of between 0.1 to 
1.00 cc to acquire samples of different lengths and at 
differentt depths bellow the lunar surface. 
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Inn this scenario the rover uses two of its instruments, the Neutron Spectrometer and the lunar surface drill, 
calledd SATM63. In the next section, I first describe the activities of the rover during the scenario. After that I 
describee the activities of the Earth-based teams. The reason for ordering the discussion of the model this 
wayy is because the reader will have an easier time understanding the activities on Earth, by first having an 
understandingg of the rover's activities. The rover activities are a result of the Earth-based team's behavior, 
andd they better explain the objective of the scenario. 

8.77 «OVERACTIVITY 

Thee Victoria rover is modeled as an agent, whereas the neutron spectrometer and SATM instruments are 
modeledd as separate science instrument objects contained in the rover agent. Both instruments are 
modeledd to perform the science activities according to their definition. Figure 8-7 shows the VictoriaRover's 
activitiess during simulation of the scenario. The NeutronSpectrometer object is active and creates a 
HydrogenData_11 object containing the hydrogen data that is send to Earth, while the VtetoriaRover is 
traversingg to a permanently shadowed area within the crater, known as site number one (see Move to area 
inin crater and look for hydrogen in Figure 8-7). Next, the rover is waiting for the next command sequence 
fromm Earth (see Waiting for command from Science Team in Figure 8-7). During this time the Earth-based 
teamss are analyzing the hydrogen data and are deciding what to do next (see section 8.8). The simulation 
showss that the rover is given the command to search for water tee in the permanent dark area. This triggers 
thee SATM instrument to start the drilling activity. Figure 8-7 shows the SATM and Augur objects performing 
activitiess in order to collect a sample from the lunar soil (see Drill 10cm into surface and take 1cc sample in 
Figuree 8-7). 

Too collect a sample the SATM has to 1) lower its augur to the surface, 2) drill to the depth given as part of 
thee command by the Earth-based Science Team (in this scenario the command says to take a 1.0cc 
samplee at 10cm depth), 3) open the sample cavity door, 4) continue to drill to collect the sample, 5) closing 
thee sample door when done, 6) retract the drill from the surface, and finally 7) depositing the collected 
samplee on the instrument carousel. Figure 8-7 also shows the Augur object, contained in the SATM object. 
Thee Augur object creates the LunarSample_1 object as part of its activity to capture the lunar sample, after 
openingg the sample door and continuing the drilling to collect the 1 .Occ sample. The way the drilling activity 
workss in the model is copied from the way the drilling activity worked in the previous Apollo HFE deployment 
casee study (see section 7.5.3). This shows a low-level model reuse. 

Thee activity times for drilling into the surface are dynamically derived during the simulation. Honeybee 
Robotics,, Ltd. provided the times for moving the augur to the surface, opening and closing the sample 
door,, as well as the average time it takes to drill the augur into, and retracting it out of the lunar surface. 
Tablee 8-5 gives the sub-activity duration for the autonomous lunar sample collection activity by the SATM 
instrumentt on the Victoria Rover. Using these numbers in the model, the (autonomous) SATM object 
calculatess the actual activity times dynamically, based on the sample collection depth and sample volume 
parameterss provided externally (i.e. by the rover command). 

Tablee 8-5. SATM collecting lunar surface sample activity times (from Honeybee Robotics. Ltd.) 
Activityy Duration 

Lowerr  its augu r to the surfac e 3.5 min , (10 cm/min) , (0.18 Watt/Hr ) 

Dril ll  augu r nomina l dril l rate into the lunar surfac e 4 cm/mi n @ 12 Watts , 150 rpm , 10 bs thrus t 

Open/clos ee sampl e cavit y door 1 min , (2 rpm) , (0.05 Watt/Hr ) 

Retrac tt  the augu r from lunarr  surfac e 7 cm/mi n 

Movee augur to star t positio n abov e lunar surfac e lOcrrvmi n 

Dropp sampl e on Carouse l 5 min (mov e to carousel , open sampl e door , take sampl e out , 

clos ee sampl e door , mov e augu r back) . It wil l have an 

acceleratio nn profile , but as it approache s the drop off interfac e 

onn the carouse l it wil l slow to abou t 1 cm/mi n 

''  Sampl e Acquisitio n and Transfe r Mechanis m 
11 Honeybe e Robotics , Ltd . are the designer s and maker s of the SATM instrument . 
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Figuree 8-7. Victoria Rover scenario activities 

Activitiess of the VictoriaRover agent are shown at the top, above the actn/ities of the NeutronSpectrometer and SATM instruments. The 

HydrogenData_11 object is created by the NeutronSpectrometer, which represents the hydrogen data that it found and communicates 

backk to Earth (the communication to Earth is not shown in this figure). The Augur object creates the LunarSampleJ object in the "collect 

sample"" activity. This object represents the 1 cc lunar sample that was captured during the drilling activity. The VictoriaRover commands 

thee drill to start, getting its command from Earth, but then the drill performs the activity autonomously. 

Tablee 8-6 gives the values of the list of activities and activity simulation time output variables for the Victoria 
rover,, from the simulation shown in Figure 8-7. The complete list of Victoria Rover activities is comprised of 
alll the parallel activities of the rover agent and the instruments used during the rover's activities. Table 8-6 
showss the activities for the VictoriaRover agent, the NeutronSpectrometer object, the SATM object, and the 
Augurr object contained in the SATM object. 

232 2 



Tablee 8-6. VictoriaRover and Science Instruments activities and times in seconds 

VictoriaRove r r 

NeutronSpectromete r r 

SATM M 

Augu r r 

Activit y y 

DoNothing g 

ProcessUplinkData a 

TraverseToLocation n 

CommunicateToEarttiTeam m 

DoNothing g 

ProcessUplinkData a 

SearchFoWaterlcdnPermanentDarkArea a 

DetectingHydrogen n 

AddDataTypeToDataObject t 

ExtendAugur r 

Drilling g 

StopDrlling g 

OpenSampleDcor r 

StartSampteAcquisrtkxi i 

Drilling g 

StopDrüHng g 

QoseSampJeDoor r 

ReverseDrilling g 

RetractAugur r 

DropOffSampleOnCarouse) ) 

MovinglntoSurface e 

SampteAcqutsition n 

MovingOutOfSurface e 

StartTim e e 

0 0 

7514 4 

7516 6 

8416 6 

8418 8 

9815 5 

9817 7 

7516 6 

8416 6 

9817 7 

10027 7 

10180 0 

10181 1 

10241 1 

10242 2 

10251 1 

10252 2 

10312 2 

10404 4 

10614 4 

10027 7 

10242 2 

10312 2 

EndTtm e e 

7514 4 

7516 6 

8416 6 

8418 8 

9815 5 

9817 7 

10914 4 

Tota l l 

8416 6 

8417 7 

Tota l l 

10027 7 

10180 0 

10181 1 

10241 1 

10242 2 

10251 1 

10252 2 

10312 2 

10404 4 

10614 4 

10914 4 

Tota l l 

10180 0 

10251 1 

10404 4 

Tota l l 

TotalTim e e 

7514 4 

2 2 

900 0 

2 2 

1397 7 

2 2 

1097 7 

10914 4 

900 0 

1 1 

901 1 

210 0 

153 3 

1 1 

60 0 

1 1 

9 9 

1 1 

60 0 

92 2 

210 0 

300 0 

1097 7 

153 3 

9 9 

92 2 

254 4 

Thee total duration of the complete scenario is given by the total time of the VictoriaRover's activities. Table 
8-66 shows a total scenario duration time of 3 hrs and 2 min (10914 sec). This includes the DoNothing 
activityy of the rover at the start of the scenario. During this activity the human teams on Earth are working 
towardss a decision on the first rover command. This will be discussed in the next section. The total duration 
off the traverse into the permanent dark area, including the extraction of one lunar sample is 57 minutes (see 
Tablee 8-7). 

Tablee 8-7. VictoriaRover agent output variables 

Totall  Duratio n Time 
Duratio nn For Rover (withou t 
thee firs t DoNothin g activity ) 
Roverr  Travers e 
Dataa Transmissio n Too Earth 

Actua ll  Value 

10914sec c 

34000 sec 

900900 sec 
22 sec 

Hrss and Min 

33 hrs, 2 min 

577 min 

155 min 

Lengt h h 
Travele d d 

900m m 

Dataa Type 

Hydrogenn data 
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& 88 TEAMACTlVmE S 

Thee SOT is a group of mission scientists who, at the start of each traverse of the rover, have some science 
objectivee they want to accomplish. The SOT is at the center of the decision making process for a specific 
missionn objective. The SOT is the team that decides what activity the rover is to execute next. To do this, 
thee SOT needs help from the DAIT. The DAIT team's responsibility is to make sure that the SOT has the 
appropriatee mission data available to make a decision. Analyzing such mission data is a collaborative 
activityy between the SOT, the DAIT, and the rover. The rover gathers data and sends it to Earth for analysis. 
Thee DAIT locates the correct data, which is then presented to the SOT. Together these two teams analyze 
thee data, given the current mission objective and state. When the SOT has decided what the rover is to do 
next,, it communicates this to the VSOT. This team consists of technical individuals who know how to 
operatee the robot. The VSOT takes the decision of the SOT, and creates a command sequence for the 
robot.. Using the teleoperation system, the VSOT executes the command sequence, which is then send to 
thee rover via the USN satellite dish. The rover is responsible for executing the activities as specified in the 
commandd sequence, as well as communicating its findings back to the Victoria Team. The next two 
sectionss explain how the scenario is simulated, given the work system design model. 

8.8.11 Uplin k proces s 

Figuree 8-8 shows how the uplink process for the search for water ice in the permanent dark crater scenario 
iss simulated. The scenario starts with the DAIT team retrieving the Clementine data image of the shadow 
edgee area, where the rover is located at the start of the scenario-^this data is modeled as an static 
Clementinee mission data object, available in the VisualizationSystem object at the start of the simulation. 
Theyy review this image using the visualization system, which is shown in Figure 8-8 by the communication 
linee at the top-left comer in the VisualizationSystem object. 

Thiss first example already shows some work system design decisions that were made: a) deciding that the 
DAITT team retrieves this image, and b) the fact that they do this without anyone requesting that they look at 
thiss data. This means that the DAIT needs to be aware of the location and situation of the rover at all times, 
ass well as that they need to know that this data is available and needs to be retrieved, and where and how 
theyy can retrieve it. These activities were designed as a result of the fact that the function of the DAIT team 
iss to perform long-term planning for science opportunities, given in Table 8-3. 

Oncee the DAIT has retrieved the images, it communicates this to the SOT team, and they collaboratively 
analyzee these images. This is shown in Figure 8-8 by the AnalyzeRoverl mages activity that both the DAIT 
andd the SOT team perform at the same time (see Team Collatx>ration in Figure 8-8). At the end of this 
analysiss the SOT team plans the first rover command sequence (see Rover Command Decision in Figure 
8-8).. According to the scenario being simulated, the SOT decides that the rover needs to drive for a 
specifiedd amount of time (15 min) into the crater to a specific location (ShadowArea1lnCraterSN1), and 
whilee driving it should be using its neutron detector instrument to detect hydrogen in the lunar surface. This 
decisionn is communicated to the VSOT team (and the DAIT team). After this communication, the SOT waits 
forr the rover's downlink data. The command sequence that is created is represented as the following 
communicatedd beliefs, by the SOT: 

belief:: (prqjects.victoria .VictoriaRover.nextActivily = MoveToLocationActivity) 
belief:: (projects.victoria YictoriaRover.subActivity = ptojects.victoria.DetectHy^^ 
belief:: (projects-victoria VictoraRover.dmingTime = 900.0) 
belief:: (projetfc.wdoriaVictoria^^ = projeds.victoria.Sha*wArea1lriCraterSN1) 
befef:: (j*ojects.vic*oria.VehicleAn^^ = true) 

Noww the VSOT team starts its activity of creating the command sequence. This is done using the 
teleoperationn software system, and is shown in Figure 8-8 by the communication of the command sequence 
fromm the VSOT team to the TeleOperationSystem (see Communicate Command Sequence in Figure 8-8). 
Howw this interaction between the TeleoperationSystem and the VSOT team works is not further specified, 
butt could be seen as a high-level requirement for the development of the actual teleoperation system. 
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Thee TeleOperationSystem activity shows the TeleOperationSystem communicating the command 
sequencee to the USN satellite dish UsnDishl, after which the UsnDishl object communicates this data to 
thee VictoriaRover, waiting at the shadow edge in crater SN1. The VictoriaRover agent receiving this 
informationn and acting upon it was described in the previous section on the rover activity (see Move to area 
inin crater and look for hydrogen in Figure 8-7). 

Figuree 8-8 also explains why the VictoriaRover is performing the DoNothing activity at the start of the 
scenario;; the length of the DoNothing activity is determined by the time it takes the Victoria team to 
collaborativelyy decide what the next command should be for the rover. All the collaborative activities that are 
performedd during this first part of the simulation are part of the uplink process for requesting, collecting, 
processingg and analyzing data, as shown in Table 8-2. The VictoriaRover is waiting for this uplink process to 
bee completed. 

Figuree 8-8. Simulation of first uplink command activities 
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& & 22 Downlin k proces s 

Afterr the rover has received the first uplink command it will start the traverse into the permanent dark crater. 
Whenn the rover detects hydrogen in the ShadowArea1lnCraterSN1 location the downlink process starts. 
Whatt happens during the downlink process is shown in Figure 8-9. The VictoriaRover agent contains the S-
BandMGAA object, which represents the S-Band transmitter on the rover. The VictoriaRover creates a data 
objectt with a) the current rover location information and b) the hydrogen data. This data object is then 
communicatedd to Earth, via the UsnDisM object The UsnDishl object communicates this data to the 
DataConversionSystemm (see Downlink Process in Figure 8-9). As can be seen in Figure 8-9, the 
DataConversionSystemm performs two conversion activities, one for the hydrogen data and one for the 
locationn data from the rover. In the work system design, as implemented in the model, it has been decided 
thatt the data conversion system should be intelligent enough to handle the data conversion for and the 
transmissionn to the visualization system, without human intervention. This creates a certain level of 
requirementss for these systems that have not been specified in more detail in the model, but could have 
easilyy been modeled in more detail. 

Whenn the VisuaiizationSystem receives the newly converted data, the system alerts the user, i.e. the DAIT 
team.. This is implemented in the model through the creation of facts that simulate software "alarms" that are 
beingg detected by the DAIT agent using detectables (see Detect, retrieve, interpret and communicate data 
inn Figure 8-9). This simulates the activities of a member of the DAIT. They are monitoring the 
VisuaiizationSystemm while in the activity WatchForDownlink. This is shown in the activity timeline of the 
DAITT agent in Figure 8-9. When the DAIT agent detects that there is newly available neutron detector and 
locationn data, it retrieves the data from the VisuaiizationSystem object (i.e. the activities 
RetrieveNeutronData,RetrieveNeutronData, InterpretNeutronData, and FindRoverLocationData). This simulates the DAIT team 
memberss looking at and interpreting the rover's neutron and location data, using the visualization system. 
Afterr these activities are performed, the DAIT team communicates their findings to the SOT. The scenario 
statess that the hydrogen data suggest that the rover has found hydrogen in the ShadowArea1lnCraterSn1. 
Whenn the SOT hears these findings, it decides very quickly what the next command sequence for the rover 
is,, and communicates this decision to the VSOT team (i.e. CommunicateDoDrillActivity) (see Next Rover 
CommandCommand Decision in Figure 8-9). The command sequence that is created is represented as the following 
communicatedd beliefs: 

belef:: (projects. victonaVictoriaRover.nextAdM^ = SearchForWaterk̂ nPemw)entDarkAreaActivity) 
belief:: (projeds-wctona VctonaRoversubAdivity = prqjects.victoria.OrangAdivfty) 
belef:: (projects.victoria.SATM.IenglhlntoSuface = 10.0) 
belef:: (prc .̂vkJona.SATM.sampteVolume = 1.0) 
belef:: (piojects.vidDria.VehicieAno5^ = true) 

Thee communication tells the VSOT that they have to transmit the command sequence to the VictoriaRover. 
Thee command sequence tells the VictoriaRover to start the 
SearchForWaterlcelnPermanentDarkAreaActivity.SearchForWaterlcelnPermanentDarkAreaActivity. It also tells the VictoriaRover that its sub-activity during 
thiss activity is to perform the DrillingActivity. The next commands are parameters for the DrillingActivityVhat 
thee rover needs to know, to a) know how deep to drill and b) know how big of a sample to collect at that 
depth.. Figure 8-9 shows a part of this second uplink process, which is performed in the same way as the 
firstt data uplink shown in Communicate Command Sequence Figure 8-8. 

Thee length of this downlink and second uplink process determines the length of the second DoNothing 
activityy of the VictoriaRover, which simulates the time the rover is waiting for the Victoria science team to 
decidee the next command sequence for the rover (see Waiting for command from Science Team in Figure 
8-9). . 
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Figuree 8-9. Simulation of downlink and second uplink command activities 
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fL8. 33 Outpu t variable s fo r huma n agent s 

Givenn the activities of the Victoria team shown in Figure 8-8 and Figure 8-9, we can generate the output 
variabless for the human agents, i.e. the different Science and Victoria Team agents. Table 8-8 shows the 
activitiess and activity times for each human agent in the model. 

Tablee 8-8. Victoria Team activities and time in seconds 

Agent t Group p Activity y StartTimee EndTime TotafTime 

DataAnalysisAndlnterpretationTeamm ScienoeTeam Retrievelmages 
AnalyzeRoverlmages s 
RetrieveNeutronDetectorData a 
InterpretHydrogenData a 
RndRoverLocatkxiData a 
CommunicateData a 

0 0 

1800 0 

8481 1 

8781 1 

8901 1 

9201 1 

1800 0 

5400 0 

8781 1 

8901 1 

9201 1 

9501 1 

Tota l l 

1800 0 

3600 0 

300 0 

120 120 

300 0 

300 0 

6420 0 

ScienceOperationsTeam m ScienceTeamm AnalyzeRoverlmages 
PlanFirstCommandSequence e 
CommunicateNextRoverActivity y 
AskToWatchForNewDownlink k 
WaitingForData a 
CommunicateNextRoverActivity y 
WaitingForData a 

18000 5400 3600 
54000 7200 1800 
72000 7210 10 
72100 7220 10 
72200 9501 2281 
95011 9511 10 
95111 10914 1403 

Vehicl ee AndSpacecraftOpsTea m VictoriaTeam m ExecuteRoverCornmand d 

ExecuteRoverCommand d 

7210 0 

9511 1 

Tota l l 

7510 0 

9811 1 

Tota l l 

9114 4 

300 0 

300 0 

600 0 

8.99 CALCULATIN G ROVER ENERGY USAGE 

Thiss section describes how the output variable for rover energy usage (e.g. Eactj from (2.0) in section 8.2.2) 
iss calculated during the simulation. The reason for describing the techniques used in more detail is a) 
becausee this variable is of particular interest for judging the quality of the work system design for the Victoria 
mission,, and b) the Brahms programming techniques used to model this variable is an important technique 
too understand for future modelers. 

Too calculate the total power consumption of the rover during the scenario we need to calculate the energy 
beingg used over time. This is done by identifying the energy usage during every primitive activity of the 
rover,, based on each subsystem and instrument on the rover requiring power during a specific activity. 
Usingg equation (2.0) we can calculate the energy usage during each rover activity. The total power 
consumptionconsumption of the rover during the scenario can then be calculated by adding all the energy usages for 
eachh rover activity: 

ft ft 

TotalTotal Power Consumption = / Ea (4.0) ) 

showss the data calculated from equations (2.0) and (4.0). The energy usage during the rover's activities 
consistss of the energy used by the rover, its subsystems, the Neutron Spectrometer and SATM. 
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Tablee 8-9. Energy usage for the rover during scenario 

VlctoriaRove r r 

Neutro n n 
Spectromete r r 

SATM M 

Activity / / 

DoNottUng g 

ProcessUpKnkData a 

TraverseToLocation n 

CommunicateToEarthTeam m 

DoNolhing g 

ProcessUptinkData a 

SearchFbiWatericeln n 
PefmanentDarkArea a 

DetertingHydrogen n 

AddDateTypeToDataObject t 

ExtendAugur r 

Driing g 

StopDrilling g 

OpertSampteDoor r 

StartSampleAcquisition n 

Drillingg (reverse) 

StopDriHing g 

OoseSampleDoor r 

ReverseDrilftng g 

RetractAugur r 

DropOffSampteOnCarouse) ) 

Locatio n n 

Edgee of crater SN1 

Edgee of crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Shadoww crater SN1 

Powerr  Needed For 

NA 6 5 5 

NA 6 6 6 

Thermall Protection during driving+ 
Mobüityy during driving + Altitude 
Determinationn during driving + 
Commandd and Data Hanolng during 
driving g 

Thermall Protection during driving + 
Commandd and Data Hanclng during 
drivingg + Ground Link during driving 

Thermall Protection during driving + 
Commandd and Data Handling during 
driving g 

Thermall Protection during driving + 
Commandd and Data Handing during 
drivingg + Ground Link during driving 

Thermall Protection during science + 
Commandd and Date Handing during 
science e 

Takee Spectral image 

NA68. . 

Movee Augur Platform 

Nominall Driing 

NA™ ™ 

Openn Chamber Door 

N A 8 8 8 

Nominall Drilling 

NA® ® 

Closee Chamber Door 

Nominall Drilling 

Movee Augur Platform 

Samplee Drop 

Tota ll  Power Consumptio n durin g 
scenari o o 

Eactf f 
(W/hr ) ) 

99.06 6 

86.84 4 

33.96 6 

0.37 7 

49.52 2 

0.02 2 

0 0 

0.18 8 

30.60 0 

0 0 

0.05 5 

0 0 

1.80 0 

0 0 

0.05 5 

18.20 0 

0.18 8 

0.20 0 

321.03 3 
Watt t 

Too implement the calculation of the energy usage for the rover, I needed to operationalize the calculation of 
thee energy needed for each subsystem during a rover activity (see Table 8-9). Here I show the way this is 
donee using the simplest rover activity as an example. From Table 8-9 we can see that the energy the rover 
usess during the DoNothing activity is defined by the energy needed for Thermal Protection during driving + 
Commandd and Data Handling during driving. What this means is that even while the rover is standing still 
andd "doing nothing," it consumes power for its thermal protection and its commanding and data handling for 
itss subsystems, such as its processor board. The rover designers67 were able to provide the power 
consumptionn specification for these power consuming low-level activities of the rover (Table 8-10). 

Thiss energy is not added to the total energy used, because this before the rover starts the traverse in the permanent dark area. The 
batteryy is charged to full capacity at the moment the traverse begins. 
666 There is no energy usage associated with this activity. 
677 The Robotics Institute at Carnegie Mellon University; httoy/www.ri.cmu.edu/centers/frc/index.html 
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Tablee 8-10. Rover power consumption data 

Subsyste m m 

Permanen t t 
Shado w w 
Travers e e 
w/growth(W ) ) 

Permanen t t 
Shado w w 
Scienc e e 
Investigatio n n 
w/growt hh (W) 

Shado w w 
Hibernatio n n 
w/growt hh (W) 

Therma l l 

Thermall Total 

Comman dd & Data 

Thermall Radiator 

MultHayerr InsUabon 

Thermall Switches 

Thermall Coatings 

Temperaturee Sensors 

Heaters s 

Handlin g g 

0 0 

0 0 

0 0 

0.225 5 

39.375 5 

39.6 6 

0 0 

0 0 

0 0 

0.225 5 

50.625 5 

50.85 5 

0 0 

0 0 

0 0 

0 0 

84.375 5 

84.375 5 

Processorr Board 

Non-Volatilee Memory Board 

Commandd & Telemetry Board 

ADCS/Payloadd Interface 
Board d 
Motionn Control Board 

24.48 8 

3.6 6 

3 3 

3 3 

7.722 2 

24.48 8 

3.6 6 

3 3 

3 3 

1.755 5 

12.24 4 

1.8 8 

0 0 

0 0 

0 0 

Powerr Distribution/Propulsion 
Driver/Heaterr Control Board 2.4 4 2.4 4 2.4 4 

Chargee ControVArray 
Switching g 

DC-DCC Converter 

Hardwaree Box 

0 0 

4.8 8 

0 0 

4.8 8 4.8 8 

0 0 

Commandd & Data Handling Total 49.002 2 43.035 5 21.24 4 

©Thee Robotics Institute, CMU 

Thee power consumption data is represented for the VictoriaRover agent as initial-beliefs (so that the agent 
cann use them) and initial-facts (so that the instrument objects can use them), using six attributes of type 
double. double. 

agentt VictoriaRover memberof Rover, DataCommunlcatorGroup { 
Initiall betters: 

(cuirenLpowerNeededRHTttemalProteetion^^ = 39.6); 
(current^xiwoitloodedFbrThBf^^ = 50.85); 
(cuirenLpowerttoededForThermalProtBcttaa = 84.375); 
(curTent^wwerNeededForComrnar^^ = 49.002); 
(current^iowcittoodedForêomrnandAndd = 43.035); 
(current4>owerNeededF6rComiTiandAr^^ = 21.24); 

InitiaUacts: : 
(curreiiLpowerNeededFcilheiTriaiProle^^ = 39.6); 
(currerrt^xwerNeededForThernialProtectkmDurlngShaa = 50.85); 
(currniLpowerNeeo^FcfThemialPro^^ = 84.375); 
(cuirentpowerNeededRjrCoiTKTiarrii = 49.002); 
(cumntpcweitJeededForCornfnandAndD^^ = 43.035); 
(cunBntpowenNeededForCommamlAiKlDataHandHrigg = 21.24); 

} } 

Usingg these beliefs (and facts) the Brahms model can calculate the energy used during the DoNothing 
activity.. This is done in the workframe wf_Waiting. 
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workfram ee wf Waitin g { 
repeat ::  true ; 
variables : : 

forone(double )) hourlyratio ; 
forone(double )) thermalprotectionpower ; 
forone(double )) commanddatahandlingpower ; 

whe nn (knownval(hourlyrati o = 60 / 3600) and 
knownval(thermalprotectionpowe rr  = currentenergyNeededForThermalProtectionDuringShadowDrivin g 

** hourlyratio ) and 
knownval(commanddatahandlingpowe rr  = 

current.energyNeededForCommandAndDataHandlingDuringShadowDrivin gg * hourlyratio) ) 
do { { 

DoNot hh ing(0,60) ; 
conclude((current.energyUsedlnActivit yy  = thermalprotectionpower) , bc:100 , fc:100) ; 
conclude((current.energyUsedl nn Activit y = currentenergyUsedlnActivit y + commanddatahandlingpower) , 

bc:100,fc:100) ; ; 
conclude((VictoriaRover.consumedEnergy=true) ,, bc:0 , fc:100) ; 

} } 

Everyy 60 seconds, this workframe calculates the energyUsedlnActivity belief and fact, based on the energy 
usedd for the thermal protection and the command and data handling for the duration of the DoNothing 
activityy (60 sec). The model includes this type of calculation in every workframe for the VictoriaRover agent, 
thee Neutron Detector object, the SATM object, and the Augur object. Figure 8-10 and Figure 8-11 show the 
calculatedd data from the Brahms MS Access™68 simulation history database. Using simple database 
queriess in MS Excel™68,1 was able to create the bar graphs showing the Energy level calculated in each 
workframe.. The numbers in Figure 8-10 and Figure 8-11 correspond with those in Table 8-9. 

5 5 

Victori aa Rover Energ y Used In Drillin g Activit y 

120.00 0 

100.00 0 

80.00 0 

60.00 0 

40.00 0 

20.00 0 

0.00 0 

88.04 4 

8S.84 4 

0.37 7 

4H.6Ü Ü 

J J 
/ / jFjF  4p ^ <r <r 

Act iv i t y y 

Figur ee 8-10. Rover energy used in drillin g activit y from simulatio n histor y databas e 

Microsof tt  Corporatio n 
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Instrumen tt  Energy Used In Drillin g Activit y 

35.00 0 

30.00 0 

2500 0 

20.00 0 

15.00 0 

100 00 

5.00 0 

00 uu 

30.60 0 

0.022 0.18 

1S90 0 

0.066 ™Z 0.05 0.188 0.20 

JfJf  Jf  / / ^  / / / / 

#''  o 

.«Pvv ^ sTT # v 

Activityy overtime 

Figuree 8-11. Instrument energy used in drilling activity from simulation history database 

Besidess the ability to show the energy usages per activity, it is also possible to generate a line graph 
representingg the overall rover energy usage during the traverse into the crater. This is given in Figure 8-12. 

Victori aa Rover Total Energy Used 

rulin gg  into surfac e 

Waitingg for Command from Science Team 

Traversee &. conuti. to Earth 

i y \\ i i i i  i i i i  i i i i i i i  i i i  i i i i i i i i i  i i i  i i i  i i i i i i i i i i i i i i i 

 & & <& <$> ?> <P of*  <p <$> <& ^ ^ K ^ v ^ ^ ^  K<$> 

Timee t i second s (from  start ) 

Figuree 8-12. Rover total energy usage during traverse into crater 

Upp to this point, I have described how we calculate the first six output variables from Table 8-1. Another 
importantt aspect is being able to determine if the model adheres to constraint (3.0). To determine this, I 
modeledd the battery of the rover (object RoverBattery) to keep track of the power drainage during the rover's 
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activities.. Each time the rover agent or one of the instrument objects calculates the energyUsedlnActivity 
valuee for a specific activity, it triggers the RoverBattery object to calculate how much power there is left in 
thee battery. The calculation of the powerLeftToUse attribute of the RoverBattery object allows us to show if 
thee current work system design model violates the energy constraint (3.0) (see Figure 8-13). 

Victori aa Rover Batter y Power Lef t To Use 

Waiting g 

400.00 0 

200.00 0 

0.00 0 

M M M 

II I I""l'"l '"I T"" 

PP  <s?  # ^  <r a? or <$> $ <? ^ r >$r >pr >$r ĵs * >$r $P 

Timee in seconds (fromstart) 

Figuree 8-13. Battery power left, based on constraint (3.0) 

Besidess the power left to use after the scenario, another interesting variable is the energy usage rate by the 
rover. . 

EnergyRate=TotalEnergyRate=Total Power/ Pbatteryfstartof traverse) (5.0) ) 

Figuree 8-13 tells us that given the energy used in the scenario—drive 900m into the crater, and take one 
1.0ccc sample at 10cm depth—with the current work system design, the robot has used almost a third of its 
power: : 

EnergyEnergy HatedrillingHatedrilling in permanent dark crater w 0.30 

Thiss variable represents the rover power consumption effectiveness of the work system design, and is a 
measuree that can be used to compare different work system designs for a model scenario. 

Thiss concludes the description of the model and the simulation output. In the next and last section, I will 
concludee with some observations and give an answer to the research question stated in the beginning of 
thiss chapter. 

8.100 CONCLUSION 

Thiss third and last case study investigates the use of Brahms in a design activity. Design is an activity in 
whichh the designer develops a model of a future system. In that sense, the design model prescribes the 
futuree system. Developing a prescriptive model is very similar to developing a predictive model, because we 
cann view a prescriptive model as predicting the future behavior of a system. However, there is a major 
differencee between these two modeling activities. In a prescriptive model the system being modeled does 
nott yet exist. This has certain consequences for the use of the model. 

First,, it means that a design scenario should drive bottom-up development of the model. Without a realistic 
scenarioo the design activity can only be done top-down. Secondly, the value of a design model in a design 
projectt is subjectively based on the aid provided to the designers. This is an often overlooked, but very 
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importantt aspect of using modeling and simulation in a design activity. The questions of what should be 
modeled,, and what is the outcome of such a model are directly related to the aid that the model should 
providee to the designers. Finally, the difference between prescriptive and predictive models changes the 
wayy we can verify and validate the model. A predictive model can be validated based on predictions of past 
events.. By showing that a predictive model can predict past events we can become confident about the 
predictionss of future events, which can later be validated. A validated model of an existing system can be 
usedd to predict the behavior of that system in the future. In a prescriptive model we do not have this ability. 
Theree is no ability to validate the design upfront. To validate the design we will have to implement the model 
inn the real world. At that moment the prescriptive model becomes a predictive model, and we can use the 
samee validation approach as with predictive models. However, to implement a prescriptive model without a 
goodd feeling about the validity of the model requires a costly leap of faith on the side of the engineers. 

Goodd design tools are hard to come by. Good design tools for the design of work systems are almost non-
existent.. Having described this case study and the developed Victoria model in the previous sections, I will 
describee here some of the findings in performing this prescriptive modeling activity, and in doing so, will try 
too answer the research question that was posed in the first section of this chapter. 

Thee research question, here restated, was: 

CanCan the Brahms modeling and simulation environment be used to prescribe a realistic work 
practicepractice in the design of the human-robotic collaboration during a robotic lunar mission ? 

8.10.11 Answerin g th e researc h questio n 

Describedd in section 8.3, an objective evaluation of the use of Brahms for a descriptive design model can be 
donee by evaluating to what extent the model is able to generate the defined outcome variables. Because 
thee outcome variables have been defined by the outcome measures that where defined based on the 
modelingg objective (see Figure 8-2), we can evaluate the use of Brahms for this objective by evaluating if 
andd how we can calculate such outcome variables in a Brahms model. Table 8-11 presents how the 
Brahmss model was able to provide the outcome variables, defined for the Victoria model objective. 

Too evaluate the ability to calculate each output variable from the simulation of the model, I use the following 
criteria: : 

1.. Is the variable calculated in the model, and therefore, do we need to use the power of the Brahms 
languagee to perform the calculation? 

2.. Is the variable calculated as part of the Brahms simulation, and therefore, can we display the 
variablee by executing a pre-specified SQL-query on the simulation history database that is created 
byy Brahms? 

3.. Do we need to calculate the variable post-simulation, by executing a pre-specified SQL-query on 
thee simulation history database that is created by Brahms? 

Inn terms of ease of modeling, we can see that the easiest way to calculate a simulation outcome variable is 
thee case in which we can use method (2) to show the result. Calculating a variable using method (2) means 
thatt we can use the intrinsic power of the history of the simulation events, captured by the Brahms 
simulationn engine. The modeler does not have to perform any additional work to be able to generate these 
outcomee variables from the simulation. The simulation engine keeps track of these measurements 
automatically.. In both (1) and (3) the modeler has to perform extra work. With method (3) the simulation 
enginee keeps track of most of the measurements, but the modeler needs to do some specific SQL 
developmentt after the simulation is complete. Therefore, the ability for the simulation engine to provide the 
measurementss without any extra modeling work depends on the type of data that can be extracted from the 
historyy database. In case the engine does not provide the needed data lo r free," the modeler needs to use 
methodd (1). This means that the modeler needs to add specific variable calculation code to the model itself. 
Thiss makes the modeling effort more complex on the one hand, but allows the modeler to extend the 
possiblee outcome measurements, and thus provides the modeler with a flexible approach. 
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Tablee 8-11. Outcome variable evaluation 

Outpu tt  Variable s 

AA list of activities for each 
human-agent t 

AA list of activities for each 
robot-agent t 

Thee total duration of a 
high-levell mission 
objectivee activity 

Thee duration time of each 
specificc agent-activity 

Thee total power 
consumedd by the robot 
agent t 

Thee energy used in each 
robott activity 

Thee battery power left 
afterr each robot activity 

Dataa send to the robot 

Forr each data 
transmissionn made by 
thee robot, its type and the 
amountt of data 

Lengthh and time of 
traverses, , 
Numberr of mission 
relevantt stops 

Variable ss Calculate d 
inn Brahm s Model 

Noo specific variable 
calculatedd in the model 

> i i 

u u 

i ) ) 

RoverBattery.energyUsed d 

[VictoriaRoverr 1 
EnergyConsumer]. . 
eneigyUsedlnActivrty y 

RoverBattery.energyLeftToU U 
se e 

Noo specific variable 
calculatedd in the model 

«J J 

i j j 

How w 
Calculated/Displaye d d 

Displayedd by executing a 
pre-specifiedd SQL-query 
onn the simulation history 
database e 
Displayedd by executing a 
pre-specifiedd SQL-query 
onn the simulation history 
database e 
Calculatedd by executing a 
pre-specifiedd SQL-query 
onn the simulation history 
database e 
Displayedd by executing a 
pre-specifiedd SQL-query 
onn the simulation history 
database e 

Calculatedd in workf rames 
associatess with the agent 
orr object and displayed by 
executingg a pre-specified 
SQL-queryy on the 
simulationn history 
database e 

Displayedd by executing a 
pre-specifiedd SQL-query 
onn the simulation history 
database e 

>> > 

i i i 

Metho d d 

2 2 

2 2 

3 3 

2 2 

1 1 

2 2 

2 2 

2 2 
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Tablee 8-11 shows us that using Brahms 1 was able to calculate every outcome variable that was defined for 
thee given modeling objective. This gives us an objective answer to the research question, namely: 

BrahmsBrahms can  be used to prescribe a realistic work practice in the design of the human-robotic 
collaborationcollaboration during a robotic lunar mission. 

Inn this case study the objective was to investigate the use of Brahms in as a prescriptive modeling 
environment.. Although the conclusion is that Brahms can be used as a modeling tool for the design of 
missionn operations work systems, the question remains if such a project is worth the time and effort. 
Quantifyingg the added value and cost-benefit of a Brahms modeling project would require a focused effort, 
whichh falls outside of this thesis. However, in the next two sections, I present some of my personal 
evaluationn of the perceived values and benefits in this case study. 

8.10.22 Adde d valu e of Brahm s 

Inn this section I discuss the added value of using Brahms in the design of the Victoria MOS. The Victoria 
missionn proposal was not selected for funding in 2001, therefore the results from this case study did not 
feedd back into the next mission design cycle. However, there are some subjective benefits that can be 
discussed. . 

Relationshipp between rover design and work system design 

Thee Brahms simulation study operatbnalized the inherent relationship between the design of the rover and 
instrumentss and the design of the total mission operations work system. Everyone involved in the Victoria 
proposall was convinced that this relationship existed and played a role in the total design of the mission. 
However,, current mission design tools are not capable of showing these relationships. Therefore, the 
analysiss of this relationship and the impact on the design of the systems are currently only done informally 
byy the mission designers. Design decisions that are based on these relationships are currently made based 
onn the experience of the mission designers involved. Since every NASA mission is considerably different 
fromm previous missions, these experiences are often not based on high confidence data. 

Inn this case study, I have shown that with Brahms we are able to operationalize the relationships in a 
simulationn of both the work system and the hardware and software systems. This shows a tremendous 
potentiall benefit in mission design. 

Sciencee return 

Thee mission designers proposed that the Victoria rover could spend about 2 hours within a permanent-dark 
crater.. They proposed that within these two hours they could make several stops in the crater, and take 
lunarr samples. The SATM designers pride themselves in the proposal of being able to drill to a maximum of 
11 m into the lunar surface, and take a 1 .Occ sample. 

However,, these numbers are not substantiated based on a simulation of the permanent-dark crater mission 
scenarioo in which the work of the Earth-based teams was taken into account. The reason for this is simply 
becausee there are no tools available to do such analysis. The only way to get somewhat accurate scenario 
dataa is by re-enactment of the scenario in field tests. Such field tests are a) not possible until all or some of 
thee mission systems have been developed, or are at least in prototype stage, b) difficult to setup, c) time 
consuming,, and d) costly. Therefore, at the mission proposal stage there is currently no capability to perform 
anyy scenario re-enactment. 

Thiss case study shows that Brahms could be used to perform such scenario re-enactment virtually through 
simulationsimulation of the scenario, based on a work practice model of the MOS. This capability would provide 
missionn designers with better tools to develop more realistic mission scenarios, and thus could do a better 
jobb in quantifying the possible science result in a mission. 
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Roverr  batter y requirements 

Currently,, the battery design for the Victoria rover is developed based on weight and volume constraints for 
thee rover, and on the power consumption of the rover's systems and instruments during the mission. 
Whetherr the Victoria mission would ever be successful depends on the amount of science that can be done 
duringg the mission, given the capability of the total MOS, including the capabilities of the rover and the 
Earth-basedd teams. 

Thiss case study showed that the amount of science that can be done in a mission into a permanent dark 
craterr is less than was proposed in the mission proposal—there is about 25% less time available to do 
science.. Although the model is incomplete, and the study was only a preliminary study to show the 
capabilityy of Brahms, it can be said that having this modeling and simulation capability provides the mission 
designerss with a tool that can help evaluate design decisions and generate more accurate design 
requirementss for hardware and software systems for the mission. 

Inn a personal conversation with the PI of the Victoria mission, the PI told me that he would now consider 
redesigningg the battery system for the rover. This is strong testimonial evidence that this case study added 
valuee to the Victoria proposal. 

High-leve ll  requirement s for missio n suppor t system s 

Similarr to the generation of requirements for the rover hardware, the model simulation showed the 
relationshipss between the data uplink and downlink activities of the human teams, the rover, and the needed 
softwaree support systems part of the MOS. The model does not go into details of user interface design, but 
doess show the relationship between human activity and the software system's functionality requirements in 
supportt of these activities. A Brahms simulation model is useful as a software requirement specification of 
howw the software systems fit in a human-centered work system. 

Missio nn field  test suppor t 

NASAA Mission designers a) design MOS and b) test the MOS in time-consuming and costly field tests. 
Usingg Brahms to create initial designs and provide data before and during such field tests would provide the 
missionn designers with an evaluative capability that feeds back valuable data from the field tests to the 
missionn design efforts. 

Too highlight this benefit, I briefly describe a real-life problem that is currently being addressed in the '03 MER 
mission,, being designed at JPL I then discuss how the '03 MER mission designers are solving the problem, 
andd contrast this with how a Brahms model and simulation effort could benefit the mission designers: 

Thee '03 MER mission is a planned 2003 mission to Mars with two identical Athena rovers. One of the 
missionn operation work system design problems has to do with having the Earth-based human teams use 
Mars-timee or Earth time during this long-term mission (90 days or longer). The issue is that a Martian d a y -
sol—iss 24 hours, 39 minutes in Earth time. Mission designers have created a work group, which has a 
charterr to study the advantages and disadvantages of working Earth time versus Mars time, versus some 
combinationn of these times, on personnel who work the duration of the mission. The working group must 
understandd the problems inherent with the different operation methods and deliver a detailed report and 
recommendation,, within two months. 

Withoutt going into much detail, some of the attributes of the mission that need to be considered by the work 
groupp are: 

•• Provide capability for commanding the rovers every Martian sol. 

•• Provide margin for dealing with contingencies within the nominal timeline. 

•• Minimize the impact on personal lives. 

•• Ensure information of key information across shift boundaries. 
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•• Resiliency in face of anomalies. 

•• Support operation for two rovers simultaneously. 

•• Maximize the potential for science return. 

Thesee are some of the issues that the work group needs to address in their recommendation to the mission 
commander.. Their current approach is to divide the work group into two advocate teams—Pro-Mars and 
Pro-Earth—thatt will each independently research the pros and cons from their points of view. After this, they 
willl present their findings and defend their group positions. They will then come together and adopt the best 
off both plans, compiling a report with recommendations. 

Thee work group could benefit from a Brahms simulation of the '03 MER mission operations work system, by 
runningg separate what-rf scenarios based on a model that implements the Pro-Mars and Pro-Earth team's 
designn in the Brahms model. For each possible design, the Brahms model could generate appropriate 
variabless that allowed the work group to compare the different designs. 

Suchh a use of Brahms would be extremely useful for the '03 MER mission if the model would be available at 
thee start of the task of the work group, and if the changes to the model, representing the different team 
designs,, could be implemented in at most a couple of weeks. If it is possible to create such a MER model in 
Brahmss is an empirical question, but the Victoria case study is positive evidence that this is possible, and 
showss that the potential benefit for the '03 MER mission is high. Today, the work group has no tools 
availablee to support them in this difficult task. 

8.10.33 Cost-benefi t of usin g Brahm s 

Inn this section I discuss the potential cost of using Brahms in the design of the Victoria MOS. Given the 
addedd value of a Brahms simulation, I discuss the cost of developing the Victoria model. There are a 
numberr of important criteria that should be mentioned: a) the model that was developed was a relatively 
smalll model and did not include all the necessary detail for a real modeling effort, b) the model was 
developedd by one individual, outside of the mission proposal team, c) the modeler was an experienced 
Brahmss user, and d) the modeler was able to re-use some model libraries from the previous Apollo case-
studies.. Although, there is no detailed cost data available, the cost of the Brahms modeling effort in this 
casee study could be defined as follows: 

Modell  developmen t tim e 

Thee largest amount of time for developing the model was in creating the initial design of the work system as 
aa conceptual model (about 70% of the total modeling time). Such a design needs to be done with or without 
thee use of Brahms, and is thus not dependent on the use of Brahms. 

Thee amount of time it took to develop the Brahms model (less than one man-month) is small in relation to 
thee design and development of the total mission (at least 4 years). 

Costt  benefi t for missio n fiel d test s 

Usingg Brahms to create initial designs and provide data before and during such field tests would cut down 
thee field test time, and thus would create a measurable cost reduction in the total mission. 

Thiss concludes the description of the last case study. In the next chapter, I give my overall conclusions for 
thee research presented in this thesis. 
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Thiss thesis described a work practice modeling and simulation methodology, based on the Brahms 
languagee and simulation environment The Brahms language is the result of research on how to model and 
simulatee work processes. I argued that to assess a work system's quality, modeling the informal and 
circumstantiall interactions is essential. Such a model is referred to as a model of work practice. I described 
aa theory of modeling work practice that includes the representation of collaboration between people and 
systems,, communication and interaction, all while being located in a geographical environment. This theory 
iss operationalized in the Brahms modeling language and simulation environment To verify and validate the 
theoryy I aimed to show that the Brahms language is complete and sufficient to represent human behavior at 
thee work practice level. I performed three case studies that show the different ways of using work practice 
simulationn models; 1) describing an existing work practice, i.e. the Apollo 12 ALSEP Offload, 2) predicting 
futuree agent-behavior based on a general model of work practice, based on the Apollo 15 & 16 missions, 
andd 3) designing a new work practice, i.e. the mission operations of a proposed robotic mission to the 
Moon. . 

Too recap what has been presented in this thesis, in the first chapter I introduced the problems with modeling 
workk processes based on workflow modeling, and stated the two research questions. Part 1 of the thesis 
discussedd several existing human behavior modeling approaches. Besides workflow modeling, I discussed 
relatedd cognitive approaches, distributed-AI systems that include a multiagent approach, and systems from 
computationall organization theory. I argued that none of these approaches and systems include all the 
relevantt aspects for modeling at the work practice level. I then described the theory for modeling work 
practicee and the Brahms language and simulation environment. Part 2 presented the research design and 
thee three case studies in detail. 

Inn this last chapter, I present conclusions based on my experience in designing Brahms and applying it to 
real-worldd domains. First, I reflect on the two research questions and to what extent they have been 
answered.. Next I describe the contributions that have been made to the scientific communities of modeling 
andd simulation, agent-based systems, and a new emerging field called human-centered computing. I end 
withh some comments on future research topics on work practice modeling and simulation. 

9.11 REFLECTIONS ON RESEARCH QUESTION 

II started this research by stating two research questions (see Chapter 1.2). Here I reflect on these two 
questions,, with the goal of describing to what extent I have been able to answer them. I will show that with 
usingg Brahms in the three case studies, I have successfully answered the first question. I will then show 
that,, while developing and applying the Brahms environment for answering the first question, I have also 
beenn able to answer the second question. 

9.1.11 Researc h questio n 1 

Thee main research question was stated as follows: 

Howw can we model an organization's work practice In such a way that we include people's 
collaboration,, "off-task" behaviors, mufti-tasking, interrupted and resumed activities, Informal 
Interactions,, and geography? 

Inn chapter 2, I explained how other human behavior modeling systems and approaches lack, in some 
fundamentall way, the ability to include the aspects of work practice that are mentioned in the research 
question.. The challenge for Brahms then is to include symbolic representations for these aspects. While 
somee aspects can be represented as part of the model, other aspects—interrupt and resume, "off-task" 
behavior,, informal interaction—are shown as emergent phenomena during a simulation. I answer the 
researchh question by describing how Brahms represents each of the aspects, based on the experience I 
gainedd in the case studies. 
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1.. Collaboration 

Inn chapter 3.2.3 I defined collaboration in two ways. First, as a mental awareness by the people involved in 
thee collaboration. This awareness does not necessarily have to exist at the same time, in the same place, 
andd in the same way for every individual in the collaboration. However, the awareness is created at the 
momentt the collaborators are in their individual activities, making them feel they are collaborating. Secondly, 
II defined a form of collaboration I call indirect collaboration. Such type collaboration exists when the 
collaboratorss are not directly aware of the collaboration. For example, a company sales representative adds 
ann order to the order database, which is picked up downstream in the order process by another employee to 
actt upon. In short, collaboration integrates the activities of individuals in a group as a whole, a collaborative 
activityactivity with a purpose, and thus over time establishing a community of practice. 

Inn Brahms we can represent collaboration between agents (and/or objects) in three fundamental ways. First, 
wee can describe the dependencies between agents' activities in terms of the result of one agent's activity 
(i.e.. changes in the world state) triggering another agent's activity. An agents interaction with and 
movementt of objects, and the use of these objects in subsequent activities explicitly represents this. For 
example,, in the Apollo 12 model the simulation shows the commander moving the first ALSEP package out 
off the way, so that the lunar module pilot can finish lowering the second package to the ground. 

Secondly,, the Brahms language allows for explicit representation of communication between agents (and/or 
objects).. During a simulation, agents can react to received communications from other agents or objects. 
Brahmss allows the modeler to represent send and receive agent (and/or object) communication activities. 
Thiss provides not only the ability to show agents talking to each other, but also an agent reading from or 
writingg to an object, which allows for representing indirect communications between people. Another 
importantt aspect of modeling communication in Brahms is the ability to model the communication devices 
(suchh as the voice loop and the communication time delay) and the practice of using them. 

Third,, the ability to represent an agent's beliefs about other agents' activities, location, and beliefs. This 
allowss the modeler to represent that an agent will or will not perform a certain activity, based on the beliefs 
aboutt another agent's state. For example, in the HFE deployment model the commander agent knows the 
locationn of the lunar module pilot agent and is aware of its activity at the moment it puts the ALSEP 
packagess onto the lunar surface. This awareness is part of the reason the commander agent start its activity 
off driving the lunar rover to the ALSEP deployment area. The other reason is the plan on his cuff checklist. 

Givenn the ability to model these aspects of agent interaction, I conclude that Brahms allows the modeler to 
representt the necessary parts of collaboration and explain the emergent result of collaborative activity 
duringg a simulation. Whether Brahms' ability to model collaboration is sufficient is an empirical question. I 
wass able to represent the collaboration in the three case studies, and therefore I conclude that the Brahms 
languagee is sufficient for modeling collaboration as shown in the case studies. 

2.. Interrup t and resum e 

Itt is very natural for people to be interrupted while in an activity, such as being in a meeting with someone 
whenn the telephone rings. A person can easily interrupt the meeting conversation, answer the phone and 
engagee in a completely separate conversation. When finished with the telephone conversation, the person 
cann easily resume the meeting where it was left. The Brahms workframe-activrty subsumption architecture 
iss based on this very principle (see sections 4.4.7, 4.6.2, and 4.6.4). 

Thiss means that the modeler does not have to specify when or how workframes or activities can be 
interrupted.. It is an inherent property of the agenf s activity execution space. Thus, Brahms handles people's 
naturall behavior of interrupt and resume of activities. Specifically, the general error-recovery model and the 
conversationn policy model for asking and answering questions, designed in the second case study (Chapter 
7),, were made possible by this property of the Brahms architecture. 

3.. Off-tas k behavior s 

Off-taskk behaviors affect the rhythm work. Someone's activity rhythm is often disturbed by the demands of 
otherss in the environment. People often interrupt activities of others, such as asking to participate in an 
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unscheduledd meeting, or a telephone call. In Brahms we can easily represent such "off-task" behaviors. 
Everyy behavior is represented as the execution of an activity in a workframe. There is no distinction between 
workframes,, except for the preconditions that determine when they are triggered, and their relative priority. 
Workframess are declarative statements of when activities are performed. Often, people react to their 
environment,, such as reacting to a ringing telephone, or someone entering their location. People refer to this 
ass "off-task", because of their goal-oriented perspective of the work. However, with an activity-oriented view 
off work this can simply be seen as reactive behavior. For example, in the Apollo 12 model the lunar module 
pilott took photographs of the commander, because of a nice reflection on his visor. This activity was not 
plannedd in the overall scheme of offloading the ALSEP. It was simply a reaction to an external event, i.e. the 
nicee reflection. It could be seen as "off-task." However, in Brahms this photograph activity is represented no 
differentlyy than the "on-task" activities for the agent offloading the ALSEP. The reason for this is that in 
Brahmss a modeler does not distinguish an agent's activity as either being on-task or off-task, because 
Brahmss does not represent tasks and goals, but only an agenf s activities. 

Off-taskk behaviors are possible to represent due to the interrupt and resume capability made possible by the 
subsumptionn architecture. I thus conclude that Brahms albws the modeler to easily represent off-task 
behaviorss of agents (and/or objects). 

4.. MurtHasklnq 

People'ss ability to multi-task can be defined in three ways. First different tasks can be performed by a group 
off people at the same time. Second, people can multi-task by interrupt and resume (see above). Third, 
peoplee can perform multiple tasks simultaneously, such as being on the phone while driving a car. 

Inn Brahms it is possible to represent all three ways. First, because Brahms is an agent language, we can 
representt multi-tasking with multiple agents working on different activities at the same time. For example the 
simultaneouss activities of the CDR and LMP in the Apollo case studies, and more specifically, the 
VfctoriaRoverr agent moving into the crater while detecting hydrogen with the HydrogenSpectrometer object. 
Secondly,, a single agent can perform "activity context switching." All the workframes of an agent are vying 
too become the current workframe the agent is executing. At each moment in time, a workframe's 
preconditionss can evaluate to true, making it the current workframe and the activity inside it the agenfs 
currentt activity. Consequently, an agent might be working on one activity at time t and another activity at 
timee t+1, then back to the previous activity at time t+2. Such activity context switching emulates people's 
multi-taskingg behavior. A third form of mufti-tasking can be exemplified with the LMP agent CharlieDuke, in 
thee HFE deployment, connecting the HFE to the Central Station while removing the HFE subpallet. In 
Brahmss we model such human multi-tasking abilities with activity decomposition, i.e. by using a composite 
activity.. A higher-level composite activity represented the overall activity of removing the HFE, while the sub-
activitiess within it represented those activities that were performed while removing the subpallet, such as the 
activityy of connecting the HFE to the Central Station. Due to the Brahms subsumption architecture, the 
agentt can be in the activity of removing, and at the same time in the sub-activity of connecting. 
Consequently,, the subsumption architecture together with the composite activity language construct, allows 
representingg the simultaneous multi-activity context for an agent. 

Onee limitation of the Brahms architecture is that ft is not possible for one agent to perform two or more 
primitivee activities at the same time. This limits an agent to perform only on action in the world at a time, and 
thereforee it is not possible to represent, for example an agent communicating while moving. The way we 
wouldd have to represent in Brahms an agent moving while communicating is by representing one of the two 
actionss as a composite activity, with the other action as a primitive activity within a workframe in the 
compositee activity. For example, we could represent the movement as a composite activity, and the 
communicationn action as a communication activity within a workframe in the composite activity and also a 
movee activity for the actual movement action as a workframe within the composite activity. 

II thus conclude that Brahms allows the modeler to represent multi-tasking, by either using multiple agents 
(orr objects), or using one agent and representing multi-tasking with composite activities. Brahms also shows 
multi-taskingg as emergent agent-behavior during the simulation, shown by the agenfs activity context 
switchingg made possible by the subsumption architecture. However, representing multiple same-time 
actionss (i.e. primitive activities) in the world is not possible. 
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5.. Informa l interactio n 

Thee multiagent COT and DAI systems, described in chapter 2, all represent agent interaction based on 
formatformat agent communication. Formal communication prescribes what can be communicated to who and 
when.. Formal interactions are idealizations of how they should be performed. However, in practice people 
oftenn interact informally. Often it is difficult to determine when informal interactions will take place, which 
makess it hard to model. Most formal models leave out serendipity in the interaction between agents or 
representt it stochastically. Although Brahms allows for the representation of formal interaction between 
organizationall roles, you can also represent informal communications between agents outside of the 
contextt of their formal roles. Brahms agents can come together in geographical locations, detecting each 
other'ss presence and begin an informal interaction. Agents can also detect objects in the environment that 
weree created or placed there by other agents. Together with reactive behavior this allows for informal 
interactionn to happen. When such interactions take place is emergent from each agent's independent 
activityy and movementt within their environment. Because Brahms agents can detect facts in the world (such 
ass location of objects and agents) and react to them, it allows for serendipity. 

Thee astronaut in the Apollo 12 ALSEP Offload model taking a photograph of his partner, because of a 
beautifull reflection in his visor, is an example of an informal interaction that I was able to represent in 
Brahms.. However, one obvious aspect of informal interaction is that the agent communication is not 
previouslypreviously specified as part of a particular activity. How to handle agent communication not "hard-coded" 
intoo the model is a challenge, and was addressed in the second case study. Part of the answer is the 
modeler'ss representation of non-task specific activities, such as the abstracted conversation policies 
representedd in the HFE Deployment model (chapter 7). Such policies allow agents to react appropriately to 
informall interaction that are outside the formal procedures, such as sudden questions, or not previously 
specifiedd occurring external events. Indeed, these types of informal interaction constitute an important part 
off the work practice. 

Althoughh informal interaction is difficult to model, Brahms provides computational possibilities for 
incorporatingg informal behavior. Important Brahms language concepts for representing informal agent 
behaviorr are detectables, activity priorities, activity inheritance and polymorphism, and parameterized agent 
communication.. Besides these language constructs, the built-in interrupt and resume behavior of the 
simulationn engine is also essential for this. However, it is up to the modeler to develop his or her model in a 
wayy that makes agents behave in situations that informally present it serf. This is a challenge and an art at 
thee same time. Modeling informal agent behavior is accomplished by generalizing behavior into more 
generall applicable activities of communication and assistance, represented at a higher, non-tasks specific 
level. . 

informalinformal  behavior=syntactic  and simulation  provisions  in  Brahms  + 
modeler'smodeler's  representation  of  non-task  specific  activities 

II conclude that a Brahms agenfs reactive capability, as well as its ability to detect state changes in the 
environmentt (i.e. fact detection) provides modeling and simulating informal interactions. 

6.. Cognitiv e behavio r 

Theree are various ways Brahms models cognitive behavior. Brahms agents can assert new beliefs or 
changee existing beliefs. This can be done in three ways. First, agents can contain traditional production 
rules—thoughtframes—thatt fire in forward-chaining mode. Secondly, Brahms agents can receive new 
beliefss through a communication with other agents or objects. Thirdly, Brahms agents can detect facts in the 
worldd that turn into beliefs for the agent, which allows for the simulation of cognitive stimuli, such as visual, 
auditory,, and touch. Both communicating agents and fact detection in a representation of f ie physical 
environmentt distinguishes Brahms models from more traditional cognitive modeling approaches, such as 
Soarr and ACT-R. 

Theree is another important Brahms language feature that makes Brahms models different from the more 
traditionall cognitive and business process models. Workframes contain consequences, which can create 
neww beliefs for agents, thus creating an agent's internal belief-state of the world, as well as creating new 
facts,, simulating the agent changing the world state. Brahms agents act—perform situated activities within 
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workframes—basedd on the individual beliefs the agent accumulates. This activity-based paradigm makes 
thee workframes of a Brahms agent represent the modeler's interpretation of the agent's situated actions in 
thee world. The agent's current, pending and interrupted activities represent the agent's behavior in relation 
too the rest of the agents and objects in the world. I refer to this as a model of situated activity. A workframe-
instantiationn relates an agenfs world-model—its belief-state—to its current activity state, the environment 
andd the other agents and artifacts in it A Brahms model represents a third-party's model of agent behavior 
inn practice, not, as is the case with cognitive models, a model of the agents' internal cognitive behavior. As is 
shownn in Figure 9-1, a Brahms model is in between a detailed model of the problem-solving behavior (i.e. 
cognitivee behavior), and an abstract model of business process. Instead, it is a model of activity behavior in 
practice. . 

Cognitivee S Brahms S Business 
Modell £ Model ^ Process 

(inference)) ^ (activities) >» Model 
(functions) ) 

Figuree 9-1. Relation of Brahms to other models of work 

Thee subsumption architecture and the composite activity language concept together is one of the most 
importantt aspects of the Brahms environment. It provides the modeler with the ability to represent a 
person'ss individual actions within context of the person's high-level activities. This makes it possible to model 
ann individual's situated activities in their social, behavioral, cultural, and geographical context. In other 
words,, Brahms allows modeling of people's activities in the way people conceive of themselves being 
situatedd in a social environment, group or organization. 

7.. Geography 

Thee Brahms ability to model geography has been mentioned a number of times in the above descriptions. 
Representingg geographical locations, as well as their state—as facts—allows us to model the relation 
betweenn the physical world and the agenfs activities and cognitive state. People's activities are always 
locatedd in a geographical space. People's environment and its impact—in the form of constraints—on their 
abilityy to act is as important as their ability to reason. This is because people always act within a 
geographicall space of arranged objects that trigger and support their reasoning as an "external" memory 
(Hutchinss 1995). Therefore, representing the relation between the physical location of an agent and 
activitiess within this location is one of the most important aspects of modeling people's work practice. This 
wass shown in the case study models, where location and movement of agents and artifacts over time 
playedd an important role in their behavior. For example, the drilling of the HFE drill holes in the second case 
study,, and the drilling of the SATM in the third case study. 

Brahmss allows for a simple representation of the physical world as area definitions and areas and located 
objectss and agents. This limited capability still proved powerful for representing the work practice of the 
agentss and objects in the case studies. However, the representational capabilities in the current Brahms 
languagee are limited, and should be extended to albw Brahms to connect to a more detailed virtual 
representationn of the physical world, such as 3D virtual reality models. 

Onee of the limitations of the Brahms geography model is an agent's behavior while moving from one 
locationn to another (during a move activity). Agents move over specified paths between locations. Currently, 
thee modeler specifies how long it takes for an agent to move across the path to the connected location on 
thee other end. It would be better to change this to represent not the travel time of the agent, but the length of 
thee path in some metric. Then, according to the speed of the agent (or object) moving over the path, the 
enginee can calculate the travel time required. 

Also,, a path is not a location, and thus it is not possible for an agent to "run into" another agent that is 
movingg over the same path in a different or same direction at the same time. When an agent's move activity 
iss interrupted, due to a higher priority activity, the agent will "move back" to the start location before the 
actuall move activity is executed. One solution is to implement a path as a type of area, i.e. an area with a 
certainn length and width. This would allow modeling an agenfs movement incrementally and 
instantaneouslyy in a continuous plane, and would allow integration with a 3D virtual-world in which Brahms 
agentss are represented as "bots" (Darner 1997). 
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AA more detailed geography model would allow the specification of 3D worlds with a coordination system, as 
wass originally specified in (Steenvoorden 1995). Such a representation would also allow the representation 
off an agent's field of vision, for example when facing a particular agent or object, or looking in certain 
directions.. This capability would have allowed the simulation of the field of vision of the television camera 
objectt on the lunar rover in the Apollo HFE deployment model (Chapter 24). This would allow for the 
simulationn of what the CapCom agent in mission control could see on the video screen in mission control. 

Evenn though Brahms currently has limited representational capabilities for modeling geography, the current 
capabilityy does allow for the modeling of the interaction of agents within their environment, as was shown in 
thee case studies. However, the interaction between objects and agents is conceptual, and not based on a 
modell of physics. For example, in the Apollo HFE deployment model the simulated error situation where the 
commanderr trips over the "floating" cable connected to the Central Station could not be modeled at the level 
off physical force between the astronaut's leg movement and the cable. Again, integrating Brahms with a 
virtuall world could allow modeling of the physics. 

Thiss concludes the discussion of the first and main research question. In conclusion, I state that I have 
shownn that the Brahms language and simulation environment is able to represent all the aspects of work 
practice,, with some mentioned limitations. I have shown that with the Brahms environment we are able to 
modell and simulate a large number of work process types at the work practice level. However, it is 
importantt to mention some examples of types of activities that the current Brahms environment is not able 
too simulate: 

•• An agent following another agent; e.g. a patient following a nurse. 

•• Conversations while walking; e.g. having a conversation in the hallway while walking to a meeting. 

•• Multiple agents carrying objects together; e.g. carrying a large suitcase together. 

Thesee types of activities can be modeled in an abstracted form, but not at the level at which behavior is 
coordinatedd between the multiple agents and objects involved. Next, I discuss the second research 
question. . 

9.1.22 Researc h questio n 2 

Thee secondary research question stated in chapter 1 was: 

Whatt is the added value of computer simulation in a model-based approach? 

II have shown three case studies where Brahms was used to model and simulate a work practice. In the 
conclusionn sections of the three case study chapters, I showed to what extent we can use the Brahms 
languagee and simulation engine to describe, predict, and prescribe a work practice. In all three cases the 
hypothesiss was confirmed, and I thus concluded that the Brahms language and simulation engine is by and 
largee sufficient and complete to model and simulate work practice. However, the question "why do we need 
too simulate?" often comes up. Although simulation has been around since the sixties, in fields such as 
operationss research and industrial engineering (Markowitz et al. 1963) (Tocher 1963) (Mize and Cox 1968) 
(Kiviatt et al. 1969) (Forrest 1970), some engineering analysis and design methodologies have only recently 
startedd adding simulation capabilities (Christie 1999). One reason is that only in the late eighties computer 
systemss became powerful enough to support the computational resources needed. Today the benefits of 
model-basedd approaches have been widely accepted (Simon 1955) (Newell 1982) (Schreiber et al. 1993) 
(Yourdonn 1989) (Jacobson 1994) (Rumbaugh et al. 1998), while the benefits of computer simulation is less 
welll understood. In other words, what is the value of adding simulation to the modeling process described in 
chapterr 3.3.4 (see Figure 3-6)? 

Thee simple answer is that a static model—non-computational—does not show the behavioral changes of 
thee model elements and their relations overtime. Therefore, using a static model we are unable to describe 
thee influence of time on the model. What does this mean for a model of work practice? I will answer this by 
discussingg the effect in terms of negative impact and added value of not being able to simulate the case 
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studies ,, and consequentl y the added valu e of simulation . The way to read the table s bello w is that 
everythin gg fro m Tabl e 9-1 coul d also be include d in Tabl e 9-2 and Tabl e 9-3, and that everythin g fro m Tabl e 
9-22 coul d also be include d in Tabl e 9-3. Therefore , the thre e table s togethe r provid e a complet e lis t of 
impact ss and added values . 

Casee Study 1 

Tabl ee 9-1 show s the effec t of not bein g able to simulat e a descriptive , predictiv e or prescriptiv e Brahm s 
model .. This analysi s is based on the stati c mode l and mode l simulatio n fro m case stud y 1. 

Tablee 9-1. Effects of not being able to simulat e in Case Study 1 

Element/Outcome e 
Impactt of Not Being 

Ablee to Simulate 
Addedd Value of Simulat ion 

Activityy Start/End Times 

Activityy Performance 

Activityy Interrupt/Resume 

Communication n 

Movement t 

Interaction n 

Inference e 

Thee model is not able to show 
thee start/end times of when 
agentss perform activities. 

Thee model is not able to show 
whichh agents perform what 
groupp activity. 

Thee model is not able to show 
whenn activities are interrupted 
byy other activities, and why. 

Thee model is not able to show 
specificc agent 
communication—agent t 
communicatess what, when, and 
withh whom. 

Thee model is not able to show 
whatt communication tool is 
usedd for what activity. 

Thee model is not able to show 
thee movement of agents, 
carrying,, moving and creating 
objectss in specific locations, at 
specificc times. 

Thee model is not able to show 
whichh agents work together, 
andd what makes that happen 
(communication,, fact detection, 
belieff creation or location). 

Thee model is not able to show 
thee change of beliefs over time. 

Showss how the agents spend 
theirr time during the course of 
thee simulation. I.e. when 
activitiess are executed, started 
andd stopped. 

Showss who performs what 
groupp activity when. 

Showss the rhythm of work for 
ann agent. Shows how agents 
aree interrupted, why and by 
whatt or who. 

Showss the communication 
patternn of agents over time. It 
showss the impact of 
communicationn on the 
performancee of agent activities. 
Itt shows the communication 
toolss used during specific 
communicationn activities; which 
tooll is used when and why 
(basedd on where the agent is, 
andd what tool is available). 

Showss when agents/objects 
movee to or are in specific 
locations.. Shows agent/object 
movementt patterns over time. 

Showss when and why 
agents/objectss interact. 

Showss when, where and why 
agentss receive new beliefs. 
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Casee Stud y 2 

Tablee 9-2 shows the effect of not being able to simulate a predictive or a prescriptive model. This analysis is 
basedd on the static model and model simulation outcome from case study 2. 

Tablee 9-2. Effect of not being able to simulate in Case Study 2 

Element/Outcome e 
Impactt of Not Being 

Ablee to Simulate 
Addedd Value of Simulation 

Predictionn of Communication 

Predictionn of Activities 

Activityy Scheduling 

Activityy Duration 

Thee model is not able to show 
whatt will happen if an agent 
forgetss to communicate at a 
specificc time. 

Thee model is not able to show 
howw an agent recovers from an 
errorr situation. 

Thee model is not able to show 
howw an agent's dynamically 
createdd schedule is executed. 

Thee model is not able to predict 
thee total duration of the drilling 
activity,, based on the number 
andd length of bore stems used. 

Abilityy to predict agent 
interactionn based on modeled 
communicationn policies. 

Predictt error resolution 
behaviorr in specific error 
situations. . 

Abilityy to schedule an agent's 
activitiess dynamically, based on 
specifiedd plans. 

Abilityy to dynamically calculate 
activityy durations based on 
situationn specific data or 
events. . 

Casee Stud y 3 

Tablee 9-3 shows the effect of not being able to simulate a prescriptive model. This analysis is based on the 
staticc model and model simulation outcome from case study 3. 

Tablee 9-3. Effect of not being able to simulate in Case Study 3 

Element/Outcome e 

Calculatingg Variables 

Impactt of Not Being 
Ablee to Simulate 

Thee model is not able to 
calculatee the rover's energy 
consumption,, based on the 
activitiess performed. 

Addedd Value of Simulation 

Abilityy to dynamically calculate 
outcomee variables based on 
situationall events and activities. 

Inn general, leaving out simulation in a model-based approach means that the model's users will not be able 
too show any of the effects of timing-relations that exist in the static model. It would be possible to show a 
staticc timing model, such as a sequence of activities or flow of data, but without a simulation capability this 
cann never show the emergent interaction and changes over time (similar to the task layer in a static 
CommonKADSCommonKADS model (van Harmelen and Balder 1992) (Schreiberet al. 2000)). 

Inn a work practice model this means a lack of start and stop times of agent/object activities, agent/object 
communication,, agent/object movement, dynamic agent/object interaction, agent/object activity interruptions 
andd resumes, and inferences over time. To conclude, a static work practice model is not able to predict, nor 
iss it able to calculate. Therefore, a static model does not allow for what-if analysis, which makes a static 
modell less suitable for design and evaluation of new work practices. 
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9 22 SCAUNG OF BRAHMS MODELS 

Itt is useful to say something about the issue of scaling Brahms models to larger work systems then those 
modeledd in the case studies. There are two forms of scaling Brahms models I will talk about. First, there is 
thee issue of modeling large work systems. The size of a work practice model can be measured in the 
numberr of groups and agents, as well as in the number of work activities represented in the model. The 
secondd issue is the issue of scaling the simulated work time in a work system model. The case studies in 
thiss thesis model two small and one medium size work system, and all three case studies simulate a short 
workk time interval. 

9.2.11 Managin g mode l detaH 

Byy managing the detail of the different parts of a work system, we can manage scaling the models up to 
largerr models. This can be done in two ways: teams as agents, and different detail for different parts of the 
model. . 

9.2.1.11 Teams as agents 

Byy modeling groups of people as single agents we can easily scale a model to large organizations. The 
designn of the agent model is completely flexible, and the modeler can decide what teams are modeled as 
agents,, and which individuals as agents. This approach was used in the third case study, where the 
organizationn that was modeled was an order of magnitude larger than that of the two Apollo case studies. 
Thiss was accomplished by modeling the science sub-teams as agents, while the victoria rover was 
modeledd as an agent. Doing this made the total number of agents not much larger than those in the Apollo 
models. . 

9.2.1.22 Different detail for different parts of the model 

Modell detail can be managed easily for different parts of the model. It is the modeler's choice to decide 
whichh agent and objects are modeled in what detail. This approach was successfully used in the Apollo 
modelss and the Victoria model. In the Apollo model, the detail of the activity of the CapCom agent was very 
small.. In the victoria model, the detail of the rover and the instruments models are much higher than those 
off the science teams. This was partly due to the fact that no more information was available, but it was also 
deliberatelyy based on the chosen objective of the model. The approach is general, and can be used for 
modelingg complex work systems. 

9.2.1.33 Adding more detail 

Onee of the big issues is using a model over a long project life cycle. The cost benefit of developing a 
complexx Brahms model will go up if we can use the model in the different life-cycle phases of a project. 
Theree is a great potential that a Brahms modeling effort could be used in the complete life cycle of a 
developmentt project. Models from one phase of the project can be easily reused in the next phase. Due to 
thee Brahms agent language, a Brahms model can be easily made more specific by adding more detailed 
agentrss and activities. A model of one agent per group can be easily scaled-up to multiple agents of the 
samee group, by simply adding more members of the group. Currently, future research interests are in 
showingg the use of Brahms from analysis to design and implementation for developing agent-based 
softwaree systems. Future research will focus on generation of agent software systems from a Brahms 
model. . 

9.222 Modelin g longe r tim e Interval s 

Scalingg Brahms models to model large organizations is not the most difficult scaling issue. This seems to be 
easilyy handled by the Brahms language. However, the experience to date is only with models that simulate 
aa relatively small time period of the total work activities in the modeled work system. The case study models 
simulatee no more than a couple of hours of work. However, models will certainly have to simulate a 
completee work day, and longer. For example, if we would model the work-life of astronauts in the 
Internationall Space Station we would certainly want to model several days, if not weeks of work. A model of 
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aa human mission to Mars would easily need to simulate the trip to Mars, as well as the time on Mars and the 
tripp back to Earth. Such models would need to simulate months, if not years of work activity. 

Att this moment, I have no relevant data of models that simulate one day, let alone weeks, months or even 
years.. There are several research issues that show up when we think of scaling the simulated work time to 
suchh levels. For example, how do we handle training, learning, forgetting of agents that are simulated for 
weekss or months? 

Givenn the limited simulated work time in the case studies, I cannot give a substantiated argument about 
scalingg Brahms models to simulate more than a day of work in an organization. More research is needed to 
answerr the question of scaling simulations to simulating bnger time periods. 

9.2.33 Gatherin g dat a fo r large  organization s 

Thee biggest scaling issue for Brahms models is in the ability to gather organizational work practice data on 
witchh to base a model (methodology M1, from chapter 3.3.4). Creating Brahms models is relatively easy. 
Onee simply needs to learn the Brahms programming language and the Brahms modeling approach. 
However,, work practice data gathering is a serious bottleneck. Observational work inside existing work 
systemss is a) a lot of work, and b) not always possible. The ability or inability to gather the relevant data for 
developingg a Brahms model is one of the most problematic issues in scaling up the methodology. 

9.33 scramn c CONTRIBUTIONS 

Inn this thesis, I have presented a new methodology for modeling human and system work processes. This 
neww methodology is based on combining a number of new and existing representational paradigms—agent-
based,, object-based, geography-based, rule-based, belief-based, and activity-based. This has led to an 
extensionn of knowledge in several areas of management and computer science. The methodology for 
modelingg and simulating work practice presented in this thesis extends the knowledge of modeling and 
simulationn of work processes, design and development of agent-based systems, and the recently emerging 
fieldd of human-centered systems (Kling et al. 1997). In this section, I briefly discuss the contributions that 
weree made to these scientific fields. 

9.3.11 Modelin g and simulatio n of wor k processe s 

Currentt state of the art in workflow or business process modeling is based on an information process-
orientedd paradigm. Business processes are abstractions of how work gets done in organizations. 
Collaborationn between people and organizations is represented as the processing of information; who gets 
whatt when? People's work activities are seen as long- and short-term transactions in which information is 
eitherr being send or being requested. People's work practice knowledge is abstracted away in so called 
businesss rules, which describe the business process logic for when and how to process information. 

Thee work in this thesis shows a modeling and simulation methodology using a new agent-based and 
activity-basedd paradigm. Modeling work processes using this paradigm is shown to be more naturally 
locatedd in an organization's work practice, i.e. how the work really gets done. The case studies in this thesis 
aree about a work process domain that few of us would suggest to be relevant to business process research. 
However,, after an initial reluctance to see the relevance and when looking at the work practice issues at 
hand,, we see many similarities with work processes in Earth-based organizations. The Apollo Astronauts on 
thee Moon were working, not just "looking around." They were performing planned activities, having goals 
andd objectives. The work during an Apollo mission, or a robotic mission for that matter, is distributed across 
manyy teams, co-located and distributed in space and time. Information is being communicated in real-time, 
ass well as in "batch mode.'' Activities span multiple days and multiple organizational handovers, while tools 
andd systems are used to perform the work. 

Usingg the Brahms language and simulation environment, I was able to model the work process at a level 
thatt is not possible in today's work process tools. The Brahms research was started because of a failed 
attemptt to model a coordination role using a workflow paradigm. In contrast, coordination roles are easily 
representedd with the agent-based paradigm in Brahms, as is shown with the modeling of CapCom during 
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thee Apollo missions. A Brahms model focuses the modeler's attention on the activities of individuals or 
groupss of individuals. Work is described in terms of an agent's behavior over time, and its actual impact on 
thee organizational goal. A model of work practice is a holistic approach to process modeling. It allows for 
multiplee views of the work process: organization, individual activity, communication and geographical. This 
iss in contrast to only a process view, where the focus is on transformation of process input to output and not 
onn how this happens in practice. Using the modeling methodology described in this thesis will allow the 
businesss process modeling community to model processes in organizations down to the work practice level. 
Thee approach makes it possible to represent business rules based on how things really work, not based on 
howw things should work according to idealized prescriptive formulations. Representing a business process 
ass a team of cross-organizational agents, collaborating together in performing their activities is more natural. 
Thee benefit of this approach will especially show its value in the implementation of new business processes 
andd systems, where changes in the current work practice of the organization are inevitable. 

9 . 3 ^^  Agent-base d system s 

Currentt state-of-the-art software agent research focuses on two types of agent-based systems (Bradshaw 
1997);; 1) software agents that behave independently and autonomously, regardless of their interaction with 
humans,, and 2) software systems that interact with people in such a way that people ascribe agency to the 
softwaree system, as for them the system acts as-if it is independent and/or autonomous. However, there is a 
movementt to the middle where agent researchers are trying to combine these two notions of software 
agentss into one definition that define agent-based systems (Bradshaw 1996) (Shoham 1993) (Genesereth 
andd Nilsson 1994) (Weiss 1999) (Wooldridge and Jennings 1995). A non-exhaustive list of research topics 
thatt are included in this movement is: teamwork, mobility, intelligence, reactivity, learning, and personality. 

Thee contribution that this thesis makes to this research area, although not the main topic of the work, is to 
pushh the use of an agent-based system—Brahms—to represent the behavior of people, not merely 
softwaree agents. Representing people's behavior, by definition, includes all the agent research topics listed 
above.. This is not a new revelation, for the simple reason that the whole notion of agency is derived from 
humans.. However, what is shown by the work in this thesis is how we can represent collaboration between 
people.. By extension, we can use this to understand how we could represent teamwork for software agents, 
orr a combination of human and software agents. What was also shown is how to represent people acting 
basedd upon and interacting with their environment, including movement and reactive behavior. By 
extension,, we can use this to represent how software agents act upon and interact with the hardware and 
softwaree environment they "live" in. Last, but not least, the Brahms agent architecture was intentionally 
basedd on multi-tasking and the interrupt and resume ability of humans. In this thesis, I have shown that the 
Brahmss subsumption architecture is highly appropriate for representing human behavior as deliberate or 
reactivee activity-based behavior. By extension, it seems useful to use the same subsumption architecture in 
thee development of intelligent or flexible software agents that must interact with humans. 

9.3.33 Human-centere d computin g 

Theree is a strong move towards a multi-disciplinary approach for the development of computer systems in 
particular,, and technology systems in general. Computer scientists, systems designers, and social scientists 
aree coming together to frame a computing paradigm shift. This is a true shift from the way computer 
systemss have conventionally been designed and implemented. Usually, systems are being developed 
accordingg to a technology-centered design approach. This approach adheres to the rule, the more and the 
"better"" the technology, the better and useful the tools. This is the mindset of most computer scientists and 
systemm developers today. The technology is put in the center, while the users and how they work are on the 
periphery.. Even though we know about participatory design (Ehn 1988) (Greenbaum and Kyng 1991), most 
computerr systems today are still developed in isolated technology organizations and the ivory laboratory 
towerss of companies. Obtaining a better understanding of how the users perform their work, based on 
workplacee observations and ethnographical studies, and modeling and simulation of the work practice, is 
rarelyy accomplished during the requirements analysis, design and implementation of systems. 

However,, software development is changing. More and more computer and information science 
departmentss in the United States are starting to offer graduate courses in human-centered systems or 
human-centeredd computing (e.g. UC Berkeley, Indiana University, UC Irvine). The National Aeronautics and 
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Spacee Administration (NASA) has a significant funding budget for Human-Centered Computing (NASA 
2000).. The National Science Foundation (NSF), in 1997, held a workshop on Human-Centered Systems 
(Flanagan(Flanagan and Huang 1997). 

Human-centeredd computing is proposed as a new paradigm for system development. The analysis has to 
bee based on a deep understanding of the concrete social and technical environment rather than some 
vaguee idea of a generic user. In this thesis, I have shown a methodology that allows system designers to do 
this,, using a model-based simulation approach. 

Kling,, et al (1997) specify a number of research directions. I would argue that the research in this thesis has 
contributedd to at least two of these research directions: a) characterization and theories of human-centered 
systems,, and b) modeling and representing human-centered systems. As a contribution to the first, I have 
definedd a theory of modeling work practice that allows us to characterize the realistic work process of a 
humann organization and how systems fit in and are being used within this process. The second mentions 
modelingg human-centered systems. I have shown such a capability by developing a methodology for 
analyzingg and designing human work systems. 

9.44 FUTURE RESEARCH 

Inn this last section, I take the liberty to present some of my ideas on future research that is needed in the 
areaa of work practice modeling and simulation. This section may serve as a guide for future research in this 
area a 

9*4.11 Wor k syste m desig n methodolog y 

Althoughh I presented a methodology for modeling and simulating work practice, much needs to be done to 
providee the business and software engineering community a methodology for designing human-centered 
workk systems in existing and new organizations. Designing a total work system is a multi-disciplinary effort. 
Itt combines business anthropology, business management, knowledge-based systems engineering, and 
informationn technology development. A work system design methodology should adhere to a holistic 
human-centeredd approach in which the design is based on the people's existing work practice, the 
constraintss of the work environment, the ability to integrate new technology with existing technology, and the 
adherencee to the philosophy that technology has to be human-centered. 

Thee Brahms methodology is only one piece of the puzzle. It provides a worldview, an approach and a tool 
thatt can be applied in this process. However, a complete work system design methodology needs to 
providee a path from analysis and design to implementation. Modeling and simulation can be used within 
eachh phase of this path, but future research needs to work out how this should be done effectively. I state 
thatt current business process redesign methodologies lack theories, methods and tools to be applied in 
workk system design efforts. Instead, today's business process redesign methodologies only focus on 
informationn systems design for an organization's electronic-business and globalization efforts, without a 
notionn of what ft means to develop human-centered systems. 

9 A 22 Enhancin g th e Brahm s languag e 

Theree are several areas in which research needs to be conducted to enhance the Brahms language with 
moree sophisticated capabilities to represent human behavior. 

Learnin g g 

Firstt and most obvious is the notion of learning. Currently, Brahms agents do not learn. What constitutes 
learningg is a difficult and widely researched topic. However, what seems particularly interesting in the 
learningg of human activity is how humans team to do something over time by a form of apprenticeship, and 
byy collaborating with others. This goes beyond the research in machine learning and data mining, although 
itt might be useful to investigate the use of machine-teaming techniques. What seems to be needed is a 
theoryy about learning through watching others, as well as a theory of learning from practice and the 
circumstantiall aspects of performing activities. How do people learn to perform new activities by participating 
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inn ongoing activities with others? Social scientists sometimes refer to this as legitimate peripheral 
participationparticipation (Lave and Wenger 1991). How do people learn by observing and mimicking? How does their 
performancee change over time? With the notion of learning comes the notion of forgetting. Activity 
performancee degradation is an important aspect of forgetting. What is needed is a theory of human learning 
off activities that also explains activity degradation and forgetting over time. 

Researcherss are getting interesting results in the area of behavior-based robotics. However, most learning 
inn such behavior-based systems is at a very low-level, such as learning to map the world, and navigate in 
thatt world. More recently, the field of cognitive robotics or cognobotics is starting to deal with learning of new 
cognitivee behavior in robots (Brooks 1997). What is needed is learning of complex high-level activities and 
whenn and where to perform them. This is still an area where more research needs to be done. 

Biologica ll  and socia l primitive s 

Anotherr important aspect of human activity is the biological constraints on the human body. We need to 
understandd which biological constraints have an impact on activity performance, and how to model such an 
impactt Examples include fatigue, hearing and field of vision (Freed 1998). Research needs to be 
conductedd in order to develop a theory of the impact of these constraints on human activity, and a way to 
representt these constraints within the Brahms environment. Either as part of the language or as part of the 
simulationn engine. 

Personality,, emotion and social constraints are another important part of human behavior. For example, 
trustworthinesss and liking or disliking people impacts how we collaborate. How do we represent the social 
andd personality behavior of, for example, a teenage gang, or a team of astronauts going on a three-year 
missionn to Mars, living in a confined space together? 

Moree research in this area would help us develop representational schemes for including these types of 
phenomenaa in a Brahms model. 
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A.1 .. NOTATION CONVENTIONS (Backu s Naur Form ) 

Thiss appendix defines the modeling language for Brahms. This document is to be used by model builders to 
createe Brahms models. Brahms model builders will have to comply to the language as defined in this 
document.. This document is also used as a requirements specification for the parser that needs to be build 
too parse these models. 

Thee language element are defined in BNF (Backus Normal Form) grammar rules. The notation used in 
thesee grammar rules is given in table 1. 

Construct t 

: : = ' + O n i . . 
X::=Y Y 
W W 
X* * 
X+ + 
XIY Y 
[X] ] 
symbol l 
symbol symbol 
symbol l 

Interpretation n 
Symbolss part of the BNF formalism 
Thee syntax of X is defined by Y 
Zeroo or one occurrence of X 
Zeroo or more occurrences of X 
Onee or more occurrences of X 
Onee of X or Y (exclusive or) 
Groupingg construct for specifying scope of operators e.g. [XIY] or [X]* 
Predefinedd terminal symbol of the language 
User-definedd terminal symbol of the language 
Non-terminall symbol 

Tablee 9-4: Synopsis of the notation used 

Identifier ss  (ID) 

namee ::= [ letter ][ letter I digit | '-' J* 

letterr  ::= 'a' I  'b' I...I ' t I  'A' I  'B' I...I  Z I 'J 

digi tt  ::='0'l'1'l...l'9 ' 

blank-characterr  : :="l ' \ t '  I  Vt' I  \T IV 

numberr  ::= [ integer I double ] 

integerr  ::={+ I-}unsigned 

unsignedd ::=[ digit ]+ 

doublee : := [ integenunsigned ] 

truth-valu ee ::=jru e I false 

literal-strin gg :: =" [ letter [ digit | '-' | ':' | ':' | '.' I : 

literal-symboll  ::=name 

Itt is possible to add comments to models. One line comments need to start with 'IP. Multi-line comments 
havee to start with '/*' and end with '*/". 
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A AA SYNTAX OF A MODEL (MOD) 

Synta x x 

model:::  = [ impor t import-declaration i ]* 
[[  GRP.group I 
AGT.agentt I 
CLS.object-classs I 
OBJ.objectt I 
COC.conceptual-object-classs I 
COB.conceptual-objectt I 
ADF.area-deff I 
ARE.areaa I 
PAT.pathh ]* 

import-declarationn ::= single-type-import I multi-type-import 

single-type-importt  ::= concept-name I library-name . concept-name 

concept-namee ::= ID.name 

library-nam ee ::= ID.name I library-name . ID.name 

multi-type-impor tt  ::= * I library-name . * 

Semantics s 

Thee import declaration allows for the import of specific concepts or for the import of a library of concepts. 
Thee import of a specific concept is realized by referencing if s name. The name of the concept must be the 
samee as the name of the file in which it is stored. The extension of the file must always be '.b'. 

Too reference a specific concept in a library the library-name can be used. The library name reflects the 
directoryy in which the concept is stored with a 'library-path' as rfs base path. So for example if the library-
pathh is 

library-pathh = C:\brahms 

andd we have an import statement like 

importt nynexst.phonemodel.PhoneUsers; 

thenn the concept PhoneUsers is expected to be found in the file 

C:\brahms\nynexs1\phonemodel\PhoneUsers.b b 

Itt is also possible to reference all concepts in a specific library. The wildcard '*' can be used in place of a 
specificc concept-name. The following import statement will import all concepts in the phonemodel library; 

importt nynexst.phonemodel.*; 

Thiss statement will import all concepts defined in the directory C:\brahms\nynexst\ phonemodel defined in 
thee files with the extension '.b' assuming the library-path is set to 'C:\brahms'. 

Thee import statement: 

importt *; 
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file://C:/brahms
file://C:/brahms/nynexs1/phonemodel/PhoneUsers.b
file://C:/brahms/nynexst/
file://'C:/brahms'


willl import all concepts defined in the files with extension '.b' that are in the same directory as the file in 
whichh the import statement is defined. 

Byy default every model imports the 'brahms.base.*' library (referred to as the 'BaseModel') containing base 
constructss for groups and classes and containing standard available classes and relations. The import of 
thiss library does not have to be defined explicitly. 
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/ L 3 .. SYNTA X OF A N AGEN T (AGT) 

Synta x x 

agentt  ::= 
agentt  agent-name {  GRP.group-membership}  { 

ii  d isplay: ID.literal-string;} 
{{  c o s t: ID.number ;} 
{ t im ee un i t : ID.number;} 
{ locat ion:: ARE.area-name;} 
{{  GRP.attributes } 
{GRP.relations} } 
{{  GRPinitial-beliefs} 
{{  GRPinitial-facts } 
{GRP.activities} } 
{{  GRP.workframes} 

{{  GRP.thoughtframes } 

} } 

agent-namee ::= ID.name 

Semantics s 

Groupp membership 
Ann agent can be a member of one or more groups. When an agent is a member of a group the agent will 
'inherit'' attributes, relations, initial-beliefs, initial-facts, activities, workframes and thoughtframes from the 
group(s)) it is a member of. All attributes and relations are inherited including private ones (an agent can be 
seenn as an instance of a group in terms of object oriented practices). In case the same constructs are 
encounteredd in the inheritance path always the most specific construct will be used, meaning that a 
workframee defined for the agent has precedence over a workframe with the same name defined in one of 
thee groups of which the agent is a member. 

Defaults s 
Everyy agent in a model is by definition a member of 'BaseGroup' defined in the 'BaseModel' library which is 
importedd by definition for every model. The 'BaseGroup' defines built-in attributes, relations, initial-beliefs, 
initial-facts,, activities, workframes and thoughtframes as defaults for agents and groups. The 'BaseGroup' 
membershipp does not have to be defined explicitly. Other defaults are: 

displayy = <agent-name> 
costt =0 
time_unitt =0 
locationn =none 

Constraints s 
1.. The name of an agent must be unique amongst agents in a model. 
2.. The time unit defines the time in seconds. 
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AX.. SYNTAX OF A GROUP (GRP) 

Synta x x 

groupp ::= 
groupp group-name {group-membership}  { 

{display::  ID.literal-string ; } 
{cost::  DD.number;} 
ff  time unit : ID.number;} 
{{  attributes} 
{{  relations } 
{initial-beliefss } 
{initial-facts} } 
{{  activities} 
{workframes} } 
{thoughtframess } 

} } 

group-namee ::= ID.name 

group-membershipp ::= memberof group-name f. group-name 1* 

attribute ss ::= attributes: [ ATT.attribute ]* 

relationss : := relations: [ RELrelation J* 

initial-belief ss ::= initia l beliefs: \ BELinitial-belie f 1* 

initial-fact ss ::= initia l facts: I FCT.initial-fact ]

activitiess : := activities: [ activity ]* 

activit yy ::= [ CAC.composite-actJvity I 
PAC.primitive-activityy I 
MOV.move-activityy | 
COA.create-object-activityy | 
COM.communicate-activityy | 
BCT.broadcast-activityy ] 

workframess :: = workframes: [ WFR.workframe ]* 

thoughtframess ::= thoughtframes : f TFR.thoughtframe ]* 

Semantic s s 

Groupp membership 
Inn a model a hierarchyy of groups can be built by defining the group-membership. A group can be a member 
off more then one group. When a group is a member of a group the member-group will 'inherit the attributes, 
relations,, initial-beliefs, initial-facts, activities, workframes and thoughtframes from its parent groups. Private 
attributess and relations are not inherited, only public and protected attributes and relations are inherited. In 
casee the same constructs are encountered in the inheritance path always the most specific construct will be 
used,, meaning that a workframe defined for a group lowest in the hierarchy tree has precedence over a 
workframee with the same name higher in the hierarchy. 

Costt and Time-Unit 
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Thee cost and time-unit are used for statistical purposes and define the cosVbme-unit (in seconds) for work 
donee by members of the group. The members of the group can override the cost and time-unit figures. 

Default s s 
Everyy group in a model is by definition a member of 'BaseGroup' defined in the 'BaseModel' library which is 
importedd by definition for every model. The 'BaseGroup' defines built-in attributes, relations, initial-beliefs, 
initial-facts,, workframes and thoughtframes as defaults for groups. The 'BaseGroup' membership does not 
havee to be defined explicitly. Other defaults are: 

displayy = <group-name> 
costt =0 
time_unitt =0 

Constraint s s 
1.. The name of a group must be unique amongst groups in a model. 
2.. The time_unit defines the time in seconds. 
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A^ .. SYNTAX OF AN OBJECT CLASS (CLS) 

Syntax x 

object-classs ::= 
classs object-class-name {class-inheritance}  { 

II  display: ID.literal-string ; } 
{cost::  DO.number;} 
{tim ee unit : ID.number;} 
{{  resource MD.truth-value ; > 
{GRP.attributes} } 
{GRP.relations} } 
{{  GRP.initial-beliefe } 
{GRP.initial-facts} } 
{GRP.activities} } 
{{  GRP.workframes } 
{{  GRP.thoughtframes } 

} } 

object-class-namee ::= ID.name 

class-inheritancee ::= extends object-class-name [  object-class-name ]* 

SSfMMItiCf t t 

Classs Inheritanc e 
InIn a model a hierarchy of classes can be built by defining the class inheritance. A class can inherit from 
moree then one class, so multiple inheritance is supported. When a class is a subclass of a class the 
subclasss will 'inherit* the attributes, relations, initial-beliefs, initial-facts, activities, workframes and 
thoughtframess from its parent classes. Private attributes and relations are not inherited, only public and 
protectedd attributes and relations are inherited. In case the same constructs are encountered in the 
inheritancee path always the most specific construct will be used, meaning that for example a woricframe 
definedd for a class lowest in the hierarchy tree has precedence over a workframe with the same name 
higherr in the hierarchy. 

Costt  and Time-Uni t 
Thee cost and time-unit are used for statistical purposes and define the cost/time-unit (in seconds) for work 
donee by instances of the class. The instances of the class can override the cost and time-unit figures. 

Resourc e e 
Thee resource attribute defines whether or not instances of the class are considered to be a resource when 
usedd in an activity (resource attribute is set to true) or whether the instances of the class are considered 
somethingg that is worked on (resource attribute is set to false). The resource attribute is used in relation with 
thee touched-objects definition for activities (see the semantical description of touched-objects in the 
definitionn of the primitive-activity). 

Default s s 
Everyy class in a model is by definition a member of 'BaseClass' defined in the 'BaseModel' library which is 
importedd by definition for every model. The 'BaseClass' defines built-in attributes, relations, initial-beliefs, 
initial-facts,, workframes and thoughtframes as defaults for classes. The 'BaseClass' membership does not 
havee to be defined explicitly. Other defaults are: 

displayy = <dass-name> 
costt =0 
time_unitt =0 
resourcee = false 
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Constraint s s 
1.. The name of a class must be unique amongst classes in a model. 
2.. The time_unit defines the time in seconds. 

Curren tt  Limitation s 
Thee current simulationn engine does not support class inheritance. The parser will take care of attribute, 
relation,, workframe and thoughtframe inheritance by just 'copying' those constructs to every class in the 
inheritancee tree. Not possible however is assuming that the simulation engine will know of the existence of 
thee inheritance hierarchy. A model builder can for example not define a variable of type Location and 
assumee that objects being instances of the subclass Building will be bound to the variable. This functionality 
iss planned for a future version of the simulation engine. 

Thee current simulation engine also does not support the use of thoughtframes in object classes. This again 
willl be supported in a future release of the simulation engine. 
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A.6.. SYNTAX OF AN OBJECT (OBJ) 

Synta x x 

objectt ::= 
objectt object-name instanceof object-class-name 

{{  COB.conceptual-object-membership }  { 
{display:: ID.literal-string;} 
{{  cost: ID.number ; } 
{tim ee uni t: ID.number ; } 
{{  resource: I D.truth-value ; } 
{location:: ARE.area-name;} 
{GRP.attributes} } 
{GRP.relations} } 
{GRP.initial-beliefc} } 
{{  GRP.initial-facts } 
{{  GRP.activities } 
{{  GRP.workframes } 
{{  GRP.thoughtframes } 

1 1 

object-namee ::= ID.name 

SMnantics s 

Conceptuall object membership 
Ann object can be part of one or more conceptual objects by defining the conceptual-object-membership for 
thee object This allows for later grouping of statistical results for the object with other objects in one 
conceptuall object 

Resource e 
Thee resource attribute defines whether or not the object is considered to be a resource when used in an 
activityy (resource attribute is set to true) or whether the object is considered something that is worked on 
(resourcee attribute is set to false). The resource attribute is used in relation with the resources definition for 
activitiess (see the semantical description of resources in the definition of the primitive-activity). 

Defaults s 
displayy =<object-name> 
costt =0 
tjme_unitt =0 
resourcee =<tne resource attribute value of object-class-nameo 
locationn = none 

Constraints s 
1.. The name of an object must be unique amongst objects in a model. It is possible to 

givee an object the same name as an object defined in a library. 
2.. The time-unit definess the time in seconds. 

Currentt Limitations 
Thee current simulation engine does not support thoughtframes for objects. A future release of the simulation 
enginee will provide support for thoughtframes on objects. 
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A.7.SYNTA XX OF A CONCEPTUAL OBJECT CLASS (COC) 

Synta x x 

conceptual-object-class::  := 
conceptual_classs conceptual-class-name { 

{{  display: IDliteral-string;} 
{{  GRP.attributes } 
{{ GRP.relations } 

} } 

conceptual-class-namee ::= ID.name 

Semantics s 

Defaults s 
displayy =<conceptual-class-name> 

Constraints s 
1.. The name of a conceptual-object-class must be unique amongst the conceptual-

object-classess in a model. 
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A 8 .. SYNTAX OF A CONCEPTUAL OBJECT (COB) 

Synta x x 

conceptual-objectt  ::= 
conceptuaLobjectt  conceptual-object-name instanceof conceptual-class-name 

{{  conceptual-object-membership } 
{ { 

(display:: ID.literal-string;} 
{GRP.attributes} } 
{GRP.relations} } 

} } 
conceptual-object-namee ::= ID.name 

conceptual-object-membershipp ::= 
partoff  conceptual-object-name f. conceptual-object-name ]* 

HOIIISHUCC 8 

Conceptual-object-menibershjp p 
AA conceptual-object can in itself be a member of other conceptual object forming a hierarchy of concepts for 
groupingg statistical results. 

Defaults s 
displayy =<xonceptual-object-name> 

Constraints s 
1.. The name of a conceptual-object must be unique amongst the conceptual-objects in a 

model. . 
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A.9 .SYNTA XX OF A N ATTRIBUT E (ATT) 

Syntax x 

attribut ee ::= { privat e I protected I public }  type-def attribute-name {  attrib-body}; 

attribute-nam ee ::= ID.name 

type-deff  ::= [ class-type-def | value-type-def) 

class-type-deff  ::= 
ff  Agent I 
Groupp I 
Classs I 
ConceptualClasss I 
AreaDeff  I 
GRP.group-namee I 
CLS.object-class-namee | 
COC.. conceptual-class-name 
ADF.area-def-namee ] 

value-type-deff  ::= [ int I double I symbol I string I boolean ] 

attrib-bod yy ::= { 
{{  display: ID.literal-string i } 

} } 

Semantics s 

Attributee scope 
Attributess are always defined within a group, agent, conceptual-class, conceptual-object, class or object 
definitionn and cannot be defined outside any of these concepts or inside of any other concepts. Attributes 
cann have different scopes within the specified concepts defined by one of the keywords private, protected or 
public. . 

PrivatePrivate attributes: 
Privatee attributes are scoped down to only the concept for which it is defined. The private 
attributee is not inherited by sub groups or sub classes (agents /objects that are 
members/instancess of the group/class will inherit the attribute) and the private attribute can 
onlyy be referenced by initial beliefs, initial facts, workframes and thoughtframes for that 
specificc concept. 

ProtectedProtected attributes: 
Protectedd attributes are inherited by sub groups and sub classes. Protected attributes can 
onlyy be referenced by initial beliefs, initial facts, workframes and thoughtframes of the 
conceptt for which the attribute is specified or any of the sub groups/sub classes and of 
agents/objectss that are members/instances of the sub group(s)/class(es). 

PublicPublic attributes: 
Publicc attributes are similar to protected attributes, the only difference is that they can be 
referencedd by initial beliefs, initial facts, workframes and thoughtframes in any group, 
agent,, class or object. 

Valuee assignment 
Valuee assignment of attributes differs from value assignments in third and fourth generation computer 
languagess (which usually use an assignment operator like '=' or ':='. Assignment of a value for an attribute is 
donee through beliefs and facts. 

Defaults s 
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Thee default scope of an attribute is 'public', 
displayy = <attribute-name> 

Constraint s s 
1.. The name of an attribute must be unique within the definition of a group, agent, class 

orr object In case of a name conflict in multiple inheritance (two different concepts from 
whichh is inherited define an attribute with the same name) the following conflict 
resolutionn strategy is chosen. If both attributes are of the same type just one definition 
willl remain with the same name and same type. If the types of the attributes differ an 
errorr will be generated. 

Curren tt  Limitation s 
Thee current simulation engine cannot handle group-name types, which would bind an attribute to only 
agentss that are members of the defined group similar to classes. A future release of the simulation engine 
willl allow for group-names to be used as a type definition. 
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A/10 ,, SYNTA X OF A RBJVTIO N (REL) 

Synta x x 

relationn ::= {privat e I protected I public}  ATT.class-type-def relation-name 
{attrib-body}; ; 

relation-namee ::= ID.name 

Semantic» » 

Relationn scope 
Relationss are always defined within a group, agent, conceptual- class, conceptual-object, class or object 
definitionn and cannot be defined outside any of these concepts or inside of any other concepts. Relations 
cann have different scopes within the specified concepts defined by one of the keywords private, protected or 
public. . 

PrivatePrivate relations. 
Privatee relations are scoped down to only the concept for which it is defined. The private 
relationn is not inherited by sub groups or sub classes (agents /objects that are 
members/instancess of the group/class will inherit the relation) and the private relation can 
onlyy be referenced by initial beliefs, initial facts, workframes and thoughtframes for that 
specificc concept. 

ProtectedProtected relations: 
Protectedd relations are inherited by sub groups and sub classes. Protected relations can 
onlyy be referenced by initial beliefs, initial facts, workframes and thoughtframes of the 
conceptt for which the relation is specified or any of the sub groups / sub classes and of 
agents/objectss that are members/instances of the sub group(s)/class(es). 

PublicPublic relations: 
Publicc relations are similar to protected relations, the only difference is that they can be 
referencedd by initial beliefs, initial facts, workframes and thoughtframes in any group, 
agent,, class or object. 

Defaults s 
Thee default scope of a relation is 'public', 

displayy =<relation-name> 

Constraints s 
1.. The name of a relation must be unique within the definition of a group, agent, class or 

object.. In case of a name conflict in multiple inheritance (two different concepts from 
whichh is inherited define a relation with the same name) the following conflict 
resolutionn strategy is chosen. If both relations are of the same type just one definition 
willl remain with the same name and same type. If the types of the relations differ an 
errorr will be generated. 
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J U LL SYNTAX OF AN INmAL-BEUEF (BEL) 

Syntax x 

initial-belie ff  : := ([ value-expression I relational-expression ] Is 

value-expressionn ::= obj-attr evaluation-operator value I 
obj-attrr equality-operator object-ref 

equality-operatorr  ::= =11= 

evaluation-operatorr  ::= BELequality-operator I > I >= I < I <= 

obj-att rr  ::= the ATT.attribute-name of object-ref | object-ref. ATT.attribute-name 

object-reff  ::= 
AGT.agent-namee I 
OBB J.object-name | 
ARE.area-namee | 
VAR.variable-namee | 
PAC.param-namee | 
current t 

valuee ::= IDJiteral-string I ID.number I PAC.param-name 

relational-expressionn ::= 

object-reff  REL.relation-name object-ref {i s ID.truth-value } 

Somanttcs s 

Constraints s 
1.. Variables and parameters are not allowed in the definition of an initial belief. 
2.. The attribute type and the right hand side value-type of a value-expression must be 

thee same. 
3.. The left hand side and right hand side types in a relational expression must match the 

typess as defined for the relation used in the relational expression. 
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A.12.. SYNTAX OF AN INmAL-FAC T (FCT) 

Synta x x 

initia ll  fact::= 
{ [[  BELvalue-expression I BEL.relational-expression ]\i 

Semantic s s 

Constraint s s 
1.. Variables and parameters are not allowed in the definition of an initial fact. 
2.. The attribute type and the right hand side value-type of a value-expression must be 

thee same. 
3.. The left hand side and right hand side types in a relational expression must match the 

typess as defined for the relation used in the relational expression. 
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A.13.. SYNTAX OF A WORKFRAME (WFR) 

Synta x x 

workfram ee ::= 
workfiram ee workframe-name { 

{display::  ID.literal-string i } 
{{  repeat: ID.truth-value ; > 
{{  priority : ID.unsigned ; } 
{variable-decl} } 
{{  detectable-decl} 
{ [[  precondition-decl workframe-body-decl JI 
workframe-body-decl} } 

} } 

workframe-namee ::= ID.name 

variable-decll  ::= variables: [ VAR.variable ]* 

detectable-decll  ::= detectables: [ DET.detectable ]* 

precondition-decl::  := when { {[  PRE.precondition ] [ and PRE.precondition ]*  }  } 

workframe-body-decll  ::= do {[workfirame-body-element ]*  I 

workframe-body-elementt  ::=[PAC.activity-ref I CON.consequence ] 

Semantic s s 

Repeat t 
AA workframe can be performed one or more times depending on the value of the 'repeat' attribute. A 
workframee can only be performed once if the repeat attribute is set to false. A workframe can be performed 
repeatedlyy if the repeat attribute is set to true. In case the repeat attribute is set to false, the workframe can 
onlyy be performed once for the specific binding of the variables at run-time. The scope of the repeat attribute 
off a workframe defined as part of a composite activity is limited to the time the activity is active, meaning that 
thee workframe with a specific binding and a repeat set to false will not execute repeatedly while the 
compositee activity is active. As soon as the composite activity is ended the states are reset and in the next 
executionn of the activity it is possible for the workframe with the same binding to be executed. So only for 
top-levell workframes the state will be stored permanently during a simulation run. 

Priorit y y 
Thee priority attribute is currently not used. At this moment priorities have to be defined on the level of 
activities.. The workframe priority will be deduced based on the priorities of the activities defined within the 
workframe.. The workframe will get the priority of the activity with the highest priority. 

Default s s 
displayy =<workframe-name> 
repeat=false e 
priority=0 0 

Constraint s s 
1.. The workframe name has to be unique within the definition of a group, agent, object-

classs or object. 

279 9 



A.14.. SYNTAX OF A THOUGHTFRAME (TFR) 

Synta x x 

thoughtframee ::= 
thoughtframee thoughtframe-name { 

II  display: ID.literal-string i } 
ff  repeat: ID.truth-value;} 
{WFR.variable-decl} } 

{ [[  WFR.preconditiorvdecl thoughtirame-body-decl ]} 
} } 

thoughtframee name ::= ID.name 

thoughtframe-body-decll  ::= do {[ thoughtframe-body-element ; ]*} 

thoughtframee body-element ::= CON.consequence 

Semantic s s 

Repeat t 
AA thoughtframe can be performed one or more times depending on the value of the 'repeat1 attribute. A 
thoughtframee can only be performed once if the repeat attribute is set to false. A thoughtframe can be 
performedd repeatedly if the repeat attribute is set to true. In case the repeat attribute is set to false, the 
thoughtframee can only be performed once for the specific binding of the variables at run-time. The scope of 
thee repeat attribute of a thoughtframe defined as part of a composite activity is limited to the time the activity 
iss active, meaning that the thoughtframe with a specific binding and a repeat set to false will not execute 
repeatedlyy while the composite activity is active. As soon as the composite activity is ended the states are 
resett and in the next execution off the activity it is possible for the thoughtframe with the same binding to be 
executed.. So only for top-level thoughtf rames the state will be stored permanently during a simulation run. 

Default s s 
displayy =<thoughtframe-name> 
repeat=false e 

Constraint s s 
1.. The thoughtframe name has to be unique within the definition of a group, agent, 

object-classs or object. 
2.. it is not possible to use unassigned variables in thoughtframes, therefor the definition 

off these variables is not allowed. 
3.. The consequences in thoughtframes can only conclude beliefs. 

280 0 



A.15.. SYNTAX OF A COMPOSITE ACTIVITY (CAC) 

Syntax x 

composite-activityy ::= 
compositee activit y PAC.activity-namefi PAC.param-decl [ A PAC.param-decl ]*} ) 

II  display: ID.Iiteral-string ;} 
{{  priority : [ ID.unsigned I PAC.param-name ] ; } 
<<  end condition : \ detectable I nowork 1: \ 
{{  WFR.detectable-decl} 
{GRP.activrbes} } 
{{  GRP.workframes} 
{{  GRP.thoughtframes } 

} } 

^ a ^ i a — i l , , , , N m n u cs s 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workframes defined for the group, agent, class 
orr object. 

Parameters s 
Itt is possible to define input parameters for composite activities. These input parameters are in the first place 
usedd to pass on variables defined in a workframe for use in the workframes defined for the composite 
activityy and second they can be used to make activities more generic. In the reference the values for the 
inputt parameters have to be passed. 

Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workframe are used to define the priority 
off a workframe. The workframe will get the priority of the activity with the highest priority defined in the 
workframe. . 

Duration n 
Compositee activities themselves do not have a duration. Composite activities are decomposed into other 
workframess that a concept can work on as part of the activity which eventually result in a primitive activity to 
bee executed having a specific duration. 

End-condition n 
Thee end-condition of a composite activity defines how a composite activity can be ended. There are three 
possibilities: : 

1.. Only end it on the basis of an end-activity detectable. The end-condition has to be set 
toto 'detectable'. When a detectable having an action type of 'end-activity' is detected 
thee composite activity will be ended. 

2.. End the activity when there's no more work to work on. The end-condition has to be 
sett to 'no-work'. If none of the workframes as defined in the composite-activities can 
bee worked on the activity will be ended. 

3.. End the activity when there's no more work to work on, or when an end-activity 
detectablee is detected. The end-condition has to be set to 'no-work' and an end-
activityy detectable needs to be defined for the composite activity.. This case combines 
thee first two cases. 

Defaults s 
displayy =<activity-name> 
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priority=0 0 
end_conditk>nn = nowork 

Constraints s 
1.. The name of an activity must be unique within the definition of a group, agent, class, 

object,, or composite-activity. 
2.. The input parameter type of a parameter defined in the declaration of an activity must 

bee the same as the input value type or variable type in the reference of the activity. 
3.. The parameters assigned to any of the attributes must be of the correct type. 
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A.16.. SYNTAX OF A PRIMmVE ACTIVITY (PAC) 

Syntax x 

primitive-activit yy ::= 
primitiv ee activit y activity-name ({param-decl [ s param-decl ]*}  1 
{ { 

II  display : ID.literal-string ;} 
{{  priorit y : [ ID.unsigned I param-name ] ;} 
{{  random : [ ID.truth-value I param-name ] ; } 
(( min duration : [ ID.unsigned I param-name ] i } 
{{  max duration : [ ID.unsigned I param-name ] ; } 
{resources} } 

} } 

activity-namee ::= ID.name 

param-decll  ::= param-type param-name 

param-typee ::= ATT.type-def | Ustof ATT.type-def 

param-namee ::= ID.name 

resourcess ::= resources : [ param-name I OBJ.object-name ] 
.. . . [ [  param-name I OBJ.object-name]*; 

activity-re ff  ::= activity-name i {  param-expr [ s param-expr ]*}  Ll 

param-exprr  ::= GRP.group-name I 
AGT.agent-namee I 
CLS.object-class-namee I 
OBJ.object-namee I 
CXX.conceptual-class-namee I 
COB.conceptual-object-namee I 
ARE.area-namee I 
VAR.variable-namee I 
ID.numberr I 
ID.literal-symboll  I 
ID.literal-stringg I 
ID.truth-valuee I 
list-expr r 

list-exprr  ::= {param-expr[ xparam-expr]*) 

SsnHMitics s 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workframes defined for the group, agent, class 
orr object 

Parameters s 
Itt is possible to define input parameters for primitive activities. These input parameters can be used to make 
activitiess more generic, hi the reference the values for the input parameters have to be passed. 
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Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workf rame are used to define the priority 
off a workframe. The workframe will get the priority of the activity with the highest priority defined in the 
workframe. . 

Duration n 
Activitiess in general have a duration. The duration of the activity can be defined to be a fixed amount of time. 
Thee random attribute has to be set to false and the max-duration attribute has to be set to the maximum 
durationn in seconds. The duration of the activity can also be defined to be a random amount of time. To 
definee a random amount of time the random attribute has to be set to true, the min-duration attribute has to 
bee set to the minimum duration of the activity in seconds and the max-duration attribute has to be set to the 
maximumm duration of the activity in seconds. 

Resources s 
Artifactss (objects) can be defined as being a resource or not by setting the resource attribute to either true or 
false.. In general artifacts that are worked on by agents are not considered to be a resource in an activity (a 
form,, a fax). Artifacts that are used by an agent in an activity are considered to be resources (a fax 
machine,, a telephone). 

Itt is possible to associate artifacts with activities for statistical purposes and for the purpose of generating 
objectt flows by defining them in the list of resources for an activity. Artifacts which are defined as resources 
aree also called resource objects. Resource objects associated with activities will only collect statistics and 
willl not be used for the object flow generation. Artifacts which are defined not to be a resource and which 
aree associated with an activity are also called touch objects. Touch objects should be associated with one or 
moree conceptual object(s) for object flow purposes and statistical purposes. 

Defaults s 
displayy =<activity-name> 
priorityy = 0 
randomm = false 
min_durationn =0 
max_duration=0 0 
resourcess = none 

Constraints s 
1.. The name of an activity must be unique within the definition of a group, agent, class, 

object,, or composite-activity. 
2.. The input parameter type of a parameter defined in the declaration of an activity must 

bee the same as the input value type or variable type in the reference of the activity. 
3.. The parameters assigned to any of the attributes must be of the correct type. 
4.. The parameter types for resources must be of type <object-class-name>, the 

parameterss assigned to the resources must be either VAR.variable-name or 
OBJ.object-name. . 

5.. The minimum duration of the activity defines the minimum duration in seconds. 
6.. The maximum duration of the activity defines the maximum duration in seconds. 
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A.17.. SYNTAX OF A CREATE OBJECT ACTIVITY (COA) 

Syntax x 

create-object-activityy ::= 
createe object PAC.activity-name ( {  PAC.param-decl [  PAC.param-decl ]*  }  l 
{ { 

{{  display : ID.literal-string ;} 
{{  priorit y ; [ ID.unsigned I PAC.param-name ] ; } 
{{  random : [ ID.truth-value I PAC.param-name ] ; } 
{{  min duration ; [ ID.unsigned I PAC.param-name ] i } 
{{  max duration : [ ID.unsigned I PAC.param-name ];} 
{{  PAC.touched-objects} 
actionn : [ new I copy I PAC.param-name ] ; 
sourcee :\ CLS.object-class-name I OBJ.object-name I PAC.param-name ] i 
destinationn : [CLS.object-class-name I OBJ.object-name I PAC.param-name ] ; 
{ locationn :[ ARE.area-name I PAC.param-name ] ; } 
II  conceptual object: [ COB.conceptual-object-name I PAC.param-name ] 

[[  [  COB.conceptual-object-name I PAC.param-name ] ] ; } 
{{  when : [ startj end I PAC.param-name ] ; } 

} } 

ttoiiiaiiticttoiiiaiitic  t 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workframes defined for the group, agent, class 
orr object. 

Parameters s 
Itt is possible to define input parameters for create-object activities. These input parameters can be used to 
makee activities more generic. In the reference the values for the input parameters have to be passed, it is 
recommendedd to make the first three parameters in a create-object activity: 

1.. action 
2.. source object 
3.. destination object 

Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workf rame are used to define the priority 
off a workf rame. The workframe will get the priority of the activity with the highest priority defined in the 
workframe. . 

Duration n 
Activitiess in general have a duration. The duration of the activity can be defined to be a fixed amount of time. 
Thee random attribute has to be set to false and the max-duratjon attribute has to be set to the maximum 
durationn in seconds. The duration of the activity can also be defined to be a random amount of time. To 
definee a random amount of time the random attribute has to be set to true, the min-duration attribute has to 
bee set to the minimum duration of the activity in seconds and the max-duration attribute has to be set to the 
maximumm duration of the activity in seconds. 

When n 
Thee when attribute defines when the actual action has to take place, at the 'start' of the activity or at the 
'end'' of the activity. 
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Defaults s 
displayy =<actfvity-name> 
priorityy =0 
randomm = false 
min_duration=0 0 
max_duration=0 0 
resources=none resources=none 
locationn = <Jocation of source object» 
conceptual-objectt =<conceptual-object of source object» 
whenn =end 

Constraints s 
1.. The name of an activity must be unique within the definition of a group, agent, class, 

object,, or composite-activity. 
2.. The input parameter type of a parameter defined in the declaration of an activity must 

bee the same as the input value type or variable type in the reference of the activity. 
3.. The parameters assigned to any of the attributes must be of the correct type. 
4.. The parameter types for resources must be of type <object-class-name> or list-of 

<object-class-name>,, the parameters assigned to the resources must be either 
VAR.variable-namee or OBJ.object-name or a list of any of these two. 

5.. The action parameter must be of type symbol and its input values must be one of new 
orr copy. 

6.. The source parameter type has to be of type CLS.object-class-name and its input 
valuee must be one of VAR.variable-name, CLS.object-class-name, or OBJ.object-
name. . 

7.. The destination parameter type has to be of type CLS.object-class-name and its input 
valuee must be one of VAR.variable-name, CLS.object-class-name, or OBJ .object-
name. . 

8.. The location parameter type has to be of type ADF.area-def and its input value must 
bee one of VAR.variable-name or ARE.area-name. 

9.. The conceptual-object parameter type has to be of type COC.conceptual-class-name 
orr list-of COC.conceptual-class-name and its input value(s) must be one of 
VAR.variable-name,, COB.conceptual-object-name or a list of any one of these 
elements. . 

10.. The when parameter must be of type symbol and its input values must be one of start 
orr end. 

11.. The minimum duration of the activity defines the minimum duration in seconds. 
12.. The maximum duration of the activity defines the maximum durationn in seconds. 
13.. If the source of the create-object action is a class-name only the new action is allowed. 
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A.18.. SYNTAX OF A MOVE ACTIVITY (MOV) 

Synta x x 

move-activityy ::= 
movee PACactivity-name {{PAC.param-decl [ x PAC.param-decl ]*}  M 

{display;; lD.literal-string ;} 
{{  priority : [ ID.unsigned I PAC.param-name ] ; } 
{{  random: [ ID.truth-value I PAC.param-name ] ; } 
{{  min duration :[ ID.unsigned I PAC.param-name ] ; } 
{{  max duration : [ ID.unsigned I PAC.param-name ] ; } 
{{  PAC.resources } 
location:: [ ARE.area-name I PAC.param-name ] ; 

1 1 

9 ^ 33 Semantic s 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workf rames defined for the group, agent, class 
orr object 

Parameter s s 
Itt is possible to define input parameters for move activities. These input parameters can be used to make 
activitiess more generic. In the reference the values for the input parameters have to be passed. It is 
recommendedd to make the first parameter the goal-location of the move activity. 

Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workf rame are used to define the priority 
off a workframe. The workf rame will get the priority of the activity with the highest priority defined in the 
workframe. . 

Duratio n n 
Activitiess in general have a duration. In case of the move activity it is not necessary to define a duration of 
thee activity. The duration of the activity is calculated by the simulation engine using the distance definitions 
definingg the distance between two locations. The simulation will determine the shortest path of travel from 
thee current location to the goal location and calculate the travel time based on the distance. The duration of 
thee move activity will in that case be the same as the calculated travel time. It is possible however to still 
definee the duration of the activity. If the simulation engine cannot find a travel path then the defined duration 
willl be used. The duration of the activity can be defined to be a fixed amount of time. The random attribute 
hass to be set to false and the max-duration attribute has to be set to the maximum duration in seconds. The 
durationn of the activity can also be defined to be a random amount of time. To define a random amount of 
timee the random attribute has to be set to true, the min-duration attribute has to be set to the minimum 
durationn of the activity in seconds and the max-duration attribute has to be set to the maximum duration of 
thee activity in seconds. 

Defaults s 
displayy =<activity-name> 
priority=0 0 
randomm =false 
min_duratk>n=0 0 
max_duration=0 0 
resources=none e 

Constraints s 
1.. The name of an activity must be unique within the definition of a group, agent, class, 

object,, or composite-activity. 
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2.. The input parameter type of a parameter defined in the declaration of an activity must 
bee the same as the input value type or variable type in the reference of the activity. 

3.. The parameters assigned to any of the attributes must be of the correct type. 
4.. The parameter types for resources must be of type <Dbject-class-name> or list-of 

<object-class-name>,, the parameters assigned to the resources must be either 
VAR.variable-namee or OBJ .object-name or a list of any of these two. 

5.. The goal-location parameter must be of type <area-def-name>. 
6.. The minimum duration of the activity defines the minimum duration in seconds. 
7.. The maximum duration of the activity defines the maximum duration in seconds. 
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A.19 .. SYNTA X OF A COMMUNICAT E ACTIVIT Y (COM) 

Synta x x 

communicate-activityy ::= 
communicatee PAC.activity-name [  {  PAC.param-decl [  PAC.param-decl ]*}\A 

II  display: IDJiteral-string 1} 
{{  priority : [ ID.unsigned I PAC.param-name ] ;} 
{{  random: [ ID.truth-value I PAC.param-name ] ; } 
{{  min duration :[ ID.unsigned I PAC.param-name ] ; } 
{{  max duration : [ ID.unsigned I PAC.param-name ] ; } 
{{  PAC.resources > 
{ t yp ??  : [ phonej fax I email I face2face I pager I none I PAC.param-name ] ; } 
wit hh : [ [ AGT.agent-name I OBJ.object-name I PAC.param-name ] 

[[  s [  AGT.agent-name I OBJ.object-name I PAC.param-name ] ] ] ; 
about:: TDF.trarisfer-definition  TDF.transfer-definition ]* ; 
II  when :r start I end I PAC.param-name ] ; } 

} } 

S M I M H I H C S S 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workframes defined for the group, agent, class 
orr object 

Parameters s 
Itt is possible to define input parameters for communicate activities. These input parameters can be used to 
makee activities more generic. In the reference the values for the input parameters have to be passed. It is 
recommendedd to make the first parameters) in a communicate activity the concepts with which is 
communicated. . 

Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workf rame are used to define the priority 
off a workf rame. The workframe will get the priority of the activity with the highest priority defined in the 
workff rame. 

Duration n 
Activitiess in general have a duration. The duration of the activity can be defined to be a fixed amount of time. 
Thee random attribute has to be set to false and the max-duratjon attribute has to be set to the maximum 
durationn in seconds. The duration of the activity can also be defined to be a random amount of time. To 
definee a random amount of time the random attribute has to be set to true, the min-duration attribute has to 
bee set to the minimum duration of the activity in seconds and the max-duration attribute has to be set to the 
maximumm duration of the activity in seconds. 

Type e 
Thee type attribute defines what type of communication is used. The type can be one of phone, fax, email, 
face2face,, pager, or none (meaning not specified). 

When n 
Thee when attribute defines when the actual communication has to take place, at the 'start' of the activity or 
att the 'end' of the activity. 

Defaults s 
displayy =<actjvity-name> 
priority=0 0 
randomm = false 
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min_duu ration = O 
max_duratkxi=0 0 
resources=none e 
typee =none 
whenn =end 

Constraints s 

5. . 

6. . 

Thee name of an activity must be unique within the definition of a group, agent, class, 
object,, or composite-activity. 
Thee input parameter type of a parameter defined in the declaration of an activity must 
bee the same as the input value type or variable type in the reference of the activity. 
Thee parameters assigned to any of the attributes must be of the correct type. 
Thee parameter types for resources must be of type <object-class-name> or list-of 
<object-class-name>,, the parameters assigned to the resources must be either 
VAR.variable-namee or OBJ.object-name or a list of any of these two. 
Thee type-parameter type has to be a literal-symbol and its values must be one of 
phone,, fax, e-mail, face2face, pager, or none. 
Thee with-parameter type has to be one of 'Agent', CLS.object-class-name, list-of 
Agentt or list-of CLS.object-class-name and its input value must be one of AGT.agent-
name,, OBJ.object-name, VAR.variable-name or a list of any of these elements. 
Thee when parameter must be of type symbol and its input values must be one of start 
orr end. 
Thee minimum duration of the activity defines the minimum duration in seconds. 
Thee maximum duration of the activity defines the maximum duration in seconds. 

Currentt Limitations 
Currentlyy the simulation engine does not support communication with more then one agent or object at the 
samee time. 



A^O .. SYNTA X OF A BROADCAS T ACTIVIT Y (BCT) 

Syntax x 

broadcast-activityy ::= 
broadcastt  PAC.activity-name {  {  PAC.param-decl [  PAC.param-decl ]*})_ { 

{{  display: ID.literal-string 1} 
{{  priority : [ ID.unsigned I PAC.param-name ] ; } 
{random::  [ID.truth-value I PAC.param-name];} 
{mi nn duration: f ID.unsigned I PAC.param-name];} 
{{  max duration : [  ID.unsigned I PAC.param-name ] ; } 
{{  PAC.resources } 
{typ ee : [ phonej fax I email I face2face I pager I none I PAC.param-name ] ; } 
about:: TDF.transfer-deftnitioni TDF.transfer-definition ]* ; 
ii  when :f start I end I PAC.param-name ] '  } 

1 1 

9 A 44 Semantic s 

Declarationn and reference 
Alll activities have to be declared in the activities section of either a group, agent, class, object, or composite-
activity.. The declared activities can then be referenced in the workframes defined for the group, agent, class s 
orr object. 

Parameters s 
Itt is possible to define input parameters for broadcast activities. These input parameters can be used to 
makee activities more generic. In the reference the values for the input parameters have to be passed. 

Priority y 
Activitiess can be assigned a priority. The priorities of activities in a workframe are used to define the priority 
off a workframe. The workframe will get the priority of the activity with the highest priority defined in the 
workframe. . 

Duration n 
Activitiess in general have a duration. The duration of the activity can be defined to be a fixed amount of time. 
Thee random attribute has to be set to false and the max-duratbn attribute has to be set to the maximum 
durationn in seconds. The duration of the activity can also be defined to be a random amount of time. To 
definee a random amount of time the random attribute has to be set to true, the min-duration attribute has to 
bee set to the minimum duration of the activity in seconds and the max-duration attribute has to be set to the 
maximumm duration of the activity in seconds. 

When n 
Thee when attribute defines when the actual broadcast has to take place, at the 'start' of the activity or at the 
'end'' of the activity. 

Defaults s 
displayy =<activity-name> 
priority=0 0 
randomm = false 
min_duration=0 0 
max_duration=0 0 
resources=none e 
whenn =end 

Constraints s 
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1.. The name of an activity must be unique within the definition of a group, agent, class, 
object,, or composite-activity. 

2.. The input parameter type of a parameter defined in the declaration of an activity must 
bee the same as the input value type or variable type in the reference of the activity. 

3.. The parameters assigned to any of the attributes must be of the correct type. 
4.. The parameter types for resources must be of type <object-class-name> or list-of 

<object-class-name>,, the parameters assigned to the resources must be either 
VAR.variable-namee or OBJ.object-name or a list of any of these two. 

5.. The when parameter must be of type symbol and its input values must be one of start 
orr end. 

6.. The minimum duration of the activity defines the minimum duration in seconds. 
7.. The maximum duration of the activity defines the maximum duration in seconds. 
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A 2 1 .. SYNTAX OF A PREC0NDTT10N (PRE) 

Syntax x 

preconditionn ::= f known I knownval I unknown I not 1 (comparison) 

comparisonn ::= [val-comp I rel-comp] 

val-compp ::= 
expressionn BELevaluation-operator expression I 
BELobj-attrr BELequality-operator ID.literal-symbol I 
BELobj-attrr BELevaluation-operator BELobject-ref I 
BELobject-reff  BELevaluation-operator BELobject-ref 

rel-compp ::= 
BELobj-attrr RELrelation-name BELobj-attr { is ID.truth-value > I 
BELobj-attrr RELrelation-name BELobject-ref {is ID.truth-value }  I 
BELobject-reff  RELrelation-name BELobject-ref {  js ID.truth-value } 

expressionn ::= term I expression [ +1 -] term 

termm ::= factor I term [ * I /1 div I mod ] factor 

factorr  : := primary I factor * primary 

primar yy ::= z primary I element 

elementt  ::= ID.number I ( expression }  I BELobj-attr I VAR.variable-name 

Preconditio nn modifier s 
AA preconditio n is define d with one of four modifiers : known , knownval , unknown , or not The modifier s have 
thee followin g meaning . 

known: known: 
Thee modifie r 'known ' represent s the possibilit y for an agent/objec t to have a belief/fact , but 
bee unspecifi c as to whethe r the agent/object s know s the actua l value . 

Forr  example , to evaluat e the followin g precondition : 

known(th ee colo r  o f  car l  =  blue ) 

Thee simulatio n engin e woul d simpl y ignor e the value "blue "  specifie d in the precondition , 
andd look for any belief of the form : 

th ee colo r  o f  car l  =  ? 

Iff  the engin e find s a belief of the form , as it woul d when the followin g belie f is present : 

th ee colo r  o f  car l  =  re d 

thenn the engin e woul d evaluat e the preconditio n as true . A simpl e relationa l preconditio n 
like : : 

known(Joh nn is-the-son-o f  Bil l  i s  true ) 

wil ll  evaluat e to true when the engin e find the belief : 
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knownval: knownval: 

Johnn is - the-son-of B i l l i s t rue 

or r 

Joh nn is-the-son-o f  Bil l  i s  fals e 

AA more complex preconditions like: 

known(th ee service-tec h o f  Cimap-order l  is-the-son-o f  th e servic e 
tec hh o f  th e Cimap-order2 ) 

willl evaluate to true if the following beliefs are present: 

thee serv ice- tech of Cimap-orderl = <agentl> 
thee serv ice- tech of Cimap-order2 = <agent2> 

wheree <agent1> and <agent2> can be either values or objects. 

Sincee this outcome may be counterintuitive for the user, we advise the user to use 
variabless together with the 'known-value' modifier, whenever possible, and use the known 
modifierr only in cases when a simple lookup of the form 'OA-V is done and the user does 
nott care about the value of the object-attribute. 

Thee modifier 1<nownvar (known value) means that the simulation engine must find a 
precisee match for the precondition. The precondition is only true if matching beliefs/Facts 
cann be found for both the left hand side and the right hand side and if the relation between 
themthem is found as well. For example for a complex precondition such as: 

knownval(th ee service-tec h o f  Cimap-order l  is-the-son-o f  th e 
service-tec hh o f  Cimap-order2 ) 

thee following beliefs must be present 

th ee service-tec h o f  Cimap-order l  =  <agentl > 
th ee service-tec h o f  Cimap-order 2 =  <agent2 > 
<agentl >> is-the-son-o f  <agent2 > 

Whenn using variables, the engine will find as many matches as there are valid 
instantiationss for the variables. 

unknownunknown  (aka no-knowledoe-of): 
Whenn the modifier 'unknown' is used, the simulation engine looks at the beliefs of the 
agentt or facts in the world for objects for possible matches of the precondition. If there are 
anyy matches, the precondition evaluates to false, if no matches are found the precondition 
evaluatess to true. The 'unknown' modifier can be interpreted as The agent/object has no 
beliefs/Factss for <precondrbon>'. However, there are intricacies that need to be explained 
further. . 

Whenn matching a precondition of the form: OiA1=02 or OiA^V, the simulation engine 
lookss for a belief of the form Oi A ^ ?. The right hand side of the precondition is not used in 
thee lookup. When a belief of the form 0 ^ = ? is found, the simulation engine interprets 
thiss to mean that the agent 'knows' about this object and attribute and thus the 
preconditionn is false. 

Whenn the precondition is of the form O, rel 0 2 is true/false. However, no matter what the 
truthh of the relation is, the simulation engine will simply look up whether the agent/object 
possessess the belief/fact O, rel 02 , and if so will evaluate the precondition to be false. 
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Alll other preconditions, require at least two steps for the simulation engine to determine the 
truthh or falsehood of the precondition. Some of these precondition forms may have 
counterintuitivee outcomes. 

Thee forms OiA,= O2A2, O ^ rel O2A2 require the simulation engine to evaluate both the 
leftt hand side and the right hand side. When a belief/fact for either side is not found, the 
preconditionn will be evaluated to true, if both are found the precondition will evaluate to 
false.. For example given the following beliefs: 

th ee colo r  o f  car l  =  blu e 
th ee colo r  o f  car 2 =  re d 

andd the precondition: 

unknown(th ee colo r  o f  car l  =  th e colo r  o f  car2 ) 

Thee simulation engine will evaluate the precondition to false, because it finds beliefs for 
bothh The color of carl =T and The color of car2 = T. If the beliefs of the agent were as 
followss however 

th ee service-tec h o f  Citnap -  orde r  1  =  Joh n 
th ee service-tec h o f  Cimap-order 2 =  Bil l 

andd the precondition would read: 

unknown{th ee service-tec h o f  Cimap-order l  is-the-son-o f  th e 
service-tec hh o f  Cimap-order2 ) 

Thee simulation engine will also evaluate the precondition to be false. This may seem 
counterintuitivee and we therefore advise the user to use this form with care.69 

Thee other cases are of the form: C^Ai = 02 ,0\ = 02A2, O1 rel O2A2. These forms are 
evaluatedd in one lookup, namely 0-| A1 = ? or O2A2 = ?. If a belief/fact of this form is 
found,, no matter what the ? stands for (could be either a value or an object), the 
preconditionn is evaluated to false. For example, given the following beliefs: 

th ee ca r  o f  Joh n =  car l 

thee following precondition 

unknown{th ee ca r  o f  Joh n belongs-t o Nynex ) 

willl evaluate to false, since the simulation engine will find a belief for The car of John". 
Sincee this may seem counterintuitive, we advise the user to use this precondition form with 
care. . 

notnot  (aka no-matchtna-bellefs): 
Nott works similar to knownval, but negates the resulting truth-value. The simulation engine 
willl first try the knownval for the precondition. If the precondition with the knownval modifier 
evaluatess to true then the precondition with the not modifier evaluates to false and vice 
versa. . 

Constraint s s 
1.. The left hand side attribute type and the right hand side value-type or right hand side 

attributee type of a value-expression must be the same. 
2.. The left hand side and right hand side types in a relational expression must match the 

typess as defined for the relation used in the relational expression. 
3.. Expressions must evaluate to a value. 

899 It woul d be more intuitiv e to  evaluat e the preconditio n to True" , becaus e the agent does not have a befef that state s that Joh n is-the -
son-o ff  BUI. The patter n matchin g algorith m coul d be (rfiange d wrien the simulatkx i engin e is redesigned . 
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A 2 ZZ SYNTA X OF A CONSEQUENCE (CON) 

Synta x x 

consequencee ::= conclude i { PREcomparison ) {, fact-certainty}  {, belief-certainty }  ) ; 

fact-certaintyy ::= fc: ID.unsigned 

belief-certaintyy ::= be: ID.unsigned 

Soiiiontic s s 

Factt  certaint y 
Thee fact certainty is a number ranging from 0 to 100 and represents the percentage of chance that a fact will 
bee created based on the consequence. A fact certainty of 0% means that no fact will be created, 100% 
meanss that a fact will be created at all times. 

Belie ff  certaint y 
Thee belief certainty is a number ranging from 0 to 100 and represents the percentage of chance that a belief 
willl be created based on the consequence. A belief certainty of 0% means that no belief will be created, 
100%% means that a belief will be created at all times. 

Default s s 
fcc =100 
bee =100 

Constraint s s 
1 1 

2 2 

3 3 

4 4 

Inn the comparison the left hand side attribute type and the right hand side value-type 
orr right hand side attribute type of a value-expression must be the same. 
Inn the comparison the left hand side and right hand side types in a relational 
expressionn must match the types as defined for the relation used in the relational 
expression. . 
Thee values of fact-certainty and belief-certainty range from 0 to 100 and represent a 
percentage. . 
AA consequence defined in the body of a thoughtframe can only conclude beliefs. The 
factt certainty argument will be ignored, a warning will be generated in case the belief-
certaintyy is set to 0. 
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A 2 && SYNTAX OF A DETECTABL E (DET) 

Syntax x 

detectablee ::= 
detectable-namee { 

{{  when (\ whenever  I ID.unsigned 1) \ 
detectt  ( [ PRE.comparison \ { *  detect-certainty }  1 

{ thenn detectable-action }  ; 
1 1 

detectable-namee ::= ID.name 

detect-certaintyy ::= dc: ID.unsigned 

detectable-actionn ::= continue I impasse I abort I complete I end activity 

Sonmrrtlcc B 

When n 
Forr each detectable needs to be specified when the agent or object can detect a certain fact. There are two 
options: : 
whenever. whenever. 

Thiss means that the detectable is checked every time a new fact is asserted in the world 
andd for an agent also every time a new belief is asserted. 

atat a «teethed time: 
Forr the detectable needs to be specified exactly when the detectable needs to be checked 
byy specifying a percentage varying from 0 to 100% specifying at what percentage of the 
workframee completion the detectable needs to check the fact set and belief set These kind 
off detectables are only checked once. 

Detect-certainty y 
Thee detect-certainty is a number ranging from 0 to 100 and represents the percentage of chance that a fact 
willl be detected based on the detectable. A detect-certainty of 0% means that the fact will never be detected 
andd basically means that the detectable is switched off. A detect-certainty of 100% means that a fact will 
alwayss be detected based on the detectable. 

Detectablee action 
Theree are 5 different detectable actions possible: 
continue: continue: 

Hass no effect, only used for having agents or object detect facts and turn them into beliefs. 

Imoasse: Imoasse: 
Impassess the workframe on which the agent or object is working until the impasse is 
resolved. . 

abort: abort: 
Terminatess the workframe on which the agent or object is working immediately. 

complete: complete: 
Terminatess the workframe on which the agent or object is working immediately, but still 
executess all remaining consequences defined in the workframe. AH remaining activities are 
skipped. . 

endend activity: 
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Thiss action type is only meaning full when used with composite activities. Causes the 
compositee activity on which the agent or object is working to be ended. 

Default s s 
whenn = whenever 
dcc =100 
actionn = continue 

Constraint s s 
1.. In the comparison the left hand side attribute type and the right hand side value-type 

orr right hand side attribute type of a value-expression must be the same. 
2.. In the comparison the left hand side and right hand side types in a relational 

expressionn must match the types as defined for the relation used in the relational 
expression. . 

3.. The value of the detect-certainty ranges from 0 to 100 and represents a percentage. 
4.. The end-activity action type can only be used when a detectable is defined in a 

compositee activity. 
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JL24.. SYNTAX OF AN AREA DEFINITION (ADF) 

Syntax x 

area-definitionn ::= 
areadeff  area-def-name 
{ { 

(display:: ID.literal-string ;} 
{GRP.attributes} } 
{GRP.relations} } 
{GRP.initial-facts} } 

} } 

area-def-namee ::= ID.name 

Semantics s 

Default s s 
displa yy =<area-def-name > 

Constraints s 
1.. The name of an area definitio n must be uniqu e amongs t the area definition s in a 

model . . 
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A 2 5 .. SYNTA X OF A N ARE A (ARE) 

Syntax x 

areaa ::= 
areaa area-name instanceofarea-def-name {  partof area-name }  { 

{{  display : ID.literal-string ; } 
{GRP.attributes} } 
{GRP.relations} } 
{GRP.ini t ial- facts} } 

1 1 

area-namee ::= ID.name 

Semantics s 

Areaa Decomposition 
Areass can be decomposed into sub-areas. For example a building can consist of one or more floors. The 
decompositionn can be modeled using the part-of relationship. 

Defaults s 
displayy =<area-name> 

Constraints s 
1.. The name of an area must be unique amongst the areas defined in a model. 
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/L2&& SYNTAX OF A PATH (PAT) 

Syntax x 

path-deff  ::= 
pathh path-name { 

<<display:display: ID.literal-string;} 
a r e a l :: ARE.area-name; 
area2:: ARE.area-name ; 

{d is tance:: ID.unsigned;} 

} } 

path-namee ::= ID.name 

Semantics s 

Distance e 
Thee distance represents the time it takes to move from areal to area2 and vice versa. In future versions of 
thee language the distance will represent the actual distance and based on the transportation used to travel 
overr the path the duration will be calculated. 

Defaults s 
displayy =<path-name> 
distance== 0 

Constraints s 
1.. The name of a path must be unique amongst the paths defined in a model. 
2.. The distance represents the travel duration in seconds. 
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AJ27.AJ27. SYNTA X OF A TRANSFE R DEFINITION (TOF) 

Synta x x 

transfer-definitio nn ::= transfer-action [  PRE.comparison \ 

transfer-actionn ::= send I receive 

SomaiiUc s s 

Transfer-action n 
Thee transfer action defines the direction of the communication. The 'send' action states that belief(s) of the 
initiatingg agent or object matching the transfer definition are transferred from the initiating agent or object to 
thee non-initiating agent or object The 'receive' action states that belief(s) of the non-initiating agent or object 
matchingg the transfer definition are transferred from the non-initiating agent or object to the initiating agent or 
object. . 

Constraints s 
1.. In the comparison the left hand side attribute type and the right hand side value-type 

orr right hand side attribute type of a value-expression must be the same. 
2.. In the comparison the left hand side and right hand side types in a relational 

expressionn must match the types as defined for the relation used in the relational 
expression. . 
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/L2B./L2B.  VARIABL E (VAR) 

Synta x x 

variablee ::= {[ assigned I unassigned 1) 
[[  collectall I  foreach I forone ] { ATT.type-def 1 variable-name 
{{  variable-body }  ; 

variable-namee ::= ID.name 

variable-bodyy ::= { 
{{  display: ID.literal-string ; } 

1 1 

Somantic s s 

(Un)assigne dd variable s 
Variabless can be defined to be assigned variables or unassigned variables. By default variables are 
assigned.. This typification is required due to limitations of the simulation engine. Assigned variables are 
boundd to a context when an instance of a workframe or thoughtframe is created. Unassigned variables can 
onlyy be defined in a workframe (not in a thoughtframe) and do not get a context when an instance is created 
off a workframe. The unassigned variable gets a context when used in a create-object activity (unassigned 
variablee will be bound to the destination object), or in communications to bind the variable to a context 
basedd on what is communicated. 

Quantificatio n n 
Variabless are of one of three quantification types: collect-all, for-each and for-one. The difference between 
thee three quantification types is the way variables are bound to a specific context of a defined type (agent, 
object,, or other value). The difference in binding is as follows: 

for-eachfor-each  variable: 
AA for-each variable is bound to only one context. For each context that can be bound to the 
variablee a separate instance is created for the workframe in which the variable is bound. 

Forr example in the following frame: 

workfram ee DoSomethin g { 
variables : : 

assigne dd foreach(Order )  order ; 
whenn ((orde r  is-assigned-t o current) ) 
doo { 

workOnOrder{) ; ; 

Theree are three Order instances in the model (order), order2, and order3) satisfying the 
precondition.. For this workframe three instances will be created in which the for-each 
variablee is bound to one of the orders in each frame instantiation. This means that the 
agentt for which the workframe is defined can only work on one order at a time and will 
workk on them in consecutive order if no interruptions take place. 

collect-allcollect-all  variable: 
AA collect-all variable can be bound to more then one context. The variable will be bound to 
alll contexts satisfying the condition in which it is defined. Only one frame instantiation will 
bee created as a result of the binding with the collect-all variable. If we consider the same 
examplee as for for-each variables changing the quantification of the variable to collect-all. 

workfram ee DoSomethin g { 
variables : : 

assigne dd collectal l  (Order )  order, -
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whenn ((order is -ass igned- to current)) 
doo { 

workOnOrder(); ; 

Alsoo assume that again three orders match with the precondition based on the beliefs of 
thee agent, then all three orders are bound to the variable and one frame instantiation will 
bee created for the agent to work on. This means that the agent for which this workframe is 
definedd will work on all orders at the same time. 

tor-onetor-one  variable: 
AA for-one variable can be bound to only one context. Only one frame-instantiation will be 
createdd as a result of the binding with the for-one variable. A for-one variable binds to the 
firstt context satisfying the condition in which it is defined. If we consider the same example 
ass for for-each variables changing the quantification of the variable to for-one. 

workfram ee DoSomethin g { 
variables : : 

assigne dd forone(Order )  order ; 
whenn ((orde r  is-assigned-t o current) ) 
doo { 

workOnOrder() ; ; 

Alsoo assume that again three orders match with the precondition based on the beliefs of 
thee agent, then one of the orders will be bound to the variable and one frame instantiation 
willl be created for the agent to work on. This means that the agent only works on one 
orderr and it does not matter on which order. The other two orders will not be worked on. 

Default s s 
AA variable is by default an assigned variable unless otherwise specified, 

displayy =<variable-name> 

Constraint s s 
1.. The name of the variable must be unique within the definition of a workframe or 

thoughtframe. . 
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SUMMARY Y 

Manyy organizations spend a lot of time and effort analyzing the knowledge people within the organization 
usee to perform their work. This is often done to make the work process more efficient, or to manage the 
knowledgee resources (man, machine, or other) better. To do this, the first thing that is often done is to model 
thee current state of the work process, after which the process is redesigned to be more efficient. Modeling 
workk processes is a very complex task that clearly needs to be supported by effective modeling tools. There 
aree a number of modeling tools and approaches that are used today. However, none of these approaches 
alloww for the representation of a work process at a work practice level—the level at which people within the 
processs perform their work in the real world. 

Thiss dissertation presents a methodology and supporting tool for modeling and simulating the work practice. 
Thee main research question being answered is the question of representing people working together, 
collaboratingg and communicating, situated in the real world, using tools and creating artifacts, all the while 
beingg constraint by the environment they are in. The thesis first reviews existing modeling tools and models 
that,, in one way or another, represent people as cooperating agents, ft is shown that every tool being 
reviewedd lacks, in some fundamental way, the ability to represent all the important aspects from the theory 
off modeling work practice. The work presented here is testing a new computer language and methodology, 
withh supporting tools for modeling and simulating work practice. The software tool presented and tested— 
andd proven to be a significant improvement over available modeling tools—is called Brahms. Specifying 
howw the Brahms modeling language can be used to represent a work practice operationalizes the presented 
theoryy for modeling and simulating work practice. The second part of the thesis presents the application of 
Brahmss in three real-world work practice case studies. 

AA work practice is defined as the collective activities of a group of collaborating people who communicate 
together,, while performing synchronous and asynchronous activities. Most often, people view work merely 
ass the process of transforming input to output. This thesis claims that the individual activities, that make up a 
workk practice, not only have to do with the transformation of input to output, but more important with the 
collaborationn between individuals in action, in pursuit of a goal. Imagine soccer players who collaborate their 
activitiess in pursuit of scoring a goal. Just focusing on the input and output of the activities of the players 
wouldd not only be very difficult, if not impossible, but it would miss the opportunity to understand what is 
reallyy going on. 

Thiss dissertation presents a different view, namely describing work as a practice, a collection of 
psychologicallyy and socially situated collaborative activities of the members of a group. The purpose of 
modelingg a work practice is to understand how, when, where, and why collaborative activities are 
performed,, and to identify the effects of these activities. Besides this, it is also important to understand the 
reasonss why these activities occur in the way they do. The central theme is to find a representation for 
modelingg work practice. The thesis first defines what is meant by the term work practice, and how it relates 
too communities of practice, activities, collaboration, communication, artifacts, and geography. Then, the 
Brahmss multiagent modeling language is presented. Brahms models can be simulated to show the effects 
off the activities of groups of people, their collaboration and communication, while situated in a geographical 
environment,, using tools and artifacts to perform their collaborative work. 

Thee Brahms software tool is applied, verified, and evaluated in a case study of the ALSEP Offload task 
performedd during the Apollo 12 lunar mission. This first case study is a study about the use of Brahms for 
developingg descriptive models. This case study shows a detailed simulation model of the work practice of 
thee Apollo 12 astronauts offloading the ALSEP on the Moon. The second case study shows the application 
off Brahms and its associated methodology in the development of a predictive model. This subject of this 
casee study is predicting astronaut behavior during error situations and the communication patterns during 
thee ALSEP deployment activity on the Moon. This case study is based on the historical data from two work 
practices,, namely the Heat Flow Experiment deployment during the Apollo 15 and 16 missions. The subject 
off the third and last case study is the design of a prescriptive Brahms model, for a work system design of 
missionn operations for a future robotic mission to the Moon. The thesis ends with an evaluation of the use of 
Brahmss in the case studies to answer the research question. Besides the main research question, a 
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secondaryy research question is answered. What is the added value of a model-based approach? The 
answerr is given based on the modeling methodology used in the case studies. 

Thee National Aeronautics and Space Administration, under the NASA Cross Enterprises Program, funded 
thee research presented here. 
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SAMENVATTIN G G 

Err zijn veel organisaties die tijd spenderen aan het analyseren van de kennis die de mensen binnen een 
organizatiee gebruiken, om hun werk te kunnen doen. Vaak wordt dit gedaan om het werk proces te 
verbeteren,, of om de kennisbronnen (mens, machine of andere vormen) beter te kunnen beheren. Om dit te 
kunnenn doen creëert men steeds vaker eerst een model van het werkproces zoals het op dat moment 
bestaat,, waarna het proces wordt herontwerpen om meer efficient te kunnen zijn. Het modelleren van 
werkprocessenn is erg gecompliceerd en het is duidelijk dat voor deze taak ter ondersteuning effectieve 
modeleringsgereedschappenn gebruikt zouden moeten worden. Vandaag de dag zijn er een aantal 
modeleringsgereedschappenn die gebruikt kunnen worden. Het probleem is echter dat geen van deze 
gereedschappenn net mogelijk maakt het werkproces te representeren op het 'work practice level'—het 
werkniveauu van de mensen binnen het proces zoals het in de praktijk ook werkelijk wordt uitgevoerd. 

Dee dissertatie presenteert een methodologie en een bijbehorend gereedschap voor het modelleren en 
simulerenn van 'work practice' (vertaling: werk zoals het in de praktijk wordt uitgevoerd). De voornaamste 
vraagg die wordt gesteld en beantwoord, is de vraag naar een computertaal voor het representeren van 
samenwerkendee mensen, collaborerend en communicerend, gesitueerd in de wereld, gebruikmakend van 
gereedschappenn voor het creëren van artifacten en terwijl gelimiteerd door hun werkomgeving. Als eerste 
wordenn er een aantal bestaande modellering tools en modellen besproken, die op een of andere manier 
mensenn representeren als coöperatieve agenten. Aangetoond wordt dat deze tools geen van allen de 
mogelijkheidd bieden om alle belangrijke aspecten uit de theorie van het modelleren van *work practice' weer 
tee geven. Het werk dat hier wordt gepresenteerd is een test van een nieuwe computertaal en methodologie, 
mett bijbehorende software tools, voor het modelleren en simuleren van een "work practice'. De software tooi 
diee wordt gepresenteerd en getoetst in de werkelijkheid—en waarvan wordt aangetoond dat deze 
significantt beter is dan de tools en modellen die zijn beschreven—is Brahms. De gepresenteerde theorie 
voorr het modelleren en simuleren van *work practice' wordt geoperationaliseerd door te specificeren hoe de 
Brahmss taal kan worden gebuikt in het weergeven van een work practice. Het tweede deel van de thesis is 
dee presentatie van het gebruik van Brahms in drie realistische "work practice' case studies. 

Eenn 'work practice' wordt gedefinieerd als de collectieve activiteiten van een groep samenwerkende en 
onderlingg communicerende mensen, tijdens het uitvoeren van synchrone en asynchrone activiteiten. Vaak 
wordtt werk alleen gezien als een proces van transformeren van input tot output. In deze thesis wordt 
gesteldd dat de individuele activiteiten, die een 'work practice' definiëren, niet alleen te maken hebben met de 
transformatiee van input tot output, maar bovenal als de samenwerking tussen individuen in hun doelgerichte 
acties.. Denk bijvoorbeeld aan een voetbalelftal waarin de spelers samenwerken in hun gezamelijke 
activiteitenn om te kunnen scoren. Het focussen op de input en output van individuele activiteiten van de 
spelers,, is niet alleen erg moeilijk, als het überhaubt mogelijk is, maar mist ook de grote mogelijkheid om te 
kunnenn begrijpen wat er werkelijk aan de gang is. 

Inn deze dissertatie wordt een andere opvatting van werk gepresenteerd, namelijk het beschrijven van werk 
alss een 'practice', een collectie van psychologische en sociaal gesitueerde collaboratieve activteiten van 
eenn groep van mensen. Het doel van het modelleren van een "work practice' is om te kunnen begrijpen hoe, 
wanneer,, waar en waarom collaboratieve activiteiten worden uitgevoerd en om de effecten van deze 
activiteitenn te kunnen achterhalen. Daarnaast is het van belang om de manier waarop deze activiteiten 
wordenn uitgevoerd te achterhalen . Daarom is het centrale thema een goede representatie te vinden voor 
hett modelleren van "work practice'. Als eerste wordt gedefinieerd wat er bedoeld wordt met de term "work 
practice'practice' en deze term wordt gerelateerd aan 'communities of practice', activiteiten, collaboratie, 
communicatie,, artifacten en geografie. Daarna wordt de Brahms multiagent modelerings taal 
gepresenteerd.. Brahms modellen kunnen worden gesimuleerd, om te kunnen laten zien wat de effecten zijn 
vann activiteiten van groepen van mensen, hun samenwerking en onderlinge communicatie, gesitueerd in 
eenn geografische omgeving, gebruikmakend van gereedschappen en artifacten tijdens hun collaboratieve 
werkzaamheden. . 

Dee Brahms software tooi is gebruikt, geverifieerd en geëvalueerd in een case studie van de ALSEP Offload 
taakk tijdens de Apollo 12 lunar missie. Deze eerste case studie is een studie naar het gebruik van Brahms 
voorr het ontwikkelen van beschrijvende modelllen. De case studie beschrijft een gedetaileerde 
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simulatiemodell van de "work practice' van de Apollo 12 astronauten, tijdens het afladen van de ALSEP 
instrumentenn op de maan. In de tweede case studie, worden Brahms en de bijbehorende 
modelleringsmethodobgiee gebruikt voor het ontwikkelen van een voorspellingsmodel. Het onderwerp van 
dezee case studie is het voorspellen van het gedrag van astronauten tijdens problematische situaties en de 
communicatiepatronenn gedurende het opzetten van de ALSEP instrumenten op de maan. De case studie is 
gebaseerdd op de historische data van twee "work practices', de 'Heat Flow Experiment deployment" tijdens 
dee Apollo 15 en 16 missies. Het onderwerp van de derde en laatste case studie is het ontwerp van een 
voorschrijvendvoorschrijvend Brahms model voor een "work system design' van 'mission operations' voor een toekomstige 
robott missie naar de maan. De thesis eindigt met een evaluatie van het gebruik van Brahms in de case 
studies,, als antwoord op de onderzoeksvraag. Naast deze hoofdonderzoeksvraag is er een tweede 
onderzoeksvraagg die wordt beantwoord. Wat is de toegevoegde waarde van een 'model-based approach'? 
Hett antwoord wordt gegeven aan de hand van de modeleringsmethodologie die is gebruikt in de case 
studies. . 

Dee National Aeronautics and Space Administration, als onderdeel van het NASA Cross Enterprises 
Programma,, heeft het hier gepresenteerde onderzoek mogelijk gemaakt. 
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