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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 Research question 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.. Interrupt and resume 

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-task behaviors 

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.. Informal interaction 

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.. Cognitive behavior 

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 Research question 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 consequently the added value of simulation. The way to read the tables bellow is that 
everythingg from Table 9-1 could also be included in Table 9-2 and Table 9-3, and that everything from Table 
9-22 could also be included in Table 9-3. Therefore, the three tables together provide a complete list of 
impactss and added values. 

Casee Study 1 

Tablee 9-1 shows the effect of not being able to simulate a descriptive, predictive or prescriptive Brahms 
model.. This analysis is based on the static model and model simulation from case study 1. 

Tablee 9-1. Effects of not being able to simulate 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 Study 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 Study 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 Managing model 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 Modeling longer time Intervals 

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 Gathering data for large  organizations 

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 scramnc 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 Modeling and simulation of work processes 

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-based systems 

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-centered computing 

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 Work system design methodology 

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 Enhancing the Brahms language 

Theree are several areas in which research needs to be conducted to enhance the Brahms language with 
moree sophisticated capabilities to represent human behavior. 

Learning 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. 

Biologicall and social primitives 

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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