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JIMS
JMX
JNI
JSIM
LBM
LM

LP

LRC
LVT
MAGNETAR
MD
MDA
MDS
MOM
MPI
NT
OCM-G
OGSA
0OGSI
OMIS
OMT
00
PDE
PGO
PPC

Interactive Simulation Systems Conductor
Java Agent DEvelopment Framework
JMX infrastructure Monitoring System
Java Management eXtension

Java Native Interface

Java-based Simulation and Animation Environment
Lattice Boltzmann method

Local monitor

Logical Process

Local Replica Catalogue

Local Virtual Time

Metaprogrammable AGent NETwork ARchitecture
Migrating Desktop

Model Driven Architecture

Meta Directory Service

Management Object Model

Message Passing Interface

Network Transfer facility

Grid-enabled OMIS-compliant Monitor
Open Grid Service Architecture

Open Grid Service Infrastructure

On-line Monitoring Interface Specification
Object Model Template

Object Oriented

Partial Differential Equation
Parametrized Graphics Object
Performance Prediction Component
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PVM
QoS
RAS
RDC
RDS
RFT
RLI
RMC
RPC
RSL
RTI
SA
SEAP
SM
SMod
SOA
SOAP
SPEEDES

SP
UAV
UDDI
UML
VE
VIMCO
VIPER

ViSE
VISIT
VL
VNC
VO
VR
VRE
Vtk
WAN
WEDS
WS
WSDL
WSRF
XML
XMSF

Parallel Virtual Machine

Quality of Service

Roaming Access Server

Remote Display Client

Remote Display Server

Reliable File Transfer

Replica Location Index

Replica Metadata Catalogue

Remote Procedure Call

Resource Specification Language

Runtime Infrastructure

Software Agent

Service Announcement Protocol

Service Manager

Simulation Module

Service Oriented Architecture

Simple Object Access Protocol

Synchronous Parallel Environment for Emulation and
Discrete-Event Simulation

Synchronization Point

Unmanned Aerial Vehicle

Universal Description, Discovery and Integration
Unified Modelling Language

Virtual Environment

Virtual Lab Information Management for Cooperation
Visualization of Parallel simulation algorithms for Ex-
tended Research

The Virtual Simulation and Exploration Environment
Visualisation Interface Toolkit

Virtual Laboratory

Virtual Network Computing

Vistual Organisation

Virtual Reality

Virtual Reality Explorer

Visualisation Toolkit

Wide Area Network

WSRF-based Environment for Distributed Simulation
Web Services

Web Service Description Language

WS-Resource Framework

eXtensible Modeling Language

eXtensible Modeling Simulation Framework
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Research Area and Roadmap

The subject of this thesis is the concept and development of a system for the manage-
ment of High Level Architecture-based distributed simulations running on the Grid.
In this Chapter we present an overview of the current trends in distributed simula-
tions, analyze resulting requirements, present motivation for applying the HLA and
outline the goals of the thesis, its scientific contribution and methodology. Our pur-
pose is to explain the motivation and roadmap for our research.

1.1 Trends in distributed interactive simulations

Distributed simulations are an interesting field of research in modern computer sci-
ence, being developed by various communities [63] — scientific (high performance com-
puting) [95], defense [5], business (e.g. manufacturing [110]; transportation [153];
simulations for real-time planning, scheduling and control [50, 19]), and the Internet
gaming industry [105]. While the high performance computing community is mainly
concerned with reducing execution time of distributed simulations — i.e. by improv-
ing synchronization algorithms (so-called time management [80]), the defense and
business communities are concerned with accessing distributed data and integrat-
ing separate training simulations in order to facilitate interoperability and software
reuse [165, 110]. Last but not least, a track of research and development efforts has
arisen in the area of distributed multiuser gaming where there is a need for scal-
able real-time interactive systems [105, 32]. In this field, the distributed simulation
technology may have the greatest economic and social impact.

As new technologies become available we need to identify their potential to support
these kinds of applications. In some cases new technologies are developed in response
to specific needs (application push), in others the technologies are developed first and
suitable applications are then sought (technology pull). Neither technology pull nor
application push is superior with respect to one another. There is interaction between
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user needs and technology in the innovative process - as technology progresses, the
users see greater possibilities, so their demands change [138]. In this Section, the
potential for applying distributed simulations is discussed.

1.1.1 Application push

The parallel and distributed simulation field of research is very broad and covers var-
ious types of applications. Parallel simulations are usually thought of as applications
executed on a tightly—coupled supercomputer or cluster, where the main reason for
distributing execution is to reduce the time needed to execute the simulation or to
run much larger problems in the same amount of time.

The term distributed simulation refers to a geographically distributed system
which is often integrated from several different simulators into a single simulation
environment.

The areas of parallel and distributed simulations are overlapping [42] as the large—
scale distributed computing systems provide possibilities for the exploitation of large—
scale parallelism. This field of research includes various application types of which
the most representative are [138]:

e model distribution — includes distribution of the execution of a one large simu-
lation model [64] or many separate models on different computers [196],

e simulation distribution — includes replication of the same simulation [9] or dis-
tribution of multiple simulation scenarios [189],

e data management — includes linking models to remote databases [93] or real—
time systems [46],

e collaborative environments - include simulations that can be interactively steered
by many users [111], models or simulation software that can be shared [177],
remote meetings between modelers and users during model development or use
[164] and searching and downloading components for building models [127].

Two widely-used architectures for distributed simulation are the client-server and
the peer-to-peer approaches. The client-server approach involves executing the dis-
tributed simulation on one or more server computers, where the simulation compu-
tation is executed and is available for clients (e.g. users). This approach is typically
used in distributed simulations for multiplayer gaming. Centralized management of
simulation computation greatly simplifies the management of the distributed simula-
tion system itself and facilitates its monitoring, e.g., to detect cheating. Peer—to—peer
systems have no such servers, and the simulation is distributed across many ma-
chines, often interconnected by a wide area network. This approach is often applied
in distributed simulations used for defense. The advantage of simulations distribu-
tion is the fact that the physical location of required personnel and/or resources (e.g.,
databases, computational power or specialized hardware) which are usually also dis-
tributed does not need to be changed.
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Distributed simulations can be interactive. In general, interactivity is the dialog
that occurs between a human being and a computer program [179]. On the other
hand, programs that run without an immediate user involvement are usually called
batch or background programs. The idea of batch applications is shown in Fig. 1.1,

User
Interface

T start

Application

»-
-

I
I
I
I
I
: receive data

<
%

Figure 1.1: Sequence diagram illustrating batch applications — a user starts the application
and gets the results when the job is finished.

where a user starts the application and gets the results when the job is finished.

In a one-way interaction model, a user can see the output of the simulation while it
is running and stop it any time the partial results seem unsatisfactory (e.g. the result
seems not to converge). This is shown in the sequence diagram in the Fig. 1.2, where
the user interface acting on the user’s behalf starts the simulation. Immediately after
starting, the application sends data to the user interface. This enables the user to
stop the simulation anytime he finds the partial results uninteresting. This approach
differs from batch processing, where the user has to wait for the simulation to finish in
order to see the results. This model is suitable for parameter study problems [2, 99],
where there is no need to change parameters of the simulation while it is running, but
only to check the output for specific parameters. This is illustrated in Fig. 1.2, where
the user first starts the application with parameter A, then stops it in he middle of
execution and restarts with parameter B.

The two-way interaction model is shown in Fig. 1.3, where the user is not only
able to see the progress of the simulation when receiving its output online, but can
also can steer the running application, either providing some input data online as
requested by the application itself or by changing its parameters during runtime.
This model is sufficient for runtime steering simulations, where the parameter space
is not known before the applications starts and therefore a parameter study approach
cannot be taken. This kinds of simulations are also referred to as "person in the loop”
since they require a user in the processing loop. For example in blood flow simulation
based on the Lattice-Boltzmann method [155], which is a particle-based approach to
simulating fluid flows [10], the user can modify the conditions of the blood flow e.g.
by inserting or changing positions of bypasses.
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Figure 1.2: Sequence diagram illustrating the one-way interaction model — the user first
starts the application with parameter A, then stops it in the middle of execution and restarts
with parameter B.

In many aspects Collaborative environments [21] have much in common with dis-
tributed interactive simulations. An example is the Virtual Laboraratory for e-Science
project [172] that provides a framework for groups of scientists, engineers and scien-
tific organizations that interact and cooperate with each other towards the achieve-
ment of a common experiment. Also, multiplayer games [32, 105]. are a very good
examples of collaborative environments as they support a great amount of players
interacting in real time, simultaneously, in a persistent-state virtual world. Collab-
orative environments can be divided into different groups with respect to their re-
quirements of type of interaction. For instance, when taking games as an example,
first-person shooters require fast response times to player commands. Role-playing
games often tolerate command latency or temporary inconsistencies. Real-time strat-
egy games can tolerate rather large command latencies but, in turn, require support
for updating each game client on hundreds of dynamic game objects at each tick of
the simulation clock.

1.1.2 Technology pull

Application development is also determined by the available technology. Below, we
briefly present modern technologies that currently influence the area of distributed
simulations. A detailed description of those technologies can be found in Section 2.3.1
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Figure 1.3: Sequence diagram illustrating the two way interaction model — the user is not
only able to see the progress of the simulation when receiving its output online, but can also
can steer the running application

and Section 3.1.2.

Web services

The Web services [178] concept aims at achieving interoperability between different
technologies. Web services provide a standard means of interoperating between differ-
ent software applications running on a variety of platforms and/or frameworks. Web
services are characterized by their great interoperability and extensibility thanks to
the use of the eXtensible Modeling Language (XML) [184], and they can then be com-
bined in a loosely coupled way in order to perform complex operations. Programs
providing simple services can interact with one another in order to deliver sophisti-
cated added-value services. In order to achieve interoperability, Web services expose
their interfaces described in an XML—-based language called the Web Service Descrip-
tion Language (WSDL) [181] published in a Universal Description, Discovery and
Integration (UDDI)[168] registry, so they can be found by clients. The main protocol
defining the kind of communication to a Web service is the Simple Object Access Pro-
tocol (SOAP)[157]. Web services are stateless entities, so the results of any operation
invoked remain the same every time for the same arguments.

Grid

The Grid is one of the most important concepts which strongly influence the area of
scientific distributed computing. Ian Foster [58] presented a checkpoint list defining
the Grid as a system that coordinates resources which are not subject to centralized
control, but where coordination should be performed by means of standard, open,
general-purpose protocols and should deliver nontrivial qualities of service.

By looking at ongoing experiments in this field one can distinguish the following
main profiles [42]:
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e Computational Grids — access to a large-scale high-performance computing ser-
vice, with transparent access to the underlying parallel and distributed servers
[154].

e Scientific data Grids — access to large scientific data sets, with optimized data
transfers and interactions for data processing and manipulation [45],

e Virtual organizations and collaborative virtual spaces — access to virtual envi-
ronments for resource sharing, online interaction and collaborative virtual en-
vironments [3],

e Information, knowledge and semantic Grids — large and geographically—distribu-
ted information repositories available for searching and data mining as well as
for intelligent knowledge management and decision support [150].

The interest in Grid is growing as network speed is increasing more then computer
speed [160]. One of the most important Grid technologies is the Globus Toolkit [70].
The first version of Globus included a tool for job submission called Grid Resource
Allocation Management (GRAM), efficient file transfer (GridFTP), Grid Security In-
frastructure (GSI) and Metadirectory Service (MDS). Basing on experience from the
first version of Globus, the Grid community has undertaken an effort to define stan-
dard "InterGrid" protocols and to achieve interoperability between distributed sys-
tems. This idea was realized by extending the Web services concept with a state and
possibility of dynamic creation. The Open Grid Services Infrastructure (OGSI) and
the Open Grid Services Architecture (OGSA) [61] are among the results of this push.
In OGSI the primary purposes are to manage the creation and termination of stateful
services. The main focus is on the definition of abstract interfaces that allow services
to cooperate without concern for the actual protocols they use. Basing on OGSI ex-
perience, its authors proposed the WS-Resource Framework (WSRF) which aims at
converging the concepts of Grid and Web services. Both OGSI and WSRF are con-
cerned with how to manipulate stateful resources through a Web services interface.
The difference is in modeling — OGSI encapsulates service state in a Grid service
which extends the concept of Web services, while WSRF uses a classical Web service
as an interface to a stateful WS-Resource [180].

Apart from work of the Globus Community, there are also other approaches to
Grid computing. The Grid also can be built using pure Web services or a Components
Environment e.g. the Common Component Architecture [31]. CoreGRID [36] is a
sample project aiming at building the Grid from components.

The global standardization effort for grid computing is being done by a Global Grid
Forum [69] community of users, developers and vendors.
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1.2 Environments for distributed interactive simu-
lation

1.2.1 Available systems supporting distributed simulations

There are many system supporting development and execution of distributed simu-
lations. Environments such as CSE [40], CUMULVS [92], VISIT [173], VIPER [136]
CACTUS [7], and ISS-Conductor [193] allow for efficient runtime steering of simula-
tions. CSE and VIPER support steering of single simulations through many visual-
izations using TCP; CUMULVS allows for building and steering parallel simulations
by means of PVM, VIPER supports steering parallel simulations using remote proce-
dure call (RPC), CACTUS is an advanced framework for parallel simulations written
in various standards (MPI, PVM, Corba) and ISS-Conductor is an agent system sup-
porting the development and execution of interactive simulations built over HLA.

JSIM [90], which is a representative system for Web—based simulation, allows the
development of simulation models and their subsequent execution in the Java Beans
technology.

The HLA [78] standard allows not only for efficient distribution of simulation and
its steering, but also provides time management support. Additionally, HLA enables
composing simulation systems from components with different time management
(event—driven and time—driven). A more detailed description of those systems can
be found in Chapter 2 (Section 2.1). For each system, we analyze the type of support
for distributed simulations and the amount of effort that has to be invested in order
to take advantage of the Grid technology.

1.2.2 Importance of High Level Architecture

After analyzing the various environments mentioned above (described in more detail
in the Section 2.1), we decided to choose the High Level Architecture (HLA)[78]. Our
main motivation was that HLA is an IEEE standard, well recognized in the area of
distributed simulations and offers all necessary functionality for simulation devel-
opers such as simulation scalability, interoperability, and support for time and data
distribution management. Also, to our best knowledge, it is the only standard that
has ability to connect simulations with different time management (i.e time—driven
or event—driven) in one system. Many companies are currently working on more scal-
able and efficient implementations of the standard [140]. There is also an open source
version released recently [123]. HLA can be used for any kind of simulation systems.
Although it originates from defense technology, there is a growing interest from non-
military areas like manufacturing, transportation and gaming industries. The more
detailed motivation for HLA and its comparison with other systems is described in
Section 2.1.13.

Examples of HAL-based applications can be divided into the following groups:

Scientific simulations allows scientists to build agent-based frameworks for
supporting interactive systems like ISS-Conductor, used for surgery planning [192] or
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the combination of HLA with Java Agent DEvelopment Framework (JADE) to build
Distributed Virtual Environments [176]. Another example is simulation of thin—film
production [95].

Battlefield simulations link different types of forces at multiple physical loca-
tions to create a realistic and complex virtual world. This kind of applications are
the primary purpose of HLA which was designed by the U.S. Department of Defense.
Examples are:

e trainers of U.S. Special Operations Forces including Navigation/Fire Control Of-
ficer Testbed and Combat simulators [5]

e trainer of Air Force Research Laboratory — a four-ship F-16 simulation facility,
networked via Distributed Interactive Simulation (DIS) and/or Native high-level
architecture (HLA) technologies [6],

e CSC Advanced Marine’s ship maneuvering and navigation simulation software
(Virtual Ship) [39],

e Firearm Training Systems (FATS) battlefield simulations [55]. FATS has fielded
over 750 training systems that include HLA capability [55],

e the The U.S. Air Force Overseer UAV/UGV Control Interface project for graphi-
cal control of swarms of Unmanned Aerial Vehicles (UAVs) using the OpenSkies
technology [125] — a scalable architecture for massive multiplayer networking
built over HLA developed by the Cybernet Systems Corporation [43],

e military tactical trainers developed by the Mak company [106] allow the student
to explore current and future combat operations, practice tactical decision mak-
ing and better understand the impact of logistics support on tactical operations,

e a virtual reality laboratory, war gaming capability and battle space software
for military training and testing developed by SMARTIlab which serves as the
modeling and simulation center for Honeywell Defense and Space Electronic
Systems in Albuquerque, New Mexico [156].

Simulations in telecommunication— an example is a large scale cluster of dis-
tributed satellites that collaboratively share dispersed data assets [97].

Supply chain simulations manage material and information flow, from manu-
facturers through distributors to customers. Examples:

e SJUL - a distributed simulation used in the training of medical transport con-
trollers developed by Pitch AB in cooperation with UhC in Skove [153],

e Dukat — also used in the training of transport controllers and developed by Pitch
AB in cooperation with UhC in Skévde [52],

e KLOTS — a system that supports traffic safety planning [91].
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Multiplayer internet games that build massive multiplayer ( 10,000) virtual
worlds. Examples:

e games [105] built using FederationX [57] — an HLA-based implementation of
an architecture for the construction of large-scale distributed agent-based appli-
cations and supporting the Collaborative Metaprogramming Framework (CMF)
[56]:

- ExForce - a role-playing strategy game,
— Nebula - a game network for board games and puzzles,
— Pulsar - an online stock tracking and trading system,

— Fortuna - a live casino embedded in a virtual world.
These games are developed by the Magnetar Games corporation [105].
e games using the OpenSkies technology [125]:

- Engima: Rising Tide — the massively multiplayer component of Tesserac-
tion Games’ naval combat simulation [54],

- Starfleet Command II- the multiplayer component of Taldren’s tactical space
combat simulation [159].

HLA is used for many applications — its additional and important feature is that
the local time management mechanism of one simulation component (federate) is not
visible to other federates. Hence, all forms of time management (time—driven, event—
driven, parallel discrete event, real-time—driven) may be linked together. HLA sep-
arates the communication infrastructure from the actual simulation. Additionally, it
introduces a uniform way of describing events and objects being exchanged between
federates.

All of these features support interoperability between various simulations. This
feature can be used to build systems for simulation integration — i.e Distribute Man-
ufacturing Simulation (DMS) system [110] for integration of various commercial off—
the—shelf (COTS) manufacturing software. Furthermore, Taylor and Turner [165]
have shown that the HLA-based approach to interoperability between COTS pack-
ages performs better then other solutions.

It is also worth noticing that in all the listed HLA-based simulations interactivity
plays an important role.

1.3 Requirements of distributed interactive simula-
tions

In this thesis we focus on the class of simulations characterized by two main features:
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e A simulation can be parallel or distributed and it is a part of a distributed appli-
cation together with its visualization and interaction modules that can also be
distributed.

e A human interacts with the simulation during runtime. This kind of simulation
is also called a ”human in the loop” simulation, because the parameters cannot
be determined before the application starts (as in the case of parameter study
applications), but have to be entered by the user in a processing loop during
actual execution.

Basing on the characteristics of simulations described in Section 1.1.1, we have de-
fined the following requirements:

1. synchronization (time management) for event—driven or time—driven simula-
tions — every component of the distributed simulation should be able to control
the execution time of other components,

2. ability to connect simulations with different time management in one system —
i.e time—driven and event—driven simulations should be able to form components
of one distributed simulation if necessary,

3. efficient and convenient data distribution management — enabling the exchange
of data and/or events between distributed simulation components,

4. scalability — the distributed simulation should scale along with the number of
its components,

5. access to (often specific) distributed resources e.g. databases, computational
power, visualization devices.

6. a certain level of quality in the execution environment that allows for near-real—
time communication between distributed components. This requirement follows
the High Performance Computing (HPC) nature of distributed interactive simu-
lations,

7. support for legacy simulations.

There is a gap between the requirements of interactive distributed simulations de-
scribed in this Section and the available technological solutions described in Sec-
tion 1.1.2. Some of these requirements (synchronization management, data distribu-
tion support, scalability and the ability to connect time- and even-driven simulations
into one system) can be fulfilled by existing systems supporting such simulations
(mentioned in Section 1.2 and described in more detail in the next Chapter). At the
time of writing this thesis, up to our best knowledge, HLA is the only system that sup-
ports all requirements 1-4. Additionally, Grid solutions are a promising approach to
the requirement of accessing distributed resources (requirement 5). However, there
still remains the issue of execution environment efficiency (requirements 6) not only
for newly created applications, but also for legacy systems (requirements 7).
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1.4 Aims and scope of the thesis

In this thesis we focus on the issue of efficient usage of modern computing solutions
for the purposes of HLA-based distributed interactive simulations.

In our research the central hypothesis can be formulated as: interactive distributed
simulations can significantly benefit from the Grid environment and there exist solu-
tion for achieving their effective execution by filling the gap between interactive dis-
tributed simulations and the Grid infrastructure. We describe the scientific and tech-
nological issues involved in the design of an environment for the purpose of effective
execution of distributed interactive simulations.

The scientific contributions which support the central hypothesis are:

e analysis of requirements of distributed interactive simulations,
e evaluation of existing solutions for those requirements,
e analysis of possible technologies useful with regard to these requirements,

e proof that HLA is an appropriate standard for such simulations, when there is
a need to run them on the Grid,

e proof that the Grid environment can be beneficial for such simulations and pro-
vides them with new opportunities not previously available. This contribution
is realized through:

- analyzing possibilities offered by the Grid and defining requirements for
their efficient usage,

- design, implementation and feasibility study of a solution for efficient usage
of the Grid for distributed interactive simulations.

Distributed
Interactive Simulation

Application level
High Level Architecture
(HLA)

Grid HLA Management
System
Middleware level

Grid Infrastructure
(OGSI,Gram, GSI, GridFTP)

Figure 1.4: The Grid HLA Management System is a middleware between distributed inter-
active simulations built over HLA and a Grid infrastructure

The main result of this thesis is the development of the Grid HLA Management
System (G-HLAM) which supports efficient execution of HLA-based distributed in-
teractive simulations in a Grid environment (Fig. 1.4). We will show that G-HLAM
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fills the gap between HLA-based distributed interactive simulations and the Grid
infrastructure in an optimal way.

1.5 Research roadmap

In this Section we present a roadmap of the research described in this thesis, (see Fig.
1.5). We have started with analysis of existing technologies and approaches that offer
very promising approaches to distributed simulations. The details of the analysis are
presented in Chapter 2. Basing on it, we have chosen HLA as a support for distributed
simulations that can be run on a Grid. On the one hand, HLA, an important standard,
offers advanced functionality for simulations: support for geographically—distributed
components, time management and efficient data distribution management. On the
other hand, Grid technology extends the set of possible distributed resources that
can be used and facilitates access to them. The Grid can be useful for those simu-
lations that consist of components with different functionalities, requiring various,
often geographically—dispersed resources such as databases, computational power or
visualization devices. Additionally, Grid services together with the Web services con-
cept introduce the definition of abstract interfaces that allow services to cooperate
without too much concern for the actual protocols being used and their internal tech-
nology. The advantages and disadvantages of HLA as well as of Grid technology are
depicted on the top of Fig 1.5. The natural question in our research is how to join both
concepts to allow better and more convenient execution of simulations.

As described in [190], we think that the most coarse—grain approach is to address
the issue of the discovery of HLA federate components. This discovery mechanism in
HLA was one of our initial points of focus: HLA Runtime Infrastructure (RTI) uses
either a multicast discovery protocol, which does not scale well on large Wide Area
Network (WAN) Grid distributed environments, or relies on the specification of an
RTIexec’s (which is a control process of RTI) endpoint in a configuration file. We have
found this approach not very convenient, because the endpoint has to be known in
advance and manually inserted into each file system the HLA federate has access
to. We have decided to solve this problem by proposing an RTIExec service which
handles the RTIExec coordination process of RTI. The Broker Service learns about
existing RTIExec services from the Registry Service and sets up the whole application
as described in Chapter 3 (Section 3.2.3) and [191].

Next, we investigated how to turn user application federates into Grid services.
The solution of making each federate into a separate Grid service depending on its
functionality would make sense, if the developed federates were quite general and
there was a chance that they would also be needed by other applications. However,
achieving reusability of federates that encapsulate simulation models is not a trivial
problem and although touched upon in [194, 185, 41], still remains to be solved. This
solution would also make it impossible to enable Grid use for HLA legacy applications,
which is one of our aims.

Finally, we have decided to build a Grid service (called an HLA-Speaking Service)
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that is general for all HLA federates responsible for running federate code on the
site where it resides. The service factory should know about various implementations
of the HLA standard on its site and expose this info, so the entity that sets up the
application (in our case the Broker Service) can find the appropriate version and ask
the factory service to create an appropriate HLA-Speaking Service.

The main problems that arise when developing the HLA—Speaking Service were:
interfacing service to federates, building an easy—to—use API for interaction of the
user code with the service, managing multiple processes and using the whole Grid
site efficiently. The first prototype of the service designed for a single process was
described in [191, 7] and a version for multiple processes was described in [142]. Our
solution can be found in Chapter 4 of this thesis.

Our goal was to provide a certain quality of the Grid environment to allow HLA—
based simulations to be executed efficiently. It is often very difficult to predict the
performance of a task in a shared Grid environment. Although various QoS mecha-
nisms such as guaranteed services [73] or differentiated services [47] are technically
possible, they are often not present in Grid environments and require support from
network devices as well as additional effort to set them up, which can limit access to
some of the resources. The General-purpose Architecture for Reservation and Alloca-
tion (GARA) [67] together with its GARNET testbed [68] is a project that integrates
Quality of Service (QoS) into Globus [70]. Unfortunately, although proposed, GARA
is not present in current Grid solutions. If no reservation or priority mechanisms are
available, HPC applications require support for dynamic adaptation to the changes
in the execution environment and thus require a system that controls their execu-
tion. Unfortunately, The Globus Resource Allocation Manager (GRAM) [70], which is
a Grid interface to local management systems, does not support all of the plentiful
features of each underlying batch system. A variety of useful features, such as the
ability to checkpoint are missing. Condor-G [166], used by the DataGrid resource bro-
ker [45], has the same disadvantages as GRAM. Additionally, in the current OGSA
[61, 70], which actually exposes GRAM functionality as a service, the same problems
arise.

Therefore, we have decided to build a migration mechanism to allow federates to
migrate when their performance is not satisfactory. There are several HLA—specific
issues [26] concerning the design of migration support for HLA components of in-
teractive applications. The system should be able to suspend the federate without
generating HLA-specific errors (e.g. by resigning from a federation). There are also
other HLA—specific issues concerning the consistency of HLA services such as data
management, ownership management and time management - e.g. when federate
A regulates the time of federate B and federate A is selected for migration — during
migration, federate B must behave in a consistent way.

Migration of one of the federates without affecting the behavior of other federates
is a nontrivial task. The HLA specification hides the actual location of data and mes-
sages, therefore using the HLA Management Object Model (MOM) [78] for obtaining
information about a federate’s internal state cannot guarantee that this state is up
to date. A different approach is to write a new implementation of the HLA stan-
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dard. This, however, would be a huge task and would also force the developer to use
a selected implementation of the Runtime Infrastructure (RTI) library.

We have decided to use the HLA specification Federation Management API to save
and restore the HLA internal state[78]. This API contains routines designed to freeze
the internal state of the HLA communication bus from the beginning of the saving
process up until complete restoration. It assures that all RTI services such as Data
Distribution Management (DDM), Ownership management and Time Management
are not affected during the saving/restoring process. No operations that change the
RTI internal state are allowed during the saving process. This solution is not com-
pletely transparent to the developer, since it requires using the HLA API and it does
not allow for saving user-specific data, which we need to add. However, it assures
state consistency between all federates with relatively little overhead. A solution
built over the HLA API and allowing the storage of user data was published in [191]
and is described in Chapter 5 of this thesis.

The next step was to answer the following question: how to know when the simula-
tion is behaving badly? According to the HLA standard [78], HLA-based applications
can be monitored and controlled by the Management Object Model (MOM). Although
MOM enables monitoring invocations of HLA functions, it does not allow the pro-
grammer to introduce performance metrics (e.g. invocation time). We were therefore
looking for a monitoring system that is Grid—aware, introduces low monitoring over-
head, is flexible, secure and transparent to the simulation developer. Finally, we have
chosen The Grid-enabled OMIS-compliant Monitor (OCM-G), since it fulfills all the
above requirements and complies with the On-line Monitoring Interface Specification
(OMIS)[103]. Our goal also was to make the solution independent of the actual HLA
implementation. The concept of monitoring HLA simulations was published in [141]
and is described in Chapter 6 (Section 6.2) of this thesis.

Last but not least, we had to consider the problem of the destination to which a fed-
erate should be migrated. In order to make this decision, the system needs to monitor
the host and the network infrastructure. Although various monitoring tools are cur-
rently being developed [104, 65], it is extremely difficult to monitor WAN connections.
Furthermore, the HLA API hides the actual communication between components of
the distributed simulation. The tuple space concept conceals the actual structure and
order of messages sent from publishers to subscribers. One possible solution to that
problem is to implement online HLA-based benchmarks and make decisions about
migration basing on their results. The adequate solution was published in [143] and
is described in Chapter 6 (Section 6.1) of this thesis.

Proof of concept implementations for the solutions presented in this thesis — per-
formance results of particular elements of G-HLAM are presented in Section 7. We
present a feasibility study for the G-HLAM system based on a sample real-world
interactive simulation. Our proof-of—concept implementation of the G-HLAM sys-
tem was tested on two kinds of real simulations. Chapter 8 describes an interactive
parallel N-body simulation that allows for exploration of partial simulation results
with the possibility of rollback to previous simulation timesteps triggered by the user.
Chapter 9 shows how G-HLAM can be used for the collaborative environment for
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surgical pre-operative planning previously developed [155].

Additionally, during our work we have also considered the use of Grid core services
for the transport of actual federate data. Initially we intended [167] to experiment
with Globus GridFTP and Globus I/O implementation extensions for interfacing with
the RTI logical bus. The main features of GridFTP that improve data transfer are
data stream parallelization and tuning of the TCP buffer. This problem, however, is
more technical then scientific and it boils down to developing another, more efficient
implementation of HLA. Moreover, only simulations that exchange huge amounts of
data would benefit from this solution. Since many companies are currently engaged
in developing more and more efficient HLA implementations, we have decided to no
longer pursue this.

Another idea was to directly expose HLA functionality as Grid Services interface.
The similar solution, but with pure Web services was done in [134]. In this solution,
HLA communication between federates residing on different sites is realised by Web
services protocols. The invocation of an RTI routine is sent to remote federate and
translated to actual RTI request already at remote site as shown in the next Chapter
in Fig 2.21. We decided not to go in this direction due to performance issues. Instead
we focused on making use of existing effective solutions for HLA implementations
[140, 123] and on allowing legacy codes build on them to take advantage of Grid,

According to our analysis of existing approaches made in Chapter 2, especially in
Section 2.4, there was no solution that allowed to run HLA simulations on the Grid
in efficient way also with support for legacy codes, which is the result of this thesis.

1.6 Methodology

In this thesis we present the analysis, design, implementation and feasibility study
of the Grid HLA Management System. Our analysis is based on distributed simula-
tion requirements and the lack of appropriate existing solutions which fully support
those requirements. The design of the system is based on the Services Oriented Ar-
chitecture with stateful services defined by the OGSA standard [61]. To model the
architecture of the system and its components, we use the Unified Modeling Lan-
guage (UML) [169] as it is a well known standard for illustrating system design. To
analyze the behavior of the system and show that the system is deadlock—free we use
the Petri Net formalism [128]. We also build and describe a proof—of—concept imple-
mentation, present performance results and outline a case study: runtime steering of
parallel simulations for modeling dense stellar system.

1.7 Organization of this thesis

This thesis is organized as follows: in Chapter 2 we present various approaches to
efficient execution of distributed simulations, we analyze how existing environments
can be used to allow them to benefit from Grid environments and describe two projects
aiming at development of support for simulations: CrossGrid and I-GASP. We also
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present techniques for tuning HPC simulations to take advantage of the Grid without
sacrificing performance.

In Chapter 3 we give an overview of the architecture of the Grid HLA Management
System (G-HLAM) and use the Petri Net formalism to analyze the behavior of the
system and to show that our solution is deadlock—free.

In subsequent Chapters we describe the components of G-HLAM: in Chapter 4 we
focus in more detail on the interface between actual HLA applications and G-HLAM
by presenting the HLA-Speaking Service designed for single and multiple processes
and the RTlexec service that manages the coordination process of each HLA-based
application. The HLA Speaking Service is responsible for execution of application
code on the site on which it resides. It can submit, save and restore the execution of
simulation federates. We present two cases of this service. The first is a prototype
able to manage only one federation process. The second is a full service that can deal
with multiple federation processes.

In Chapter 5 we focus on the part of the system that is responsible for migration of
an HLA—connected component or components of the distributed simulation in a Grid
environment. We also present migration support routines of the GridHLAController
runtime support library for easy integration of HLA simulations into the Grid services
Framework.

Chapter 6 presents monitoring services: an HLA-based benchmark suite that al-
lows G-HLAM to obtain information about the behavior of HLA-based simulations
in the Grid infrastructure and the Application Monitoring Service that monitors the
performance of HLA-based applications in order to decide when to migrate its parts
to achieve more efficient execution.

Chapter 7 describes performance results of the G-HLAM system. First, we de-
scribe various experiments with the migration mechanism, next we present the Bench-
mark Services results, and finally we outline the performance of Application Monitor-
ing Services. The experiments presented in this Chapter are based on test applica-
tions, while a case study involving real applications is presented in Chapter 8 and
Chapter 9. We show how a sample interactive simulation from the real world can
benefit from the Grid using the solution proposed in this thesis. In Chapter 8 we
present the architecture of a N-body simulation and its associated types of interac-
tion. Subsequently, we present how the application can be run within the Grid HLA
Management System (G-HLAM). Finally, we show results from three different ex-
periments on how G-HLAM can improve the performance of a "human in the loop”
application. In Chapter 9 we show how the CrossGrid Medical Application can be run
within G-HLAM. A summary, discussion and conclusion are provided in Chapter 10.

Note on coauthors of published papers

The results presented in the chapters of this thesis formed the basis to some of the
published papers, as indicated at the beginning of each chapter. Apart from promoter
professor Peter Sloot and co-promoter doctor Marian Bubak, coauthors of this papers
were (in alphabetical order):

e Bartosz Balis - one of authors of OCM-G system used in this thesis, also author
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of many suggestion and comments of using it,

e Allesia Gualandris and Simon Portegies Zwart — results produced by Allesia and
Simon are not presented in this thesis. In paper [8] we published joined results.

e Maciej Malawski - coauthor of the CrossGrid architecture presented in Section
2.3.2, author of many comments and suggestions during our discussions on the
Grid, OGSA and HLA,

e Robert Szymacha - author of wrappers that allow to monitor HLA aplications
with OCM-G

e Alfredo Tirado Ramos — results produced by Alfredo are not presented in this
thesis. In paper [8] we published joined results. Alfredo is also author of many
comments and suggestions during our discussions on the Grid, OGSA and HLA.



Analysis of Approaches Supporting
Distributed Interactive Simulations

This Chapter presents the state of the art for existing approaches to efficient execu-
tion of interactive, distributed simulations. Its aim is to determine to what extent the
requirements described in the previous Chapter are already addressed, to find areas
where existing solutions are lacking and also to choose the best environment that fits
our requirements in order to provide a starting point for our research.

Furthermore, our goal is to outline the evolution of concepts for running dis-
tributed interactive simulations according to the emergence of new concepts in com-
puter science. We want to analyse how the environment we will choose as our starting
point is already integrated into those concepts. Therefore, this Chapter is divided into
three parts:

e non-Grid environments that were designed to support interactive distributed
simulations,

e techniques for porting High Performance Simulations to the metacomputing en-
vironment at an early stage of development of Grid concepts,

e mature solutions for running simulations on the Grid

In Section 2.1 we describe environments supporting the development, execution
and/or steering of simulations. For each of these environments, we analyse the ad-
vantages and disadvantages for adapting Grid solutions. In Section 2.2 we outline
the ideas that were used in the past to port HPC simulations to the Grid seen as
a large, distributed metacomputing environment. In Section 2.3, we review current
efforts of using Grid concepts for distributed simulations. Finally, in Section 2.4 we
describe efforts of using Grid and Web solutions to make interactive distributed sim-
ulations more interoperable, fault—tolerant and efficient. The aim of this overview is
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to present the background of our research and to choose the best existing solution as
a basis for distributed interactive simulations that need to run on the Grid.

2.1 Environments for distributed simulations and
their runtime steering

This Section presents environments for supporting distributed interactive simula-
tions. Regarding requirements stated in the previous Chapter (Section 1.3), for each
of the given examples we analyze two different constraints:

1. Type of support for distributed simulations: architecture of the system, the way
a simulation can be distributed and steered, protocols used.

2. Amount of effort that has to be invested in order to take advantage of Grid
technology; particularly: architecture scalability, support for execution in a dis-
tributed environment, possible ways of porting to the Grid.

2.1.1 Computational Steering Environment
Functionality

The aim of the Computational Steering Environment (CSE) [40] is to provide scientific
end users with an environment in which they can easily define interactive interfaces
to ongoing simulations. The CSE architecture, an example of which is shown in Fig.
2.1 is implemented as a set of processes - called satellites - which implement stan-

User
commands | visualisation | selection expression
Rendering Selection Calculator
Satelite Satelite Satelite
data data data data
[ Data Manager ]
data

Simulation

Figure 2.1: Architecture of the Computational Steering Environment [40] implemented as a
set of processes - called satellites - that communicate via a central manager.

dard visualization operations. The simulation is also seen by the system as a satel-
lite. Satellites cooperate by sending and receiving data from a central data manager
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which, in turn, notifies all interested satellites about data mutations. The most pre-
dominant satellite is the interactive graphics editing tool called Parametrized Graph-
ics Object (PGO) editor, which allows the end user to sketch out visualizations. A
two-way binding between visualization and data is achieved by binding the sketch to
data within the data manager. In Fig. 2.1, three sample satellites (apart from the
simulation satellite) are shown. These are as follows: the rendering satellite which
can react to user commands (e.g. drag, pick, etc.), the calculator satellite that can cal-
culate a given expression and the selection satellite that can perform the appropriate
selection.

Protocols

CSE uses the TCP/IP protocol as a communication layer between satellites.

Possibility of adapting to the Grid

The main disadvantage of the CSE is its centralization, which hampers its scalability
in Grid environments. However, the idea of a data manager and satellites can be
somehow extended (e.g. by building hierarchical or distributed data sets).

2.1.2 Collaborative User Migration, User Library for Visual-
ization and Steering

Functionality

Collaborative User Migration, User Library for Visualization and Steering
(CUMULVS) [92] allows the programmer to add interactive steering and visualization
to an existing parallel or serial program (task) as shown in Fig. 2.2. With CUMULVS,
each of the collaborators can start up an independent view program that will con-
nect to the running simulation program. Viewers allow scientists to browse through
the various data fields being computed and observe the ongoing convergence toward
a solution. CUMULVS supports a variety of visualization systems from commercial
packages such as AVS to public domain environments such as Tcl/Tk. It collects in-
formation and coordinates communication between the various viewers and the sim-
ulation program. The result is presented as a uniform field of data even if the actual
data are distributed across a set of parallel tasks.

CUMULYVS also allows an application program to perform user-directed check-
pointing and automated restarts of parallel programs using checkpointing, even across
a heterogeneous cluster of machines. A single user library interface routine passes
control to CUMULVS periodically, to transparently handle the viewer attachment /
detachment protocols, the selection and extraction of data, and the updating of steer-
ing parameters. CUMULVS allows each front-end viewer to interactively select the
granularity and extent of data that it desires to view. The functioning of CUMULVS
is shown in Fig. 2.2. CUMULVS interface joins various viewers with elements of
distributed or parallel simulations (tasks).
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Figure 2.2: Functionality of Collaborative User Migration, User Library for Visualization
and Steering [92] — it allows to add interactive steering and visualization to an existing par-
allel or serial program (task).

Protocols

Currently, CUMULVS uses PVM [135] as its message passing substrate; it allows for
pairs of anonymous tasks to communicate with each other without both tasks being
started at the same time. MPI does not allow these dynamics, so porting CUMULVS
ideas to MPI would not be easy.

Possibility of adapting to the Grid

In the past [92], several experiments were conducted to explore the feasibility of port-
ing CUMULVS to the Globus/Nexus [70] environment as an alternative to the PVM
message-passing substrate. There were plans to extend CUMULVS to provide better
support for MPI applications which use MPICH-G [116] on Globus. However, the most
recent version of CUMULVS supports only the PVM library. The obvious advantages
of this tool are its fault tolerance and checkpointing ability. One major disadvantage
is the lack of support for MPI.

2.1.3 Visualization of Parallel Simulation Algorithms for Ex-
tended Research

Functionality

The system called Visualization of Parallel simulation algorithms for Extended Re-
search (VIPER) [136] is a conceptual prototype for on-line visualization for parallel
simulation algorithms. VIPER breaks down the structure of an application cycle into
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Visualisation

Database

DUAL SERVER
server process group A
LAN/WAN interface
server process group B
Simulation Simulation Simulation
Process 1 Process 2 Process N

Figure 2.3: Architecture of the Visualization of Parallel simulation algorithms for Extended
Research system [136] containing DUAL SERVER for two kinds of clients: simulation and
visualisation.

three distinct logical components: computational units, connectivity units and visu-
alization units, which compose a pipeline architecture as shown in Fig. 2.3. VIPER
follows a new DUAL SERVER model, which is based on a client/server/client archi-
tecture. One client is the parallel simulation algorithm, the other client is the visu-
alization system. On request, DUAL SERVER executes different kinds of services for
both clients. The processes involved are split into three groups: parallel simulation
algorithm running on a remote parallel computer system or a cluster of worksta-
tions, visualization system running on a graphical workstation and the distributed
application DUAL SERVER running on processors which reside in a LAN and on a
remote parallel computer system in a WAN or LAN. Additionally, to process and re—
process scientific data, the visualization unit maintains a database which holds data
from the distributed and replicated data structures of the parallel simulation algo-
rithm, handed out by the DUAL SERVER. To enable online visualization, the DUAL
SERVER offers an infrastructure to extract data out of the computational unit during
simulation time, to transfer data across a WAN (or LAN) and to hand out data to the
visualization unit.

VIPER propagates an object-based view of the whole application cycle. The so—
called objects are built from distributed and replicated data structures of the parallel
simulation algorithm, which are based on parameters of the mathematical model and
numerical methods. Because of the object-based view of VIPER, interaction is similar
to execution of operators on objects. To steer the simulation process, a modification



36 2 Analysis of Approaches Supporting Distributed Interactive Simulations

operator is applied to the parameters of the mathematical model or to the parame-
ters of the numerical methods. Each object (parameter) is associated with so—called
synchronization points (SPs). These synchronization points are executed during sim-
ulation time that means sending a signal (request) to the DUAL SERVER. The DUAL
SERVER extracts data out of the computational unit, provided that the synchroniza-
tion point and the relevant objects are switched on.

Protocols

RPCs (remote procedure calls) and the XDR [182] protocol are used to implement in-
terprocess communication between WAN and LAN distributed processes of the DUAL
SERVER. Again, RPCs are used to communicate with the visualization unit.

Possibility of adapting to the Grid

The architecture of the DUAL SERVER is quite interesting for development in a Grid
environment. However, according to the VIPER project Web pages, only a prototype
implementation exists and it appears that the project has been discontinued.

2.1.4 Visualisation Interface Toolkit
Functionality

Visualisation Interface Toolkit (VISIT) [173] is a library for point-to-point commu-
nication between two independent applications (such as a simulation and a visual-
ization) using a client-server model. The architecture of VISIT is shown in Fig. 2.3.
Bundled with VISIT is a simple name service called SEAP (Service Announcement

Seap
Server
request publish
Simulation connect to Visualisation

Figure 2.4: Architecture of Visualisation Interface Toolkit [173] introduces a concept similar
to SOA - a service announcement protocol (SEAP) server is used to register visualisations
services that can then be found by simulations.

Protocol). A visualization can register its service(s) on a SEAP server. The simulation
can then query this information (consisting of a hostname and a port number) and
use it to connect to the visualization.

Furthermore, VISIT provides the Vbroker tool for attaching multiple visualiza-
tions to a single simulation. It accomplishes this by forwarding all send-requests from
the client to all attached servers. Receive-requests, however, are only forwarded to a
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single server Vbroker enables switching between servers. This means that it allows
for multiple passive viewers but only one visualization may steer the application.

The simulation-related API is reduced to a few function calls. Language bindings
are available for C, FORTRAN and Perl. On the visualization side, VISIT has lan-
guage bindings for C and Perl. The distribution contains demo clients and servers
written in all the supported languages. A complete server for AVS/Express [11] is
also included.

Protocols

The current implementation of VISIT uses TCP/IP sockets for connecting simulations
and visualizations. Besides that, it is also possible for the simulation to write datato a
file, which a visualization can then read, using the same send/receive calls as when a
socket connection is established. This is intended to be used for offline visualizations,
where the simulation data is recorded in advance.

Possibility of adapting to the Grid

VISIT is a quite simple tool, where the data transfer is over IP, no parallel libraries
are supported and no sophisticated error recovery protocols are provided. However,
the idea of thinking about a visualization module as a server which can be registered
as a service is very similar to contemporary Service Oriented Architecture and Grid
services [61] concepts.

2.1.5 Cactus Problem Solving Environment
Functionality

Cactus [7] is an open-source problem solving environment designed for scientists and
engineers. The Cactus code was originally developed to provide a framework for the
numerical solution of Einstein’s equations, one of the most complex sets of partial
differential equations in physics. Cactus has since evolved into a general purpose,
open-source environment that provides a unified, modular and parallel computational
framework for scientists and engineers. The name Cactus comes from the design of a
central core, which connects to application modules - or thorns - through an extensible
interface. Thorns can implement custom-developed scientific or engineering applica-
tions, such as the Einstein solvers, or other applications such as computational fluid
dynamics. There exists a standard computational toolkit, consisting of thorns which
provide a range of capabilities, such as parallel I/O, data distribution, or checkpoint-
ing. A thorn is the basic working module within Cactus. All user-supplied code goes
into thorns, which are, by and large, independent of each other. Thorns communi-
cate with each other via calls to the flesh API, plus, occasionally, via custom APIs of
other thorns. One of the key concepts which relates to thorns is the concept of imple-
mentation. Relationships among thorns are all based upon relationships among the
implementations they provide. In principle, it should be possible to swap one thorn
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providing an implementation for another thorn providing that implementation, with-
out affecting any other thorn. An implementation defines a group of variables and
parameters, which are used to implement some functionality.

Cactus is a problem solving environment for a wide range of issues, here we con-
centrate on its support for parallel or distributed simulations and their visualisation.
Among other features, Cactus includes a mechanism for building distributed parallel
simulations. In Cactus, different thorns can be used to implement different parallel
paradigms, such as PVM, Pthreads [119], OpenMP [124], CORBA [34], MPICH-G etc.
Cactus can be compiled with as many driver thorns as required (subject to availabil-
ity), with the one actually used chosen by the user at runtime through a parameter
file. A detailed description of how Cactus deals with remote steering and visualisation
of simulation can be found below in description of used protocols.

Protocols

Cactus provides the ability to stream online data from a running simulation via
TCP/IP socket communications. Multiple visualization clients can connect to a run-
ning Cactus executable via a socket from any remote machine on the Grid, then re-
quest arbitrary data from the running simulation and display simulation results in
real time. This can be done in two ways: by an HTTP control interface or through
socket connections. The approach for streaming arbitrary data of any type is based
on the HDF5 [76] /O library and is shown in Fig. 2.5. Cactus provides a stream

Cactus Simulation
Visualisation
Thorns
I/0 methods steering methods Steering GUI
HDF I/O library HDF I/O library
Virtual File Driver Layer Virtual File Driver Layer
Stream Driver Stream Driver

Figure 2.5: Connection between simulation and visualisation in Cactus [7] using stream
driver for transferring HDF5 data.

driver which holds the HDF5 data to be streamed out of the Cactus simulation as an
in-memory HDFS5 file. Upon activation, the entire file is sent through a socket to the
connected client. In the client application, the same driver is used to reconstruct the
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file which then can be accessed in usual ways to read the HDF5 datasets. The stream
driver is capable of sending data simultaneously to multiple clients. Data stream-
ing can be conducted in a bidirectional way: Cactus writes parameters to an HDF5
file which is then streamed to a connected steering client. After some user interac-
tion, this client sends back a modified version of the parameter file that is read and
evaluated by Cactus.

Possibility of adapting to the Grid

Cactus already provides support for Grid—enabled MPI — MPICH-G. Its main dis-
advantage is that the parallelization is limited to domain decomposition. However,
because of the modular architecture of Cactus, it appears that adding extended func-
tionality would be quite easy for application developers.

2.1.6 Discover
Functionality

Discover [100] is a interactive and collaborative system that enables geographically—
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Figure 2.6: A three-tier architecture of Discover [100] composed of detachable thin clients at
the front-end, a peer-to-peer network of servers in the middle, and the Distributed Interactive
Object Substrate (DIOS++) at the back-end.



40 2 Analysis of Approaches Supporting Distributed Interactive Simulations

distributed scientists and engineers to collaboratively monitor, and control high per-
formance parallel/distributed applications using web-based portals. As shown in
Fig. 2.6, Discover provides a three-tier architecture composed of detachable thin clients
at the front-end, a peer-to-peer network of servers in the middle, and the Distributed
Interactive Object Substrate (DIOS++) at the back-end.

An important part of Discover is a rule-based visualization system. Rules are de-
coupled from the system and can be externally injected to manage such visualization
behavior at runtime, as autonomically selecting the appropriate visualization rou-
tines and methods and adjusting the extraction threshold.

To allow rule-based management, DIOS++ provides autonomic objects that extend
application computational objects with sensors to monitor the state of the objects. It
also contains actuators to modify the state of the objects, access policies to control
accesses to sensors and actuators and rule agents to enable rule-based autonomic
self-management.

Protocols

Discover uses HTTP for connection with visualisation thin clients and CORBA for
communication with application engines.

Possibility of adapting to the Grid

Discover already possesses a distributed and scalable peer-to-peer type of architec-
ture. However, it can still be extended to take advantage from Grid technology, which
would enable it to be automatically set up and effectively run in a non-centrally con-
trolled environment consisting of different administrative domains.

2.1.7 TENT
Functionality

TENT [148] is a software integration and workflow management system that helps
improve the building and management of process chains for complex simulations in
distributed environments. TENT allows for online steering, and visualization of sim-
ulations. The TENT architecture is shown in Fig. 2.7. Wrappers are used to interface
application modules (e.g. Computation Fluid Dynamics (CFD), Computation Struc-
tural Mechanics (CSM), visualisation or filters) with the system. The system consists
of base components which include: modules for controlling workflows; factories for
starting system and applications in the distributed environment; the name server
as the central information service. There are also support components — additional
services for special application scenarios not covered by the basic functionality. Ex-
amples include: a data server for storing data files, a monitoring and reporting com-
ponent, and several special control components (e.g., for coupled simulations like the
ones parallelized with MPI). The system is controlled by a user through a GUL.
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Figure 2.7: Basic components of TENT [148] — a system for building and management of
complex distributed simulations. Application modules (i.e. simulation engines, visualisation
modules) are connected to the system using wrappers.

Protocols

TENT uses CORBA for communication between parts of the system.

Possibility of adapting to the Grid

TENT is already Grid-enabled. The Globus Toolkit version 2 is used for resource
selection, for starting applications, and for data transfer and security. The system
supports MPICH-G2 simulations.

2.1.8 High Level Architecture
Functionality

The High Level Architecture (HLA) standard [78] defines an infrastructure for de-
veloping distributed interactive simulations. The HLA standard is defined by three
components: Federation Rules, the HLA Interface Specification, and the Object Model
Template (OMT).

In HLA terminology each component of a distributed simulation is called a feder-
ate and can form federation with other federates. The communication is done via the
Runtime Infrastructure (RTI) as shown in Fig. 2.8. In DoD reference implementation
of the Runtime Infrastructure each federate uses the [ibRTT library to communicate
with other federates. There are also two coordination processes - each federation
is managed by its FedExec. All federations and FedExec processes are managed by
RTlIexec.

The Federation Rules describe the responsibilities of federates and their relation-
ships with the RTI. The interface specification identifies how federates will interact
with the federation and, ultimately, with one another by means of RT1I.
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Federate(s) Federate(s)

RtiExec FedExec libRTI 1ibRTI

Runtime Infrastructure (RTI) for Inter—Process Communication |

Figure 2.8: Basic components of High Level Architecture Runtime Infrastructure [78]. Ele-
ments of distributed simulation (federates) communicate via RTI using libRTI library. Feder-
ates are controlled by RTIExec and FedExec processes.

The most important services provided by RTI to support interactive applications
are data distribution management - in charge of efficient routing of data between fed-
erates, time management - controlling message ordering, and ownership management
- transferring ownership that controls rights to changing attributes of objects that are
exchanged between federations.

All objects and interactions managed by a federate and visible outside the federate
are described according to the standard OMT. The OMT provides a common method
for representing HLA Object Model information. In HLA the local time management
mechanism of one simulation component (federate) is not visible to other federates.
Hence, all forms of time management (time driven, event driven, parallel discrete
event driven, real time driven) may be linked together. HLA separates communica-
tion infrastructure from actual simulation. Additionally, it introduces a uniform way
of description of events and object being exchanged between federates. All of these
features allow interoperability between various simulations.

Protocols

The HLA standard does not define an underlying protocol for implementation. In the
HLA RTI implementation used in this thesis, RTI, is built over ACE/TAO Real Time
CORBA [162].

Possibility of adapting to the Grid

HLA posses advanced mechanisms supporting distributed simulations, so execution
of HLA—based applications on the Grid should be natural extension of its usage. How-
ever, the HLA standard was developed assuming a certain quality of service in the
underlying environment. Therefore, there is a need for adaptation of HLA-based ap-
plications to the dynamically changing Grid as well as for automatic setup, dynamic
discovery and fault-tolerance mechanisms. A detailed description of these issues is
provided in Section 3.1.3.
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2.1.9 JSIM

Functionality

Java-based simulation and animation environment (JSIM) [90] is a representative ex-
ample of Java-based distributed simulation environments for Web based simulations.
It allows for developing simulation models and encapsulate them as Java Beans, so

Environment layer

jmodel runagency jquery qdsagency
package package package package

Engine layer

event process
package package

Foundation layer

queue statistics variations
package package package

Figure 2.9: Architecture of JSIM [90], consisting of three layered groups of packages — the
foundation layer, engine layer and environment layer.

they can be executed and their output can be written to a database. JSIM consists
of three layered groups of packages — the foundation layer, engine layer and environ-
ment layer as shown in Fig. 2.9. The foundation layer consists of packages useful in
simulation in general: the queue package contains various queue models, the statistic
package contains classes to collect statistical information, other packages also pro-
vide a wide variety of random variations. The engine layer provides two popular
simulation paradigms: the event package supports construction of event scheduling
type models and the process package provides process interaction type models. The
environment layer contains four packages: jmodel provides a visual designer for the
process package, jquery allows models to access databases, runagency manages model
execution and qdsagency provides a convenient means for generating and accessing
simulation data.

Protocols

JSIM uses Java Beans communication.

Possibility of adapting to the Grid

JSIM is a representative example of a system supporting Web-based simulation. The
simulation models, encapsulated in Java Beans are located on the Web and executed.



44 2 Analysis of Approaches Supporting Distributed Interactive Simulations

This idea is similar to the Grid concept, where resources are searched for and ac-
cessed. However, as for HLA, there is a need for adaptation of JSIM—based applica-
tions to the dynamically—changing Grid environment. Furthermore, JSIM is not a
standard for distributed interactive simulations.

2.1.10 Interactive Simulation Systems Conductor
Functionality

Interactive Simulation Systems Conductor (ISSConductor) [193] is an agent oriented
component framework for Interactive Simulation Systems. As shown in Fig. 2.10,

Actor Conductor
Assets of legacy Module
systems Agent Control level

Communication Communication | | Communication
Agent Agent level

Software bus Infrastructure

Figure 2.10: Architecture of ISS-Conductor [193] consists of Module Agents for controlling
application modules and Communication Agents for communication between Module Agents
and actual modules.

the system introduces two kinds of agents: Module Agents that are specific for differ-
ent modules of interactive application like simulation, visualization and interaction
and Communication Agents that are used for communication between Module Agents
and actual modules. Module Agent uses an extended finite state machine to model
the run-time behavior of a component, and adopts first order logic to represent the
interaction constraints between components and to implement them in the knowl-
edge bases of agents. ISS-Conductor separates the basic computational functions of
a component from its run-time behavior controls, and provides a high level interface
for users to design interaction scenarios. The framework is very general and can be
used for various interactive applications.

Protocols

ISS-conductor is built on top of HLA described in the previous Section.

Possibility of adapting to the Grid

Currently, ISS-Conductor is not Grid-enabled, however it can easily take advantage
of the system presented in this thesis, since it is built over the HLA standard.



2.1 Environments for distributed simulations and their runtime steering 45

2.1.11 Amsterdam Parallel Simulation System
Functionality

The Amsterdam Parallel Simulation System (APSIS) [84, 126] is an optimistic Time
Warp parallel discrete event simulation kernel. APSIS has been designed for complex

| User Simulation

API

Kernel

Asynchronous communication

PVM/MPI

Figure 2.11: APSIS simulation kernel provides an API for the user simulation code and com-
municates with the inter-process communication library (PVM or MPI) using asynchronous
communication.

system simulations, such as asynchronous cellular automata. It is oriented towards
simulations that have a very large and slowly changing state — for such models it pro-
vides an incremental state saving algorithm. The APSIS architecture is shown in Fig.
2.11. At the bottom the kernel communicates with the inter-process communication
library (PVM or MPI) using asynchronous communication. At the top, it provides an
API for the user simulation code which contains the following groups of functions:

e support routines: initialisation, termination, parameter tuning, etc,

topology routines,

e query routines: obtaining the Logical Process (LP) identifier, the current values
of Local Virtual Time (LVT), Global Virtual Time (GVT), wallclock time, etc,

event routines: sending, retracting, receiving,

state saving.

Protocols

APSIS can use PVM or MPI as its communication infrastructure

Possibility of adapting to the Grid

APSIS is already Grid-enabled. In [84] various techniques were introduced to improve
the performance of the APSIS kernel running on the Grid with MPICH-G2:
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e introducing routing processes performing wide area communication and sepa-
rating them from simulation processes,

e introducing multiple routing processes per cluster,
e message aggregation in a routing process,
e shifting the task of computing the simulation’s (GVT) from the simulation pro-

cesses to routing processes.

2.1.12 Virtual Radiology Explorer
Functionality

Virtual Radiology Explorer [14] is a Virtual Reality System that allows a user to in-
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Figure 2.12: Architecture of Virtual Radiology Explorer [14] includes components for speech
recognition, tracking of user movement and advanced visualization.

teract with a running simulation and allows for interactive exploration of its results.
As shown in Fig. 2.12, VRE includes many different components for speech recogni-
tion, tracking of user movement and advanced visualization. The VRE architecture
is composed from various modules. XiVE [183] is a library that allows for using X
Windows in a Virtual Environment (VE). OpenGL [122] and Volumizer [174] are ren-
dering libraries. GEOPROVE [15] - GEOmetric PRObes in VE - allows for taking
measurements in VE. The XML—-based [184] monitor of VRE internal state provides
information about the state over the network. Vtk [175] is a visualisation toolkit used
by the Vtk2CAVE [14] library that allows for rendering Vtk objects with CAVElib [28]
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applications. SCAVI [146] — Speech, CAVE and Vtk Interaction — allows for interac-
tion with Vtk actors using voice, wand, joystick and buttons, requires CAVETalk [14],
ViaVoice [171] and Context Engine [14] for speech recognition. Network Transfer fa-
cility (NT) [14] connects VRE with simulation using CAVERNUS library. FFVis is an
interactive flow field visualisation utility [14].

Using VRE the user can explore simulation results, manipulate the simulation
objects and control simulation execution — start it with various parameters as well as
pause, resume and stop.

VRE has been deployed for the virtual reality (VR) and desktop projection modali-
ties. The interaction capabilities of both modalities are compared in [195], where it is
shown that VR and desktop within the same interaction—visualisation medium could
help satisfy the needs of a wider range of VRE users.

Protocols

Communication with the simulation is done by using the CAVERNUS [29] library

Possibility of adapting to the Grid

VRE is an integrated interaction and visualization component used in the CrossGrid
medical application [155] — see also Section 9.1.2.

2.1.13 Summary

In this Section we have presented existing environments that support interactive
steering of simulations. For each of presented systems we described the architecture
and protocols used to connect simulations with visualizations. For each of the systems
we also analyzed the possibilities of adapting it to the Grid environment. A summary
of the features of the presented systems is show in Tab. 2.1. CSE, CUMULVS, VIPER,
VISIT, Cactus, Discover and TENT focus more on support for steering simulations
without much concern for advanced simulation composition from distributed compo-
nents which often use different time management. As shown in Tab. 2.1, HLA is a
standard in that field, allowing for interoperability between different types of sim-
ulations. The drawback of HLA is that it does not adapt to changing environments
like the Grid. ISS-Conductor is a high-level system built over HLA. JSIM is a good
example of a system supporting Web—based simulation, but is not a standard and
similarly to HLA does not have the ability to adapt to a changing environment. Ad-
ditionally, it does not allow for linking event-driven and time-driven simulations in
one system. APSIS is already Grid-aware and, thanks to advanced techniques can
achieve good performance. However, it is dedicated to parallel discrete event simula-
tions — especially asynchronous ones, with a slowly changing state, which is not the
case for interactive simulations. VRE is oriented towards advanced visualization of
simulation results and does not posses advanced features for distribution of simula-
tions.
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System Type of simulation and | Protocol | Porting to the Grid is-

its distribution sue
CSE runtime steering — multi- | TCP/IP scalability issue
ple visualizations for one
simulation
CUMULVS | runtime steering of paral- | PVM porting to MPI issue

lel simulations (PVM)

VIPER runtime steering of paral- | RPC interesting architecture,
lel simulations but no longer supported

VISIT runtime steering — multi- | TCP/IP no support for parallel or
ple visualizations for one | (addition- | distributed simulations,
simulation ally SEAP | but idea similar to SOA

protocol)

CACTUS runtime steering of par- | two possi- | support for MPICH-G
allel or distributed | bilities:
simulations PVM, | 1) HTTP
Pthreads, OpenMP, | 2) HDF5
CORBA, MPICH-G format

over
TCP/IP
Discover parallel and distributed | HTTP, scalable architecture
applications in general CORBA that could be extended
to allow automatic setup
and effective run in non-
centrally controlled Grid
environment
TENT parallel and distributed | CORBA TENT is already Grid
simulations enabled by using GTv2
and MPICH-G2 features
[148]

HLA RTI standard for distributed | CORBA no adaptation to chang-
simulation includes syn- | ACE TAO | ing environment, no au-
chronization mechanism tomatic setup, no dy-
for event—driven and namic discovery
time—driven simulations

JSIM a system for Web based | commu- no adaptation to chang-
simulations — support for | nication ing execution environ-
distributed, event driven | between ment
simulations Java

Beans
ISS-Conductor | distributed simulations HLA same as for HLA
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System | Type of simulation and | Protocol | Porting to the Grid is-
its distribution sue
APSIS | discrete-event, dis- | PVM/MPI | APSIS is Grid-aware by
tributed/parallel simula- using MPICH-G and ad-
tions vanced performance im-
proving techniques de-
scribed in [84]
VRE | advanced visualisation | Cavernus | used in CrossGrid medi-
for parallel simulation cal application [155] as vi-
sualization module

Table 2.1: Main features of the interactive simulation and visualization environments

Finally, we have chosen HLA as a base for distributed interactive simulations
running on the Grid. It is a well recognized standard and satisfies most requirements
listed in Section 1.3: it offers all the necessary functionality for simulation developers
such as support for time management (synchronization) and data distribution man-
agement. Its additional and important feature is that the local time management
mechanism of one simulation component (federate) is not visible to other federates.
Hence, all forms of time management (time—driven, event—driven, parallel discrete
event, real-time—driven) may be linked together. HLA also allows to build scalable
simulation systems. It separates the communication infrastructure from the actual
simulation. Additionally, it introduces a uniform way of describing events and ob-
jects being exchanged between federates. All of these features allow interoperability
between various simulations. Although HLA originates from the defense technology,
there is a growing interest from non-military areas like manufacturing, transporta-
tion and gaming industries. Therefore companies are currently working on more scal-
able and efficient implementations of the standard [140]. Recently, open source im-
plementation was also released [123]. The overview of the applications that use HLA
is described in Section 1.2.2.

2.2 High Performance Simulations in a Metacomput-
ing Environment

2.2.1 Introduction

In this Section we present approaches to interactive simulations in the metacomput-
ing Grid environment. The solutions described illustrate the evolution of concepts
related to running simulations on the Grid.

In the early days, the Grid was seen as a global metacomputer [60] that could
be used instead of expensive supercomputers. It could also be viewed as a large
distributed-memory parallel computer consisting of multiple (groups of) processors
which exchange data across communication links. This vision is closely related to the
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first version of the Globus Toolkit [70] together with a Globus—enabled MPI imple-
mentation (MPICH-G) [116] which became a de—facto standard for Grid computing
[62].

An example of a metacomputing system is the Polder Metacomputing Environ-
ment [85]. Polder offers high-performance computing and interactive simulation sup-
port in a wide area network. The features offered include efficient management of
resources, in particular multi-level scheduling and migration of tasks that use PVM
or sockets. Its dynamic task migration component called Dynamite continuously en-
sures optimal task allocation of parallel applications that make use of the PVM li-
brary.

In parallel computers, a proprietary interconnection network is provided by a ven-
dor; in clusters the links may be commodity networks such as Fast Ethernet. How-
ever, in distributed supercomputing the communication links are relatively slow, with
high latency times and high potential for failure. Therefore the idea of using the Grid
for running High Performance Simulations forces the simulation developers to invent
various techniques that deal with the problem of bandwidth and latency in Grid en-
vironments. This Section shows examples of Grid applications and systems making
use of these techniques.

In [59] a range of decomposition techniques is presented to construct a distributed
supercomputing application:

e pipelining or dataflow decomposition,

e functional decomposition — it is useful when the simulation can be divided into
parts, which execute more efficiently on different types of architectures,

e domain decomposition — this approach is particularly difficult to parallelize in
Grid environments, especially with a tightly coupled simulation.

In the last case one can think of dividing the problem into parts which do not need to
communicate with one another very often. Another useful technique is overlapping
communication and computation (i.e the exchange of data between different tasks is
carried out in smaller subdomains).

In this Section we present examples of successful porting of applications to the
Grid despite their HPC requirements.

2.2.2 Synthetic Forces Express project

One example of an application ported from a classic parallel architecture to a dis-
tributed Grid environment is the Synthetic Forces Express project (SF-Express) [59]
which uses the Distributed Interactive Simulation (DIS) [48] technique to model the
behavior and movement of hundreds or thousands of entities for military training,
analysis and planning.
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Techniques of adapting to the Grid environment

In order to effectively run the simulation in a distributed environment, the entities
were distributed over a large number of simulation nodes. SF-Express used a tech-
nique called region of interest management to reduce the amount of communication.
The entities were assigned to nodes in a way that preserved physical locality as much
as possible. The nodes were then organized into groups and a router node associated
with each group was charged with propagating to other routers only those events,
which might be of interests to their groups. For example tanks in Germany did not
require information about naval vessels conducting training exercises in the Pacific.

Internode communication

Entity
Simulation

Figure 2.13: Architecture of SF—-Express Application consists of nodes performing actual
simulation (S), performing communication (R), providing interest management functions (I)
and data servers (D).

The architecture of the SF-express is shown in Fig. 2.13 and consists of four kinds
of nodes : entity simulators, marked with ”S”, performing actual simulation, routers,
marked with "R”, performing efficient communication between regions, data servers,
marked with "D”, used to achieve uniform IO performance and interest management
nodes, marked with ”I”, providing interest management functions.

Grid technology used

SF-Express used the Globus Toolkit version 1 [70] infrastructure; namely it utilized
the Globus Resource Allocation Manager (GRAM) to initiate an SF-Express compu-
tation so that the computation could be started from a single point. It also used the
Globus Heartbeat Monitor, which provided a mechanism for tracking the state of an
SF-Express computation. The SF-Express developers have also experimented with
the use of the Globus communication mechanisms, including MPI over Nexus [70].
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2.2.3 Airflow simulation

The aim of this application was to simulate airflow around an airborne vehicle [13]
using a computational fluid dynamics (CFD) algorithm. In this application the CFD
scheme divides the entire problem domain into a set of meshes that overlap one an-
other by one or more cells. The solution proceeds by updating, at each iteration, the
boundaries on each mesh with interpolated data from overlapping meshes. Addition-
ally, geometrically complex shapes are broken into simpler groups. The paralleliza-
tion is done by domain distribution. Meshes form groups that are assigned to differ-
ent processors. Therefore, it is only necessary to communicate some of the boundary
information between processors.

Techniques of adapting to the Grid environment.

In order to achieve good performance in the distributed environment the following
techniques were used:

Advanced partitioning and load balancing - a METIS [13] graph partitioner was
used to assign grids to processors in a way that balanced load and minimized com-
munication. One of the main problems was that on the Grid the size of domain may
interact with the various cache sizes in unpredictable ways. Therefore, instead of
estimating the work required by each process from the size of its data domain, the
amount of work was actually measured.

Overlapping communication and computation - In the original parallel scheme, all
communicating processors first exchange boundary values and once the exchange is
completed, the internal values are computed at each of the processes separately. In
the new scheme, latency tolerance is obtained by delaying the boundary value update
by one additional timestep. The boundary value exchange is initiated at the beginning
of a timestep, but the values are not used until the beginning of the next timestep. It
allows the overlap of computation and communication for as much as the duration of
one entire timestep.

Grid technology used

Globus was used as the enabling device for geographically-distributed computation.
Its performance was tested on three separate SGI Origin2000 machines: two located
at the NASA Ames Research Center and the third at the Argonne National Labora-
tory. A maximum of 8 processors were used on each machine. The application used
Globus version 1.0.0 as middleware and Grid enabled MPI version 1 — MPICH-G as
the message-passing library.

2.2.4 Numerical relativity (Cactus application)

The application was described in [8] as an example of how to deal with latency and
bandwidth in a Grid environment. It is oriented towards numerical relativity prob-
lems — the model used solves Einstein’s equations for the evolution of gravitational



2.2 High Performance Simulations in a Metacomputing Environment 53

wave spacetimes. This application is an example of a large scale computing problem:
it contains many coupled, nonlinear hyperbolic and elliptic partial differential equa-
tions (PDEs) and requires resources with computational power and large memory
space. The code is based on finite differencing techniques and functions discretized
on a regular mesh. The application uses the Cactus framework presented earlier in
Section 2.1.5, in particular its MPICH-G thorns.

Techniques for adapting to the Grid environment

The authors described three different techniques dealing with Grid environment con-
ditions as described below:

Overlapping communication and computation was gain by redistributing mesh
points so that the WAN communicating processors had fewer mesh points and could
overlap communication with computation on the other processors.

Compression was achieved by a Cactus thorn compressing messages prior to trans-
mission.

Infrequent synchronization — A ghostzone is a part of memory of a local processor
where remote data needed by the local processor are fetched and are used together
with actual local data for calculations. Larger ghostzones lead to an increase in com-
munication granularity at the cost of replicated computation and increased memory
usage. This reduces the number of messages (and hence the costs related to commu-
nication latency) while the total amount of data exchanged remains constant.

Grid technology used

The application is parallelized with the Grid—enabled MPI version 2 - MPICH-G2.
The test were performed on four supercomputers (three SGI Origins at NASA and
one IBM Power-SP at SDSC). The measured bandwidth between the two sites was 3
MB/s, while the bandwidth between machines at each site was 100MB/s. The results
proved that presented techniques were successful.

2.2.5 Summary

This Section presented techniques used to redesign HPC simulations so that they can
achieve good performance in a Grid distributed environment. We presented three ex-
ample applications: SF-Express — a military simulation application, Airflow (CFD)
simulation and a numerical relativity simulation. The reviews presented here show
that although efficient execution of HPC simulations on the Grid is not a trivial task,
it can be successfully achieved by applying various methods summarized in Tab. 2.2.
The region of interest management technique is based on grouping of processes in a
way that those communicating more frequently are closer. It also introduces so—called
router nodes that send data between processes that are farther apart. Communica-
tion and computation overlapping is a technique of performing computations while
sending results from the previous step of calculations. Advanced load balancing is
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performed by special applications called partitioners which assign processes to pro-
cessors to balance load and minimize communication. Infrequent synchronization
means that data exchange between farther processes is less frequent than between
closer processes. As described above, achieving high performance of simulations in

Technique Application

region of interest management SF-Express

communication and computation overlapping | Airflow, Numerical relativity
advanced load balancing Airflow

data compression Numerical relativity
infrequent synchronization Numerical relativity

Table 2.2: Summary of the techniques used to redesign HPC simulations for the Grid

Wide Area Networks with high latency times is not a trivial issue. Various methods
have to be applied either on the user level (as described in this Section) or on the
environment level (as, for example, in APSIS - see Section 2.1.11).

The HLA, which we have chosen as a basis for distributed interactive simulations
to be run on the Grid, includes some facilities to improve performance in WANs. HLA
is a more efficient successor of DIS, which was used in the SF-Express application,
therefore techniques for achieving high performance are shifted to the middleware
(HLA itself) and do not need to be performed on the application level (as for the SF-
Express case). This is done mostly by reduction of unnecessary network traffic, which
is not trivial taking into account the advanced functionality provided by HLA. Meth-
ods used in Declaration Management (DM) service [78] such as the publish/subscribe
mechanism ensure that events of a particular type are transported only to those fed-
erates that have expressed interest in them. Furthermore, the Data Distribution
Management (DDM) service [78] allows for interest management which means that
areas of interest are described by routing spaces, which are used to send data only
to the federates that have subscribed to events occurring within particular regions.
This is particularly useful when simulating a collection of physical entities where an
entity can only reacts to and acts upon events that occur within a certain distance of
this entity.

However, the techniques described in this Section (also those provided by HLA) do
not cover all aspects of the issue of running distributed interactive simulations on the
Grid. This is because today’s Grid is seen not only as a big metacomputing system,
but also includes a set of interoperable services that provide various functionality to
the users. This new approach gives even more possibilities for interactive distributed
simulations as described in the next Section.
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2.3 Grid solutions for distributed interactive simu-
lations

In this Section we present modern approaches to the Grid — the environment we
will use for running interactive, distributed simulations. We begin with presenting
Grid concepts and evolution of its architecture and technology. Next, we outline goals
and functionality of chosen Grid projects aiming at developing an environment for
interactive and distributed simulations. We focus on the interactivity aspect of those
projects and concepts for its realisation. The goal of the analysis is to check what the
Grid community has already done in this field and how to extend its efforts.

2.3.1 Evolution of Grid architecture

In Section 1.1.2 we have briefly described Grid as a technology that influences area of
distributed simulations. In this Section we present Grid architecture and its evolution
in more detail. The first widely recognized definition of Grid and its architecture was
described in [62]. This paper also describes a roadmap for Grid technology that is
based on the Globus Toolkit [70] (the paper is adequate to its version 1 and 2 ). As
can be seen in Fig. 2.14, Grid is divided into four basic layers — they are: fabric,
connectivity, resource and collective [62].

The fabric layer consists of local software that controls single resources — for ex-
ample operating systems, queue systems or local developer support.

The aim of the connectivity layer is to join Grid resources — it consists of commu-
nication protocols and security — Grid Security Infrastructure (GSI) [70].

The next layer (resource) is responsible for sharing single resources — controlling
access to them and their use. Here, we can place Globus Toolkit [70] components such
as Grid Resource Allocation Management (GRAM), efficient file transfer (GridF'TP),
and an information service called the Meta Directory Service (MDS) — namely its
lower level Grid Resource Information Server (GRIS). This level also includes moni-
toring services and the Local Replica Catalogue (LRC) [45] — joint Globus and Data-
Grid software that collects information about local files that need to be replicated to
other sites in order to make access to them faster.

The collective layer coordinates multiple resources. It contains ubiquitous infras-
tructure services, examples of which are:

e index part of MDS — Grid Index Information Server (GIIS) used to collect data
from GRIS-es of all sites,

e Coallocation managers (such as Globus DUROC [70] that coallocates resources
for running the MPI Grid version [116]),

e Resource Brokers —like the DataGrid Resource Broker [45] or the Condor match-
maker [99],

e higher parts of Replica Catalogue: Replica Location Index (RLI) and Replica
Metadata Catalogue (RMC) used for collecting data from LRC of all sites [45],
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Figure 2.14: First version of Globus architecture [70], consists of four layers: fabric, connec-
tivity, resource and collective.

e DataGrid Replica Manager [45] that performs replication of files basing on Replica
Catalogue information using GridFTP

e Grid Version of the Condor queue system (Condor-G) [166]

Furthermore, this layer contains support for the application developer, such as the
Cactus Problem Solving Environment described in detail in Section 2.1.5, and the
Grid version of MPI (MPICH-G2) [116]. This layer can also contain application—
specific distributed services .

The next step in Grid vision was an attempt to define standard "InterGrid" proto-
cols to allow different distributed systems to interoperate. Such was the motivation
for adapting Web services concepts [178] and Service Oriented Architecture (SOA) to
the Grid.

The Web services concept is a modern solution stemming from the industry. It
allows the publishing of service functionality, so it can be found by clients and used
without bothering about the actual technologies a service is built with, provided that
it exposes its interface as a so—called Web service interface. Original Web services are
stateless — for the same arguments they always return the same results — there are
no internal states that can influence the answer.
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The Open Grid Services Architecture (OGSA) and the underlying Open Grid Ser-
vices Infrastructure (OGSI) [61] were the first results of merging Web services and
Grid concepts. The resulting Grid Architecture is depicted in Fig. 2.15. As can be

OGSA High Level Services

Reliable File CAS
Transfer (RTF) Service| | Others

Index Service
(MDS 3) GRAM3

GSI+ Network Protocols

OGSI
Web Services + state +

+ dynamic creation/destruction
+ notification
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Figure 2.15: OGSI-based Grid architecture [61] introduced the concept of extending Web
services to the transient and stateful Grid services with a notification mechanism. The aim of
OGSA is to define a set of higher-level services built over OGSI.

seen, OGSI introduced the concept of extending Web services to the transient and
stateful Grid services with a notification mechanism. The aim of OGSA is to define
a set of higher—level services, among which are those with the same functionality as
in the original Globus Toolkit version 2 - for data management Reliable File Transfer
(RFT), resource management (GRAM3) and information management (i.e. MDS3),
but implemented as a Grid services version (Globus Toolkit version 3). There is also
a high—level security service called the Community Authorization Service (CAS). The
list of OGSA GTS3 services can be found in [70].

Recently, the OGSI authors have changed the idea of Grid services to the Web
Services Resource Framework [180]. The main idea remains the same, that is to
converge concepts of Grid and Web services, but in a slightly different way. In order
to add state to the Web service, instead of directly extending Web services, one has to
model a Stateful Resource assigned to that service as shown in Fig. 2.16. In this way,
the classical Web services can support features similar to those defined by OGSI. The
concept of the upper level (OGSA) does not change. The full list of OGSA Services
implemented in WSRF can be found in [70].

Apart from work of the Globus Community, there are also other approaches to
Grid computing. The Grid also can be built using pure Web services or a Components
Environment e.g. the Common Component Architecture [31], H20 [96], ProActivecite
[133] or MOCCA [108] which is a CCA—compliant framework for the H20 resource
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Figure 2.16: WSRF-based Grid architecture [180] — instead of directly extending Web ser-
vices, one has to model a Stateful Resource assigned to that service

sharing platform. CoreGRID [36] is a sample project aiming at building the Grid
from components.

It is also worth to mention Virtual Organisation (VO) as one of the most important
concepts introduced by Grid researchers [62]. VO is the basic unit of Grid users or-
ganisation; it is a set of individuals and/or institutions which are related to each other
by some level of trust and rules of sharing the resources, services, and applications.

Note on the evolution of Grid technology

The research described in the thesis started in October 2001. It was also partly
supported by CrossGrid project that started in March 2002 and the Virtual Lab-
oratory Project that started in January 2004. Grid concepts and technology have
evolved significantly since then. Initially, the mainstream Grid technology was based
on Globus Toolkit version 2. At the beginning of year 2002, new concepts of using
Web Services technology in Grids emerged. The results have converged into Globus
Toolkit version 3 with OGSA and OGSI specifications, where the key role was played
by the concept of the Grid service — a Web service extended with a state. OGSI was
chosen as a platform for the system presented in this thesis. In the meantime, at
the beginning of 2004, OGSI authors change this concept into the Web Service Re-
source Framework (WSRF) [180] that became the successor of OGSI. Due to the fact
that WSRF was still at a very early stage of development when this thesis was being
written and that the Grid technology changed very dynamically, we decided to stay
with the original OGSI/OGSA concepts. However, the system allows easy migration
to WSREF, if necessary in the future. The results of this thesis are independent of
underlying technology (OGSI or WSRF).

The Grid is a promising approach for various applications. Its idea seems to be
most suitable for projects that aim to develop Grid infrastructure for compute— and
data—intensive applications. Apart from that, there is also the concept for using Grid
for distributed simulations, which is not a trivial issue. Below, we present the various
approaches to that concept.
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2.3.2 CrossGrid
Project Goals

The CrossGrid Project [38] is oriented towards compute- and data-intensive simula-
tions which are characterized by the interaction with a person in a processing loop.
Each of CrossGrid applications require a response from the Grid to an action by a
human of the different time scales. These applications are: simulation and visualiza-
tion for surgical procedures, flooding crisis team decision support system, distributed
data analysis in high-energy physics (HEP) and air pollution combined with weather
forecasting.

Functionality

The medical application is a distributed near-real-time simulation with a user inter-
acting in virtual reality (VR) or other interactive display environments. A 3-D model
of arteries is the input to a blood flow simulation. The medical application requires a
distributed environment consisting of simulation, interaction and visualization com-
ponents which will allow the user to change simulation parameters in near-real time
[155]. The application uses the Grid Visualization Kernel (GVK) [94] as a compo-
nent that connects simulation with the visualization. The solutions presented in this
thesis were mainly driven by the requirements of the medical application.

Flood forecasting starts with meteorological simulations conducted at different
resolutions, from mesoscale to storm-scale. Selected hydrological models are then
used to determine water discharges from the affected area, and with this informa-
tion hydraulic models simulate flow through various river structures. An interactive
Grid system fulfilling the needs of this application allows experts to prepare and con-
trol the cascades of meteorological, hydrological and hydraulic simulations basing on
the assumption that each preceding step of the cascade produces input for the next
simulation. The details can be found in [79].

Distributed data analysis in HEP addresses access to large distributed databases
in the Grid environment and development of distributed data mining techniques
suited to the HEP field. Data mining services based on supervised and unsuper-
vised learning with processing on worker nodes and on the database side are being
elaborated. HEP and air pollution modeling applications require support from a Grid
interactive system that allows for on-line progress monitoring of their results in order
to help operators decide about further job execution (e.g. interrupting the execution
or letting it finish). In this application interactivity is realized using CrossGrid mid-
dleware that, in turn, uses Condor Bypass [25] solution.

To summarize, three types of interactive simulations were defined in CrossGrid -
firstly, near-real-time simulation with a user in the loop, next a cascade of simulations
and, last but not least, on—line progress monitoring. These applications pose specific
requirements for the CrossGrid architecture which is shown in Fig. 2.17 and described
in [24]. The requirements are addressed by the Grid services developed in CrossGrid.

Fig 2.17 shows how the CrossGrid applications, tools and services communicate
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Figure 2.17: The CrossGrid architecture [38] consisting of three layers — applications, tools
and services.

with each other. The arrow directed from an element A to B means that A uses B.
Simple Object Access Protocol (SOAP) [157] indicates Web services interface, Applica-
tion Programmer Interface (API) indicates usage of library routines, JMX means use
of Java Management Extension technology [87], OMIS is Online Monitoring Interface
Specification protocol [103], links means that a tool is linked to an application, plu-
gin is used to extend Migrating Desktop with an application— or a tool-specific user
interface.

User-friendly access to Grid resources for remote users is handled by the Migrat-
ing Desktop together with the Roaming Access Server and schedulers adapted for
interactive applications. Grid monitoring services provide information on infrastruc-
ture execution — for that purpose the JMX infrastructure Monitoring System (JIMS)
and Grid-enabled System Area Networks Trace Analysis (SANTA-G) were developed.
Also, there is application execution monitoring called Grid-enabled OMIS-Compliant
Monitor (OCM-G). Data Access services are used to optimize the time needed to trans-
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fer large data files from tertiary storage to computing nodes. Data Access are used
by European DataGrid (EDG) data management solutions, which, in turn, are used
by Scheduler. The creation of interactive Grid applications also calls for specialized
tools that facilitate the process of code development and optimization. Such tools,
perfected within CrossGrid, are Marmot for MPI verification, Performance Prediction
Component (PPC), Grid Benchmarks for testing the behavior of applications in a Grid
environment, a performance analysis tool (G-PM) that can perform on-line measure-
ments and a desktop for interactive use as a service.

2.3.3 Reality Grid
Project Goals

RealityGrid [137] proposes to extend the concept of a Virtual Reality centre across
the Grid and links it to massive computational resources at high performance com-
puting centres and experimental facilities using Grid technology to closely couple high
throughput experimentation and visualization.

Functionality

RealityGrid middleware, called WSRF-based Environment for Distributed Simula-

Broker
Service
User
workstation /
i Simulation ] Simulation
Machine S e Wrapper
Service rocess Service

T~

Visualisation
Service

Figure 2.18: Architecture of WEDS [37], designed to let scientists remotely deploy instances
of a pre-existing codes across multiple resources and giving steering, visualisation and work-
flow functionality.

tion (WEDS) [37], is a WSRF-based middleware scheme designed to let scientists
remotely deploy single or multiple instances of a pre-existing codes across multiple
resources and giving steering, visualisation and workflow functionality with only sim-
ple modifications to program code. WEDS is built around four key WSRF services.
Machine Services represent individual machine resources: they make available in-
formation about machine specification and load. Wrapper Service represents a single
simulation. File Service runs on the user machine and serves requests for input files.
Broker Service acts as a registry, linking together all of the above services and storing
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their addresses. The conceptual architecture can be found in Fig. 2.18. A user uses
the Broker Service to set up the simulation. Machine Service then launches the sim-
ulation process and the user can interact with a Wrapper Service of this simulation.
The output data is sent to the Visualisation Service and can also be modified by the
user.

2.3.4 GEMSS
Project goals

The GEMSS Project [17] is concerned with the creation of medical Grid service proto-
types and their evaluation in a secure service-oriented infrastructure for distributed
on-demand supercomputing - the GEMSS testbed. The medical prototype applica-
tions include maxillo-facial surgery simulation, neuro-surgery support, radio-surgery
planning, inhaled drug-delivery simulation, cardiovascular simulation and tomogra-
phic image reconstruction.

Functionality

The GEMSS middleware exposes medical simulation applications installed on various

Account Application Application
Service Service 1 Service N

QoS management

| Error recovery |

Intrusion detection

| Logger |
Service State
Repository

Resource Manager

GEMSS hosting environment

Figure 2.19: The GEMSS [17] middleware exposes applications installed on various Grid
hosts as services which support a common set of methods for data staging, remote job man-
agement, error recovery and QoS support.

Grid hosts as services which support a common set of methods for data staging,
remote job management, error recovery and QoS support. The architecture of the
GEMSS server is shown in Fig. 2.19. Medical simulation applications are exposed
as Web services. The quality of service management component handles reservation
with the resource manager (job scheduler) and provides input to the quality of service
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negotiation process. In order to compute various QoS properties (e.g. service comple-
tion time) on the basis of the specified performance parameters, a machine-specific
performance model has to be provided. This model is derived from a database relat-
ing typical problem parameters to resource needs such as main memory, disk space
and running time. The database stores data from test cases. The error recovery com-
ponent handles checkpointing and re-starting of services if required. The logger com-
ponent manages a database for logging information and performs level event logging
for intrusion detection. The service state repository component manages a conversa-
tional state database that contains information about any client-service conversation
allowing it to be resumed at a later date.

2.3.5 Virtual Laboratory
Project Goals

The Virtual Laboratory environment (VL) [172] provides a framework for groups of
scientists, engineers and scientific organizations that interact and cooperate with
each other towards the achievement of a common experiment. Such an experimental
environment enables researchers at different locations to work in an interactive way,
as in any laboratory, i.e. the scientists are able to create and conduct the experiments
in the same natural and efficient way as if they were in their own laboratory.

One of the most important characteristics of the experimental domains is the ma-
nipulation of large data sets produced by the experiment devices. To be able to handle
the resulting experiment data sets, three main requirements are supported within the
VL architecture:

e Proper management of large data sets: e.g. storage, handling, integration, and
retrieval of large data sets.

e Information sharing and exchange for collaboration activities: scientists are able
to share both the devices used to perform the experiments and the data sets
generated by those experiments. They must also be able to look at these data
sets and compare them to the ones from previous experiments or other public
databases, in order to find similarities and patterns.

e Distributed resource management: the management of resources must be prop-
erly considered in order to meet the high performance and massive computation
and storage requirements.

Functionality

The VL architecture is shown in Fig. 2.20 - its middleware enables users to access
low-level distributed computing resources by following components:

e The Virtual Lab Information Management for Cooperation (VIMCO) component
provides the functionality to store and retrieve both large data sets and data
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Figure 2.20: VL architecture enables researchers at different locations to work in an inter-
active way, as in any laboratory.

analysis results, advanced functionality for intelligent information integration
and facilities for information sharing.

e The Communicaton and Collaboration (ComCol) component provides the appro-
priate mechanisms for data and process handling based on the Grid technology.

e The Virtual Simulation and Exploration Environment (ViSE) component offers
a generic Virtual Simulation and Exploration environment where 3D visualiza-
tion techniques are provided to analyze large data sets.

The VL middleware enables VL users to access low—level distributed computing re-
sources. This is achieved by providing a VL user interface which enables scientists to
define and execute the experiments.

2.3.6 DSGrid
Project Goals

The DSGrid [51] project focuses on large—scale distributed simulation on Grids. The
goal is to build a distributed collaborative simulation environment where researchers
with different domain knowledge located at different places develop, modify, assemble
and execute distributed simulation components over the Grid.

Functionality

The project aims at: support for collaborative development of simulation applications,
mechanisms for fault tolerant, coordinated, secured simulation executions, advanced
model and service discovery mechanisms, novel resource management and load bal-
ancing mechanisms to meet the differing requirements of various models etc. The
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project is very promising, but relatively young (started in May 2004) and at the time
of writing this thesis is at early stage of development.

2.3.7 Summary

This Section describes projects involved in the area of interactive distributed simula-
tions on the Grid. There are obviously many other projects, as can be found on [35]
or [170]. We have chosen those related to interactive distributed simulations and de-
scribed above how this interactivity is realized. The project summary and comparison
is presented in Tab. 2.3. CrossGrid is an application—driven project providing four in-
teractive applications as well as various tools and services for their development and
execution. CrossGrid is based not only on Globus software, but also on DataGrid and
EGEE. GEMSS is also application—driven — it created medical Grid service prototypes
in Web services technology. DSGrid, focused more on middleware, plans to build a dis-
tributed collaborative simulation environment for researchers based on Grid and Web
services technologies. The aim of Reality Grid is to create a Grid—based VR system
built over Web services. Finally, Virtual Laboratory provides a framework for groups
of users (scientists, engineers etc.) to interact and cooperate with each other to con-
duct common experiments. All projects are complementary and introduce useful ideas
for interactive and distributed simulations, which we would like to extend. Since we
have chosen HLA as our basic middleware, in the next Section we will take a more
detailed look at the work related to the aspects of merging Grid and HLA ideas.

2.4 HLA in Grid and Web services environments

Basing on analysis in Section 2.1 we have chosen the High Level Architecture (HLA)
as middleware which can take advantage of the Grid to form an advanced environ-
ment for distributed interactive simulations. Therefore, in this Section we analyze
work related to merging HLA and Grid concepts. Since HLA is a well-known stan-
dard in the area of distributed and interactive computing, a lot of effort is being
devoted to taking advantage of the emerging Grid and Web solutions in this field.
The complementary issues in this matter are: interoperability of different simula-
tion models, fault tolerance, support for peer—to—peer collaborative applications (e.g.
games) and effective management of HLA-based simulations. This thesis focuses
mostly on the last issue, but the approaches to the related problems are discussed
below as well.

2.4.1 Towards interoperability of distributed interactive sim-
ulations
The modeling and simulation community has realized that there is no widely accepted

standard that can handle both DOD Modeling and Simulation protocols such as HLA
[78] and Web/IT standards [178]. It was also recognized that Web-based technologies
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Name Applications Goals Grid technol-

ogy used

CrossGrid | surgical planning, flood | to provide various tools and | Globus v2,
crisis team support, dis- | services for execution and | DataGrid
tributed data analysis in | development interactive ap- | software,
HEDP, air pollution, weather | plications on the Grid EGEE
forecasting

Reality VR applications to extend the concept of | WSRF

Grid a Virtual Reality centre

across the Grid and link it to
massive computational re-
sources at high performance
computing centers and ex-
perimental facilities.

GEMSS The medical prototype ap- | to create medical Grid | Web and Grid
plications: maxillo-facial | service prototypes and | services
surgery simulation, neuro- | their evaluation in a secure
surgery support, radio- | service-oriented infras-
surgery planning, inhaled | tructure for distributed
drug-delivery  simulation, | on-demand supercomputing
cardiovascular simulation
and tomographic image
reconstruction

VL material science, bioinfor- | to provide a framework for | Globus v2,
matics, system engineering | groups of scientists, engi- | DataGrid

neers and scientific organi-
zations that interact and co-
operate with each other to-
wards the achievement of a
common experiment

DSGrid distributed simulations in | to build a distributed col- | Web and Grid
general laborative simulation envi- | services

ronment where researchers
with  different  domain
knowledge and expertise, at
different locations develop,
modify, assemble and exe-
cute distributed simulation
components over the Grid.

Table 2.3: Comparison of the interactive grid computing projects

can provide an Extensible Modeling and Simulation Framework (XMSF), to support a
new generation of interoperable applications. What is more, it was noticed [186] that
current solutions in HLA implementations, such as DoD HLA-RTI, do not perform ef-
ficiently in Wide Area Networks and that traditional approaches to high-performance
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Figure 2.21: Architecture of web-enabled RTI introduces a Web service wrapper over existing
RTI functionality.

RTI implementations assume relatively static configurations of federates which are
not sufficient for the highly dynamic nature of X\MSF. This was the motivation behind
the XMSF project [185, 134] aiming to develop a common standard for Web and DOD
Modeling and Simulation. As a prototype, a web-enabled RTI has been developed
[185], being basically a Web service wrapper over existing RTI functionality as shown
in Fig. 2.21. The only difference between this and classical Web service is the usage
of the BEEP [185] protocol that enables bi-directional calls and callbacks via the RTI.
Web-enabled RTI serves as an example of creating more general XMSF profiles which
are planned as documents describing a set of protocols, data and metadata standards
used for the application domain and a detailed description of applying protocols and
data standards to implementing architecture. Unfortunately, the final specification
of XMSF profiles has not yet been defined.

In parallel, research effort is ongoing within the Commercial Off-The-Shelf Sim-
ulation (COTS) Package Interoperability Forum (HLA-CSPIF) [41, 165]. As there is
no real standard use pattern for the High Level Architecture within the context of
this area, the goal of the Forum is to create standards through SISO [152] that will
facilitate the interoperation of COTS simulation packages and thus present users of
such packages with the benefits of distributed simulations enjoyed by other modeling
and simulation communities.

Additionally, interoperability of simulations is also going to be included in the
system mentioned in [194] — more details can be found in Section 2.4.4.

2.4.2 Fault tolerance

The Decentralized Resource Management System (DRMS) [53] is a scalable and fault-
tolerant framework for HLA-based applications. DRMS is a JXTA-based peer-to-peer
system for execution of HLA (High Level Architecture) federations in a decentralized
environment. The main advantage of DRMS is that no single point will cause the
system to fail, as would be the case in a centralized approach. In the DRMS all
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Figure 2.22: Architecture of FT-RSS allows the individual configuration of FT mechanisms
to be included in federates and federations.

participating peers are equal in terms of functionality and federates are not stored
in a central repository. No matter which or how many peers are joined at a certain
moment, a basic level of service will always be upheld.

Work on fault tolerant issues for HLA can be also found in [86], where authors pro-
pose the fault tolerant resource sharing system (FT-RSS) for HLA-based simulations
shown in Fig. 2.22. The framework and its components allow the individual configu-
ration of FT mechanisms to be included in federates and federations. In the design
and implementation of a fault tolerant federation, the developers are supported by
an F'T configuration tool. During the execution of a distributed HLA simulation using
the FT-RSS, the manager and client components of the FT-RSS are responsible for the
enforcement of FT mechanisms. A special communication federate is used for sending
HLA-—specific information from simulation to the manager

2.4.3 Peer to peer collaborative applications

There is also work on another approach that uses the HLA concept to build a scalable
peer-to-peer infrastructure. [161] proposes FederationGrid (FedGrid), implementing
a scalable Grid supporting real-time collaborative applications. FedGrid is build over
the standard High Level Architecture (HLA) and is based on the concept of a fractal
Grid, comprised of hierarchical HLA federations. As shown in Fig. 2.23, a System
Federation is essentially a federation of Systems each of which is again a federation
of Engines communicating using an internal RTI. Federation Grid Engines are im-
plemented using MAGNETAR (Metaprogrammable AGent NETwork ARchitecture).
The structure of a MAGNETAR Engine is a single process federation, which uses an
internal HLA infrastructure Engine (that acts as a blackboard) to provide communi-
cation between agent plugin components.
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Figure 2.23: Architecture of FederationGrid based on the concept of a fractal Grid, comprised
of hierarchical HLA federations.

2.4.4 Management of HLA-based simulations on the Grid

The research which is the most closely related to the subject of this thesis involves
effective management of HLA-based simulations in the Grid environment.

The design and implementation of a load management system for running large-
scale HLA simulations in a Grid environment based on Globus Toolkit 2 is described
in [26]. The authors also present a framework where the modeler can design parallel
and distributed simulations with no knowledge of HLA/RTI [188]. In [27] a protocol is
presented which supports efficient checkpointing and federate migration for dynamic
load balancing. In order to facilitate the use of that protocol, an additional layer
between HLA and the actual application is proposed [188]. Although this approach
presents a more efficient migration protocol, it is not sufficient for porting HLA legacy
code to the Grid.

In [194] a framework for executing large-scale distributed simulations using Grid
services is presented. Currently, the framework addresses dynamic discovery of HLA
federates. The approach assumes that each federate is a simulation model encap-
sulated in a Grid service. Fig. 2.22 shows two example simulation models A and B
encapsulated in Grid services that are registered in an Index Service together with
the RTIExec Service. Following dynamic discovery of RTIExec Service, the simulation
is set up and runs using HLA RTI communication.

The presented solution is complementary to the approach taken in this thesis. In
[194] there is an assumption that the user is able to build his simulation from exist-
ing Grid services (that encapsulate functionality of HLA federates) or can wrap his
federates into Grid services (the paper does not describe how to wrap a federate into
a Grid service, which is not a trivial issue). On the other hand, this thesis presents a



70 2 Analysis of Approaches Supporting Distributed Interactive Simulations

) RTI Factory
Index Service Service

A

Federate Factory Federate Factory
Service Service

I\
_l
Federate Service Al Federate Service B ﬂ
)
Federate Process I Federate Process

| HLA RTI |

Figure 2.24: Architecture of a framework for large-scale distributed simulations with Grid
services — simulation models are encapsulated in Grid services. Following dynamic discovery
of RTIExec Service, the simulation is set up and runs using HLA RTI communication.

system that allows a user to simply load his legacy federates into general—purpose so—
called HLA-Speaking Grid services and manage execution of the simulation. There
is no doubt that both approaches are important depending on the simulation require-
ments.

2.4.5 Summary

The Grid environment provides new possibilities for HLA-based distributed interac-
tive simulations. In this Section, we presented different aspects of applying Grid
solutions to the field of modeling and simulation including interoperability of sim-
ulations, fault tolerance, building collaborative environments, dynamic application
setup and execution management. The issues are summarized in Tab. 2.3. The diver-
sity of work in this field shows that using Grid for modeling and simulation is not a
trivial task. On one hand, Grid and Web services provide a possibility for achieving
simulation interoperability and for building collaborative environments. It should be
noted, however, that executing simulations on the Grid requires dynamic setup, ex-
ecution management and fault tolerance. According to our central thesis formulated
in Section 1.4, our aim is to show that there exist solutions for achieving effective
simulation execution on the Grid. Therefore, we focus mainly on the last of the men-
tioned aspects (execution management). Nevertheless we also describe a mechanism
that allows for extending our system to support fault tolerance.
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Issue Solution
simulation interoperability developing common stan-

dards by taking advantage of
Web/Grid services which were
designed for interoperability

fault tolerance

1) peer—to—peer environment
with redundant peers,

2) tools and methods for error
detection, error processing and
migration

building collaborative environ-
ments

a fractal Grid, comprised of hi-
erarchical HLA federations

dynamic setup and manage-
ment

load management, migration
mechanisms, dynamic discov-

ery

Table 2.4: Different aspects of applying Grid to modeling and simulation

2.5 Summary and conclusions

This Section presented various approaches of porting distributed interactive simula-
tions to the Grid. We started with an overview of existing environments supporting
such applications, next we presented solutions for efficient execution of High Perfor-
mance Computing simulations in a Metacomputing Environment, which was the first
vision of the Grid. Finally, we presented current research on distributed interactive
simulations on the Grid. We also described the CrossGrid project, where the require-
ments of a medical application provided motivation for this thesis. We mentioned DS-
Grid, PowerGrid and GEMSS initiatives in the field of distributed interactive simula-
tions. Subsequently, we described efforts that most closely relate to the subject of this
thesis, which is to use the possibilities offered by the Grid in HLA-based interactive
simulations. We described the most significant issues in that area: interoperability
of different simulation models, fault tolerance, support for peer—to—peer collaborative
applications and, lastly, effective management of HLA-based simulations.

The analysis presented in this Chapter allows us to find the most urgent open
problems in the field of distributed interactive simulations running on the Grid. It
outlines existing solutions and their drawbacks and also helps us choose the best
environment that fits our requirements in order to provide a starting point for our
research.

To the best of our knowledge, none of the presented solutions focus on efficient
execution of legacy HLA simulations on the Grid, which is our primary aim, and
therefore they do not fully cover problems and solutions presented in this thesis.

Through comparing different environments supporting distributed and/or interac-
tive simulations described in Tab. 2.1 we have shown, that HLA is a good choice as a
basis for distributed simulations because it is a standard and because it possesses ad-
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vanced features: scalability, data distribution management, synchronization and the
ability to connect simulations with time management. What’s more, the related work
presented in this Chapter shows that running distributed simulations on the Grid is
not a trivial problem and introduces various challenges which need to be overcome.
The problems have matured along with the vision of Grid - from efficient running of
HPC simulations in a metacomputing environment to advanced Grid projects. Open
issues related to combining HLA and Grid concepts include interoperability, develop-
ment of collaborative environments, fault tolerance and execution management. We
have therefore chosen one of the most urgent problems - we focus our work on effi-
cient execution of legacy HLA simulations on the Grid to allow them to use distributed
resources in a more effective and convenient way.



Grid HLA Management System

In this Chapter! we present the concept of the Grid HLA Management System
(G-HLAM) designed to satisfy the requirements presented in Section 1.3 — efficient
execution of scalable HLA-based distributed interactive simulations on the Grid with
support for legacy systems. The motivation and the location of G-HLAM in the con-
text of Grid architecture was shown in Fig. 1.4 in Section 1.4. The objectives of this
Chapter are: to describe the functionality of G-HLAM and its modules, to show how
an HLA-based application is automatically set up with G-HLAM using those mod-
ules and to analyze the system’s functionality using a Petri Net [128]. in particular
— to check if the system is deadlock-free. We also outline the background of G-HLAM
in more detail - namely we include a more detailed description of HLA than the one
present in Section 2.1.8, since it is our middleware of choice.

This Chapter is organized as follows: in Section 3.1 we describe the HLA and Ser-
vice Oriented Architecture initiatives that were the basis for design and development
of G-HLAM. In Section 3.2 the concept, functionality and architecture of the G-HLAM
system are presented as well as the setup of the whole HLA-based application in this
system. Finally, Section 3.3 presents Petri Net—based analysis of the system to prove
that it behaves correctly and also that deadlocks do not occur.

The solution presented in this thesis allows not only for building HLA-based ap-
plications that can be executed on the Grid, but also to easily adapt HLA legacy code.
This approach cannot be found in any of the current solutions described in Chapter 2.

IThe results described in this Chapter formed the basis to the paper K. Rycerz, M. Bubak,
M. Malawski, and P. M. A. Sloot. A Framework for HLA-Based Interactive Simulations on the Grid.
SIMULATION, 81(1):67-76, 2005.
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3.1 Background

As already mentioned in the previous Chapter in Section 2.1.13, we have chosen the
High Level Architecture standard as support for distributed interactive simulations
that will run on the Grid. In this Section we include a more detailed description of the
standard than the one presented in the Section 2.1.8. HLA is a mature distributed
simulation framework, with support for synchronization of simulations components
(time management), efficient data distribution management and the ability to connect
simulations using different time management techniques into one, coherent system.
Therefore, in our work we have decided to focus on simulations based on this stan-
dard. Additionally, we think that the Grid environment offers new possibilities for
such simulations by fulfilling their requirement for the ability to access distributed
resources. Despite the advantages mentioned above, running HLA-based simulation
on the Grid requires additional support for its efficient usage. This was the motiva-
tion behind developing the G-HLAM system, which is the subject of this thesis.

3.1.1 High Level Architecture

As already mentioned in Section 2.1.8, HLA is a standard for distributed interactive
computing. In this Section we provide a brief overview of its functionality and present
basic components of its reference implementation.

HLA basic functionality

The HLA Runtime Infrastructure (RTI) federations [78] are distributed systems that
consist of multiple processes (federates) communicating across computer nodes.

As already described in Section 2.1.8, the most important services provided by
RTI to support interactive applications are data distribution management in charge
of efficient routing of data between federates, time management controlling message
ordering, and ownership management, transferring ownership that controls rights to
changing attributes of objects exchanged between federations.

The RTI acts as a tuple space: in order to send messages, the applications that are
plugged into the RTI have to publish well-defined objects in that space. The applica-
tions which want to receive messages have to subscribe to those objects. Each time
an object is to be sent, the application must call a method that updates the attribute
values of this object; RTI then notifies the subscribed applications that the object has
been updated. Events are similar to data objects. The difference is that HLA does not
distinguish between attributes of events (they are "all or nothing"). As an example,
Fig. 3.1 shows the sequence of calls required to transmit data objects between two
applications. The arrows indicate the direction of control flow between the RTI and
the applications. Before actually sending an object of a given class, Federate A has to
publish the class in the RTI tuple space using
the publishObjectClass function. Federate B, wishing to receive objects, calls
the SubscribeObjectClassAttributes routine which triggers the RTI to call the
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Federate A Federate B

REGISTERING
subscribeObjectClassAttributes

\/

publishObjectClass

startRegistrationForObjectClass

registerObjectInstance i 3 discoverObjectInstance

turnupdatesonforObjectInstance

'[  updateAttributeValues SENDING DATA 1
: =t reflectAttributeValues !

UNREGISTERING
removeObjectInstance

deleteObjectinstance 1

stopRegistrationForObjectClass <= unsubscribeObjectClass

unpublishObjectClass

Figure 3.1: Exchanging data objects between HLA federates within an RTI tuple space. The
arrows indicate the direction of control flow between the RTI and the applications.

startRegistrationForObjectClass callback in Federate A. This callback notifies
Federate A about subscription. Subsequently, Federate A can register objects of the
published class and Federate B discovers them by means of a callback mechanism.
Actual data are sent with the updateAttributevalues function and received with
the reflectAttributevValues callback. When no longer needed, the object can be
unregistered with deleteObjectInstance and its class can be unpublished with
unpublishObjectClass.

Basic components of the HLA reference implementation

The RTI implementation developed by the U.S. Department of Defense (DoD) [77] is
currently comprised of the main RTI Executive process RtiExec, the Federation Exec-
utive process FedExec and the libRTI library libRTI. As illustrated in Fig. 2.8, each
executable containing federates incorporates 1ibRTI. The R¢iExec’s primary purpose
is to manage the creation and destruction of FedExecs. An RtiExec directs the joining
of federates to the appropriate federation execution and ensures that each FedExec
has a unique name. The network address specified by the hostname or the Internet
Protocol address of that machine plus the port number used, known as the endpoint of
the process, is defined in a federate configuration file. If the endpoint is not specified
for the RTIexec, a multicast protocol is used for finding the RTI control process.
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I
Federate Ambassador Various RTI Objects J

| RTIAmbassador |

Ambassador - N
Implementation Various federate
objects

Federate Code

1ibRTI

Figure 3.2: The HLA object model — federates use libRTI (which communicates with the
RtiExec, a FedExec, and other federates) to invoke HLA services.

Each FedExec manages a federation. It allows federates to join and quit, and fa-
cilitates data exchange between participating federates. It is created automatically
with the federation. [ibRTI provides the RTI services specified in the HLA Interface
Specification to federate developers. The class diagrams in Figure 3.2 illustrates RTI
and federate core responsibilities. Federates use libRTI (which communicates with
the RtiExec, a FedExec, and other federates) to invoke HLA services. The HLA Inter-
face Specification identifies the services provided by libRTI to each federate and the
obligations each federate has to the federation. Within libRTI, the class RTIambas-
sador bundles the services provided by the RTI. All requests made by a federate on
the RTI take the form of an RTIambassador method call. The abstract class Feder-
ateAmbassador identifies the callback functions each federate is obliged to provide.

3.1.2 Service Oriented Architecture

The design of Grid HLA Management System is based on the concept of a Service
Oriented Architecture (SOA). We have chosen SOA because this kind of architecture
provides a powerful and easy way to integrate parts of the system which supply var-
ious functionalities. Furthermore, it is easier to integrate the system with existing
solutions without bothering about technologies they are build on, provided that they
expose their interfaces as Web service interfaces.

The SOA is an architectural style that aims to achieve loose coupling among inter-
acting software components. A service is a unit of work done by a service provider to
achieve the desired end results for a service consumer as shown in Fig. 3.3. The idea
of SOA differs significantly from that of object—oriented (OO) programming, which
suggests binding data and its processing together. The SOA achieves loose coupling
by employing two architectural constraints [74]:

e A small set of simple interfaces for all participating software components. Only
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Figure 3.3: Service Oriented Architecture have a mechanism enabling a consumer to discover
a service provider under the context sought by the consumer.

generic semantics are encoded at the interfaces. The interfaces should be uni-
versally available for all providers and consumers.

e Descriptive messages constrained by an extensible schema delivered through
the interfaces. Minimal system behavior (or even none of it) is prescribed by
messages. A schema limits the vocabulary and structure of messages. An exten-
sible schema allows new versions of services to be introduced without breaking
existing services.

Additionally, the SOA must have a mechanism enabling a consumer to discover a
service provider under the context of a service sought by the consumer as shown in
Fig. 3.3.

There are also some additional issues regarding SOA. One of the most important
issues is the question whether the services should be stateful or not.

In the case of a stateless service, each message that a consumer sends to a provider
must contain all the necessary information for the provider to be able to process it.
This constraint makes the service provider more scalable because the provider does
not have to store state information between requests. Each request can be treated
as generic. This constraint improves visibility because any monitoring software can
inspect one single request and figure out its intention. There are no intermediate
states, so recovery from partial failure is also relatively easy. This makes the service
more reliable.

On the contrary, stateful services require both the consumer and the provider to
share the same consumer-specific context, which is either included in or referenced by
messages exchanged between the provider and the consumer. For example, stateful
services could be useful in a banking system, where sending a security certificate
with each request is a serious overhead for both the consumer and the provider. It
is much quicker to replace the certificate with a shared token. The drawback of this
constraint is that it may reduce the overall scalability of the service provider because
it may need to remember the shared context for each consumer. It also increases
coupling between the service provider and the consumer and makes switching service
providers more difficult.
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The design of our system is based on the Service-Oriented Architecture with state-
ful services defined by the Open Grid Service Architecture described in Section 2.3

3.1.3 Possibilities and limitations for HLLA-based simulations
on the Grid

As described in Section 1.2.2 and Section 2.1.13, we have decided to choose the HLA
[78] as a framework for developing interactive steering, because it provides simu-
lation developers with many useful features needed by time— or event driven— dis-
tributed simulations and it satisfies some of the requirements listed in Section 1.3.
However, the HLA standard was developed assuming a certain quality of service in
the underlying environment (in our case — the Grid) for simulation execution.

As described in Section 2.3.1, the Grid [58] is designed to coordinate resources
that are not under central control. Additionally, the Web services [178] concept of ab-
stract interfaces allows for modular design (OGSA) [61]. However, the Grid environ-
ment is shared between many users and its conditions can change in an unpredictable
way. Therefore, there is a need for a system that adapts HLA-based applications to
a dynamically—changing environment and requires fault tolerance mechanisms such
as migration of its distributed federates or their monitoring.

no mechanisms for managing
execution according to the
dynamically changing
conditions of computing
resources,

no implementation with
dynamic discovery,

no security mechanism

HLA Grid

Possibilities | used for building interactive designed to coordinate
simulations, resources that are not subject
connects geographically to centralized control,
distributed nodes, uses standard, open,
time management (for time- general-purpose protocols and
and even-driven simulations), | interfaces,
data management (tuple Web services concept of
space) abstract interfaces allows for
scalability modular design (OGSA)
interoperability

Limitations | no automatic setup, general approach, so no sup-

port for interaction

Table 3.1: Limitations and possibilities of HLA and Grid for interactive simulations
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In addition, the Grid idea is to facilitate access to computing resources and make
it more transparent to the user. Currently, setting up distributed applications based
on HLA requires tedious setup and configuration. The HLA standard does not cover
aspects of dynamic discovery of HLA federations. For instance, just like other RTI
implementations, the current RTI1.3-NG [77] implementation requires common con-
figuration files that specify the location of controlling components (endpoint of RTI
control process), as well as a definition of the data to be exchanged, before runtime.
Therefore, there is a need for a mechanism that sets up an HLA-based application
on geographically distributed system (i.e. the Grid) in a more convenient way. Subse-
quently, HLA federates should be able to find one another dynamically and transpar-
ently to the user. Additionally, the RTI does not provide security mechanisms similar
to the one provided by the Grid Security Infrastructure (GSI) [70],

A comparison of limitations and possibilities of HLA and Grid for running inter-
active simulations is listed in Tab. 3.1.

3.2 Grid HLA Management System

3.2.1 Requirements

In Section 1.3 we defined the main requirements for distributed interactive simu-
lations. Firstly, they need to be scalable and require specific functionality such as
time management for event—driven or time—driven simulations and data distribution
management for convenient data exchange. Next, it should be possible to connect
simulations with different time management into one system — i.e time—driven and
event—driven simulations should be able to form components of one distributed sim-
ulation if necessary. Next, they require a certain level of quality from the execution
environment that allows for near-real-time communication between distributed com-
ponents. Additionally, the simulations consist of distributed elements with varying
functionality and need access to a variety of distributed resources and, if possible,
convenient and dynamic setup for using these resources. Last, but not least we need
an environment supporting legacy simulations.

To fulfill these requirements, we have designed a system that supports running
HLA-based distributed interactive applications in a Grid environment. The compo-
nents of the system allow for efficient execution of HLLA-based applications on the
Grid. Requirements such as scalability, support for time and data management and
the ability to connect simulations with varying time management are fulfilled by build-
ing support for HLA-based simulations that are interfaced with the HLA-Speaking
Service described in Chapter 4. Access to distributed resources is realized by a Grid
environment (GRAM, GridF'TP, GSI) [70] in which G-HLAM is designed to be run. Dy-
namic and automatic setup within a distributed environment is done by cooperation
of the Broker Service, the Registry Service, the RTIexec Service and HLA-Speaking
Services as described in Section 3.2.3. Efficient execution is assured thanks to the
Monitoring Service, Benchmark Service and Migration Service as described in Chap-
ters 5 and 6. The system supports legacy HLA simulations - The Monitoring Service
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is transparent to the user and the Migration Service does not require the user to
port his application from the HLA to any other library as in [188]. Finally, the Ser-
vice Oriented Architecture of G-HLAM supports modular design. G-HLAM modules
communicate with Grid service interfaces, which allows them to be developed inde-
pendently of each other and also, if needed, facilitates adding preexisting services to
the system.

3.2.2 Functionality

The system we propose consists of services which control the whole HLA application
as well as the components that should be installed on each HLA-enabled Grid site.
The system is shown in Fig. 3.4 and its functionality is described below.

SITE A {(USER N-th Grid site supporting HLA e
== == === =--—---=-=-=-=-----=-= " !
; 1 Application ! . Application|
Broker Client | Benchmark I\/P[)gnitoring X HLA-Speaking : ij’ .
! Services Service Manager | Service | SORTEe
[T S B A= N2 R o | " i| code
1 [ ', 1
1 ac !
SITE B | In'fra?tructure‘ : . Migration : : RSTIE_xec :
1 | Monitoring Service|; ! Service ' ervice |
Broker Service ! n 1 1
: Broker Support : 1 Migration Support: : HLA Interfacing :
! Services 1 : Services 1y Services 1
Performance i il o ___ o ____ 1
Decision Service
yvI—r HLA
pplication
Monitoring bus
Main Service L .
Grid site supporting HLA, _ _ _ _ _ _ _ _ ______ -
Manager o IDDE X |
'Migration Support : ! HLA-Speaking | !
SITE C . Services . | Service |
f=B= :k: ?S: = :t: s U A | RTIExec
. . 1 Broker Suppori '
Registry Service ' Services | 1Management | RTIExec [
R ! Services Service !

I:I Services I:I HLA legacy components

Figure 3.4: Grid HLA Management System Architecture (G-HLAM) consists of services
which control the whole HLA application and the services that should be installed on each
HLA-enabled Grid site.

Collective services

The group of collective services (global per application) consists of the Broker Service,
the Performance Decision Service, and the Main Service Manager. The Broker Service
manages the whole application and assures that its performance satisfies a user in a
processing loop. This is done by communication with other services. The Main Service
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Manager is a part of the OCM-G monitoring system [12] responsible for gathering
information from Service Managers residing on each site. The Performance Decision
Service obtains data from the Main Service Manager and decides if migration should
be performed. When needed, it triggers the Broker Service to perform the action of
migration.

There are also services that should reside on each HLA enabled site. They form
three groups: HLA Interfacing Services, Broker Support Services and Migration Sup-
port Services.

Interfacing HLA

HLA Interfacing Services interface and manage actual HLA installations on each site.
This group includes the HLA-Speaking Service that represents HLA installations
on a particular Grid site and RTlexec service which interfaces the RTIexec process
described in more detail in the next Chapter. The HLA-Speaking Service acts as an
interface to the actual application code. It is responsible for running that code, saving
it and restoring it when there is a need for migration. The service uses Globus GRAM
[70] for job submission. The RTIexec Service is responsible for running the RTIExec
coordination process of RTI.

Broker support

The aim of the Broker Support Services is providing the Broker Service with infor-
mation necessary for decisions about setup and migration of application components.
This group includes Infrastructure Monitoring Services, Benchmark Services and Ap-
plication Monitoring Service Managers.

The Broker Service should take into account information from Infrastructure Mon-
itoring Services present in the Grid environment that provide network parameters
and host load information. In Chapter 6, Section 6.1 we will describe Benchmarks
Services as another possible source of information about HLA-based application be-
havior. Currently, Benchmark Services are based on a scenario where the applica-
tion consists of a simulation module that produces large amounts of data (simulation
output) for the visualization module and receives small amounts of data (requests
for parameter changes) from the interaction module. Application Monitoring Service
Managers are based on the OCM-G monitoring system [12] as described in Chapter 6,
Section 6.2. They aim is to receive monitoring data about federation performance
and send it to the Main Service Manager which, in turn, sends it to the Performance
Decision Service.

Migration support

The Migration Service provides direct support for fault—tolerant and effective perfor-
mance of HLA-based applications acting as a conductor for HLA-Speaking Services on
source and destination sites for the required migration. Once the Broker Service de-
cides where to migrate, the actual action is performed by the Migration Service which
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asks the HLA Speaking Service to checkpoint states of federates that are running on
that site. Subsequently, the Migration Service starts the HLA Speaking Service on
the remote site it wants to migrate to, transfers the code and checkpoint files (using
GridFTP) and restarts the federates. A technical description of the HLA migration
process can be found in Chapter 5.

3.2.3 Automatic HLA application setup within G-HLAM

In this thesis we use Unified Modeling Language (UML) [169] — in particular, the
sequence diagrams are used to show time sequences of messages exchanged by enti-
ties in the designed system. Fig 3.5 shows types of exchanged messages. There are
two types of send messages with their corresponding return messages. Synchronous
message means that a sender waits until it returns. Therefore, explicit indication of
synchronous return message is optional. Asynchronous message does not block sender.
The asynchronous return has to be indicated if it exists.

——= synchronous message

- - - == synchronous return (optional)
——= asynchronous message
—— asynchronous return

Figure 3.5: Type of messages in UML sequence diagram

A sequence diagram of the HLA application setup is depicted in Fig. 3.6 and illus-
trates how an application is started. The scenario is as follows: Broker Client asks
the Broker Service to set up the application according to the given description. Then
Broker Service asks the external Service Registry about the available RTIExec Fac-
tory Services. It chooses one RTIExec Factory from the ones proposed by the Registry
Service and asks it to create the RTIExec Service. It might turn out that the service
already exists, (it has been created by another application), but the factory knows
its endpoint and returns it to the Broker Service. Then Broker Service asks the Reg-
istry about existing HLA Speaking Services Factories than can run HLA-Speaking
Services with the appropriate HLA implementation version (determined by user code
compilation) and assigns them to the federates from the application description. Each
HLA Speaking Service is responsible for managing federate processes on its site. The
Broker Service asks the HLA Speaking Service Factory on each of the chosen sites
to create a HLA Speaking Service, transfers the code of the federates and invokes a
start operation on each HLA Speaking Service providing the RTIExec endpoint ob-
tained previously. In this way, there is no need to manually set up the federation and
the mechanism presented here allows for automatic discovery of available RTIExec
services. Subsequently, each HLA Speaking Service creates appropriate federate pro-
cesses that join RTIExec.

Upon being started up, the application is monitored by Monitoring Services. In
case of bad performance, Migration Services perform migration of particular feder-
ates.
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UML sequence diagram — interactions between Broker Service, Registry, HLA-

Speaking Service, RTIExec Service and GridFTP server during start up of HLA application.

Figure 3.6
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The solution presented here uses the Broker Service to ensure that the same
RTIExec process is assigned to each of the federates within the same federation. The
Broker Service first chooses an RTIExec endpoint and then forwards this endpoint to
all federates of the application as it starts them up.

A different approach is presented in [194], where an Index Service (Registry) man-
ages a database with information on which federation is assigned to which RTIExec
process. The reservation mechanism is used to store an RTIExec handle in the
database and return the same handle for later queries for the same federation. This
solution doesn’t require any entity responsible for managing the whole application
(such as the Broker Service). Each federate, encapsulated in a Grid service can join
the system itself by asking the Index Service about an RTIExec endpoint. However,
this requires the Index Service to implement a reservation mechanism which is not
necessary in our approach (where each application has its own Broker that assigns
the same RTIExec to all federates within the same federation).

3.24 Summary

Requirement Solution proposed in G-HLAM
scalability, support for time and data | Support for HLA based simulations
management, ability to connect simula- | (interfaced with HLA Speaking Ser-
tions with different time management vice)

access to distributed resources Service Oriented Architecture of G-
HLAM, Grid environment (GRAM,
GridFTP, GSI)

dynamic setup within distributed envi- | Broker Service, Registry Service,

ronment RTlIexec  Service, HLA-Speaking
Service

efficient execution Monitoring Service, Benchmark Ser-
vice, Migration Services

support for legacy HLA simulations Monitoring Service, Migration Service,
HLA Speaking Service

Table 3.2: Summary of requirements and their solutions in G-HLAM

Tab. 3.2 shows how G-HLAM services fulfill requirements of distributed interac-
tive simulations. Support for HLA-based applications satisfies requirements specific
for simulation development such as scalability, support for time and data manage-
ment and the ability to connect simulations with different time management. Grid
concepts allow for access to distributed resources. Particular G-HLAM services sup-
port convenient setup of whole applications and efficient execution as described in
Tab. 3.2. The Service Oriented Architecture of G-HLAM allows for its modular de-
sign. Grid service interfaces between G-HLAM modules help them to be developed
independently and enable the adding of "off-the—shelf" services to the system if nec-
essary.
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3.3 Analysis of G-HLAM System

In order to describe and analyze the behavior of G-HLAM, we use Petri Nets [128].
We have chosen this formalism as it provides a strong theoretical background for
analyzing concurrent systems, can be used as a language describing workflow of these
systems [98] and provides mechanisms for deadlock detection [109, 83]. There are
other formalisms for modeling system behavior such as David Harel statecharts [75]
which provide a basis for UML statechart diagrams [169], however Petri Nets seem
to be the most convenient mechanism for our purposes.

We will provide a short introduction to the chosen formalism, then present the
Petri Net—-based model describing G-HLAM behavior and show that deadlocks cannot
occur. For our analysis, we have used the Pipe [130] tool.

3.3.1 Petri Net

A Petri net (also known as a place/transition net or P/T net) is one of several math-
ematical representations of discrete distributed systems. As a modeling language, it
graphically depicts the structure of a distributed system as a directed bipartite graph
with annotations. As such, a Petri net has place nodes, transition nodes, and di-
rected arcs connecting places with transitions. Formally, a Petri Net [117] is a 5-tuple
PN = (P, T,F,W,My) where:

1. Pis a set of places
2. T is a set of transitions

3. FC(PXT)U(T X P) is a set of arcs from places to transitions and from transi-
tions to places

4. W:F —1,2,3,... is a weighting function (in this thesis we assume that each arc
has weight=1)

5. My:P—0,1,2,3,... is a initial marking (each place can have 0 or more tokens)
6. PUT #0and PNT =0

The execution of PN is done by executing (firing) its transitions. A place connected
with a transition in the sense that an arc leads from the place to the transition,
is called an input place. A place connected with a transition in the sense that an
arc leads from the transition to the place, is called an output place. A transition
can be fired if all its input places have at least as many tokens as the weight of the
arc connecting this place with this transition. The firing changes the marking by
subtracting one token from every input place and adding one token to every output
place of the transition. In our notation, if M; is the marking before the transition 7 is
fired and M| is the marking after it is fired, we write that M;[r)M;.
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3.3.2 Using Petri Nets for deadlock detection

One important feature of PNs is that they can be used to analyze whether a deadlock
can occur in the modeled distributed system [109, 83].

In this thesis we use the approach described in [109]. A PN system contains a
deadlock if it can reach a state in which no transition can be fired. We use the Petri
Net formalism to prove that the functionality of the system is deadlock-free. This
analysis is performed by creating a so—called graph of reachable states.

Petri Nets can also be described by a sequence of markings which occur. Starting
from the initial marking it is possible to compute a set of all markings reachable from
that marking (the state space of the PN system) and all paths that the system may
follow to move from state to state. The set of all possible sequences forms a connected
graph called the graph of reachable markings or the graph of reachable states. By
analyzing the graph, we can determine whether a deadlock can occur — a deadlock
occurs if there exists a dead marking (a node with no output arcs in the graph). The
absence of such a node is sufficient to guarantee the absence of deadlocks [109].

To provide a formal definition of a graph of reachable states we first define the
reachability set [109]. The reachability set of a PN system with initial marking M, is
denoted RS(M)y), and it is defined as the smallest set of markings such that:

. M()ERS(M())
o M, ERS(M())/\HZ‘ S T:M()[Z‘>M1 = M> ERS(M())

Given a PN system, and its reachability set RS, we call a reachability graph RG(M)
the labelled directed multigraph whose set of nodes is RS, and whose set of arcs A is
defined as follows [109]:

e ACRSXRSXT

L] (M,',Mj,l‘) €A <:>M,'[l‘>Mj

3.3.3 A Petri Net based model for the G-HLAM system

A simplified Petri Net illustrating the behavior of the G-HLAM system is shown in
Fig. 3.7. The Application Monitoring Service monitors the performance of the HLA—
based application and reports to the Broker Service if something is wrong. This is
shown as the two transitions AM—Monitor (normal situation) and AM—report bad
performance (this transition is fired in case some anomaly is observed by Application
Monitoring). Next, the Broker Service asks Benchmark Services about results and,
based on that, makes decisions about migration (in Fig. 3.7 the migration takes place
from site A to site B). Subsequently, a method of the Migration Service is invoked at
site A to perform migration. Migration is performed as described in Chapter 5 (Sec-
tion 5.2). Firstly, as shown in the sequence diagram in Fig. 5.2, a Control Federation
at site A is created and then the actual migration is performed. In order to avoid
too much detail in one figure, a detailed Petri Net for modeling migration is shown
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p1-Application Monitoring (AM) running WA AM->monitor I

AM->report bad performance
p2-AM: bad performance

Broker Sevice(BS)->ask benchmark results

p3 - BS: results obtained

BS->migration decision from site A to B

p4 - Migration Service(MS) site A asked for migration

MS->create Control Federation (CF) at site B

p5 - CF created

MS->Perform Migration

Figure 3.7: The Petri net describing the G-HLAM system — simplified model showing how
monitoring of an application triggers migration decision.

in Fig. 3.8. To determine if there is no deadlock present in the net as described in
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Section 3.3.2 we needed to build a corresponding graph of reachable states. Building
such a graph is an automatic process, so we have used one of the tools available on
the web. For that purpose we have chosen Pipe [130] as it was an easy to use, user
friendly tool with all functionality needed .

Petri net based model for migration

A Petri net-based model for actual migration for two federates is shown in Fig. 3.8.
Federate 1 (indicated as fedI in Fig. 3.8) represents the federates that will be moved
during migration, while federate 2 (fed2) represents the federates that have joined
the federation, but will not be moved. Each federate uses the GridHLAController
library as an interface to the control federation. In Fig. 3.8 the GridHLAController
library is indicated as control. More information about the library will be provided in
Chapter 4 and Chapter 5; for now it is sufficient to know that it manages a four—bit
state of the user federate defined in Table 3.3.

bit number meaning
0 external request for saving came(1)/not came(0)
1 internal request for saving came(1)/not came(0)
2 external request for restore came(1)/not came(0)
3 internal request for restore came(1)/not came(0)

Table 3.3: Four—bit state of a federate

An external request for saving or restoring is defined as a request coming from
the Migration Service that invokes RequestMigrationSave or RequestRunWith-
Restore operations on the HLA-Speaking Service. The internal request is defined as
the one sent through the control federation using federation—wide save/restore mech-
anisms and is used only to freeze the federation.

Detailed description of Petri net based model

From the place P1 G-HLAM running there are two transitions that can be fired: G-
HLAM run in a normal situation and request for migration if a migration is requested
as described in detail in the previous Section.

Following the request, the Monitoring Service invokes the requestMigration-
Save operation on the HLA-Speaking Service described in Section A.1 and A.2. This
invokes a request for an external save that is propagated in the HLA bus via the
control federation to all federates.

Each federate recognizes (by means of the multiple process management algo-
rithm described in Section 5.3.2) if the request was directed to it. Furthermore, the
request is processed only when a federate is in its normal state - that is all bits of
its state are set to 0. If these conditions are met, the GridHLAController library sets
the first bit in the federate state (by means of the request_external_save routine
indicated in Fig. 3.8) and the federation—wide save mechanism [78] is used to set the
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request for migration p1:G-HLAM running

G-HLAM run

p2:requestMigrationSave invg

control->request_external_save

p5: fed1 state=1,0,0,0 .

control->restore_off

control->save_on

p7: fed2 state=0,1,0,0 .
p6: fed1 state=1,1,0,0
p13: fed2 state=0,0,0,1 ‘

control->restore_on
control->save_off

p8: fed1 state=1,0,0,0 ‘
p12: fed2 waiting for restore, state=0,0,0,0

control ->save user data

p9: fed1 data saved

migrate codes and checkpoints

p11: fed1 state=0,0,1,0 .

p10: migration done requestRunWithRestorE

p15: fed1 datg restored

control->festore data

p14: fed1 state=0,0,1,1 .

Figure 3.8: The Petri Net describing migration in G-HLAM. Federate 1 (fed1) represents the
federates that will be moved during migration, while federate 2 (fed2) represents the federates

that have joined the federation, but will not be moved.



90 3 Grid HLA Management System

second bit of all federates. In particular, the save_on routine of the GridHLACon-
troller library uses this mechanism, to notify a federate that other federates have
begun saving the internal state of the RTI. Similarly, the save_off routine notifies
a federate that other federates have finished saving the internal state of the RTI.

Afterwards, the federates that have two first bits set (we will call them fed1 type
federates as in Fig. 3.8) will be migrated and these with only the second bit set (called
fed?2 type federates) are frozen. After saving the RTI internal state, fed2 type federates
await the restoration of the federation and fedl type federates save user data and
migrate.

When requestRunWithRestore is invoked, fedl type federates are started on
the destinated site, with the third bit set and restore the RTI internal state together
with user data. The federation—wide restore mechanism that is used to set the third
and fourth bits of federate states allows for synchronization of fed1 type and fed2 type
federates, so no federate will be prematurely restarted before user data is restored.
In particular, the restore_on routine of the GridHLAController library uses this
mechanism to notify a federate that other federates have begun restoring the internal
state of the RTI. Similarly, the restore_off routine notifies a federate that other
federates have finished restoring the internal state of the RTI.

After restarting, the system returns to its initial state and the scenario can be
repeated when another request from G-HLAM comes (transition request for migration
is fired).

As described above, we build the corresponding graph of reachable states and de-
termine that there is no deadlock present in the net as described in Section 3.3.2. We
have used the Pipe tool [130] for that purpose.

3.4 Summary

This Chapter constitutes an important part of this thesis as it presents the over-
all concept and analysis of the Grid HLA Management System (G-HLAM) which is
our solution for filling the gap between requirements of legacy simulations based on
the HLA standard and the execution environment offered by Grid. This is done by
allowing for efficient and convenient execution of such simulations in this environ-
ment. G-HLAM is based on SOA and includes services for interfacing legacy code to
G-HLAM, migration, performance monitoring and benchmarking. These services are
described in more detail in subsequent Chapters.

Since the system supports simulations based on HLA, it enables the use of ad-
vanced features of this standard such as support for time and data management,
the ability to connect simulations with different time management and scalability.
G-HLAM uses distributed resources offered by the Grid environment. It supports dy-
namic and automatic setup of distributed simulations and their efficient execution.
Finally, the Service Oriented Architecture of G-HLAM supports its modular design.
G-HLAM modules communicate with Grid service interfaces, which allows them to
be developed independently and to be interoperable with preexisting services.
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Additionally, we have presented Petri Net-based analysis of the system including
its model. We prove that the system runs correctly without the possibility of dead-
locks. For our analysis we have used a graph of reachable states generated by the
Pipe [130] tool.
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Interfacing Services

In this Chapter!, we describe in more detail the HLA interfacing services shown in
Fig. 3.4 of Chapter 3 — namely HLA-Speaking Service and RTIExec Service, which
aim at interfacing HLA-based applications with G-HLAM.

The described services were designed to satisfy the requirements listed in Sec-
tion 1.3. First, they interface G-HLAM to the HLA application enabling us to take
advantage of advanced HLA features (such as time and data management, simulation
interoperability, scalability) when running a simulation in the Grid environment. The
designed interface does not require the user to port his HLA application to any other
library as in [188] — which means that legacy applications are supported.

Next, the services described in this Chapter are used by the Broker Service to
satisfy the requirement of the automatic setup of distributed HLA-based applications
as described in detail in Section 3.2.3 of the previous Chapter.

Furthermore, in order to fulfill the requirement for efficient execution of distributed
simulations on the Grid, the HLA Speaking Service is responsible for informing user
federates about checkpointing and migration requests which come from the G-HLAM
system when the Monitoring Services (described in Chapter 6) report bad performance
at the current location.

The main problems addressed in this Chapter are:

e building an universal interface of user federates (also those from legacy simula-
tions) to G-HLAM,

IThe results described in this Chapter formed the basis to the following papers:

K. Zajac, M. Bubak, M. Malawski, and P. M. A. Sloot. Towards a Grid Management System for HLA-
Based Interactive Simulations. In S. J. Turner and S. J. E. Taylor, editors, Proceedings Seventh IEEE
International Symposium on Distributed Simulation and Real Time Applications (DS-RT 2003), pages
4-11, Delft, The Netherlands, October 2003. IEEE Computer Society.

K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. Interactive Grid Computing: Adapting High
Level Architecture-based Applications to the Grid. In P. Doerffer and J. Rybicki, editors, TASK QUAR-
TERLY. Scientific Bulletin of Academic Centre in Gdansk, TASK Publishing, 2004, 8(4):549-559
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e interfacing RTI control processes to the G-HLAM,

¢ building easy—to—use API for interaction of user code with the service,
e managing multiple federate processes at one Grid site,

o efficiently using the whole Grid site.

We also present the evolution of HLA-Speaking Service — from a prototype only able
to manage one federation process to a version that can deal with multiple federation
processes.

This Chapter is organized as follows: in Section 4.1 we outline the role of the HLA-
Speaking Service, in Section 4.2 we describe its version for a single process and in
Section 4.3 we describe an analogous version for multiple processes. The discussion
of service evolution is described in Section 4.4. Section 4.5 describes the RTIExec
Service. We summarize the Chapter in Section 4.6.

4.1 The role of HLA Interfacing Services

site A site B site C
management Grid Service HLA Speaking HLA Speaking RTI Exec
level Communication Service Service Service

application RTIbus | 1kedl [Fed| |[Fed Fed| |Fed RTI
level Communication exec

Figure 4.1: The role of HLA-Speaking Service and RTIExec Service. Services are located in
a management level — they are responsible for managing execution of the federates and the
control RTIExec process.

In our approach we consider different HLA implementations and their versions
installed on Grid sites as resources. We introduce the HLA-Speaking Service and the
RTIExec Service to allow for sharing these resources between members of the Grid
community. Those services are located in a management layer — that means they are
not responsible for exposing HLA functionality in their interfaces as e.g. in [185],
but to manage execution of the federates (in the case of the HLA-Speaking Service)
and the HLA RTI control RTIExec process (in the case of the RTIExec Service) on a
particular site. The management functionality of the HLA-Speaking Service includes
starting the execution of a federate code on their site as well as saving and restoring
their states upon request coming from G-HLAM. The management functionality of
the RTIExec Service includes starting the RTIExec process and providing its location
(endpoint), so that user federates can join the HLA RTI.
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An example is shown in Fig. 4.1 — on site A the HLA-Speaking Service manages
three user federates, on site B — two federates and on site C there is an RTIExec
Service running the RTIExec process. A HLA—specific API is hidden in the RTI library
functionality and is not exposed as a service interface. Instead, the federates and
RTIExec communicate using HLA RTI in the same way as in legacy simulations.

4.2 HLA-Speaking Service for a single process

4.2.1 Functionality

As described above, the role of the HLA-Speaking Service is to manage user federates
on its site. In this Section we present a version of the service suitable for handling
single processes (which, however, can contain many federates). The architecture of
the HLA-Speaking Service is shown in Fig. 4.2. The service has two porttypes (in

GridService Porttype HLA-Speaking

Service

HLA-Speaking Portt

peaking Torlype | RTI versio

Start info
| GHCL library

Save state

‘ User

Restore Federate(s)

Figure 4.2: Architecture of HLA-Speaking Service for a single federate process — the ser-
vice provides the HLA-Speaking Porttype - with operations supporting user federate process
startup and saving or restoring its state.

Grid services terminology a porttype is a set of operations offered by a service).

Since it is a Grid service, it provides the GridService Portype that includes stan-
dard OGSI operations like querying service data [61]. Here, service data contains
information about the supported version of the HLA implementation, important for
the Broker Service that sets up the whole HLA application.

Additionally, the service provides the HLA-Speaking Porttype - with operations
supporting user federate process startup and saving or restoring its state. The full
list of the operations can be found in Section A.1.

A client (e.g. the Broker Service or the Migration Service) can use these operations
to load user federate code into the service, and request for checkpointing and migra-
tion of the federate code as shown in detail in Section 5.2. To receive these requests,
the user federate uses the GridHLAController library (GHCL) described in the next
Section.
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4.2.2 GridHLAController Library routines for a single process

The GridHLAController library (GHCL) is an interface between the Grid service layer
and the user federate. It is used to notify the user federate about saving and restoring
requests which come from the Migration Service to the HLA-Speaking Service and
finally to the user federate. The library contains two groups of routines: initialization
functions and migration functions. In this Section we focus on the former group, while
the latter can be found in the next Chapter, describing the migration mechanism
(Section 5.3).

The group of initialization functions contains startup routines that start the pro-
gram and register the main simulation loop (the callback defined by the user). There
are also connection functions that are used to connect the user federate with the mi-
gration engine. The full description of the routines can be found in Section B.1.1.

The next Section describes how the GHCL library is used to set up user federate(s)
within the HLA-Speaking Service.

4.2.3 User federate setup in HLA-Speaking Service

In this thesis we use UML component diagrams to illustrate cooperations of system’s
components. The notation used in this kind of diagram is illustrated in Fig. 4.3. The

Number

| !
v :
interface()j)
I
:
Component A Component B

Figure 4.3: UML component diagram example

system consists of a number of components. Each of them can expose interface so
the others can use it. In Fig. 4.3 component A exposes interface and component B uses
that interface. The particular set of cooperating components can appear in the system
more then once. The number indicates a number of the sets of the components in the
rectangle.

Fig. 4.4 shows a UML component diagram of the HLA-Speaking Service. It shows
how elements of the architecture presented in Fig. 4.2 cooperate together when initi-
ating user federate process. The detailed description of GHCL routines used in this
Chapter can be found in Section B.1.1.

The Broker Service invokes the start operation of the HLA-Speaking Service
which in turn calls the start () function of the GHCL library. This action triggers
startup of user code.
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Figure 4.4: UML component diagram of HLA-Speaking service for a single process showing
how elements of the service architecture cooperate together when initiating user federate
process.

User code uses the GHCL library GridHLAController: :register_start() rou-
tine to register the main loop of its simulation and the GridHLAController::-
add_RTIambassador () function to inform the GHCL that the state of the user fed-
eration (which is related to the RTIAmbassador class in the HLA RTI library) has
to be saved in case of migration. GHCL uses the HLA API to connect to other user
federates within that federation. This is necessary to inform other federates about
the migration of the managed federate (see details in Section 5.3). User code utilizes
the HLA API as in legacy applications.

4.3 HLA Speaking Service for multiple processes

4.3.1 Functionality

In the previous Section we have shown how to create an universal interface between
user federates (also for legacy simulations) and G-HLAM and also how to build an
easy—to—use API for interaction of user code with the service. However, the pre-
sented solution was suitable only for Services which include single federation pro-
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cesses. There is a need to extend this functionality to support many processes and
therefore to make more efficient use of the Grid site.

As the first step, we have decided to use the GRAM [70] interface for submission of
user processes. The actual commands submitted by the Broker Service are based on
the Resource Specification Language (RSL) [139] and include information indicated
in the RSL specification: executable, standard output and error files, their relative
directory, number of processes and information whether it is an MPI job.

However, RSL-based submission in G-HLAM differs from original RSL submis-
sion as some of the information needed cannot be provided by the external service
(e.g. the Broker Service) and is therefore filled by the HLA-Speaking Service. This
information includes:

e name of the job manager used by GRAM,

e GridFTP server name that is used to fetch code from remote sites (e.g. Bro-
ker Service site during application setup or the site from which federates are
migrated),

e absolute paths,

e version of the HLA implementation and its dynamic libraries. The version is
determined by the HLA-Speaking Service factory before service creation as de-
scribed in 3.2.3.

The HLA-Speaking Service fills the submitted RSL-like command with necessary
information included in the configuration file (changes relative paths to absolute
paths, adds necessary environmental variables etc.) and submits this command to
the GRAM manager.

Fig. 4.5 shows an HLA-Speaking Service architecture supporting multiple feder-
ates. As previously, the service has two porttypes. The Grid porttype is the same
as for the single—process version. Operations of the HLA-Speaking Service Porttype
are, as previously, designed to start user federate processes and pass requests for
saving and restoring states of the federate code. However, they are extended to sup-
port multiple federates and include operations that create control federation, start
the control federate, fetch and start user federates codes, save and restore state of
indicated processes. The full list of the operations can be found in Section A.2.

In order to forward requests from the HLA-Speaking Service to the actual user’s
federates, we have designed a control federation. Upon being submitted by a service
using GRAM, each user process uses the GridHLAController library (GHCL) library
to join the control federation. A detailed description of this library can be found in
Section 4.3.2. As can be seen in the presented design, the scope of the control feder-
ation is limited to the HLA-Speaking Service local site, so the user application par-
ticipates in one control federation for each Grid site it runs on. Apart from that, user
federates communicate with one another in a normal way — using RTI in the scope of
user—defined federations.
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Figure 4.5: Conceptual view of an HLA Speaking Service for multiple federate processes. The
service provides the HLA—Speaking Porttype - with operations supporting user federate pro-
cesses startup and saving or restoring their state. Control federation is used to communicate
the service with user processes.

4.3.2 GridHLAController Library routines for multiple feder-

ates

As in the previous Section, the GridHLAController library is divided into two groups
of routines: the first supporting initialization and the second related to migration. In
this Section we focus on the former group, while details about actual GHCL migration
support can be found in the Section 5.3.

The initialization group contains routines that initiate all the necessary function-
ality in the GridHLAController library, create a control federate in the user process
and connect it to the control federation. The group contains also connection functions
used to connect the user federates with the migration engine. The full description of
the routines can be found in Section B.1.2.

The next Section shows how GHCL library is used to set up multiple processes via
the HLA-Speaking Service.
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4.3.3 Application setup - component diagram

Fig. 4.6 shows a UML component diagram of the HLA-Speaking Service and user pro-
cesses. It describes how elements of the architecture presented in Fig. 4.5 cooperate
together during application setup.

The Grid layer starts user federates (by means of a Grid job manager such as
GRAM). Subsequently, control federate code is loaded into the HLA-Speaking Ser-
vice. The control federate is treated similarly to the federate process described in
Section 4.2. The difference is that this federate is designed for control purposes
and therefore is not defined by the user, but rather by the G-HLAM system itself.
Therefore its start callback is predefined and does not need to be registered by the
GridHLAController: :register_start() routine. Instead, the control federate
joins the control federation using its internal join_controller() routine). User
federates use the GridHLAController::init () routine to initiate all the neces-
sary functionality in the GridHLAController library, create their own control feder-
ates and connect them to the control federation. As previously, they also use the
GridHLAController::add_RTIambassador () function to inform the GHCL that
the state of user federation has to be saved in case of migration.

4.4 Evolution of HLA-Speaking Service - discussion

In two previous Sections we presented two versions of HLA-Speaking Services.

Single—process version

Multiple—process version

user code is loaded directly into the
(JNI) service

GRAM is used to run user code in sep-
arate processes

communication within the same pro-
cess space

longer communication using HLA RTI
(control federation)

requires separate service for each pro-
cess — unnecessary consumption of
computing resources

only requires a single service for all
processes on a Grid site

does not obey the common administra-
tion policy of the Grid site

by using a job manager complies with
the administration policy of the Grid
site

difficult to run MPI simulations

facilitates running MPI simulations

Table 4.1: Comparison of the two versions of HLA-Speaking Service

The advantages and disadvantages of both are summarized in Tab. 4.1.

The version for single processes uses special programming mechanisms (JNI [88])
to load user code directly into the Service. This resuls in quicker setup of the federate,
since the solution does not require job manager mediation to start the user process.
Furthermore, saving and restoring actions takes less time - the user federate and
the service communicate within the same process space, instead of using a control
federation as is the case for the multiple—process version.
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Figure 4.6: UML component diagram illustrating setup of multiple federate processes by the
HLA Speaking Service — describes how elements of the service architecture cooperate together
during application setup.
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On the other hand, the version for multiple processes does not require starting
a separate Grid service for every user process and therefore it consumes less com-
puting resources. Usage of a job manager via a GRAM interface assures that the
Grid site is used efficiently and in accordance with site administration policy (using
job managers on Grid sites is usually required by administrators). Additionally, this
version enables straightforward execution of HLA simulations which are parallelized
using MPI. Using the single—process version would be more difficult for that purpose,
because MPI requires starting all processes concurrently.

To summarize, both solutions have their advantages and disadvantages and each
of them can be chosen according to user needs. The multiple—process version was
created based on experience with the single—process version and, as can be seen from
the presented comparison, is more natural in situations when a user with a legacy
HLA application wants to utilize Grid resources in order to run it in an efficient way.
However, it is worth mentioning that the single—process approach is similar to that
described in [194] where a system for dynamic discovery of federates encapsulated
within Grid services is presented. It is more natural to use when one wants to add
a semantic descriptions of a federate loaded into Grid Service and compose complex
distributed simulations from different federates based on this description [23].

4.5 Interfacing RTI control process

The RTIExec Service is used by the Broker Service to perform automatic setup of an

RTIExec | create(version) RTIExec start(endpoint) RTIExec
Factory Service

query endpoint Service Data:
—endpoint
— version

database HLA RTI

Figure 4.7: Management of RTIExec endpoints — cooperation between RTIExec Factory,
RTIExec Service and actual RTIExec process.

HLA-based application. The factory stores information about versions of RTIExec
implementation that can be run on its site. On request it creates an appropriate
RTIExec Service.

The Service starts the actual RTIExec as shown in Fig. 4.7. Its service data in-
cludes:

e endpoint of the process — required by federates for communication,

e version number of RTI implementation.
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Since the RTIExec process can coordinate many federations, it is not necessary to
create separate instances for different applications as this would result in waste of
computing resources. Therefore, the RTIExec Factory manages a database of existing
services containing their versions and endpoints (obtained by querying service data)
and assures that there is no attempt to create two RTIExec processes in the same
version. If creation of a service with the existing version is requested more than once,
the Factory returns an appropriate endpoint obtained from its database.

4.6 Summary

The goal of this Chapter was to present in detail the HLA Interfacing Services, first
introduced in Chapter 3, Section 3.2.2. These services allow for cooperation between
user HLA applications and the Grid Services framework. An evolution of services
was presented: first, we described an HLA-Speaking Service which interfaces a single
process to the system; subsequently we described the design of a service that manages
execution of multiple processes. We also described the RTIExec Service responsible
for running the RTIexec process that controls RTI execution.

The solutions presented in this Chapter satisfy the requirements stated in Sec-
tion 1.3 as follows: an universal interface from the G-HLAM to the legacy HLA ap-
plication ports advanced HLA features (time and data management, interoperability,
scalability) to the Grid; functionality of services allows for automatic setup of dis-
tributed HLA-based applications, while efficient execution of the managing applica-
tion is supported by forwarding checkpointing and migration requests which come
from the G-HLAM system to user processes.

Summarizing, in order to satisfy the requirements mentioned above the following
problems have been solved:

e universal interface to user federates (also those from legacy simulations) to
G-HLAM - this was done by building the HLA-Speaking Service which can start
execution of user legacy code using GRAM and can communicate with that code
during execution,

e interfacing RTI control process to G-HLAM — achieved by the RTIExec Service
which can start the process and return its location, so that user federates can
automatically join it,

e designing an easy-to—use API for interaction of user code with the service —
fulfilled by the GridHLAController library,

e managing multiple federate processes at one Grid site and using the whole Grid
site efficiently — achieved by a GRAM interface to the local job manager.
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Migration Services

In this Chapter! we present the part of the G-HLAM system which is responsible
for migration of a HLA—connected federate(s) of the distributed application in the
Grid environment. Migration requests arrive from the Migration Service (acting on
demand of the Broker Service) via the HLA-Speaking Service and are processed by
user federates. In this Chapter we describe the migration mechanism performed by
these services. Their location in the G-HLAM architecture is shown in Fig. 3.4, in
Chapter 3.

We focus on the requirement for efficient execution of the application in a Grid en-
vironment, which is specified in Section 1.3. Our approach proposes a mechanism for
adapting application execution to changes in the Grid environment. The adaptation
is realized through migration of badly—performing federates. We aim at designing a
scalable and universal solution.

The main problems addressed in this Chapter are:

e to provide the ability of migrating some of the federates without generating er-
rors by other federates within the same federation,

e to support migration of multiple federates,

e to assure consistency of HLA services such as data management, ownership
management and time management - e.g. when federate A regulates the time

IThe results described in this Chapter formed the basis to the following papers:

K. Zajac, M. Bubak, M. Malawski, and P. M. A. Sloot. Towards a Grid Management System for HLA-
Based Interactive Simulations. In S. J. Turner and S. J. E. Taylor, editor, Proceedings Seventh IEEE
International Symposium on Distributed Simulation and Real Time Applications (DS-RT 2003), pages
4-11, Delft, The Netherlands, October 2003. IEEE Computer Society.

K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. A Grid Service for Management of Multiple
HLA Federate Processes. Accepted for Parallel Processing and Applied Mathematics (PPAM) 2005
conference, 11-14 Sep 2005, Poznan, Poland.
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of another federate B and federate A is selected for migration. During migration
federate B must behave in a consistent way.

The Chapter is organized as follows: in Section 5.1 we discuss possible solutions to the
problems stated above, in Section 5.2 we present how G-HLAM services introduced
in Chapter 3 (Section 3.2.2) cooperate to perform migration and Section 5.3 outlines
collaboration between the HLA-Speaking Service, the GHCL library and managed
federate processes during migration. We conclude the Chapter in Section 5.4

5.1 Overview of possible migration approaches

Migration of one of the federates without affecting the behavior of other federates
is a nontrivial task [26]. The HLA specification conceals the actual location of data
and messages, therefore using the HLA Management Object Model (MOM) [78] for
obtaining information about a federate’s internal state cannot guarantee that this
state is up-to-date. Therefore, it is difficult to use it for saving the current state for
migration purposes.

A different approach is to write a new implementation of the HLA standard. This,
however, would be a huge task and would also force the developer to use a selected
implementation of the RTI library.

We have therefore decided to use the HLA Federation Management API [78] to
save and restore the HLA internal state as it is an easy—to—implement, straightfor-
ward solution. This API contains routines designed to freeze the internal state of
the HLA communication bus from the beginning of the process saving procedure to
their complete restoration. It hides implementation details of HLA (also underlying
communication protocol) and supports saving and restoring all HLA data structures.
For a user that creates its own HLA data structures, the API provides routines that
transform pointers to the unique handles that become valid also after migration. The
API assures that all RTI services such as Data Management, Ownership Management
and Time Management are not affected during the saving/restoring process. However,
no operations that change RTI internal state are allowed during the saving process.

The presented solution is not completely transparent to the developer, since it re-
quires using the HLA API and it does not allow for saving user-specific data. However,
it assures state consistency between all federates with relatively little overhead. We
propose the GHCL library that not only facilitates to use HLA federation save API,
but also allows the user to save his own data.

As stated in Chapter 2, Section 2.4.4, there exists another approach to the pre-
sented problem — it is solved by designing a sophisticated migration protocol for
HLA-based applications. Unfortunately, the available solutions, although efficient
[27], require the user to port his/her application to high—level-library build over HLA
[188] and therefore does not support legacy HLA-based simulations.
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5.2 Migration scenarios

In this Section, we present how G-HLAM services cooperate during migration. The
scenarios are presented for two versions of HLA-Speaking Services described in the
previous Chapter.

5.2.1 Single process version

The scenario of migration is shown in Fig 5.1. The main services participating in
migration are the Broker Service which decides where to migrate, the Migration Ser-
vice which performs actual migration and the HLA-Speaking Service described in
the previous Chapter which interfaces Migration Service requests to the actual HLA
application.

Monitoring Broker Migration GridFTP server |[HLA sp_eaking RTIb HLA .speaking
i Service Service ; service us || service
Service site B site A site B
migrate ‘ i i ‘
| | migrate from | | |
- ] . putcode ! !
' site A to site B| ! 4>m !
‘ start
‘ requestMig:rationSave u
! V| save ! !
| resign
save done |

' | put user checkpoint

n requestRunWithRestore!

Tm !
restore | |

. i | restore done
. migrate done |! i
migrate done :

Figure 5.1: UML sequence diagram illustrating federate migration for a single federate sce-
nario - cooperation between services of G-HLAM system and RTI.

If there is a need to migrate, the Monitoring Service informs the Broker Service
which decides that the HLA federate from site A has to be migrated to site B and trig-
gers the Migration Service to perform this migration. The Migration Service creates
the HLA-speaking service on the new site, transfers federate code by means of the
GridFTP server and invokes a "start ” operation on that service which loads the code
into a Java Virtual Machine via the JNI [88] mechanism.
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When this is done, the Migration Service asks the HLA-Speaking service on site A
to save the state. The HLA—speaking service forwards this request to its federate code
by means of the GridHLAController Library (GHCL) library. The federate invokes an
HLA API for federation saving, which suspends the other federates; user data is then
saved in a checkpoint file and the federate resigns from the federation.

Subsequently, the Migration Service transfers the checkpoint files to site B and
asks the HLA-Speaking Service there to restore the migrated federate from the avail-
able checkpoint file. The newly—created federate joins the federation and invokes
GHCL library that restores user—specific data and uses the HLA API to restore the
federation RTI internal state.

5.2.2 Multiple processes version

Monitoring Broker Migration | |GridFTP server S I_g{léng S I_ga‘léng RTIb Fede}rates Federates
Service Service Service site A S%rvice Sljervice us running running
site A site B on site A on site B
migrate  migrate from | | 1 ! !
! |site A to site
startControl
requestMiQrationSave U
! : save

; | save | |

| | | resigr zfpplication fed

resign ¢ontrol fed
save done | ' | save done ' 1

" | takeAndSubmit

\_[ get codes and checkpoints | | ! restore |

| | | join application fed
[] join control fed
L]

restore

restore done

! | migrate done |!

migrate done

Figure 5.2: UML sequence diagram illustrating federate migration for multiple federates
scenario — cooperation between services of G-HLAM system and RTI.

The multiple processes version scenario is shown in Fig 5.2. As previously, the
services participating in migration include the Broker Service, the Migration Service
and the HLA-Speaking Service.

If there is a need to migrate, the Monitoring Service informs the Broker Service
which decides that the HLA federate from site A has to be migrated to site B and trig-
gers the Migration Service to perform this migration. The Migration Service creates
an HLA-Speaking Service on the new site, then asks for creation of a control federate
which in turn creates a control federation.

When this is done, the Migration Service asks the HLA-Speaking service on site A
to save its state. The HLA—speaking service forwards this request with the identifiers
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of federates that have to be saved to all federates it controls by means of the GridHLA-
Controller Library (GHCL). The federates invoke the HLA API for federation saving
[78] which suspends other federates. The federates know by their identifiers whether
there is a request to save state of their federations and resign from them (the identi-
fiers are described in more detail in Section 4.3 of the previous Chapter).

Once this is done, user data is saved in a checkpoint file and the appropriate feder-
ates resign from the federations defined by the user (application federations) as well
as from their control federation.

As a next step, the Migration Service invokes the takeAndSubmit operation of the
HILA-Speaking Service on site B that triggers it to fetch the user code and checkpoint
files from site A to site B and restore federates from the available checkpoint files. The
federates join the control federation as well as user—defined (application) federations
and invoke the GHCL library which restores user—specific data and uses the HLA
API [78] for restoring the application federation RTI internal state.

5.2.3 Discussion

In Section 5.2 we presented migration scenarios for two versions of HLA-Speaking
Services. As can be seen by comparing Fig. 5.1 and Fig. 5.2, the scenario with the
service version for a single process does not include joining and resigning from a
control federation during migration and therefore is less time—consuming. This is the
price we pay for running separate processes (a solution which has many advantages,
as described in Section 4.4 in the previous Chapter).

As shown later in Chapter 7, for the HLA RTI DoD implementation [77] the joining
overhead is relatively big. However, this feature is specific to that implementation
and the protocols used when joining federations. Since the control federate has local
scope (one Grid site), the multicast mechanism can easily be used to reduce joining
overhead.

5.3 Collaboration between the HLA-Speaking Ser-
vice and user processes during migration

In this Section, we show how GHCL is used to communicate the HLA-Speaking Ser-
vice with user federates on the example of a saving request. Restoring requests are
processed in a very similar way and can be easily produced by small modifications of
our example. The example is presented for two versions of the HLA-Speaking Service.

The functionality of the GridHLAController library (GHCL) is encapsulated within
the GridHLAController class and apart from setup functions mentioned in Section
4.2.2, Section 4.3.2 and described in detail in Section B.1, it also supports migration
mechanism. The library contains: group of functions checking if an external request
(saving or restoring) from the Migrator Service has arrived, group of functions check-
ing if an internal request (saving or restoring) from the Migrator Service has arrived,
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and the group of routines for saving and restoring user-specific values. The detailed
description of those routines can be found in Section B.2.

For our purposes we use UML collaboration diagram which models interactions
between the elements of a system. The example is shown in Fig. 5.3. The messages

1:request
—>
System System
Element 1 2:answer Element 2
-

Figure 5.3: UML collaboration diagram example.

between elements are shown as arrows attached to the relationship lines. The se-
quence of messages is indicated by sequence numbers prepanded to message descrip-
tion. In Fig. 5.3 Element 1 makes a request to Element 2 (step 1) and gets the answer
from it (step 2).

5.3.1 Single process version

In Fig. 5.4 we describe communication between various levels of software when pro-
cessing saving requests. In step 1 the Migration Service invokes the requestMigra-
tionSave operation on the HLA-Speaking Service. Subsequently, in step 2, the HLA—
Speaking Service uses the GHCL library to set up an appropriate state of its state
machine. The state machine is checked by the user federate by means of the GHCL
routine (step 3), which, in turn, informs the RTI bus about this fact (step 4). In the
next (5th) step, other federates are informed in order to freeze and save their internal
state. Once this is done, all necessary HLA—specific steps are performed in order to
save the internal RTI state. Communication going back from RTI (step 6) proceeds
through a callback provided by the user according to the HLA specification (step 7).
The callback then invokes a GHCL library routine informing the library about the ac-
tual state of the saving process (step 8). When the RTI saving process is complete, the
GHCL library saves the external state of user variables and informs the HLA service
(step 9), which, in turn, informs the Migration Service (step 10).

5.3.2 Multiple processes version

The HLA-Speaking Service for multiple processes faces a more complicated task than
in the single—process scenario. It has to distinguish between different jobs and to
remember pids and nodes of all managed processes in order to save and restore ap-
propriate ones. Therefore in this Section, we first present an algorithm for managing
migration when dealing with multiple processes and then we describe a collabora-
tion diagram showing how the HLA-Speaking Service interacts with user federates
to process saving requests.
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Figure 5.4: UML collaboration diagram for the Migration library, the RTI library and the
HLA Speaking Service layer while executing a saving request.

Management algorithm

The multiple—process management algorithm, is shown in Fig. 5.5. We assume that
jobs specified within one RSL cannot be separated by later migration. The jobs that
can or should be separated should be given in separate RSL commands. In particular,
we assume that all MPI processes that are started within the same simulation job
on one site have to be migrated together since there is a high risk that separating
MPI processes on different sites will significantly increase communication overhead.
The other reason is that the MPI standard [115] does not provide the possibility of
dynamically joining processes in a simple way.

Collaboration between HLA-Speaking Service and user federates

The collaboration diagram in Fig. 5.6 shows the control flow during migration. First,
the Migration Service invokes the requestMigrationSave operation with identifiers of
processes that need to be saved (step 1). Subsequently, the HLA-Speaking Service
layer invokes the Control Federation (step 2) which uses the GHCL library (step 3)
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1. The HLA-Speaking Service submits the given RSL to the the GRAM
manager and at the same time generates an id of this submission
and saves the (id, RSL) pair in a hash table.

2. Each process determines its pid and hosts and sends this information
back to the HLA-Speaking Service by means of its control federation.

3. The HLA-Speaking service concatenates the received pids and hosts
in a connection string and saves (connection string, id) pairs in a
hash table.

4. Ifthere is a request to migrate the process with a specific pid and host
(e.g. from the Application Monitoring Service) the HLA-Speaking
Service finds the id of the appropriate submission as well as its RSL
command using the hash tables.

5. The HLA-Speaking Service sends a saving request together with the
submission id to the processes it manages.

6. The processes recognize by their id whether they have to be migrated.

7. Once the saving is done, the HLA-Speaking Service returns RSL,
hosts and pids of all processes that have to be migrated as output of
the requestMigrationSave() function. This information is used
by Migration Service for invoking the requestRunWithRestore()
command (see description of the HLA-Speaking methods above).

Figure 5.5: Multiple—process management algorithm

to send save requests to other federates using HLA data management — namely HLA
send interaction (steps 4-6). User federates receive interaction by means of the GHCL
library that has previously joined them with the control federation (step 7). Next, user
code learns that there is a need to save its state (step 8), similarly as in the previous
example — by using the check_migration_state() routine of the GHCL library.
The library uses HLA save federation API to save internal RTI state (steps 9-11) .
Upon successful completion, RTI invokes the [78] callback in user code (step 12). The
callback in turn invokes the GHCL library (step 13) which sends information back to
the HLA Speaking Service (steps 14-19) and finally to the Migration Service (step 20).

5.4 Summary

In this Chapter, we described a migration mechanism which allows moving poorly—
performing federates to different Grid sites and thereby improving the execution of
the whole HLA application. We presented how G-HLAM services, introduced in Sec-
tion 3.2.2, cooperate to perform migration. We also showed the migration functional-
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Figure 5.6: UML collaboration diagram for the Migration library, the RTI library and the
HLA-Speaking Service layer for multiple processes.

ity of the GridHLAControler library (GHCL) and described collaboration between the
HLA-Speaking Service, the library and managed user processes during migration.
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As in the previous Chapter, we presented our solution for two versions of te HLA—
Speaking Service — a single—process and a multiple—process version. For multiple
processes we described a management algorithm implemented by the HLA-Speaking
Service when performing migration of some of those processes.

Our main goal was to show how to satisfy the requirement for efficient execution
of the application in a Grid environment in a scalable and universal way — our solu-
tion provides a mechanism of adapting application execution to changes in the Grid
environment.

To summarize, the following problems were solved:

e scalability realized by distributed architecture of the G-HLAM system - each
site is managed by a separate HLA-Speaking Service and Migration Service,

e building a universal solution — usage of GHCL does not force the user to port
his/her HLA application to any higher—level library - he can easily add GHCL to
existing HLA code,

e the ability to migrate some of federates without losing consistency of the whole
application — achieved by using HLA save/restore API,

e management of multiple federates realized by the algorithm described in Sec-
tion 5.3.2.

Performance results of the migration mechanism can be found in Chapter 7, Sec-
tion 7.1.

The solutions presented in this Chapter can be easily extended for migration be-
tween different architectures under two conditions:

e the federate internal data checkpoint file must not be architecture—dependent
(this issue is not specified by the HLA standard and is implementation—dependent)

e the user must provide the Broker Service with code compiled for different ar-
chitectures. If this requirement is satisfied, the Migration Service can fetch the
appropriate code from the Broker’s repository instead of from the site of the mi-
grating process.

User data can be restored as in the case of homogeneous environment, the checkpoint
file (created by functions of the GHCL library) is not architecture—dependent.
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This Chapter! describes the Broker Support Services shown in Fig. 3.4 in Chapter 3 —
namely Benchmark Services and Application Monitoring Services. They are designed
to help the Broker Service decide when and where migration should be performed.

The aim of these services is to fulfill the requirement for efficient execution of an
HLA-based application in a Grid environment, as specified in Chapter 1, Section 1.3.
They are used to provide information about planned (in the case of Benchmark Ser-
vices) or existing (in the case of Application Monitoring Services) execution of dis-
tributed federates of the application.

The main problems addressed in this Chapter are:

e to provide information about HLA application performance on the Grid,

e to decide which part of Grid infrastructure is the best location for migrating
poorly—performing federates,

e to support legacy HLA applications,
e to create scalable, flexible and secure solutions with little overhead.

In Section 6.1 we describe infrastructure monitoring services issue and present
an HLA-based benchmark suite. This part of the G-HLAM gives information about

IThe results described in this Chapter formed the basis to the following papers:

K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. Support for Effective and Fault Tolerant Exe-
cution of HLA-Based Applications in the OGSA Framework. In M. Bubak, D. G. van Albada, P. M. A.
Sloot, and J. J. Dongarra, editors, Computational Science - ICCS 2004. 4th International Conference,
Krakéw, Poland, June 2004, number 3038 in LNCS, pages 848-855. Springer, 2004.

K. Rycerz, B. Bali§, R. Szymacha, M. Bubak, and P. M. A. Sloot. Monitoring of HLA Grid Application
Federates with OCM-G. In S.J. Turner, D. Roberts, and L. Wilson, editors, Eighth IEEE International
Symposium on Distributed Simulation and Real-Time Applications (DS-RT'04), IEEE, Budapest, Hun-
gary, October 2004, pages 125-132, 2004.
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planned execution of HLA application and helps the Broker Service decide where ap-
plication federates should be placed. Although various monitoring tools are currently
being developed [104, 65], it is extremely difficult (if not impossible) to monitor Wide
Area Network (WAN) connections (e.g. different data packages going from the same
source to the same destination can be actually routed differently). Furthermore, the
actual communication between components of the HLA—based simulation depends on
an implementation of the HLA standard. The tuple space concept hides the actual
path taken by messages sent from publishers to subscribers. The solution proposed
in this thesis is to perform on-line HLA-based benchmarks and make decisions about
migration based on their results.

In Section 6.2 we present the Application Monitoring Service which monitors the
performance of already running HLA-based applications and helps decide when to
migrate its parts to achieve more efficient execution. According to the HLA stan-
dard [78], HLA-based applications can be monitored and controlled by the Manage-
ment Object Model (MOM). Although MOM allows for monitoring invocations of HLA
functions, it does not enable the programmer to introduce performance metrics (e.g.
invocation time). We have decided to use the OCM-G [12] as a monitoring system,
since it is already Grid—enabled and has a standarized interface to the potential mon-
itoring tool (On-line Monitoring Interface Specification (OMIS) [103] protocol). Other
solutions like PerfMETRICS [30], although useful, do not have those features.

We conclude the Chapter in Section 6.3. Thanks to the Service—Oriented Architec-
ture of G-HLAM, it is easy to plug in existing solutions, if they are available. In the
Grid community there is ongoing research on metascheduling systems [113, 71, 187]
that can be extended for our purposes and used as a Broker Service. This issue, how-
ever, is out of scope of this thesis.

6.1 Obtaining information from the infrastructure

In this Section we focus on the part of the framework that supplies the Broker Service
with information about HLA performance in the given part of the Grid infrastructure.
This is particularly useful if we would like to migrate a part of an application to a new
site and check if the site is not overloaded and does not have busy connections with
other sites. This is different from the situation described in Section 6.2, when an
actual application is monitored, so we can see its performance results online.

In order to make brokerage decisions, the system needs to monitor hosts and the
network infrastructure. As said above, although various monitoring tools are cur-
rently being developed [104, 65], it is extremely difficult to monitor WAN connections.
Furthermore, HLA API conceals actual communication between components of the
distributed simulation. The tuple space concept hides the actual paths of messages
sent from publishers to subscribers.

One possible solution of these problems is to perform on-line HLA-based bench-
marks and make decisions about migration basing on their results.
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6.1.1 Functionality of general Benchmark Service

The Benchmark Service should be able to perform measurements that can be then
interpreted by the Broker Service to find the best location in which to place HLA
federates. We focus here on communication performance measurements. Information
about host load is also important, but many relevant solutions already exist and are
utilized in various Grid systems [99, 104].

In general, the Benchmark Service exposes the following operations:

RTIExec
Service
To:start * 1a:start
* 3:start
—p
RTIExec Benchmark Benchmark
Process Service A Service B
L o.start ¢ 4:start
5:communicate
—
Federate A Federate B
-
6:communicate

Figure 6.1: UML collaboration diagram of Benchmark Services in the Grid services frame-
work — interactions between services and actual benchmark federate processes.

e start — if the service is the one which initiates measurements (as Service A in
Fig. 6.1), it starts or connects to the existing RTIExec Service (step 1 in Fig. 6.1),
creates a federation and starts a benchmark federate on its site (step 2). If
the service is passive (as service B in the figure), it only starts its federate (see
below)

e measurement set of operations — the service can implement various operations
that perform particular measurements. In general, this mode of operation is
used to cooperate with other Benchmark Services. The service invokes the start
operation of the Benchmark Services (step 3) which sets up their federates by
connecting them to the same federation (step 4). Following that, the Benchmark
Services cooperate to performs measurements (steps 5, 6), which can include per-
formance of various HLA communication functions such as sending data objects,
interactions or transferring ownership as well as more complicated communica-
tion schemes. The measurement are repeated to achieve better statistics.

e scan — performs the chosen measurement operation with the selected list of
Benchmark Service sets . If there is no response before a specific timeout, the
Benchmark_IVC Service proceeds to the next site.
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e forscan — performs the scan operation from start time to stop time for each
time interval.

This type of supporting measurements is exposed in service data of the Benchmark
Service, so two services can be matched (e.g. by the Broker Service). It contains
information on whether the measurement provided is active (initiated by that service)
or passive (the service has to wait for the active counterpart to be started) and also
the name of the measurement. The services which can cooperate by running their
federates within the same federation share the same measurement name or names.

6.1.2 Benchmark Service set for interactive simulation

This Section presents a sample Benchmark Service designed to measure the perfor-
mance of interactive human—in—the—loop simulations. The example is based on the
architecture of medical application developed in CrossGrid [155] and can be used to
examine possibilities of adapting a Grid environment for this kind of applications.

The application consists of three components : interaction, simulation and visu-
alization. While simulation is being conducted, the user can change its parameters
using the interaction module (sending small messages from interaction to simulation)
and see results through visualization (simulation sends large updates to visualiza-
tion). According to this scenario, our benchmark consists of two modules: an inte-
grated Interaction-Visualization Module (IVMod) and a Simulation Module (SMod).

IVMod sends small messages that are human interactive requests for change of
SMod parameters. SMod responses are large messages that present the altered state
of the simulation to the user.

The HLA benchmark federation consists of two federates, acting as IVMod and
SMod respectively. IVMod sends SMod requests in which it asks for certain amounts
of data, then measures the time between sending the request and receiving a re-
sponse. Messages are sent through updates of HLA data objects [78].

The benchmark is managed within the Grid services framework by the Bench-
mark_IVMod Service and the Benchmark_SMod Service, which start, control and
measure the performance of IVMod and SMod. The Benchmark_SMod Service is
passive and does not initiate measurements — its role is to start and control SMod
federates. This is done by invoking its start operation.

The Benchmark_IVMod Service is active with a measurement operation called
check. Operation check starts an IVMod federate and submits requests to a spe-
cific Benchmark_SMod Service by invoking its start operation which sets up the
SMod part of the benchmark and connects it to the same federation. Following that,
the Benchmark_IVMod Service initiates measurements between the IVMod federate
and the SMod federate as described above.
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Figure 6.2: Hierarchical architecture of the OCM-G monitoring system [12]. Local Monitors
are used to connect the system to monitored processes. Tool gets monitoring data from Main
Service Manager.

6.2 Monitoring of HLA Grid application federates
with OCM-G

Apart from using benchmarks to judge infrastructure state as described in the pre-
vious Section, there is a need to monitor the HLA application itself, to learn when to
improve its performance and enable to more efficient execution by migration of fed-
erates. As stated above, MOM available in HLA standard [78] allows for monitoring
invocations of HLA functions, but it does not enable the programmer to introduce
performance metrics.

For our purposes we have chosen the OCM-G system [12] as a monitoring system,
since it was designed to be executed in a Grid environment and complies with the On-
line Monitoring Interface Specification (OMIS) [103]. Other solutions [30], although
useful, do not have those features.

We show how the design concepts of OCM-G enable easy adaptation to monitoring
of HLA applications. We also describe the role of monitoring in the whole system for
managing execution of HLA-based applications. We discuss implementation issues
and present test results for monitoring overhead.
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6.2.1 Grid-enabled OMIS-Compliant Monitor

The Grid-enabled OMIS-compliant Monitor (OCM-G) is an infrastructure which en-
ables runtime monitoring of Grid applications. The OCM-G is an autonomous, dis-
tributed, decentralized system which exposes monitoring services via a standardized
interface called OMIS [103].

The OCM-G is composed of two types of components: per-host Local Monitors and
per-site Service Managers. Additionally, there is a Main Service Manager which dis-
tributes data to and collects it from site-SMs. The architecture of the OCM-G is shown
in Fig. 6.2 [12]. The Main Service Manager is the component which exposes the func-
tionality of the system to performance analysis tools. Thanks to the standardized
protocol used between the monitoring system and possible tools, OCM-G can be very
easily adapted to the architecture described in Chapter 3, Section 3.2.

The most important features [12] of the OCM-G include:

e Low monitoring overhead. This is achieved, among others, by: (1) local buffer-
ing and preprocessing of monitoring data, (2) selective runtime instrumentation
which can be activated and deactivated at runtime; allowing users to focus on
the very set of information that is interesting at a given moment as well as to dy-
namically change the scope of interest as the application execution progresses.
Overall, these concepts enable a significant data rate reduction.

e Flexibility. The OCM-G provides a broad range of monitoring services which
include support for debugging, performance analysis, visualization, etc. The
services are easy to use, yet relatively low-level. The OCM-G does not provide
high-level metrics with fixed semantics. Instead, a combination of several ser-
vices is used to obtain a specific metric. This allows the user to derive metrics
with the desired semantics and it also enables user-defined metrics.

e Security. The OCM-G uses Globus GSI to enable security in the Grid environ-
ment. Moreover, each user runs his/her own instance of the OCM-G which fur-
ther increases security.

e Transparent service-oriented operation. The involvement of the user in the pro-
cess of preparing his application for monitoring and setting up the monitoring
system is reduced to a minimum. First, the user does not need to manually in-
strument the application (except the special case of user-defined events, when
there is no other way to do this); instead, pre-instrumented libraries are pro-
vided. Second, the manner of compilation and submission of the application is
hardly changed by monitoring, except by using wrappers for compilation and
passing additional command-line parameters.

OCM-G has been successfully used with an independent performance analysis tool
for Grid applications, namely G-PM [22].
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6.2.2 Monitoring HLA-based applications

[12] describes how OCM-G is used to monitor MPI applications. In this Section we
describe adapting these solutions to different constraints defined by HLA RTI-based
application features. Below, we describe the architecture and functionality of the
monitoring system for HLA applications.

Architecture

The architecture of the HLA application monitoring system is presented in Fig. 6.3.
We insert additional classes (wrappers) between HLA applications and RTIambas-
sador [ FederateAmbassadors. These wrappers communicate with original ambas-
sadors, and send all required monitoring data (invoking HLA methods) to the OCM-G
using the OMIS protocol. All these operations are completely transparent to the user
application and are performed with no changes to the original HLA RTI code. Our

HLA Federate monitoring data
| OCM-G
Monitoring System|
‘Wrapper of Wrapper of
Fedarate Ambassador RTIAmbassador
Runtime
Fedarate Ambassador RTIAmbassador
Infrastructure

RTI comunication

Figure 6.3: Architecture of OCM-G based monitoring system for HLA-based application.
Wrappers are used to connect HLA legacy code with OCM-G.

solution depends only on the HLA interface specification, which is well defined and
standardized [78], as well as independent of any HLA implementation, so it can be
applied to any version of the implementation without any changes to its original in-
stallation.
The HLA Monitoring Service is almost transparent to the HLA application. The user
only needs to insert one additional line into the source code, initializing the connec-
tion to the OCM-G system.

Our system also supports using OCM-G to monitor other user events, e.g. it can
send all kinds of messages (integers or floating numbers, character strings) to the
monitoring application. This is done using probes as described below.

Description of functionality

By using OCM-G, we can gather all information required by the Performance Decision
Service which communicates with the Main Service Manager using the OMIS[103]
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protocol. The system can monitor invocations of all HLA services: federation man-
agement, data management, data distribution management, time management and
ownership management. The system allows for gathering data required for perfor-
mance measurements such as the amount of data sent, time of data transmission and
process identifiers. This enables the Performance Decision Service to discover which
federates participate in communication within the HLA tuple space and to decide if
their location on the Grid is sufficient for achieving the performance required by the
user in a processing loop.

The OCM-G architecture allows to control the amount and frequency of monitored
data sent from the monitored application to Performance Decision Service. It is scal-
able and suitable for running in the Grid environment. To send data to the OCM-G,
we use probes in the following way:

e the original method is invoked,

e the HLA-Monitoring Service sends information about node address, time, and
operation parameters, using the OMIS protocol.

Of course in order to avoid unnecessary traffic and overhead, data is sent to the moni-
tor only if required by a consumer. This is possible thanks to the OCM-G architecture
which allows for selective runtime instrumentation that can be activated and deacti-
vated at runtime. The flow of monitored data is shown in Fig. 6.4 as thick lines. The
control flow, external to OCM-G, is depicted as thin lines.

To allow the system presented in Section 3.2 to monitor HLA-based applications,
specific steps have to be performed, as shown in Fig. 6.4.

e OCM-G should be initialized in the application code,
e OCM-G Main Service Manager should be up and running,

e An application should be started (this step should be performed by the HLA-
Speaking Service chosen by the Broker Service) with additional parameters point-
ing to the Main Service Manager. During this step, the Service Manager (SM)
and the Local Monitor(LM) are created automatically, if needed, by the applica-
tion process, or the process can connect to SMs and LMs that have already been
created beforehand.

e Now, any component that can communicate using the OMIS [103] protocol, such
as the Performance Decision Service, can connect to the Main Service Manager,
subscribe to the required probes and receive monitored events to make decisions
about moving the application to another Grid node if necessary.

e If necessary, the Performance Decision Service can inform the Broker Service
about bad performance, causing it to choose another HLA-Speaking Service.

As mentioned before, the HLA Monitoring System enables the use of the OCM-G
to monitor user events by inserting custom probes into the code. These probes can be
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Figure 6.4: Workflow (thin lines) and dataflow (thick lines) during setup of OCM-G based
monitoring of HLA applications.

monitored just like any other HLA probes, as described above. In order to subscribe
and monitor interesting events, the user can use the ocmg-tool which connects to the
Main Service Manager using the OMIS protocol in the same way as the Performance
Decision Service.

Implementation

Because HLA is a C++-driven API, OCM-G cannot be used, since its purpose is to
monitor MPI applications and it changes the structure of MPI libraries. The struc-
ture of a C++ program is more complicated than that of a C program and it may be
compiler-dependent. This is why we had to create a way of automatically changing
user source code rather than binary libraries (as had been done with MPI via instru-
menting MPI libraries). This was accomplished by changing header files and class
names using macros. These macros allow us to make the system transparent to the
user, who only interacts with the original application.

6.3 Summary

The goal of this Chapter was to present Broker Support Services introduced in Sec-
tion 3.2 — namely Benchmark Services and Application Monitoring Services. These
services are used to provide efficient execution of HLA-based applications on the Grid
in a scalable and transparent way and therefore satisfy the requirements presented
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in Section 1.3. The former service can be used to determine where federates should
be located to achieve the best performance and the latter indicates when and which
of the federates need to be migrated due to poor performance.

The benchmarking case described here is based on a simple interactive simula-
tion scenario, however the general design of Benchmark Service interface allows for
easy plugging in of other benchmarks. Furthermore, as the architecture of the whole
system is based on Grid services, it becomes straightforward to apply external infras-
tructure monitoring services if they expose their interfaces as web or grid services (i.e
JIMS [104]).

Application Monitoring Service functionality is crucial to decide when to migrate
federates (and also which federates to migrate) to achieve more efficient execution.
We use OCM-G [12] as a monitoring system, since it is designed for Grid infrastruc-
tures and conforms to the existing OMIS monitoring standard [103].

To summarize, the problems mentioned at the beginning of this Chapter have been
solved as follows:

e providing information about HLA application performance on the Grid is re-
alized by using OCM-G, which is a Grid-enabled, scalable, flexible and secure
monitoring system,

e universal, transparent support for monitoring HLA applications is realised by
the monitoring architecture which takes advantage of OMC-G and can be easily
used by legacy simulations,

e finding the best location for migrating federates is realized by running Bench-
mark Services. In our case, HLA-based benchmarks have an advantage over
monitoring of network connections (such as in [104, 65]). This is due to the
high—level communication infrastructure of HLA acting as a tuple space that
hides the actual point—to—point communication and therefore makes it difficult
to determine which connections are actually used.

Thanks to the presented solutions, we are able to provide Monitoring Services ful-
filling the requirement for efficient execution of HLA-based simulations on the Grid.

The performance results of Benchmark Services and the overhead of the OCM-G
based application monitoring system will be presented in Chapter 7, Sections 7.2 and
7.3.



Performance Results and Their Analysis

This Chapter! presents detailed G-HLAM system performance results. Our imple-
mentation consists of the most important services of the system: the HLA-Speaking
Service described in Chapter 4 and Chapter 5, the Migration Service described in
Chapter 5, and the Benchmark Services together with Application Monitoring Ser-
vices described in Chapter 6.

The goals of performance tests are as follows:

e to show that the system satisfies requirements listed in Section 1.3,

e to examine the performance of particular elements of G-HLAM before the sys-
tem is applied to real applications (as presented in Chapter 8 and Chapter 9).

Grid technology is constantly evolving (see Section 2.3.1), hence our experiments
were performed using various Grid software versions available at the time. The first
implementation of single—process version of the HLA-Speaking Service was done in
GT3 Alpha-3, the next version (for multiple processes) used GT v3.0.2 and later we
upgraded both versions to GT v.3.2. We applied GT3.2 when implementing the Mi-
gration Service, Benchmark Services and Application Monitoring Services, where we
also used the OCM-G monitoring system developed within the CrossGrid project [12].

IThe results described in this Chapter formed the basis to the following papers:
K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. A Framework for HLA-Based Interactive
Simulations on the Grid. SIMULATION, 81(1):67-76, 2005.
K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. Support for Effective and Fault Tolerant Exe-
cution of HLA-Based Applications in the OGSA Framework. In M. Bubak, D. G. van Albada, P. M. A.
Sloot, and J. J. Dongarra, editors, Computational Science - ICCS 2004. 4th International Conference,
Krakéw, Poland, June 2004, number 3038 in LNCS, pages 848-855. Springer, 2004.
K. Rycerz, B. Bali§, R. Szymacha, M. Bubak, and P. M. A. Sloot. Monitoring of HLA Grid Application
Federates with OCM-G. In S.J. Turner, D. Roberts, and L. Wilson, editors, Eighth IEEE International
Symposium on Distributed Simulation and Real-Time Applications (DS-RT'04), IEEE, Budapest, Hun-
gary, October 2004, pages 125-132, 2004.
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Our hardware configurations were conveniently adapted from the DAS2 [49] testbed
infrastructure and the part of the CrossGrid [38] testbed located at CYFRONET. We
have chosen DAS2 sites that were available and not overloaded at the time of per-
forming measurements. All sites of DAS2 are very similar so configuration differ-
ences should not have any significant impact on results. The CYFRONET part of the
infrastructure was always the same. For our experiments we used HLA RTI 1.3v5.

This Chapter is organized as follows: in Section 7.1 we analyse various exper-
iments with the migration mechanism, in Section 7.2 we show Benchmark Services
results, and finally, in Section 7.3 we measure the overhead of Application Monitoring
Services. The summary and conclusion can be found in Section 7.4.

7.1 Migration overhead

In this Section we analyse migration overhead. We focus on the single—process ver-
sion of the HLA-Speaking Service because, although simpler, it allows us to verify the
concept of improving simulation performance through migration.

The overhead of the version for multiple processes will be presented in the next
two Chapters showing the use of G-HLAM for two real applications.

We present impact of different operations performed during migration on its over-
head and show how migration can actually improve the performance of interactive
simulations.

7.1.1 Overhead of migration operations

In this Section we show the impact of various HLA RTI operations that are performed
during migration on the migration overhead. The scenario of migration is described
in Section 5.2 and it is as follows: The Migration Service creates an HLA-Speaking
Service on the remote site which it wants to migrate to; subsequently it transfers user
code and loads it into the HLA-Speaking Service (via JNI). These steps are invisible to
the federates. Next, the Migration Service requests the local HLA-Speaking Service
to save its state and transfers the checkpoint file to the remote resource. Finally, it
invokes the restore operation on the remote service.
The total migration time is given by the following formula:

Imigration = Lsave + tresign + iransfer + tjoin +trestore (7.1)
where :
® Imigration 1S the total migration time,
® fuye 18 the time of saving the state of the federation,
® Iign 1 the time of resigning from the federation,

® liansfer i the time of transferring checkpoints,
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® 1;oin is the time of joining a federation following migration

® lrestore 1S the time of restoring state.

Our goal was to measure scalability and answer the question of how the presented
values depend on the number of federates in the federation.

Operating System Red Hat Linux 7.2
Network 10 Gbps (DAS2) + 155 Mbps (DAS2-CYFRONET)
Role in experiment 1 Name CPU RAM
Migration source DAS2 Nikhef | Pentium IIT 1 GHz 1GB
Migration dest DAS2 Delft | Pentium III 2GHz 2 GB

Receiving federates DAS2 Leiden | Pentium III 1 GHz 2GB
Receiving federates DAS2 Utrecht | Pentium III 1 GHz 1GB
Receiving federates DAS2 VU Pentium IIT 1 GHz 2 GB

RTIExec Cyf Krakow Xeon 2.4 GHz 1GB

Table 7.1: Grid testbed infrastructure for Experiment 1

In our experiment the HLA federation consisted of N federates (one publisher and
N-1 subscribers). We have measured how long the subscribers have to wait for pub-
lisher migration. The detailed setup of the experiment is shown in Table 7.1. We
measured the impact of various HLA RTI operations that are performed during mi-
gration as described in Section 5.2 on the overhead of this migration. The results
were averaged over 10 measurements. Error bars indicate the estimated standard
deviation.

Saving overhead

Saving overhead is caused by internal federation-wide saving algorithm used to im-
plement the HLA Save/Restore API [78]. It includes synchronization mechanism be-
tween federates, which assures that the state does not change while saving. RTTExec
control process saves the internal states of all federates in a separate checkpoint files.
Also state of FedExec control process (which is one per federation) is saved. Addition-
ally, moved federate saves user data to a checkpoint file.

The results in Fig. 7.1 show that the initial saving overhead independent on num-
ber of federates is relatively large in comparison to the growth caused by increas-
ing federates number. This is probably because the initial overhead is dependent on
the time of saving user data (which is done only by migrating federate) and saving
FedExec process state. Also, the algorithm used by RTIExec to save internal RTI
state can introduce some internal overhead.

Additionally, we can observe plateaus in the plot - that probably means that RTI-
Exec uses buffering to process requests coming from federates during saving process.

We have approximated migration overhead by choosing the middle points of the
plateaus and finding an approximating linear function for them given by the formula

Isave = Asavell f + bxave (72)



128 7 Performance Results and Their Analysis

9 I I I I | I T
federation save —
8|  approximating function 010648 |
{ i 4}{
.| } EEE{} -
(%) 5 I { } o -
) -
E 4f -
| ]
! ]
1- ]
0 I I | I I 1 1
0 5 10 15 20 " -

Number of federates (excluding migrating one)

Figure 7.1: Time of saving federation state in Experiment 1 as a function of the number of
receiving federates

where ny is the number of federates. We used the least square method to calculate
dgave = 0.106, 6, = 0.003, bsye = 4.6 and o, = 0.1. The correlation coefficient for all
experimental data is 0.958.

Resigning overhead

The complexity of the resigning operation in the HLA RTI implementation when us-
ing reliable transport should be linear with respect to the number of federates, be-
cause the resigning federate should close all TCP connections to all other federates.
Fig. 7.2 shows that resigning time indeed depends linearly on the number of feder-
ates. The approximating linear function is given by the following formula:

tresign = Qresign’tf + bresign (7.3)

where 7 is the number of federates. For experimental data we calculated ayesign =
0.3, 64, = 0.04, byesign = 1.22 and 6, = 0.01 using the least square method. Correlation
coefficient is equal 0.996.

Transfer overhead

Transfer time depends on the size of user data checkpoint file. The checkpoint files
with internal state of RTI are located at the RTIExec site and do not have to be moved.
In our experiment, the total size of user data checkpoint file is not dependent on total
federates’ number. Transfer overhead equals 3.0 sec with 6 =0.1.
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Figure 7.2: Time of resigning from federation during migration in Experiment 1 as a function
of the number of receiving federates

Joining overhead

During joining operation the federate informs RTIExec process that has to update
information about new federation member and opens TCP connections to all other
federates in a federation. Therefore, the joining overhead should be linear with num-
ber of federates when using reliable transport in the HLA RTI implementation. Fig.
7.3 shows that the joining federation time depends linearly on the number of feder-
ates. The approximating linear function is given by the following formula:

Z‘jr)in = Qjoin f + bjoin (74)

where 7 is the number of federates. For experimental data we calculated a i, = 6.1,
64, =0.1, bjoin = —21 and o, = 3 using the least square method. Correlation coefficient is
equal 0.997. The approximation does not apply to small number of federates because
the time of opening small number of sockets (which is the factor that causes linear
behavior) is not long enough to dominate time needed for other activities (such as
updating RTIExec database of federation members).

Restoring overhead

Restoring overhead is caused by internal federation-wide restoring algorithm used to
implement the HLA Save/Restore API [78]. As in the case of saving, it includes syn-
chronization mechanism between federates assuring that the state does not change
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Figure 7.3: Time of rejoining to federation during migration in Experiment 1 as a function of
the number of receiving federates
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while restoring. RTIExec control process restores the internal states of all federates
from checkpoint files. Also state of FedExec control process (which is one per federa-
tion) is restored. Additionally, moved federate restores user data from its checkpoint
file.

The experimental data shown in the Fig. 7.4. We can observe plateau in the plot
- that probably means that RTIExec uses buffering to process requests coming from
federates during restoring process. We have found an approximating linear function
basing on the middle points of plateaus given by the following formula:

trestore = Ayestorel f + bresr()re (75)

where ny is the number of federates. For experimental data we calculated a0 = 0.3,
G, = 0.02, bregrore = 3.4 and o, = 0.4 using the least square method. The correlation
coefficient is equal 0.968

Total migration overhead

From expression 7.1, the total migration time equals:
tmigration = (Asave + Aresign + @join + Arestore) * 1§ + bsave + Dresign + b join + Bresiore + tiransfer (7.6)
With values obtained in the previous Section we can calculate:
tmigration = 0.8 %xng —9 7.7)

and standard deviations:
6,=0.1,6,=3 (7.8)

It can be noticed that the main migration overhead (the most significant factor
a) is caused by rejoining the federation after migration. This is due to the fact that
this operation requires opening TCP sockets to all other federates in the federation,
which is costly. If multicast is used, one would expect a reduction of that overhead.
Unfortunately, multicasts are not popular in WANSs. A promising approach has been
taken up by the XMSF network group which is developing multicasts suitable for
HLA applications executed in WANSs [185].

On the other hand, the values of anigrarion and biigrarion can be obtained directly from
experimental data. Fig. 7.5 shows that restoring federation time depends linearly on
the number of federates. The approximating linear function is given by the following
formula:

Imigration = Qmigration® f + bmigration (7.9)
where 1 is the number of federates. For experimental data we calculated aigration =
6.7, 64 = 0.1, buigrarion = —4 and 6, = 2 using the least square method. The correlation
coefficient equals 0.9979.

Comparing it to the values of ¢ and b obtained from the expression 7.7, we can see
that the both results are the same in the range of error bars.
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Figure 7.5: Time of migration in Experiment 1 as a function of the number of receiving
federates

7.1.2 Impact of migration on the performance of an interactive
application

In this Section we show how migration can improve the performance of an application
with a human in a processing loop. The detailed setup of the experiment illustrating
the migration impact on performance is shown in Table 7.2. For this configuration
we chose DAS2 sites that were available and not overloaded at that time. To learn

Operating System Red Hat Linux 7.2
Network 10 Gbps (DAS2) + 155 Mbps (DAS2-CYFRONET)
Role in Experiment 2 Name CPU RAM
Migration dest DAS2 Nikhef | Pentium III 1 GHz 1 GB

Migration source DAS2 Utrecht | Pentium III 1 GHz 1GB
Interaction Federate DAS2 VU Pentium III 1 GHz 2 GB
RTIExec Cyf Krakow Xeon 2.4 GHz 1 GB

Table 7.2: Grid testbed infrastructure for Experiment 2

what can be expected from application performance in a simple interaction — simula-
tion scenario we implemented a sample interactive test application consisting of two
HLA federates: an interaction federate and a simulation federate. The interaction
is performed as follows: the interaction federate asks the simulation federate for a
large amount of data (in our case 0.4 GB) and measures the time between this re-
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quest and the response from the simulation. Each response was in fact divided into
1 MB chunks of data due to memory allocation issue — HLA-RTI requires four times
more memory than the size of the actual sending/receiving buffer. This is the prob-
lem of the particular implementation of HLA (which was used in our experiments),
not the HLA standard itself. We suspect that RTI internal data structures, which
are useful for implementing data management and data distribution management
advanced features are not optimized for sending large volumes of data encapsulated
in one object or interaction.
If we define the following:

® (thefore) is the average interaction time between a simulation and an interaction
before migration

(tafrer) is the average interaction time after migration,

<tbef0re> > <tafzer>

Imigration 18 the migration time

ngeps 18 the number of question—answer pairs (interactive steps in the loop with
a human).

then the migration becomes affordable when:
<tbef0re> * Nsteps > <tafter> *Nsteps + tmigmti(m (710)

and the number of steps:

Z‘migrati(m
Ngteps > ————— (7.11)
eps <tbefore> - <tafter>

Fig. 7.6 shows the execution time as a function of number of interactive steps. The
dotted line shows the time of request—response steps in the case when the simulation
was not migrated. In order to create conditions in which migration would be useful,
we increased the load of the Grid site where the simulation was executed (Utrecht)
by submitting nonrelated jobs. Next, we imitated a Resource Broker and migrated
the simulation to another site which was not overloaded (Amsterdam, Nikhef). The
experiments were performed at night in order to avoid interference with other users.

In the presented situation it is better to spend some time on migration to another
site, from where the response time is shorter. This is shown by the solid line (mi-
gration was done between responses 2 and 3). Fig. 7.6 shows that the human gains
access time between responses 4 and 5 independent of the time lost on migration.
The experiment was repeated 10 times — each time we got slightly different values of
response time, but the significant result (a user gain between steps 4 and 5) remains
the same.
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Figure 7.6: Impact of migration on response time

7.1.3 Conclusions

In this Section we have presented results from two experiments. In the first experi-
ment, we show the impact of various HLA RTI operations that are performed during
migration on overhead of that migration. In the second experiment we show how mi-
gration can improve the performance of an application with a human in a processing
loop.

The results show that, in some circumstances, migration can improve the perfor-
mance of the HLA-based application in the Grid environment and allows us to fulfill
the requirements of HPC applications. However, there still remains the question of
how to decide when and where to move — the results of Benchmark Services and Mon-
itoring Services are discussed in the next Section.

7.2 Benchmark results

7.2.1 Experiment description

Our current Benchmark Services implementation consists of the Benchmark_IVC Ser-
vice — check and scan operations, as well as the Benchmark_SC Service — start
operation. The services are described in detail in Section 6.1.
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check operation | actual sent time
Localization x[s] ols] xls] ols]
Amsterdam(VU)-Leiden 700 10 660 10
Amsterdam(VU)-Amsterdam (UvA) | 450 10 410 10
Amsterdam(VU)-Delft 290 10 250 8
Amsterdam(VU)-Utrecht 377 9 340 9
Total scan operation 1810 30

Table 7.3: Benchmark results

Measurements were performed on the DutchGrid DAS2 [49] coupled with the
Krakow ACC CYFRONET [4] infrastructure as shown in Tab. 7.3.

We set up the Benchmark_IVC Service at Vrije University (VU) in Amsterdam and
performed the scan operation for connections between all other sites of DAS2. The
RTIExec process was run in Krakow, at ACC CYFRONET. The first column presents
the measured time of the check operation, where tcjocx = fogsaserup + tsena @s the oper-
ation consisted of setting up the federation in the OGSA framework as described in
Section 6.1 and sending actual data (10 requests (small message) and 10 responses
(400MB each)). Each response was in fact divided into 1IMB chunks of data due to
memory allocation issues (as described and explained in the previous Section — RTI
requires four times more memory than the size of the actual sending/receiving buffer).
In the next column we show the time of ten request-response operations made by pure
HLA object updates. In the last row of the table we show the total duration of the scan
operation which is a sum of check operations on all given sites: tscan = Y aiisires tcheck-
The measurements were taken outside working hours form 9-10 p.m., to avoid addi-
tional traffic. The results are an average value from 10 measurements and ¢ indicates
the estimated standard deviation.

7.2.2 Conclusions

The experiment gives us an idea of what to expect from application performance in a
simple interaction—simulation scenario and helps decide if it is good enough for run-
ning interactive applications (for some applications this can be satisfactory, for others
— less so). The results also show that the benchmarks can provide support for deci-
sions on where to place application components (the location of the interaction and
visualization component is fixed due to human presence constraints, but the simu-
lation component can be located — for instance — in Delft, according to benchmark
results). Some tuning of benchmark parameters is necessary depending on whether
they are performed on— or offline.
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7.3 Monitoring overhead

7.3.1 Experiment description

Operating System Red Hat Linux 7.2
Network 10 Gbps (DAS2)
Role in experiment | Name CPU RAM
Rtiexec Nikhef | Pentium IIT 1 GHz | 1 GB

OCM-G Main SM vuU Pentium III 1 GHz | 2 GB
Simulation federate | Leiden | Pentium III 1 GHz | 2 GB
Interaction federate | Nikhef | Pentium III 1 GHz | 1 GB

Table 7.4: Testbed infrastructure on Grid

As with previous tests, our HLA monitoring system was tested on the DAS2 [49]
DutchGrid testbed infrastructure.

Two different configurations were used. First, we used only one cluster from the
DAS2 located in Nikhef with Pentium III nodes (1 GB RAM each). The nodes were
connected by multi-gigabit Myrinet. Next, we used the whole Grid infrastructure as
shown in Tab. 7.4. For these configurations we chose DAS2 sites that were available
and not overloaded at that time.

First of all, we checked that the functionality described in Section 6.2.2 is pro-
vided in the correct way; then we measured the overhead induced by the monitoring
system. As an example, we used the application based on interactive applications
requirements [155, 72], consisting of integrated interaction and visualization compo-
nents that interface with a human who steers an MPI simulation component. Inter-
action components send small messages (commands from the user) to the simulation,
which replies by sending large amounts of data containing new images of blood flow.
Based on this scenario we implemented a simple application consisting of two HLA
federates acting as an interaction federate and a simulation federate. Interaction is
performed as follows: the interaction federate asks the simulation federate for a large
amount of data (in our case, 100x8 MB packages and 100x80 MB packages) and mea-
sures the time between request and response. All programs were executed 10 times.
¢ indicates estimated standard deviation. The results of tests are shown in Tab. 7.5.
Each time we monitored 5000 events of RTTambassador: : tick function calls and
200 events of RTIambassador: :updateAttributeValue function calls.

7.3.2 Conclusions

The result of our experiment shows that although the time of execution tends to grow
slightly, OCM-G introduces very low overhead. This means that the proposed way of
monitoring is useful for G-HLAM.
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no HLA-Monitor HLA-Monitor compiled
no events all events
subscriptions | subscriptions
Local cluster | x [s] 452 465 (2.87%) | 487 (7.74%)
o [s] 35 27 43
Grid x[s] 463 470 (1.51%) | 503 (8.63%)
c [s] 29 32 49

Table 7.5: Overhead of OCM-G

7.4 Summary

This Section contains performance results of the G-HLAM system. We presented
experiments showing the overhead of migration operations and its impact on applica-
tion performance. Next we described results from the Benchmark Services and finally
we measured the overhead of the Application Monitoring Service.

The results show that the most important services of G-HLAM are provide func-
tionality described in previous Chapters. The overhead and complexity of services are
reasonable, so the system is able to fulfill the requirements stated in Section 1.3:

e contains services supporting more efficient execution for HLA-based distributed
interactive simulations on the Grid,

e provides an interface to legacy HLA applications,

allows the use of advanced HLA features on the Grid,
e provides scalable solutions with relatively low complexity,
e does not introduce too much overhead.

In this Chapter we prove that the presented services of the G-HLAM system are
behaving correctly and effectively and therefore can be used with real applications,
as is described and validated in the next two Chapters.
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Application of G-HLAM to N-body
simulation

In this Chapter! we present a feasibility study for the G-HLAM system based on
a sample real-world interactive simulation. Our proof—of-concept implementation
of the G-HLAM system was tested with a parallel N-body simulation allowing it to
benefit from the Grid using the solution proposed in this thesis.

When talking about HLA-based interactive distributed simulations that are two
important aspects that should be taken into account. One is a type of interaction
and the other is a type of distribution. In this Chapter, we especially focused on the
application example illustrating interactivity issue. Therefore, we have described the
supported types of interaction with the simulation: passive and active, exploration
of partial simulation results with the possibility of rollback to previous simulation
timesteps on user demand. The passive exploration fits the one-way interaction model
shown in Fig. 1.2, while active fits the second interaction model as depicted in Fig. 1.3
in Chapter 1, where the user is not only able to see the progress of the simulation
when receiving its output online, but can also can steer the running application by
changing its parameters during runtime.

Using this example, we show how an interactive simulation can be run within the
Grid HLA Management System (G-HLAM). We also present results from three differ-
ent experiments showing how G-HLAM can improve the performance of a ’human in
the loop” application in both interaction models.

IThe results described in this Chapter formed the basis to the following papers:
K. Rycerz, M. Bubak, M. Malawski, and P. M. A. Sloot. A Grid Service for Management of Multiple
HLA Federate Processes. Accepted for Parallel Processing and Applied Mathematics (PPAM) 2005
conference, 11-14 Sep 2005, Poznan, Poland.
K. Rycerz, A. Tirado-Ramos, A. Gualandris, S. Portegies Zwart, M. Bubak, and P. M. A. Sloot. N-Body
simulations on the Grid: HLA versus MPI. Submitted to Journal of High Performance Computing
Applications.
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Subsequently, the next Chapter focuses on the distribution aspect of HLA-based
applications — we are showing this issue on the representative example of building
collaborative environment for users with their visualisation devices located in differ-
ent sites on the Grid.

8.1 Background

Modeling the detailed behavior of dense stellar systems remains a great challenge
for astrophysics. Efficient simulations of galactic nuclei and suburbia, star—forming
regions, globular or open star clusters remain interesting issues[131].

There are two main directions in which algorithms for solving astrophysical N-
body problems have recently evolved.

On the one hand, approximated models have been developed, examples are Fokker-
Planck models [118], gaseous models [101] and Monte Carlo models [89]. They have
been applied to simulating of globular clusters and galactic nuclei. These models al-
low us to follow the global evolution of large systems along their lifetime but at the
expense of moderate accuracy and resolution. On the other hand, direct summation
methods have been developed to model the dynamics and evolution of collisional sys-
tems such as dense star clusters.

One of the features of dense stellar systems is that the stars are so close together
that they will occasionally collide with one another and undergo frequent interesting
and complex interactions. Therefore, simple integration of Newton’s equations of mo-
tion for each star under the influence of the gravitational pairwise interactions of all
other stars is not enough.

To give an example, even a small group of stars will spontaneously form one or
more double stars (so-called binary stars). The changes in the state of such binary
stars occur frequently, so they should be modeled by choosing a tiny time step. How-
ever, in such a scenario the rest of the system is forced to slow down, resulting in
a waste of a significant amount of computer time on all the other stars that don’t
require such fine resolution. This is not a trivial problem.

Additionally, relaxation effects and close stellar encounters require highly accu-
rate computations of a large amount of forces between particles which, at the present
time, can only be achieved with direct integrators. Direct methods have O(N?) com-
plexity, where N is the number of particles, since they compute the complete set of
inter-particle forces at each step and are therefore limited to smaller particle num-
bers in comparison to approximated methods.

Simulating a globular cluster containing about one million stars is currently one of
the most challenging numerical problems in astrophysics. There is a need for a com-
puter infrastructure that will significantly improve the performance of direct meth-
ods. We think that the Grid, by providing the possibility of accessing computational
resources that were previously inaccessible is a promising environment for such re-
quirements. A performance analysis of different parallelization schemes for direct
codes used in the simulation of astrophysical stellar systems for various computer
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architectures including the Grid can be found in [72].

In this Chapter we use a sample N-body simulation - a modern integrator (the
Hermite scheme [107]), using a variable time step integration scheme. The algorithm
described in [82] chooses the time steps in such a way as to guarantee time symme-
try in an integration scheme and therefore allows for energy conservation for orbital
calculations with variable time steps, which is not an easy task.

This example is quite straightforward for the purpose of presenting a two—way
interaction model, where the user can steer the running application by changing its
parameters during runtime (e.g. he can examine the behavior of the system after
a supernova explosion, which can be easily simulated by changing the mass of the
selected star). Another advantage is that the user does not need to restart simulation
with different parameters, but can research various systems while continuing with
the same simulation.

8.2 Description of the N-body application

Visualisation
\ MPI parallel simulation
Interaction L] D E] D D

Figure 8.1: The N-body application architecture — The simulation processes data from a
database and sends its output to the visualization (thick arrows). The user can interact with
the simulation by changing its parameters during runtime (thin arrows).

The N-body simulation is part of the virtual laboratory called Gravitylab [81]
which is a powerful software environment for experiments in stellar dynamics of
dense stellar systems. The simplified architecture of the application is shown in
Fig. 8.1. The simulation processes data from a database and sends its output to the
visualization (thick arrows). The user can interact with the simulation by changing
its parameters during runtime (thin arrows).

8.2.1 Simulation details

The algorithm of the simulation uses a direct method, where the gravitational force
acting on a particle is computed by summing up the contributions from all other par-
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ticles according to the Newton’s law
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The numerical method is based on the Hermite [107] scheme, where higher—order
derivatives are explicitly computed in order to construct interpolation polynomials of
the force.

Firstly, the initial snapshot of N stars is read and the particles are distributed
between processes using block distribution. The snapshot consists of information
about stars’ masses and their positions and velocities in 3D.

Each simulation timestep is calculated as follows: first, the positions and velocities
of all particles are predicted at time t (predictor phase) using the values of positions,
velocities, accelerations and first derivatives of accelerations (jerks) computed at the
previous step. The prediction uses a third—order Taylor expansion.

Next, by means of the predicted quantities, new values for accelerations and jerks
at time t are computed. This calculation is the most computationally expensive one of
the whole scheme, having N? scaling - the processes exchange data about particles us-
ing a one—dimensional ring structure. In this step potential energies and the collision
times are also calculated. Collisions determine significant changes in local configu-
rations, therefore the calculated collision time is used to calculate the next timestep.
This causes the algorithm to have a variable timestep.

Finally, the second and third derivative of the accelerations are calculated using
Hermite interpolation based on the values of acceleration and jerk. These correcting
factors are added to the predicted positions and velocities (corrector phase) at time t.
A detailed algorithm can be found in [82].

After the next output of the simulation is calculated the program checks if a re-
quest from the user to roll back to one of the previous timesteps with different star
parameters has arrived. If so, the appropriate rollback is performed and the simula-
tions continues from the point indicated by the user. If no rollback request arrives,
the simulation proceeds to the next timestep.

8.2.2 Inter-module communication

The inter-module communication between application modules is shown in Fig. 8.2.
The visualization/interaction module consists of a user interface and a communica-
tion interface that communicates with the simulation through the High Level Ar-
chitecture Runtime Infrastructure. The user can invoke steering commands (pause
updates of simulation data, change simulation parameters and resume updates of
simulation data). The simulation produces output at each timestep and sends it back
to the visualisation/interaction module (put snapshot). Subsequently, the communi-
cation interface sends this data to the user interface so the user can see the output
and react to it according to his needs.
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Figure 8.2: Communication between the user, the simulation and the visualization: at
each timestep the simulation sends output (snapshot) to the visualisation/interaction mod-
ule, which is then forwarded to the user interface. The user can react according to his needs
by invoking steering commands (pause,change parameters, resume).

8.2.3 Types of interactions with the user in a loop

The output of the simulation is sent online to the visualization module while simu-
lation is progressing, using High Level Architecture (HLA) Runtime Infrastructure
[77]. In order to explore results at a chosen point of simulation time, the user can
pause the process of receiving simulation output without pausing the whole simula-
tion. In such a case, the visualization enters an active mode. This is illustrated in
Fig. 8.3, where a simulation produces output in time steps (numbered boxes in the
figure). The diagram notation was adopted from [16]. This output is then visualized
in passive or active mode according to the user’s needs (in the figure the user has
changed mode from passive to active while watching results from step 2 of the simu-
lation — it is worth noticing that the simulation is already calculating results for step
4). If the user decides to make no changes to the situation in step 2, he can resume
the process of receiving output (calculated in the meantime by the simulation). In
the presented figure this is done in the middle of calculating step 6 and the user can
examine results from that step once they are finished.

A different situation is presented in Fig. 8.4. The user decides to change the sim-
ulation at timestep 2 by changing position, mass or velocity of the chosen stars, and
informs the simulation about this requirement when it is already calculating step 5.
The simulation then rolls back to step 2 and initiates new calculations from that point
taking into account the changes introduced by the user (shown as 2’) in Fig 8.4.
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Figure 8.3: Interaction without changes to the simulation — the user pauses and resumes

sending output, but does not make any changes to simulation state.
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Figure 8.4: Interaction with changes to the simulation — the user makes changes to simu-
lation state, so the rollback of the simulation that managed to advance in the background is

needed.

8.3 N-body simulation in G-HLAM

8.3.1 Detailed structure

The application consists of two modules: An MPI N-body simulation module and
an integrated visualization—interaction module. Communication between application
components is shown in Fig. 8.5. The modules communicate using the HLA RTI
bus which connects the visualization/interaction federate with the MPI root process
of the simulation federate. Together, those federates form the application federation.
Additionally, HLA is used for control of MPI simulation processes on the Grid site
as described in Section 4.3. Therefore, all MPI processes join the control federation
together with the control federate in the HLA—speaking service. For connecting to
the control federate all processes use the GridHLAController library as described in

Section 5.3.
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Figure 8.5: Application with G-HLAM - visualization/interaction federate communicates
with the MPI root process of the simulation federate using the HLA RTI. Additionally, HLA
control federation is used to interface MPI simulation processes on the Grid site to the HLA-
Speaking Service and G-HLAM.

8.3.2

In Chapter 7 we have presented performance results of the simple test applications.
In this Chapter we prove that G-HLAM can be also successfully used with the re-
alistic HLA-based interactive N-body simulation that can be actively explored by a
user during runtime. We have conducted four different experiments to show how
migration can help achieve better performance of the simulation. The experiments
were performed on the DutchGrid DAS2 testbed infrastructure and at CYFRONET,
Krakow, as shown in Tab. 8.1.

Results

Operating System | Red Hat Enterprise Linux Advanced Server, version 3
Network 10 Gbps (DAS2) + 155 Mbps (DAS2-Cyfronet)
Role Name CPU RAM
Migration source | DAS2 UvA, Amsterdam | Pentium III 1 GHz | 1 GB
Migration dest DAS2 Delft Pentium III 2GHz | 2 GB
Interaction federate Cyfronet Krakow 2.40 GHz Xeon 1 GB
RTIExec Cyfronet Krakow 2.40 GHz Xeon 1GB

Table 8.1: Grid testbed infrastructure.
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Migration time

According to the scenario presented in Fig. 5.2 in Section 5.2.2, migration time can be
described by the following formula:

tmigration = save + tresignapp ~ tresigncontrol + tiransfer 7 joincontrol F joinapplication + trestore  (8.1)
where

® Inmigrarion 1S the total migration time

® fuye 1s the time of saving application federation state

® lresignapp 1S the time of resigning from the application federation

® lresigneontrol 1S the time of resigning from the control federation

® liansfer i the time of transfering checkpoints

® Zjoincontrol 18 the time of joining the control federation

® 1joinapplication 1S the time of joining the application federation

® lesore 18 the time of restoring the application federation’s state

In our application the time of resigning and joining the control federation depends
on the number of all processes in the MPI simulation, since every process contains
one control federate. Below we present results of scalability measurements for those
durations.

Afterwards, we also present the results from measurements of the time of join-

ing, saving, resigning, restoring the application federation — these durations do not
depend on the number of MPI processes, since only the master process contains an
application federate as illustrated in Fig. 8.5.
Resigning from the control federation depends on the total number of federates
already in the federation. Below, we approximate the complexity of resigning time.
Assuming that the federation contains N federates, the time of resigning of the i-th
federate can be approximated by the following formula:

i
tiesign = Z [(N - J) * tresignOlherFed + tresignRTIproc] (82)
j=1

where Bresion is the time of resigning the federation by the n-th process, t,esignorherred
is the time of closing connection between two federates which are in the same feder-
ation and t.esignrTIproc 15 @ time of disconnecting federate from RTI control processes
(RTIExec and FedExec).

Using the formula for the sum of the first n terms of an arithmetic sequence:

. ) (i +1 ) * [
t,l*esign =1* [N * IresignOtherFed +tresignRT1proc] - ? * IresignOtherFed (8.3)
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and:

: 1
. 2
t;esign = [(N - 5) *tresignOtherFed T+ tresignRTlpmc] *1— ) * IresignOtherFed * 1 (8.4)

Resigning time also includes a constant term C depending on the RTTExec and FedExec
federation management algorithm.

; 1
2 .
t;esign = _5 * tresignOtherFed *I7+ [(N - 5) * tresignOtherFed + tresignRTIprac] *i+C (85)

from the formula above, we suspect that 7,.qn is O(N?) and therefore, we are looking
for a quadratic function Ai2 4 Bi+C.
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Figure 8.6: Overhead of resigning from the control federation

Fig. 8.6 shows resigning time as a function of the number of MPI processes in the
federation. For our tests we used GT v3.2 and HLA RTI 1.3v5. The number of stars
used in the simulation was 5000. Results were obtained as an average from 10 mea-
surements. The error bars indicate estimated standard deviation. The figure shows
also quadratic functions obtained from the least squares fitting that approximate our
results. The obtained constants for various N can be found in Tab. 8.2. The calculated
approximation has physical sense for the i=1..N.

As can be observed, the coefficients B and C depend on federation size N. Formula
8.5 explains behavior of coefficient B. The growth of initial value C for various N can
be explained by the fact that in our experiment all federates are trying to resign at
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Federation | A (N B op C oc
size
5 -0.03 | 0.005 | 0.4 | 0.06 | 2.5 | 0.09
10 -0.03 | 0.004 | 0.7 | 0.05 | 8 1
15 -0.03 | 0.005 | 1.2 | 0.05 | 10.2 | 0.02
20 -0.03 | 0.001|16|0.05| 35 | 0.2
25 -0.03 | 0.001 | 2.0 | 0.02 | 53.3 | 0.09

Table 8.2: Coefficients of approximating function Ax?> 4 Bx+ C of resigning time for various
initial sizes of the federation

the same time. Federation management algorithm for dealing with multiple resigning
requests implemented within RTIExec and FedExec processes can result in relatively
big initial value dependent on the total number of federates that want to resign.

The total resigning time for N federates is therefore given by the following equa-
tion (from 8.5):

N 1

1
tresign = —E * tresignOtherFed * N2 + [(N - 5) * tresignOtherFed + tresignRTIproc] * N+ C(N) (86)

1 1
N 2
Iresign = E * tresignOtherFed *N°+ (_E * tresignOtherFed + tresignRTlpmc) * N+ C(N) (87)

From equation 8.7 we suspect that tﬁgsign is at least O(N?). The actual complexity de-

pends on C(N), which, as described above, depends on internal algorithm of HLA Fed-
eration management. Fig. 8.7 shows experimental data and approximation function
AN? 4 BN + C, illustrating the total resiging time depending on N, where N is the size
of the federation. From our calculations A =0.12, 64 =0.01, B=—0.2, 65 =0.05,C=1.0,
and oc = 0.1. As described above, the complexity O(N?) depends on the used HLA im-
plementation and could be reduced if implemenation with more optimal federation
management was used. Unfortunately, to our best knowledge, no such implementa-
tion is available for free academic use.

Joining the control federation depends on the number of federates that have al-
ready joined. Below we approximate the complexity of the joining time. Assuming
that the n-th process containing a federate which wants to connect to the federation
has to open TCP connections to all existing n — 1 processes and connect to RTIExec
and FedExec control processes, the joining time for that process can be approximated
by the following formula:

t;loin = (I’l - 1) * tj()inOtherFed + tjoinRTIproc (88)

where t;’m-n is the time of joining the federation by the n-th process, ¢;inoiherreq is the
time of opening connection between two federates which are going to be in the same
federation and #jsinrrIproc is @ time of connecting federate to RTI control processes
(RTIExec and FedExec). If, in turn, there are N processes which need to join the

federation and there are already M processes that have previously joined, then the
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Figure 8.7: Resigning time as a function of the size of the federation

joining time for process; from i = 1...N is the sum of the joining time for all i — 1 pro-
cesses that have joined before plus its own joining time:

i
Uoin = Y [(M~+ j = 1) %tjoinotherFed + LjoinRTIproc) (8.9)
=

and using the formula for the sum of the first n terms of an arithmetic sequence:

) ) (1+i0) =i
t}oin =1x [(M - 1) >"Z‘joinOtherFea’ + tj()inRTIpr()L'] + T *tjoinOtherFed (810)
; 1 o1 2
Lioin = [(M - E) *joinOtherFed +tj0inRTlproc} 14 E *1joinOtherFed * (8.11)

Additionally there is always a constant term C in the joining time equation depending
on the RTIExec and FedExec federation management algorithm.

. 1 . 1 .
Lioin = 5 *ljoinOrherFed * 4 (M~ 5) 1 joinOtherFed 1 joinRTIproc) * i+ C (8.12)

From the formula above we suspect that ¢;,;, is O(N?). To study this, we have per-
formed experiments to check if the joining time is indeed a quadratic function of the
type Ai® + Bi+C. Fig. 8.8 shows joining time as a function of number of MPI processes
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Figure 8.8: Overhead of joining control federation

x[s] | ols]
saving time 6 1
application resigning time | 4 0.5
transfer time 0.4 | 0.05
GRAM 25 ] 0.1
PBS waiting time 8 0.7
application joining time 13 2
restoring time 8 0.8

Table 8.3: Execution time of various migration stages independent of the number of MPI
processes

in the federation. The conditions of the test were the same as above (5000 stars, us-
ing GT v3.2 and HLA RTI 1.3v5). The results were obtained as an average from 10
measurements. The error bars indicate estimated standard deviation. We have used
least—square fitting to approximate our results, obtaining the following constants:
A=0.11,64 =001 B=4.9,65=0.08 and C =8, 6¢ = .
Time of other activities

Tab. 8.3 shows the activities independent on the number of MPI processes per-
formed during migration. They include saving and restoring the state of the appli-
cation federation, joining and resigning the application federation, transferring files
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(GridF'TP overhead) as well as GRAM and PBS overhead. They are independent of
the number of MPI federates since only one root MPI process actually joins the appli-
cation federation in order to communicate with the visualization federate.

The conditions of the test were the same as above (5000 stars, using GT v3.2 and
HLA RTI 1.3v5). The results were obtained as an average from 10 measurements.
The error bars indicate estimated standard deviation.

Total migration overhead Total migration overhead can be calculated from formula
8.1 and the values derived above. Therefore:

tmigration = 0.23 % x> +4.7 % x+50.9 (8.13)

On the other hand, values A, B and C can be calculated directly from experimental
data. From our experiment A = 0.2, 64 = 0.07, B=4, 63 = 0.8 and C = 51, o¢c = 0.6.
These values are equal in the range of error bars.
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Figure 8.9: Total migration time as a function of the number of migrated MPI federates

As can be observed, the largest overhead in the case of the tested application is
for rejoining the control federation. This is due to the fact that in the used RTI im-
plementation, each federate has to open TCP connections to every other federate in
the control federation. Reliable multicasting [112] would significantly decrease this
overhead.

Passive exploration

As in the previous experiment, for our tests we used GT v3.2, HLA RTI 1.3v5 and
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Figure 8.10: Migration impact on execution time for a scenario of passive interaction with
the N-body simulation — migration during passive examination

the testbed infrastructure depicted in Tab. 8.1. The simulation consisted of 20 MPI
processes calculating 3D positions and velocities of 24000 stars.

Because the bandwidth available for testing was broad (10 Gbps), communication
did not play an important role and calculations were the most time—consuming part
of the execution. In order to create conditions in which migration would be useful, we
increased the load of the Grid site where the simulation was executed (Amsterdam) by
submitting nonrelated, computationally—intensive jobs. Next, we imitated a Resource
Broker and migrated the simulation to another site which was not overloaded (Delft).
The experiments were performed at night in order to avoid interference with other
users.

Fig. 8.10 shows the time as a function of the number of interactive steps with a
human in the loop (for the first 13 steps). In each step, the simulation calculates data
and sends it to the visualization and interaction modules using HLA. The dashed line
shows the execution time of the simulation steps in the case when the simulation was
not migrated.

In this situation it is better to spend some time on migration to another site, from
where the time of response is shorter as shown by the solid line in the figure. Fig.
8.10 shows that the human gains access time between steps 5 and 6 independent of
the time lost on migration (performed between steps 3 and 4). The experiment was
repeated 10 times — each time we got slightly different values of response time, but
the significant result (a user gain between steps 5 and 6) remains the same.
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Figure 8.11: Migration impact on execution time for the scenario of active interaction with
the N-body simulation.

In this experiment, we show what happens when a user actively explores simu-
lation output (the parameters and conditions were the same as in the previous case
— 20 MPI processes, 24000 stars, the same software versions and testbed infrastruc-
ture). The solid line in Fig. 8.11 shows a typical scenario - in step 2 the user explores
the simulation output and a rollback is performed between steps 2 and 3. The time
of rollback and simulation response is deemed unsatisfactory, therefore migration is
performed between steps 4 and 5. Afterwards, the time of obtaining answers from
simulation as well as performing rollback become acceptable from the user’s perspec-
tive. The dashed line shows what happens under the same conditions when migration
is not performed. We can see that the user achieves a net gain at step 8.

The Fig. 8.12 shows what happens if migration is performed while the user is
actively examining and changing simulation output at a given time. Since the user
has temporarily ceased receiving new output from the simulation, he may even fail
to notice the migration overhead, unless he explores the visualization output for a
sufficiently long time. In Fig. 8.12 the user explores the simulation output at step 2,
while migration is performed in the background. Between steps 2 and 3 a rollback is
performed at a new place, hence the user achieves an immediate gain.
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Figure 8.12: Migration impact on execution time for the scenario of active interaction with
the N-body simulation — migration during active examination.

8.4 Summary and conclusions

In this Chapter we presented how an example interactive simulation can be run
within the Grid HLA Management System (G-HLAM). The simulation calculates the
N — body problem for a dense stellar system. The user can monitor the output of the
simulation online (passive exploration) as well as interact with it by changing its pa-
rameters during runtime (active exploration). Additionally, the simulation has the
ability to roll back to a previous timestep on user request.

Apart from a functional description, we presented and described performance re-
sults of the G-HLAM system used for this sample simulation. First, we measured
how various migration phases impact migration time. Subsequently, results from
three different experiments were shown to illustrate how G-HLAM can improve the
performance of a ”human in the loop” simulation, decreasing the response time of
simulation federates by migrating them to a better location.

From our experiments we can draw the following conclusions:

e the G-HLAM system can be used to improve execution of an interactive dis-
tributed application running on the Grid by performing migration of its simula-
tion module to a different Grid site,

e during migration the most significant overhead is introduced by rejoning the
federation. This issue, however, is specific to the HLA implementation used and
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can be reduced by introducing a reliable multicast mechanism [112],

e there are scenarios in which migration improves application execution despite
of the overhead it produces. This occurs when the number of simulation steps
performed is greater than the ratio of migration time to the difference between
the execution time for an average step before and after migration (see equation
7.11),

e active exploration mode can be used to conceal migration overhead. When a user
interacts with the application in that mode, no data is sent from simulation to
visualisation, so the user does not view simulation progress online. Therefore
migration can be performed without interfering with the user. When the user
exits the active exploration mode, the response time from the simulation has
already improved.
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Application of G-HLAM to Vascular
Reconstruction

In this Chapter! we show the advantages of using the Grid HLA Management Sys-
tem (G-HLAM) for running a large—scale HLA-based medical application supporting
surgical pre-operative planning [1, 155].

While the previous Chapter focused on interactivity aspect of HLA-based appli-
cations, this Chapter describes the distribution aspect of such applications — we are
showing this issue on the example of an simulation environment for users with the
visualisation devices located in different sites on the Grid. The described application
is representative for showing how G-HLAM can be used for distributed HLA-based
applications. In particular, it will be shown how G-HLAM can be used to steer such
an application in terms of performance. The application can be executed in three
scenarios: one simulation for a single user, many simulations for a single user and
a collaborative environment for many users. Our goal is to verify G-HLAM features
and to show that the system can successfully run the complicated application with
different scenarios including a collaborative environment, where geographically dis-
tributed users interact in a processing loop.

The interactions in the application fit the first interaction model depicted in Fig. 1.2
in Chapter 1. The user can see the output of the simulation while it is running and
stop it any time when partial results seem unsatisfactory.

In Section 9.1 we describe in detail the application, its modules and three scenarios
of execution. In Section 9.2 we show how to apply G-HLAM for the modules that

IThe results described in this Chapter formed the basis to the paper K. Rycerz, M. Bubak,
M. Malawski, and P. M. A. Sloot. HLA Grid Based Support for Simulation of Vascular Reconstruc-
tion. In S. Gorlatch and M. Danelutt, editors, Proceedings of the CoreGRID Workshop "Integrated
Research in Grid Computing, November 28-30, 2005, pages 165-174, Pisa, 2005. Technical Report
TR-05-22.
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use HLA as their communication infrastructure. Section 9.3 presents performance
results. The summary and conclusions can be found in Section 9.4.

9.1 Vascular reconstruction application

9.1.1 Background

Computer simulations in medicine are becoming increasingly important area, espe-
cially in surgery [192]. Planning vascular operations is difficult task — before the
operation the physician has to locate the affected vessels, analyze them and then
make decision how to operate. Therefore, simulation and verification of the surgeon’s
plans prior to the actual operation is very useful and allows for better treatment of
patients [155]. Usually such simulations are very complex, require high—performance
execution and near-real-time interaction with users during runtime [129].

Vascular disorders such as stenosis (narrowing of the artery by the accumula-
tion of fat and cholesterol) and aneurysms (weakness of artery wall resulting in a
ballooning effect) seriously influence blood flow and can cause serious diseases [18].
Therefore, it is important to improve the flow quality in the affected vessels. Vascu-
lar reconstruction is a surgical procedure which redirects blood flow from the affected
place using a grafted bridge called a bypass.

Planning such operations requires the surgeon to analyze the structure of the
artery and locate the affected areas together with the optimal place in which to insert
a bypass. By using computer simulations, surgeons’ decisions can be verified before
the actual operation takes place [114]. In this Section we present a virtual reality—
based medical training application [1] developed at the Department of Computational
Science of the University of Amsterdam. We will describe application modules and
outline three scenarios of execution: a scenario when a single user runs only one sim-
ulation, an extension for many simulations and, finally, a collaborative environment.

9.1.2 Application modules

Input data for the application are obtained from various medical imaging techniques
such as X-ray angiography, computer tomography (CT) or MRI (magnetic resonance
imaging). After getting digital images of the patient’s vessels, the data is processed
by four modules of the application as described below.

Analysis and segmentation module

The goal of the segmentation process is to automatically find the lumen border be-
tween the blood and non-blood in input images [1]. Firstly, a wave front propagator
algorithm is used to find an approximation of the centerline of the vessel. Next, the
data are divided into a set of 2D slices orthogonal to the centerline. Then, in each slice
a contour delineating the lumen border is detected. Finally, the stack of 2D contours
is combined to 3D surface model, which is then passed to 3D editing tool.
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3D editing tool

This tool allows for editing stereoscopic images and executing experimental visualisa-
tion studies on realistic arterial geometries [14]. A user can conduct measurements,
pick up a position on the artery for creating a bypass and modify its shape and size.
The final stage is generation of a computational mesh. The pre—prepared arterial
geometry, including aneurysms, bifurcations, bypasses and stents is converted into
a coarse or fine (depending on the user’s choices) computational mesh that is then
passed to the simulation module.

Simulation module

Blood flow simulation is performed with a parallel flow solver [10] which computes
pressure, velocities, and shear stresses. The simulator is based on the Lattice—Boltz-
mann method (LBM) — a mesoscopic approach for simulating fluid flow based on the
kinetic Boltzmann equation. The simulation produces intermediate results and sends
them to the visualisation module. The module is parallelized using MPI.

Visualization and exploration module

The visualization/exploration module uses a Virtual Reality Explorer (VRE) [14],
where the patient’s data is visualized as a 3D stereoscopic image together with a
graphical interpretation of the simulation’s results. The user can then manipulate
the 3D images of arteries, patient’s body and blood flow structures in virtual reality.
VRE combines natural input modes of context sensitive interaction by voice, hand
gestures and direct manipulation of virtual 3D objects. The interactive measurement
component of the VRE provides the possibility to quantitatively measure distances,
angles, diameters and other parameters characterizing 3D objects in a virtual world,
where markers are building blocks of distance, angle, and linestrip measurements.
VRE architecture is described in more detail in Section 2.1.12.

Need for the Grid

The application modules require different resources: the segmentation tool requires
quick access to an image database, flow simulation requires computational power,
editing and visualization tools require specific VR hardware. It is quite unlikely to
find those resources at any one geographical site. Additionally, if more simulations
need to be run concurrently, one site with computational power may be not suffi-
cient. A similar problem arises when many visualisations (users) located in different
places want to observe the same simulation. Therefore, the application modules usu-
ally have to be located in geographically—different places and the Grid concept which
facilitates access to computing resources may offer a very promising approach here.
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9.1.3 Scenario with a single user and a single simulation

In Fig. 9.1 we show a scenario with a single user running one simulation [192]. It

user
re—analyse
Module A Module B Module C Module D
raw data analysis visualisation

simulation

T control

Figure 9.1: Vascular reconstruction application scenario with a single user and a single sim-
ulation consisting of four modules: data analysis, editing tool, simulation and visualisation.

3D editing tool

& segmentation &exploration in VE

modify bypass

shows how the modules described above cooperate with one another. As described,
the application consists of the following modules:

A) tool for analyzing and performing segmentation,

B) tool for 3D editing and mesh generation,

C) flow simulation,

D) online visualization and exploration of results in VE.

The input data for the application is received from X-ray angiography, computer to-
mography (CT) or MRI (magnetic resonance imaging). Next, a radiologist uses mod-
ule A to analyze raw digital images of vessel structures. In the first step, the images
of the affected vessels are segmented in order to obtain a 3D geometrical descrip-
tion of the arteries of interest. Next, the segmented artery is prepared for blood flow
simulations by module B, a 3D editing tool, allowing to define inlets and outlets, to
filter and crop parts of the artery, to add a by-pass, and to generate computational
meshes as input to the blood flow simulators. Subsequently, by using module C — a
dedicated fluid flow solver — the time—dependent blood flow in the artery is computed.
The resulting flow, pressure and shear stress fields are then shown to the user using
a number of visualization techniques in a Virtual Environment (VE) — module D.

While watching simulation output, the user can control simulation execution (stop
/ pause / resume). The user also can modify the segmented artery and run another
simulation. Additionally, there is the possibility of performing analysis of raw data
and segmentation of another part of the vessel.

To summarize, the user can:

e stop/pause the simulation during runtime,
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e restart with a different bypass,
e reanalyze raw data and reset segmentation.

The interactions described here fit the first interaction model depicted in Fig. 1.2 in
Chapter 1. The user can see the output of the simulation while it is running and stop
it any time when partial results seem unsatisfactory.

9.14 Scenario with a single user and multiple simulations
In Fig. 9.2. we show a scenario where the user can run more then one simulation.
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Figure 9.2: Vascular reconstuction application scenario with a single user and multiple sim-
ulations — the user uses a 3D editing tool to create different meshes with different bypasses
and run the simulation simultaneously.

In this case, the user uses a 3D editing tool to create different meshes with different
bypasses and run the simulation simultaneously.

In order not to overload the network, the user can see only one simulation output
and control its execution - we thus say that this simulation is running in the fore-
ground. Other simulations run in the background — the user cannot see their output
or control their execution unless he decides to swap one of them with the foreground
simulation (which is similar to background and foreground processes in Unix systems
- a user can interact only with one process at a time, but is able to move background
processes into the foreground and vice versa). In Fig. 9.2 the simulation with solid
data and control arrows is running in the foreground while other simulations (with
dashed arrows) are executed in the background.

If the user decides to control and see the output from another simulation, he has to
switch simulations. Following this, the foreground simulation becomes a background
simulation and the selected background simulation moves to the foreground. This
situation is more general than in Fig. 9.1, where the only simulation available is run
in the foreground.
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The user can:

e stop/pause the chosen simulation during runtime,

e switch between different simulations (foreground/background),
o restart with different bypass,

e reanalyze raw data and reset segmentation.

9.1.5 Collaborative environment scenario

The most complicated scenario of this medical application usage is when multiple
users want to share simulations between them. This kind of situation takes place
when a group of surgeons from various hospitals wants to discuss interesting medical
cases together and exchange ideas about planning difficult operations. In Fig. 9.3 we
show the situation for two users, but this can be easily extended to more. Each user
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Figure 9.3: Vascular reconstruction application scenario with multiple user and multiple
simulations. Each user starts a number of simulations and can own (control) each of them.
The user can also interact with simulations he does not own.

starts a number of simulations as in the previous case and becomes their owner - that
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means he can fully control each simulation. However, the user can also interact with
simulations he does not own, in two ways:

e by requesting the output data of a non-owned simulation — in this case concur-
rent data access is not a problem, since only one user can actually change the
data.

e by requesting to control a non-owned simulation - concurrent data access has to
be controlled by a communications bus.

The user can:

e stop/pause the chosen simulation during runtime,

switch between different simulations owned by him (receiving output),

switch ownership of simulations (ability to stop/pause a particular simulation),

restart with a different bypass,

reanalyze raw data and reset segmentation.

9.1.6 HLA-based communication

For using G-HLAM, the most interesting parts of the application are the simulation
module, the visualisation module and HLA-based communication in between. HLA
is a very convenient solution for that purpose [192] as it allows for :

e building a geographically—distributed system - as stated in Section 9.1.2, usually
there is a need to place the simulation in a different place than visualization,
especially if there is more than one of each, as in Fig. 9.3,

e dynamic joining of simulation/visualization with the application — useful when
user A in Fig. 9.3 needs to start simulations one by one, or user B joins late and
starts his own simulations, but wants to share results with others,

e easy switching between background (indicated with dashed arrows in Fig. 9.3)
and foreground (indicated with solid arrows) of simulations - useful when the
user decides to obtain output data from a different simulation; by using HLA
he can unsubscribe from data currently being received and subscribe to data of
the new simulation — Data Distribution Management services of HLA are very
convenient for that purpose,

e dynamic resigning of simulation/visualization from the application — the user
can quit the application or stop some simulations without disturbing others,

¢ notification - useful for notifying the simulation about user commands i.e. pause,
cancellation,
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e easy switching between ownership - useful when the user who created a simu-
lation wants to transfer control over it to a different user,

e concurrency control — related to ownership — assures that only one user can
control the simulation at any time.

According to scenarios presented above and types of interaction within the applica-
tion, these HLA features are very useful and fill the applications’ requirements for a
communication infrastructure between simulation and visualization.

9.2 Using G-HLAM

For the purposes of this case study, we have chosen two modules of the described
application: simulation and visualisation/exploration. For describing G-HLAM usage,
we use a collaborative environment scenario, since other scenarios are simply specific
cases of that scenario. The collaborative environment includes many federates of
both simulation types and visualization types connected using HLA. Therefore, the
collaborative environment scenario is the most interesting case from our point of view.

G-HLAM usage in the vascular reconstruction application is extended in compar-
ison to the N-body example, which is at the same level of complexity as the first
scenario of the medical application (Fig. 9.1). G-HLAM usage is depicted in Fig. 9.4.
Now, instead of one parallel simulation such as in the N-body application, we have
more simulations that can be placed at different Grid sites. Furthermore, there can
be more than one visualization (more than one user). As described above and shown
in the figure, the case study application consists of two kinds of modules: an MPI Lat-
tice Boltzman simulation module and an integrated visualization—exploration mod-
ule. For simplicity, in Fig. 9.4 we present an example with three simulations and two
visualizations, but this can be easily extended. Moreover, we outline details of simu-
lation only on Grid site A, however the same structure applies to sites B and C, where
simulation is shown as one box.

As can be seen, there are two kinds of HLA federations : one application federation
and N internal G-HLAM control federations, where N is the number of Grid sites used
by simulation modules.

Application federation. Communication between application components is per-
formed by HLA, so in Fig. 9.4 all simulations and visualizations are connected to the
application federation. Simulations are connected to that federation only by their
MPI root processes which are responsible for sending data to visualization. This fed-
eration is specific to the application and has been designed by its developer.

G-HLAM Control Federations. On each site, there is an HLA-Speaking Service for
controlling simulation by G-HLAM. The service is an interface between G-HLAM and
application federates. It starts application processes on its site and sends save/restore
request from G-HLAM when there is a need for migration. A detailed description of
the HLA—-Speaking Service is provided in Chapter 4. Each site has its own control fed-
eration for communicating with the HLA-Speaking service residing on this site and
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Figure 9.4: G-HLAM for the medical application — example for three simulations and two
users. Application federation connects all simulations and visualisations. On each site, there
is a control federation that interfaces simulation to G-HLAM.

all simulation processes join respective control federations through the GridHLACon-
troller library. The library is an interface between user code and G-HLAM: it passes
save and restore requests to user code and assures that all user processes behave
correctly, when one of them is migrated. A detailed description of the library and the
migration mechanism can be found in Chapter 5.

9.3 Results

While in Chapter 7 we have presented performance results of the simple test appli-
cations, in this Chapter we prove that G-HLAM can be also successfully used with
the realistic HLA-based collaborative environment. We present results from two ex-
periments using G-HLAM for the prototype vascular reconstruction application. The
prototype consisted of two types of modules communicating with HLA: simulation
modules (MPI parallel simulation) and visualization—-receiver modules (responsible
for receiving data from simulation). As above, we use the last scenario of the applica-
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tion (collaborative environment) since other scenarios are just specific cases thereof.

First, we show how migration overhead scales along with the number of simulation
and visualization—-receiver modules in the collaborative environment. We describe
in detail the phases of the migration process as well as their duration. Next, we
show how migration improves performance from the point of view of the user - i.e.
how sending output data from the simulation changes after migration if the partial
simulation results are actually watched by someone.

The experiments were performed on the DutchGrid DAS2 testbed infrastructure
and at CYFRONET, Krakow, as shown in Tab. 9.1. In the first experiment we ran four

Operating System | Red Hat Enterprise Linux Advanced Server, version 3
Network 10 Gbps (DAS2) + 155 Mbps (DAS2-Cyfronet)

Role Name CPU RAM
Migration source DAS2 Nikhef | Pentium III 1 GHz 1 GB
Migration destination | DAS2 Leiden | Pentium III 1 GHz 2 GB
other visualizations DAS2 Delft | Pentium III 2GHz 2 GB
and simulations DAS2 Utrecht | Pentium IIT 1 GHz 1 GB
DAS2 VU Pentium IIT 1 GHz 2GB
RTIexec Cyf Krakow Xeon 2.4 GHz 1GB

Table 9.1: Grid testbed infrastructure

simulations (each containing 12 MPI processes) in our collaborative environment and
the number of visualization—receivers varied from 3 to 22. We assigned visualization—
receivers for each simulation in the most balanced way possible, so that each simula-
tion had an equal number of visualisation—receivers collecting its data (exact to the
remainder of dividing the number of visualizations and the number of simulations).
We then migrated one of the simulations.

In the second experiment one simulation was migrated. The number of visualization—
receivers was fixed to 25.

We observed that the type of module (simulation or visualization—receiver) does
not have any impact on migration time. This is because only one (master) process
of the parallel simulation participates in the application federation and its role is
equal to a single visualisation—receiver process. Therefore, we plot migration time as
a function of all federates in the application federation regardless of their type.

In our experiments, in each step, the simulation produces 52000 velocity vectors
of simulated blood flow in 3D space. For our experiments we used GT v3.2 and HLA
RTI 1.3v5. The results were obtained as an average from 10 measurements. The
error bars indicate estimated standard deviation.

Migration Overhead

As already stated in the previous Chapter, according to the scenario presented in
Fig. 5.2 in Section 5.2.2, migration time can be described by the following formula:

tmigration = tsave tresignapp + Z‘resigncomrol + Z‘tmnsfer + tjoincontrol + tjoinapplication + lrestore (9 ]-)
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where
® Imigration 15 the total migration time
o fuye 1s the time of saving application federation state
® Iresignapp 1 the time of resigning from the application federation
® lresigneontrol 1S the time of resigning from the control federation
® firansfer 18 the time of transfering checkpoints
® 1joinconirol 1S the time of joining the control federation
® Zoinapplication 1S the time of joining the application federation
® fesore 18 the time of restoring the application federation’s state

In our application the time of saving, resigning, joining and restoring the applica-
tion federation depends on the number of federate processes in the application feder-
ation (i.e. the number of simulation and visualization-receiver modules) as shown in
Fig. 9.4. Below we present results of scalability measurements for those durations.

On the other hand, the time of resigning and joining the control federation depends
only on the number of all processes in the MPI simulation, which is fixed for this
experiment. Therefore the time of resigning and joining the control federation is
constant.

Saving the application federation. Saving overhead is caused by internal federation-
wide saving algorithm used to implement the HLA Save/Restore API [78]. It includes
synchronization mechanism between federates, which assures that the state does not
change while saving. RTIExec control process saves the internal states of all feder-
ates in a separate checkpoint files. Also state of FedExec control process (which is one
per federation) is saved. Additionally, moved federate saves user data to a checkpoint
file.

The Fig. 9.5 shows how saving overhead depends on the size of the application
federation (that is the number of modules in collaborative environment). We can
observe plateaus in the plot - that probably means that RTIExec uses buffering to
process requests coming from federates during saving process.

We have approximated migration overhead by choosing the middle points of the
plateaus and finding a linear function:

Lsave = Qsavellf ~+ bsave 9.2)

where 7y is the number of modules. For experimental data we used the least squares
method to calculate a4, = 0.44, 6, = 0.04, byye = —1.1 and 6, = 0.6. The correlation
coefficient for all experimental data is equal 0.950.

Resign the application federation. The complexity of the resigning operation in
the HLA RTI implementation when using reliable transport should be linear with
respect to the number of federates in the application federation (number of modules
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Figure 9.6: Time of resigning from the application federation during migration in Experi-
ment 1 as a function of the number of modules in the collaborative environment
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in the collaborative environment). This is because the resigning federate should close
all TCP connections to all other federates. Fig. 9.6 shows that resigning time depends
linearly on the number of federates. The approximating linear function is given by
the following formula:

tresign = Qresignlf + bresign (93)

where n; is the number of federates. For experimental data we calculated aesign =
0.067, 6, = 0.001, byesin = 0.17 and 6, = 0.02 using the least squares method. The
correlation coefficient is equal 0.998.

Joining the application federation. The joining operation should be linear with
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Figure 9.7: Time of rejoining the federation during migration as a function of the number of
modules in the collaborative environment

respect to the number of federates in the application federation (modules in the collab-
orative environment) when using reliable transport in the HLA RTI implementation,
since the joining federate has to open TCP connections to all other federates in the
federation. Fig. 9.7 shows that joining federation time depends linearly on the num-
ber of federates. The approximating linear function is given by the following formula:

tjoin = Qjoinn f + bjoin (9.4

where 7 is the number of federates. For experimental data we calculated a i, = 2.2,
6, =0.1, bjoin = 6 6, = 2 using the least square method. Correlation coefficient is equal
0.994.

Restoring the application federation. Restoring overhead is caused by inter-
nal federation-wide restoring algorithm used to implement the HLA Save/Restore
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Figure 9.8: Time of restoring federation state during migration as a function of the number
of modules in the collaborative environment

API [78]. As in the case of saving, it includes synchronization mechanism between
federates assuring that the state does not change while restoring. RTIExec control
process restores the internal states of all federates from checkpoint files. Also state of
FedExec control process (which is one per federation) is restored. Additionally, moved
federate restores user data from its checkpoint file.

The experimental data are shown in the Fig. 9.8. We can observe plateau in the
plot - that probably means that RTIExec uses buffering to process requests coming
from federates during restoring process. We have found an approximating linear
function basing on the middle points of plateaus given by the following formula:

trestore = Qrestorelf + brestore (9.5)

where ny is the number of federates. For experimental data we calculated a,esore =
0.003 6, = 0.001 bestore = 0.75 o, = 0.02 using the least squares method. Correlation
coefficient is equal 0.606.

Time of other activities Tab. 9.2 shows the activities performed during migration
independent of the number of modules in the collaborative environment. They include
joining and resigning the control federation, transferring files (GridFTP overhead) as
well as GRAM and PBS overhead. They are independent of the number of modules
(that is simulations and visualisation-receivers in the collaborative environment).
Total migration overhead. Total migration overhead can be calculated from for-
mula 9.1 and the values derived above. Therefore, after adding all a and b factors, we
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activity x[s]| ols]
control federation resigning time | 1.3 | 0.1
transfer time 0.5 | 0.05
GRAM submission 4.0 | 0.1
PBS waiting time 6.0 | 0.7
control federation joining time 63 3

Table 9.2: Execution time of various migration stages independent of the number of modules
in the collaborative environment
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Figure 9.9: Total migration time as a function of the number of modules in collaborative
environment federates

obtain:
Imigration = 2.73xx+88.9 (9.6)

On the other hand, values A and B can be calculated directly from experimental data
shown in the Fig. 9.9 which are combination of linear functions and plateaus. From
our experiment A =2.7, 64 = 0.8 and B = 87.0, o = 13. These values are equal in the
range of error bars. The correlation coefficient for experimental data is equal 0.750.

Again, as can be observed, the largest overhead for the tested application is intro-
duced by rejoining the control federation. The explanation is the same as in previous
application case — in the used RTI implementation every federate has to open TCP
connections to every other federate in the control federation. As stated before, this
could be avoided if the HLA implementation uses reliable multicasting [112].



172 9 Application of G-HLAM to Vascular Reconstruction

Impact of migration on performance of simulation within the collaborative
environment

In this experiment we show how migration can improve the efficiency of simulation
execution when its results are sent on—line to many users.
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Figure 9.10: Impact of migration on simulation performance within collaborative environ-
ment

As in the case described in the previous Chapter, the bandwidth available for test-
ing was broad (10 Gbps), so communication did not play an important role and cal-
culations were the most time—consuming part of the execution. In order to create
conditions in which migration would be useful, we increased the load of the Grid
site where the simulation was executed (cluster in Amsterdam) by submitting non—
related, computationally—intensive jobs. Next, we imitated a Resource Broker and
migrated the simulation to another site which was not overloaded (cluster in Leiden).
The experiments were performed at night in order to avoid interference with other
users and repeated 10 times — each time we got slightly different values of response
time, but the significant result (a user gain between steps 4 and 5) remains the same.

Fig. 9.10 shows the time as a function of the number of interactive steps with a
human in the loop (for the first 8 steps). At each step, the simulation calculates data
and sends it to the 25 visualization—-receivers modules using HLA.

The dashed line shows the execution time of the simulation steps in the case when
the simulation was not migrated. In this situation it is better to spend some time on
migration to another site, from where the response time is shorter, as shown by the
solid line in the figure. Fig. 9.10 shows that the human can gain access time between
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steps 4 and 5, independently of the time lost on migration (performed between steps
3 and 4).

G-HLAM for N-body vs Vascular Reconstruction applications — discussion

In Chapter 8 and this Chapter we have described how G-HLAM works for two differ-
ent applications. Both Chapters show that the most important factor that influences
migration is rejoining to a federation. In our examples there were two federations:
G-HLAM-—specific control federation and application—specific federation.

The N-body application consists of an MPI parallel simulation and a visualisation
/ interaction module. As only one MPI process participates in application federation,
the size of this federation is constant. On the contrary, all MPI processes participate
in control federation. The most important factor that influences migration time is the
overhead of rejoining to the control federation determined by the number of MPI pro-
cesses. We have shown that the overhead has complexity O(N?), where N is number
of MPI processes. This is because all MPI processes in simulation have to be moved
and every MPI process have to reopen TCP connection with every other process.

On the contrary, the application federation of the collaborative environment for
vascular reconstruction consists of many federates ( each visualisation module is a
federate and one MPI process from each simulation module is a federate). The migra-
tion time is not only influenced by a number of MPI processes which have to rejoin
to the control federation, but also by a number of modules in the collaborative envi-
ronment (other simulations and visualisations) that belong to application federation.
In this Chapter, we have shown how the number of modules in application federa-
tion influences the migration time (with constant number of MPI processes — impact
of a number of MPI processes on migration time is the same as for N-body applica-
tion). Our results show that the overhead has complexity O(N), where N is number
of modules in collaborative environment. This is because only one MPI process of
the whole migrated simulation has to reopen TCP connections with other modules of
collaborative environment.

9.4 Summary and conclusions

In this Chapter we presented how the vascular reconstruction application can be run
within the Grid HLA Management System (G-HLAM). Three different scenarios were
presented: a scenario when a single user receives partial results of the simulation
during runtime, a scenario with many users and one simulation, and finally a scenario
with many users and many simulations (collaborative environment).

Apart from a functional description, we presented and described performance re-
sults of the G-HLAM system used for the last scenario (collaborative environment)
since other scenarios are just specific cases thereof.

First, we measured how various migration phases impact migration time in a sam-
ple collaborative environment consisting of many simulation and visualisation mod-
ules. Subsequently, we presented results from an experiment which illustrates how
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G-HLAM can improve the performance of a simulation running within the collabora-
tive environment, decreasing the response time of simulation federates by migrating
them to a better location.

Summing up, we can draw the following conclusions:

e the G-HLAM system can be used to improve execution of a simulation running
within the collaborative environment on the Grid by performing migration of
the simulation module to a different Grid site,

e during migration the most significant overhead is introduced by rejoning the
federation. This issue, however, is specific to the HLA implementation used and
can be reduced by introducing a reliable multicast mechanism [112],

e In our experiments we present the impact of migration on the foreground sim-
ulation (the simulation that actually sends data to one or more visualisations).
However, in the presented collaborative environment, background simulations
are also possible. In such simulations data is not sent to any of the visualisations
and therefore the delay caused by migration can be hidden from the user.



10

Summary, Conclusions and Future
Research

10.1 Summary

Developing runtime steering of distributed simulations is a very important and inter-
esting issue in modern computer science.

In this thesis we have tried to show whether and how the modern scientific and
technological solutions in computer science can be used to satisfy the requirements
of distributed interactive simulation more accurately and efficiently than before. We
aim not only at applications developed from scratch, but also at legacy codes. In order
to answer this question, we have to analyze the requirements of distributed interac-
tive simulations. First, distributed interactive simulations require synchronization
support (time management) for event—driven and time—driven scenarios and the abil-
ity to connect simulations with different scenarios into one system. Next, they require
efficient data distribution management and scalability with a number of distributed
components. Additionally, they are often distributed using functional decomposition
- each of their elements performs different functions and requires separate (specific)
computer resources i.e. databases, visualization devices or computational power. Last
but not least, this kind of applications requires an efficient environment, so that they
can execute in near-real time with a user in the loop.

Our research presented in this thesis focuses on the requirements mentioned
above, which are a starting point for the analysis of both the advantages and short-
comings of current scientific and technological solutions. HLA is a good candidate for
fulfilling the requirements of synchronization management, data distribution sup-
port, scalability and the ability to connect time- and even-driven simulations into one
system. Grid solutions are - by definition - a promising approach to accessing dis-
tributed resources. However, there still remains the issue of execution environment
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efficiency. The HLA standard was developed assuming a certain quality of service
in the underlying environment of the simulation execution. The Grid environment,
however, is shared by many users and its conditions can change in an unpredictable
way. Therefore, there is a need for a system that would adapt applications to this
dynamically-changing environment and allow for their efficient execution.

In this thesis, we have proposed a Service Oriented Architecture of the G-HLAM
system that fills the gap described above. The presented approach allows not only for
building HLA-based applications that can be executed on the Grid, but also for easy
adaptation of HLA legacy code.

The dynamic setup of HLA federates was one of our initial points of focus. In the
G-HLAM system, we have introduced the Broker Service which uses the Registry Ser-
vice to set up an HLA-based application from the RTIExec Service, responsible for
management of the RTIExec process, and from HLA-Speaking Services, interfacing
actual HLA federates with G-HLAM. There are two different versions of the HLA-
Speaking Service: a prototype suitable for management of federates in one process
and an extension, managing multiple processes. HLA-Speaking Services are a solu-
tion to the problem of turning user application federates into Grid services.

In order to provide a certain quality of the execution environment, we have decided
to build a migration mechanism to allow federates to migrate when their performance
is not satisfactory. The Migration Service is responsible for migrating HLA—connected
components of the distributed application in the Grid environment. We have proposed
user—level checkpointing, implemented through routines of the GridHLAController
runtime support library. The library conceals details of RTI internal state check-
pointing and provides a user—friendly interface to save and restore all the necessary
data.

Efficient migration of HLA-based simulations requires a means of acquiring in-
formation about application performance. In this thesis, we have presented an HLA—-
based benchmark suite that helps the Broker Service decide where the application
components should be placed. We have also presented the Application Monitoring
Service which monitors the performance of HLA-based applications to decide when
to migrate their parts to achieve more efficient execution. We have chosen the OCM-
G system [12] as a monitoring system, since it was designed to be executed in a
Grid environment and complies with the Online Monitoring Interface Specification
(OMIS)[103]. We have shown how the design concepts of the OCM-G enable easy
adaptation to monitoring of HLA, C++-based applications.

Finally, we have described performance results and shown that two sample realis-
tic simulations can benefit from the Grid using the solutions proposed in this thesis.
The chosen applications allows to show how G-HLAM deals with their different types
of interactions (one-way or two-way interaction between a user and a simulation) and
types of distribution (a single simulation for a single user, multiple simulations for
a single user, collaborative environment for many users). We have presented the ar-
chitecture of an N-body dense stellar system application and the supported types of
simulation interaction, and shown how the application can be run within the Grid
HLA Management System (G-HLAM). Subsequently, we have presented results from
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Problem Solution proposed in G-HLAM
Dynamic setup Broker Service, Registry Service,
RTIexec Service

Interfacing G-HLAM with HLA federates | HLA—Speaking Service

Ability to move federates in case of their | Migration Service

poor performance
Acquiring information about actual ap- | Application Monitoring Service
plication performance to decide when to
move

Acquiring information about possible ap- | Benchmark Services
plication performance to decide where to
move

Table 10.1: Summary of problems and their solutions in G-HLAM

three different experiments showing how G-HLAM can improve the performance of
“human in the loop” simulations. We have also shown the advantages of using the
G-HLAM for running a large—scale HLA-based medical application supporting sur-
gical pre-operative planning. We especially focused on its execution in a collaborative
environment for many users. Our experiments show that G-HLAM is useful also
for improving performance of such applications. A summary of problems solved by
G-HLAM is presented in Tab. 10.1.

10.2 Conclusions

The central hypothesis of this thesis, as described in Section 1.4, is: interactive dis-
tributed simulations can significantly benefit from the Grid environment and there
exist solution for achieving their effective execution by filling the gap between interac-
tive simulations and the Grid infrastructure. Below we explain how scientific results
presented in this thesis prove the central hypothesis. Here we will follow list of sci-
entific contributions given in Section 1.4.

Analysis of requirements of distributed interactive simulations were presented in
Section 1.3. As stated in Section 10.1, the requirements like synchronization support
(time management) for event—driven and time—driven scenarios, the ability to con-
nect simulations with different scenarios into one system, efficient data distribution
management and scalability with a number of distributed components are fulfilled
by choosing HLA as a support for distributed interactive simulations. Additionally,
requirement of accessing distributed computer resources i.e. databases, visualization
devices or computational power can be fulfilled by using Grid technology. Last but
not least, the concerned simulations require an efficient environment, such that they
can execute in near real-time with a user in the loop. We satisfy this requirement by
introducing G-HLAM system presented in this thesis.

The evaluation of existing solutions and analysis of possible technologies, useful
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with regard to these requirements, were described in Chapter 2, where we presented
environments supporting the development, execution and/or steering of simulations.
For each of these environments, we have analysed the advantages and disadvantages
for adaptation of Grid solutions. We have also outlined the ideas that were used in
the past to port HPC simulations to the Grid seen as a large, distributed metacom-
puting environment. Additionally, we have reviewed current efforts of using Grid
concepts for distributed simulations. We have also described efforts of using Grid
and Web solutions to make interactive distributed simulations more interoperable,
fault—tolerant and efficient. According to our analysis of existing approaches made in
Chapter 2, especially in Section 2.4, there was no solution that allowed to run HLA
simulations, including legacy codes, on the Grid in efficient way.

The explanation why HLA is an appropriate standard for distributed interactive
simulations, when there is a need to run them on the Grid, is described in Sec-
tion 2.1.8, Section 2.1.13, Section 2.4 and Section 3.1.3. To summarize, HLA is already
designed for running scalable geographically—distributed simulations, offers services
for efficient data exchange between distributed federates (data management) and
synchronization (time management). It allows for building scalable simulation sys-
tems and has features that facilitate simulation interoperability. Section 2.4 presents
different aspects of merging HLA and Grid concepts: interoperability of different sim-
ulation models, fault tolerance, support for peer—to—peer collaborative applications
and effective management of HLA-based simulations.

The Grid environment can be beneficial for distributed interactive simulations and
provides them with new opportunities not previously available. This is realized in two
steps.

First, our goal was to analyze possibilities offered by the Grid and defining re-
quirements for their efficient usage, which was described in Section 1.5, Section 2.3,
Section 3.1.2 and Section 3.1.3. To summarize, Grid technology extends the set of pos-
sible distributed resources that can be used and facilitates access to them. The Grid
can be useful for those simulations that consist of components with different func-
tionalities, requiring various, often geographically—dispersed resources. Additionally,
Grid services together with the Web services concept introduce the definition of ab-
stract interfaces that allow services to cooperate without too much concern for the
actual protocols being used and their internal technology.

Secondly, we have presented the design (Chapters 3—6), implementation (Chap-
ters 7) and feasibility (Chapters 8-9) of the solution for efficient usage of the Grid for
distributed interactive simulations. The analysis of requirements have shown that
this goal cannot be achieved by simply running HLA applications on the Grid on an
"as is” basis. The result is the Grid HLA Management System (G-HLAM). We have
presented solutions to many problems that emerged when designing and developing
G-HLAM. First, we have addressed the issue of automatic setup of HLA-based sim-
ulations in the Grid environment. Next, we have designed and discussed the relation
between user application federates and Grid services, the interface of these services
to legacy federates, and the management of multiple federate processes in an efficient
way. To show that migration can improve the performance of HLA-based simulations,
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we built a mechanism that assures consistency of HLA services — such as data man-
agement, ownership management and time management - during migration of single
or multiple federates within a federation. Furthermore, we have designed mecha-
nisms for providing information about HLA application performance on the Grid as
well as information about its hypothetical behaviour in a given part of the Grid in-
frastructure. It is also worth mentioning that, as shown in Chapters 8 and 9, we
succeeded to obtain one of our main goals to support legacy HLA applications and to
create scalable, flexible and secure solutions with not much overhead.

We conclude that G-HLAM presented in this thesis fills the gap between HLA—
based distributed interactive simulations and the Grid infrastructure in an optimal
way. The performance results presented in Chapter 7 and feasibility study with two
realistic simulations described in Chapter 8 and 9 showed that the distributed inter-
active simulations can be run on the Grid more efficiently using the solutions pro-
posed in this thesis.

10.3 Future research directions

When looking at the lifecycle of a simulation being executed on the Grid, one can
distinguish different phases - first, the distributed simulation should be composed
from appropriate models, next it should be set up and, finally, it should be efficiently
executed on the Grid. This thesis focuses on the resource management part of Grid
research. We assume that the distributed simulation is provided by a user who wants
to benefit from geographically-distributed resources spread across various adminis-
trative domains in an efficient way. The results presented in this thesis show that
this goal is now achievable.

However, there is also another aspect of Grid computing that can prove useful for
simulation developers at the beginning of the simulation lifecycle — there are efforts
to use semantic descriptions of software components that exist on the Grid in order
to arrange them into workflows of more complex applications [23]. This approach is
particularly promising in the field of distributed simulations. There exist simulation
models that can be reused in many applications, i.e. the factory model used in the
supply chain simulation which manages material and information flow from man-
ufacturers through distributors to customers [165]. There are also ideas to describe
interfaces of such models in a universal way [41, 194, 134] to allow for their automatic
composition in complex simulations. One of the important initiative that should be
mention here is a development of the Base Object Model (BOM) [20] component-based
standard for describing a reusable part of a federation or a federate. BOM specifica-
tion offers an ontology for characterizing elements of a simulation and relationships
among conceptual entities within a simulation environment.

Also, in the world of Massive Multiplayer Online Games there is an research ef-
fort in the direction of model composition. The idea is to use concepts not only from
SOA, but also from Model Driven Architecture (MDA) [121] and Event Driven Archi-
tecture (EDA) [33]. An interesting approach, being developed by Magnetar Games
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corporation [105], is to build a federated extensible scene graph [66, 132] for hold-
ing Federation Object Model (a specification defining the information exchanged at
runtime between federates) [78] and Base Object Model (BOM) [20] data.

In general, pursuing this direction of research is very challenging and raises many
open questions i.e. regarding the method of defining interfaces of simulation models,
the way of discovering them, HLA compliance, conformance to standard reference
models (e.g. HLA-CSPIF [41]) etc. The author of this thesis is convinced that both
issues (composability of simulation models and management of their actual execution)
are complementary and can benefit from each other.

There are several research areas that can be investigated further. We briefly men-
tion possible extensions to G-HLAM functionality and present technological migra-
tion issues.

10.3.1 Possible extension of the G-HLAM functionality
Broker Service and Performance Decision Service

In this thesis we have proposed monitoring services that could support a Broker Ser-
vice in its decisions. Performing adequate brokering in spite of the highly-changeable
nature of the network and host environments is a nontrivial task. In the Grid commu-
nity there is ongoing research on metascheduling systems [113, 71, 151, 187] that can
be extended for our purposes. Furthermore, by means of Performance Decision Ser-
vice which processes data from the Application Monitoring Service, an HLA-based
distributed simulation can be illustrated as a graph of connected federates. The aim
of the broker would be to place those federates on the available Grid sites in the most
efficient way. This problem is related to the graph partitioning problem, where one
looks for separation of vertices of a graph into near-equal-sized components such that
the number of edges between the components is minimized. Although this is an NP-
complete problem, many heuristic solutions are known [149, 158, 147] and can be
applied for efficient distribution of HLA-based simulations over Grid nodes in a way
which minimizes communication between them.

Fault tolerance

The migration mechanism presented in this thesis provides a good starting point to
achieving fault tolerance in our system, since checkpointing can be used not only in
the case of bad performance, but also to create backup when a failure occurs. This can
be achieved by extending the Migration Service with a periodic checkpointing ability
and creating mirror sites for the simulation that can take over if the primary site
fails.
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10.3.2 Technological migration possibilities
Towards Web Service Resource Framework solutions

The Open Grid Service Infrastructure(OGSI)[61] was chosen as a platform for the de-
velopment of G-HLAM Services. However, while this thesis was being written, OGSI
authors created a new specification called the Web Services Resource Framework
(WSRF)[180] which became the successor of OGSI.

Both OGSI and the WS-Resource Framework deal with manipulating stateful re-
sources through Web service interfaces. The difference is in the manner of model-
ing — OGSI encapsulates service state in a Grid service, which is an extension of
a Web service, while WSRF uses classical Web services as an interface to stateful
WS-Resources. Both approaches provide essentially equivalent functionality and use
semantically similar WSDL interface definitions allowing for creation, addressing,
inspection and destruction in essentially the same ways.

Therefore, the G-HLAM architecture will not change since it is completely sep-
arate from implementation details. In the case of migration to WSRF, the stateful
services described in this thesis, created for management of an HLA-based appli-
cation, should be changed to WS—Resources interfaced by Web services. Details of
refactoring OGSI Grid services to WSRF can be found in [44].

Components architectures solutions

Recently, a lot of effort has been invested in developing Component Based Environ-
ments such as CCA [31], H20 [96] and ProActive [133]. Component architectures
are a very promising approach due to such features as lightweight environments, dy-
namic behavior, scalability to suit various environmental requirements etc. One can
also think of applying the advantages of these technologies to distributed interac-
tive simulations. The component approach can be useful for defining interoperable
and reusable simulation models. Such reusable models can then be automatically ar-
ranged into workflows of distributed applications as mentioned in Section 10.2. The
systems like Triana [163], Kepler [102] or Tawerna [120] can be used to coordinate
such workflows within an distributed simulation environment.
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Operations of HLA-Speaking Porttype

A.1 Version for a single process

start loads the federate code and required libraries using Java Native Interface
(JNI) [88].

requestRun initiates the federate process execution.

requestMigrationSave saves the federate and RTI state to a file.
requestRunWithRestore starts the federate from the checkpoint file.

A.2 Version for multiple processes

startControl(GridFTP location of RTIExec endpoint file ) -fetches
RTIExec endpoint file (determined by Broker Service and necessary for automatic
connection of federates to the RTT — see Section 3.2.3), creates control federation and
starts the control federate.

take(GridFTP location of user federate code) —fetches federate code. Re-
turns id of this request (to be used by requestRun() and requestRunWithResto-
re () command described below).

requestRun(command, id) - starts the federate codes specified in the command.
requestMigrationSave(contactString) — saves state of all processes indicated
in contact string. The contact string consists of a list of pids and hosts of processes. If
other processes are also submitted using the same RSL command, all those processes
will be saved. The method returns a structure containing the original command used
for submission of these processes and lists of their pids and hosts. The host and pid
of a process determine the name of a checkpoint file where the state of user data is
stored and is used by the next method described below.
requestRunWithRestore(command, restoreName) —restores appropriate feder-
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ate processes from the checkpoint file. The indicated federates rejoin their federa-
tions. The restore name contains pids and hosts of restored processes returned by
requestMigrationSave() and determines names of checkpoint files as described
above.

takeAndSubmit (command, restoreName, GridFTP location of

codes) performs two operations: take() and RequestRun() (or take() and Re—
questRunWithRestore() — if restorename is indicated), both as a single operation.



Grid HLA Controller Library

The GridHLAController library (GHCL) is an interface between the Grid service layer
and the user federate. It is used to notify the user federate about saving and restoring
requests which come from the Migration Service to the HLA-Speaking Service and
finally to the user federate. The library contains two group of routines: initialization
functions (described in Section B.1) and migration functions (Section B.2).

B.1 Initialization routines

The functionality of the GridHLAController library (GHCL) is encapsulated within
the GridHLAController class. This Section describes initialization routines of the
library used to connect user federate processe(s) with G-HLAM system.

B.1.1 A single process version

static int GridHLAController::main (GridHLAControllerx,...)

starts the program and should be used instead of a standard main () function. It pro-
vides a pointer to a GridHLAController object that is necessary to call other functions
of the library.

GridHLAController::register_start () registers the main simulation loop (the
callback defined by the user). This function should be invoked inside

the GridHLAController: :main() routine.
GridHLAController::set_rtiamb_count () informs the migration engine about
the number of federations in which a federate is participating.
GridHLAController: :add_RTIambassador () provides a reference of RTIambas-
sadors of those federations to the GridHLAController library.
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B.1.2 A multiple processes version

GridHLAController::init () routine is invoked by a user to initiate all the neces-
sary functionality in the GridHLAController library, create a control federate in the
user process and connect it to the control federation.
GridHLAController::set_rtiamb_count () informs the migration engine about
the number of federations in which a federate is participating.
GridHLAController: :add_RTIambassador () provides a reference of RTIambas-
sadors of those federations to the GridHLAController library.

B.2 Migration routines

As described in Section 3.3.3, the library manages four—bit state of the federate pro-
cess which indicates the appearance of external saving, internal saving, external
restoring, and internal restoring requests respectively.

An external request is defined as one coming from the Migration Service invoking
the RequestMigrationSave or RequestRunWithRestore operations on the HLA-
Speaking Service. This means that the federate process should be completely saved
and stopped or restored from a checkpoint file. Internal requests are sent using a
federation—wide save/restore mechanisms and are only used to freeze the federation.

The migration support functions are divided into following groups:

Checking external migration or restore requests. Those functions check if an exter-
nal request from the Migrator Service has arrived:
GridHLAController: :check_restore_state() checks if the federate is being re-
stored from the checkpoint file (if the state is set to [*,*,1,%]! by the control federate)
and if so, performs all the necessary steps to restore the internal state of the RTI.
GridHLAController: :check_migration_state() checks if a save request has
been received (if the state is set to [1,*,*,*] by the control federate) and performs all
the necessary HLA steps to save the internal state of the RTI.

Checking internal RTI saving [ restoring requests. This type of routines should be
used while implementing RTI callbacks of the Federate Ambassador. They pass infor-
mation provided by RTI to the GridHLAController library:

GridHLAController: :save_on() notifies GHCL that RTI has sent a request mes-
sage (change to state [*,1,*,*]). GridHLAController: :save_off () notifies GHCL
that RTI has finished saving internal data (change to state [*,0,*,*]).
GridHLAController::restore_on() notifies GHCL that RTI has sent a restore
request message (change to state [*,*,*,1]).

GridHLAController::restore_off () notifies GHCL that RTI has finished restor-
ing internal data (change to state [*,* *,0]).

The Petri Net-based diagram illustrating state transitions is described in Section

lan asterisk (*) indicates any two—bit state (0/1)
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3.3.3.

Saving and restoring user-specific values. These routines provide an API for saving
and restoring user-specific values. All user objects that have to be saved must have a
defined stream operator that will be invoked by GHCL during saving or restoring pro-
cess. It is enough to save handles of user created HLA objects, they become accessible
after migration. User open files have to be reopen by a user after migration, GHCL
allows to checkpoint only user file names and G-HLAM supports automatic transfer
of these files together with application codes. A user has also to reopen external con-
nections (i.e. sockets) other then those provided by HLA.
GridHLAController::init_save() opens an output checkpoint file.
GridHLAController: :save() saves the object to the checkpoint file. The object
must have a defined stream operator.

GridHLAController: :exit_save() closes the output checkpoint file.
GridHLAController::init_restore() opens the input checkpoint file.
GridHLAController: :restore() fills an object with data saved in the checkpoint
file. The object must have a defined stream operator.
GridHLAController::exit_restore() closes the input checkpoint file.

Fig.B.1 presents a sample use of the GHCL library in an RTI federate simulation
loop. The code first joins an application—specific federation, then checks if this execu-
tion should be restored from the file using
the GridHLAController: :check_restore_state() routine. If so, appropriate
functions for restoring user data are invoked. If not, the publishing and registration
of the data object is done normally. Afterwards, the program enters the main simula-
tion loop. Inside the loop the GridHLAController: :check_migration_state()
function is invoked. If it returns true, the GHCL library is used to checkpoint user—
specific data and then cleanup is performed (this includes unpublishing and resigning
from federation). In other cases, the simulation proceeds normally.

Although the presented example shows a specific algorithm (loop with an explicit
loop counter), the design of the GHCL API is flexible enough to be applied to other
types of simulations.
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void My_Federate::PrimarySimulation ( myd->Update() ;
GridHLAController* control,charx federation_name,
charx federate_name) /*Provide some time for the RTI.x/

{ rti_ambassador->tick(1.0, 1.0);

My_Data *myd; /*Check if migration request has arrived.
and save internal RTI statex/
int i=0; if (control->check_migration_state()){

int+ begin=new int;

/*Save user specific data */

/+Create and join federation.x*/ control->init_save();
CreateAndJoinFederation(federation_name, control->save (fedamb) ;
federate_name); i++4;
control->save(myd) ;
/+*Check if we are restoring control->save(&i);
from the checkpoint.x*/ control->exit_save();
int restore_state= /*Unpublish data object, resign from
control->check_restore_state(); the federation execution and attempt
to destroy.x*/
/+Create data object.x/ myd->Delete();
myd=new My_Data(rti_ambassador); myd->Unpublish();
delete myd;
if (restore_state)({ ResignAndDestroyFederation(
/+*Data Object is already registered nam->federation_name,
- restore its data.*/ nam->federate_name) ;
control->restore(myd); return();

control->restore(begin); }

} }

else{
/*We not in restore mode - /*Data object is not longer needed.*/
register the data object.x/ myd->Delete();
*begin=0; myd->Unpublish();
myd->Publish(); delete myd;

myd->Register();
} /* Resign from the federation
/xStart simulation loop.x*/ execution and attempt to destroy.x/
for(i=+begin;i<NUMBER;i++) {
ResignAndDestroyFederation(
/*Update values of data federation_name, federate_name);
object in tuple space.x*/ }

Figure B.1: Sample RTI Federate simulation loop
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English Summary

Developing distributed simulations that support runtime steering is a very impor-
tant and interesting issue in modern computer science. In this thesis, we have tried
to show how the modern scientific and technological solutions of computer science
can be used for satisfying the distributed interactive simulation requirements more
accurately and efficiently then before.

In Chapter 1 we have defined those requirements. First, distributed interactive
simulations require synchronization support (time management) for event—driven
and time—driven scenarios and the ability to connect simulations with different sce-
narios into one system. Next, they require efficient data distribution management
and scalability with a number of distributed components. Additionally, they are often
distributed using functional decomposition - each of their elements performs different
functions and requires separated (specific) computer resources i.e. databases, visual-
ization devices or computational power. Last but not least, this kinds of applications
require an efficient environment, so that they can execute in near-real time with a
user in the loop.

Our research presented in this thesis focuses on the requirements mentioned
above, which are a starting point for the analysis of both the advantages and short-
comings of current scientific and technological solutions presented in the Chapter
2. We claim that High Level Architecture HLA is a good candidate for fulfilling the
requirements of synchronization management, data distribution support, scalability
and the ability to connect time- and even-driven simulations into one system. Grid
solutions are - by definition - a promising approach to accessing distributed resources.
However, there still remains the issue of execution environment efficiency. The HLA
standard was developed assuming a certain quality of service in the underlying en-
vironment of the simulation execution. The Grid environment, however, is shared
by many users and its conditions can change in an unpredictable way. Therefore,
there is a need for a system that can adapt applications to this dynamically-changing
environment and allows for their efficient execution.



206 English Summary

In Chapter 3, we have proposed a Service Oriented Architecture of the Grid HLA
Management System (G-HLAM) system that fills the gap described above. The pre-
sented approach allows not only for building HLA-based applications that can be
executed on the Grid, but also for easy adaptation of HLA legacy code. In G-HLAM
system, we have introduced the Broker Service which uses the Registry Service to
setup HLA-based applications from the RTIExec Service, responsible for manage-
ment of the RTIExec process, and from HLA-Speaking Services, interfacing actual
HLA federates with G-HLAM. Also, G-HLAM includes Monitoring Services for moni-
toring HLA application performance, Benchmark Services for checking how such ap-
plication will behave on the Grid and Migration Service for migration support in the
case the performance is not satisfactory. In this Chapter, we have also presented Petri
Net based analysis of the system to proof that it behaves correctly and that deadlock
does not occur.

In the subsequent Chapters we describe essential parts of the G-HLAM.

In Chapter 4 we have described HLA-Speaking Service that interfaces actual HLA
application with G-HLAM. Two different versions of the HLA-Speaking Service are
presented: a prototype suitable for management of federates in one process and an
extension, managing multiple processes. HLA-Speaking Services are solution to the
problem of turning user application federates into Grid services.

In order to provide a certain quality of the execution environment, we have decided
to build a migration mechanism to allow federates to migrate when their performance
is not satisfactory, which is described in Chapter 5. The Migration Service is responsi-
ble for migration of HLA—connected components of the distributed application in the
Grid environment. We have proposed user—level checkpointing implemented through
routines of the GridHLAController runtime support library. The library conceals de-
tails of RTI internal state checkpointing and provides a user—friendly interface to
save and restore all the necessary data.

Efficient migration of HLA-based simulations requires a means of acquiring in-
formation about application performance. In Chapter 6, we have presented an HLA-
based benchmark suite that helps the Broker Service decide where the application
components should be placed. We have also presented the Application Monitoring
Service which monitors the performance of HLA-based applications to decide when
to migrate their parts to achieve more efficient execution. We have chosen the Grid
enabled OMIS Compliant Monitor (OCM-G) system as a monitoring system, since it
was designed to be executed in a Grid environment and complies with the Online
Monitoring Interface Specification (OMIS). We have shown how the design concepts
of the OCM-G enable easy adaptation to monitoring of HLA, C++-based applications.

In Chapter 7 we have described implementation and performance results. We
have presented analytical models of migration and show how the experimental re-
sults fit into this model. The results from experiments concerning benchmarking and
monitoring are also included.

Finally, we have shown that two sample realistic simulations can benefit from the
Grid using the solutions proposed in this thesis. The chosen applications allows to
show how G-HLAM deals with their different types of interactions and distribution.
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In Chapter 8 we have presented an N-body simulation as the example using G-
HLAM running on the Grid. It shows how G-HLAM deals with applications with dif-
ferent types of interactions including passive and active exploration of results as well
as rollback to the previous simulation steps for the user demand. We have shown how
the application can be run within G-HLAM. Subsequently, we have presented results
from three different experiments showing how our system can improve performance
of interactive simulations.

In Chapter 9 we have also shown the advantages of using the G-HLAM for run-
ning a large—scale HLA-based medical application supporting surgical pre-operative
planning. We have described how G-HLAM deals with various types of its distri-
bution (a single simulation for a single user, multiple simulations for a single user,
collaborative environment for many users). We especially focused on its execution in
a collaborative environment for many users. Our experiments show that G-HLAM is
useful also for improving performance of such applications.

In this thesis we have shown that Grid environments can be beneficial for dis-
tributed interactive simulations by providing them with new opportunities not avail-
able beforehand. We have also shown that the HLA is an appropriate standard for
interactive distributed simulations, when there is a need to run them on the Grid.
The presented design, implementation and feasibility study of a G-HLAM system
will help distributed interactive simulation developers efficiently apply the concept of
Grid computing.
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Nederlandse samenvatting

Het ontwikkelen van gedistribueerde simulaties die tijdens de executie bijgestuurd
kunnen worden is een zeer belangrijk en interessant probleem in de moderne infor-
maticawetenschap. In dit proefschrift hebben we geprobeerd aan te tonen hoe mo-
derne wetenschappelijke en technologische informaticaoplossingen toegepast kunnen
worden om accurater en efficienter te kunnen voldoen aan de eisen van gedistribu-
eerde interactieve simulaties.

In Hoofdstuk 1 worden deze eisen gedefinieerd. Ten eerste behoeven gedistribu-
eerde interactieve simulaties ondersteuning voor synchronisatie (tijd management)
voor zowel event- als tijd-gedreven scenarios, en moeten ze in staat zijn similaties on-
der verschillende scenarios met elkaar te verbinden in een enkel systeem. Ten tweede
vereisen gedistribueerde interactieve simulaties ondersteuning voor efficiente gege-
vensdistributie en schaalbaarheid in het aantal gedistribueerde componenten. Ten
derde moeten interactieve simulaties vaak gedistribueerd worden door middel van
functionele decompositie - elk van de onderdelen vervult een andere functie en ver-
eist inzet van zeer verschillende computersystemen, zoals databases, visualisatie-
apparatuur, of systemen die pure rekenkracht leveren. Tot slot vereisen dergelijke
applicaties een zeer efficiente executie-omgeving, zodanig dat ze (bijna) real-time kun-
nen draaien en gebruikers bovendien in staat stellen de simulatie bij te sturen.

Het in dit proefschrift gepresenteerde onderzoek richt zich op de bovengenoemde
eisen. De eisen zijn het startpunt voor de in Hoofdstuk 2 gepresenteerde analyse van
de voor- en nadelen van bestaande wetenschappelijke en technologische oplossingen.
Wij stellen dat High Level Architecture (HLA) goed kan voldoen aan de eisen van
ondersteuning voor synchronisatie en gegevensdistributie, schaalbaarheid, en het in
een enkel systeem verbinden van tijd- en event-gedreven simulaties. Grid oplossing-
en zijn - per definitie - een veelbelovende manier om gedistribueerde systemen aan te
wenden. Echter, het probleem van een efficientie executie-omgeving is daarmee niet
van de baan. De HLA standaard is ontwikkeld onder de aanname van een zekere
kwaliteit van serviceverlening van de onderliggende executie-omgeving. Een Grid
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omgeving wordt echter gedeeld door vele gebruikers, en de omstandigheden daarin
kunnen op een zeer onvoorspelbaren manier veranderen. Daarom is het noodzake-
lijk een systeem te ontwikkelen dat applicaties aan deze dynamisch veranderende
omgeving kan aanpassen om efficientere executie te bewerkstelligen.

In Hoofdstuk 3 stellen we een service-georienteerde architectuur van het Grid
HLA Management System (G-HLAM) voor dat het bovengenoemde gat opvult. De
gepresenteerde aanpak maakt het niet alleen mogelijk HLA-gebaseerde applicaties
te ontwikkelen die op een Grid gedraaid kunnen worden, maar vereenvoudigd even-
eens de conversie van oude HLA applicaties. In het G-HLAM systeem introduceren
we de Broker Service die de Registry Service gebruikt om HLA-gebaseerde applicaties
door middel van de RTIExec Service en HLA-Speaking Services te initieren. G-HLAM
omvat daarnaast Monitoring Services om de performance van HLA applicaties in de
gaten te houden, Benchmarking Services om te bepalen hoe dergelijke applicaties zich
zullen gedragen op een Grid, en Migration Services die migratie van functionaliteit
bewerkstelligt als de behaalde performance niet toereikend is. In dit hoofdstuk pre-
senteren we eveneens een Petri Net-gebaseerde analyse van het systeem om aan te
tonen dat het zich correct gedraagt en dat deadlocks niet kunnen voorkomen.

In de volgende hoofdstukken beschrijven we de essentiele onderdelen van het G-
HLAM systeem.

In Hoofdstuk 4 beschrijven we de HLA-Speaking Service die een HLA applicatie
feitelijk verbindt met G-HLAM. We presenteren twee verschillende versies van de
HLA-Speaking Service: een prototype die geschikt is voor het onderhouden van HLA
instanties in een enkel proces, en een uitgebreide versie die meerdere processen on-
derhoudt. HLA-Speaking Services maken het dehalve mogelijk bestaande applicaties
om te vormen tot Grid services.

Om een bepaalde kwaliteit van de executie-omgeving te bewerkstelligen, hebben
we, zoals beschreven in Hoofdstuk 5, een mechanisme ontwikkeld dat HLA instanties
in staat stelt te migreren als de behaalde performance niet toereikend is. De Migratie
Service is verantwoordelijk voor de migratie van HLA-verbonden componenten van
de gedistribueerde simulatie draaiend in een Grid omgeving. We stellen user-level
checkpointing voor, geimplementeerd met behulp van routines die onderdeel zijn van
de GridHLAController runtime support library. Deze bibliotheek verbergt de details
van RTI internal state checkpointing en biedt een gebruikersvriendelijke interface
voor het opslaan en terughalen van alle noodzakelijke gegevens.

Efficiente migratie van HLA-gebaseerde simulaties vereist een manier om infor-
matie te verkrijgen omtrent de performance van applicaties. In Hoofdstuk 6 presen-
teren we een HLA-gebaseerde benchmark suite die de Broker Service helpt bepalen
waar de applicatiecomponenten geplaatst moeten worden. We presenteren daarnaast
ook de Application Monitoring Service die de performance van HLA-gebaseerde ap-
plicaties in de gaten houdt om te bepalen op welk moment onderdelen gemigreerd
moeten worden. We hebben het Grid-enabled OMIS Compliant Monitor (OCM-G)
systeem uitgekozen als monitoring systeem, omdat het is ontwikkeld voor Grid om-
gevingen en overeenkomt met de Online Monitoring Interface Specification (OMIS).
We tonen tevens aan hoe de ontwerpprincipes van OCM-G het monitoren van in C++
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geschreven HLA-gebaseerde applicaties mogelijk maakt.

In Hoofdstuk 7 beschrijven we implementatie- en performanceresultaten. We pre-
senteren analytische migratiemodellen en geven aan hoe experimentele resultaten
in deze modellen passen. Resultaten van experimenten die betrekking hebben op
benchmarking en monitoring worden eveneens gegeven.

Tot slot geven we aan dat twee realistische voorbeeldapplicaties in interactieve
simulatie baat kunnen hebben bij Grid gebruik, gegeven de in dit proefschrift voor-
gestelde oplossingen. De gekozen applicaties maken duidelijk hoe G-HLAM omgaat
met de verschillende vormen van interactie en distributie.

In Hoofdstuk 8 presenteren we een N-body simulatie ter voorbeeld van G-HLAM
executie in een Grid omgeving. Ten eerste laten we zien hoe de applicatie gedraaid
kan worden met behulp van G-HLAM. Daarnaast geven we resultaten voor drie ver-
schillende experimenten die aangeven hoe ons systeem de performance van interac-
tieve simulaties kan verbeteren.

In Hoofdstuk 9 laten we de voordelen zien van het gebruik van G-HLAM voor het
draaien van HLA-gebaseerde medische applicaties die chirurgische pre-operatieve
planning ondersteunen. We laten zien hoe G-HLAM omgaat met de verschillende
vormen van distributie (een enkele simulatie voor een enkele gebruiker, meerdere
simulaties voor een enkele gebruiker, en een collaboratieve omgeving voor meerdere
gebruikers). We richten ons voornamelijk op de de executie in een collaboratieve om-
geving voor meerdere gebruikers. Onze experimenten tonen aan dat G-HLAM even-
eens geschikt is voor het verbeteren van de performance van dergelijke applicaties.

In dit proefschrift hebben we aangetoond dat Grid omgevingen geschikt kunnen
zijn voor gedistribueerde interactieve simulaties door het aanbieden van voorheen
niet bestaande technieken. We hebben eveneens aangetoond dat HLA een geschikte
standaard is voor gedistribueerde interactieve simulaties die in een Grid omgeving
uitgevoerd moeten worden. Het gepresenteerde ontwerp, alsmede de implementatie
en de bijbehorende evaluatie van het G-HLAM systeem, zal een bijdrage kunnen le-
veren in het efficient toepassen van Grid computing in gedistribueerde interactieve
simulaties.

Translated by Frank Seinstra
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Streszczenie po polsku

System wspomagajacy wykonywanie symulacji HLA
w srodowisku gridowym

Jednym z wazniejszych zagadnien wspotczesnej informatyki jest tworzenie rozpros-
zonych interaktywnych programéw symulacyjnych, ktérymi mozna sterowac w czasie
wykonania. W pracy podjeto prébe pokazania w jaki sposéb metody i narzedzia infor-
matyki — zaréwno naukowe, jak i technologiczne — moga zostaé uzyte w celu efekty-
wnej realizacji programéw symulacyjnych HLA w §rodowisku gridowym.

W rozdziale 1 zdefiniowano wymagania aplikacji symulacyjnych: zaawansowane
techniki synchronizacji (tzw. zarzadzanie czasem) zaréwno dla symulacji sterowane;j
czasem ciaglym, jak i zdarzeniami, mozliwosé polaczenia réznych typéw symulacji w
jeden system, efektywne zarzadzanie nierzadko rozproszonymi danymi i ich przesyta-
niem, skalowalno$¢ wraz z ilo$cig rozproszonych elementéw. Gdy kazdy z elementéw
symulacji rozproszonej ma do spelnienia inng funkcje, wymaga odrebnych i specy-
ficznych zasobéw — np. szybkiego dostepu do bazy danych, specjalistycznego sprzetu
wizualizacyjnego czy tez duzej mocy obliczeniowej. Omawiane aplikacje potrzebuja
réwniez efektywnego Srodowiska pozwalajacego na ich wykonanie w czasie bliskim
do rzeczywistego, dogodnym dla uzytkownika znajdujacego sie w petli obliczeniowe;.

Koncentrujac sie na wymienionych wymaganiach, przeanalizowano instniejace
rozwiazania naukowe i technologiczne. Analiza ta zostala przedstawiona w rozdziale
2. W wyniku tej analizy, stwierdzono tez, ze standard High Level Architecture (HLA)
dobrze spelnia wymogi zarzadziania czasem i przesylania danych, skalowalnosci, jak
réwniez mozliwo$ci polaczenia symulacji ré6znych typéw w jeden system rozproszony.
Pokazano, ze rozwiazania gridowe sa obiecujacym podej$ciem majacym na celu zwiek-
szenie dostepu do rozproszonych zasobéw. Nawet przy zastosowaniu tych rozwigzan
waznym problemem badawczym jest uzyskanie wysokiej efektywnosci. Standard HLA
powstal przy zalozeniu, ze Srodowisko dla danej aplikacji zapewnia jako$¢ ustug i jej
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efektywne wykonanie. Zasoby gridu sa wspoéldzielone pomiedzy bardzo wielu uzytko-
wnikéw 1 warunki ich funkcjonowania moga sie zmieniaé w sposéb trudno przewidy-
walny i dlatego tez potrzebny jest system wspomagajacy adaptacje rozproszonych in-
teraktywnych aplikacji symulacyjnych do tego dynamicznie zmieniajacego sie Srodo-
wiska zapewniajacy ich efektywne wykonianie.

W rozdziale 3 zaproponowano system zarzadzania symulacjami HLA realizowa-
nymi na gridzie — Grid HLA Management System (G-HLAM) — spelniajacy przedsta-
wione powyzej wymagania. Architektura systemu oparta jest na serwisach — Service
Oriented Architecture (SOA). Przedstawione rozwiazanie jest mozliwe do wykorzysta-
nia nie tylko dla tworzenia nowych aplikacji HLA, lecz pozwala ono r6wniez na latwe
dostosowanie aplikacji juz istniejacych do efektywnego dzialania na gridzie. Architek-
tura systemu G-HLAM zawiera serwis typu broker (Broker Service) ktéry uzywa ser-
wisu rejestru (Registry Service) w celu wyboru serwiséw obslugujacych pojedyncze
elementy aplikacji zwanych wg terminologii HLA federatami (federate). Wybrane
poprzez brokera serwisy obsluguja zaréwno proces koordynujacy aplikacje HLA (o
nazwie RTIExec) - do tego sluzy RTIExec Service, jak réwniez poszczegélnych fe-
deratéw aplikacji - do tego sluza HLA-Speaking Services. Te ostatnie stanowia in-
terfejs pomiedzy faktycznymi procesami federatéw a systemem G-HLAM. Ponadto
G-HLAM zawiera serwisy do monitorowania aplikacji HLA (Monitoring Services),
serwisy stuzace do testowania wydajnosci danej konfiguracji srodowiska gridowego
(Benchmark Services) oraz serwisy odpowiedzialne za bezposrednie przeprowadzenie
migracji (Migration Services). W rozdziale 3 przedstawiono takze analize systemu w
oparciu o formalizm sieci Petriego sprawdzajaca poprawno$¢ dzialania systemu i brak
zakleszczen.

W nastepnych rozdzialach opisano najwazniejsze elementy systemu G-HLAM. 1
tak w rozdziale 4 jest opisany HLA-Speaking Service, ktory jest interfejsem pomiedzy
faktycznymi elementami rozproszonej symulacji a systemem G-HLAM. Przedstaw-
iono dwie wersje tego serwisu: prototyp zarzadzajacy federatami w jednym proce-
sie oraz rozszerzenie zarzadzajace wieloma procesami. Omawiane rozwiazanie jest
propozycja sposobu reprezentacji federatéw HLA poprzez serwisy gridowe.

Stworzono mechanizm migracji umozliwiajacy federatom, ktérych wydajnos$é spa-
da, zmiane miejsca wykonania. Mechanizm opisano szczegélowo w rozdziale 5. Mi-
gracja elementéw aplikacji HLA w $rodowisku gridowym jest dokonywana przez Mi-
gration Service. Zaproponowano mechanizm zapisu stanu aplikacji na poziomie uzyt-
kownika. W tym celu zaprojektowano biblioteke o nazwie Grid HLAController library
(GHCL), ktéra ukrywa szczegély zapisu wewnetrznego stanu infrastruktury komu-
nikacyjnej HLA (Runtime Infrastructure — RTI) i udostepnia przyjazny dla uzytkown-
ika interfejs do zapisu i odczytu danych.

Efektywna migracja symulacji HLA wymaga informacji o wydajnosci tych symu-
lacji. W rozdziale 6 zaprezentowano serwisy stuzace do testowania wydajnosci danej
konfiguracji Srodowiska gridowego (Benchmark Services), ktore moglyby by¢ pomocne
dla brokera w podejmowaniu decyzji o tym, gdzie dany element symulacji méglby
przemigrowaé. Ponadto przedstawiono tam serwis stuzacy do monitorowania symu-
lacji, tak, aby mozna bylo zdecydowa¢ kiedy wydajnos¢ spada i nalezy przeprowadzié¢
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migracje do lepszego miejsca. Do tego celu zaadaptowano system monitorujacy o
nazwie Grid-enabled OMIS Compliant Monitor (OCM-G), dostosowany do dzialania
w §rodowisku gridowym i zgodny ze standardem Online Monitoring Interface Spec-
ification (OMIS). Pokazano tez, jak zaadaptowaé system OCM-G do monitorowania
aplikacji opartych na standardzie HLA napisanych w C++.

W rozdziale 7, po opisie implementacji, przedstawiono analize wydajnosci systemu
oraz opracowano analityczne modele migracji i wykorzystano wyniki pomiaréw do
kalibracji tych modeli. Opisano réwniez wyniki z eksperymentéw dotyczacych bench-
markow i monitorowania.

W nastepnych rozdzialach przedstawiono dwie przykladowe aplikacje, ktore dzieki
propozycjom przedstawionym w tej pracy, moga efektywnie wykorzystac technologie
gridowe. Przyklady te ilustruja wspomaganie aplikacji z r6zymi typami rozproszenia
oraz interaktywnos$ci przez system G-HLAM.

W rozdziale 8 przedstawiono symulacje metoda wielu cial jako przyklad uzycia
systemu G-HLAM na gridzie dla aplikacji o rézych typach interaktywnosci, takich
jak pasywne ogladanie wynikéw symulacji naplywajacych w trakcie jej dzialania, ak-
tywna eksploracja tych wynikéw, jak réwniez cofanie stanu symulacji do poprzedniego
kroku na zadanie uzytkownika. Oméwiono tu wyniki trzech réznych eksperymentéw
pokazujace w jaki sposéb system G-HLAM moze poprawié efektywnos¢ symulacji in-
teraktywnej.

W rozdziale 9 pokazano zalety uzycia systemu G-HLAM dla aplikacji duzej skali
opartej o standard HLA - jest to aplikacja medyczna majaca na celu wspomaganie
planowania operacji chirurgicznych ukladu krazenia. Opisano, w jaki sposéb G-HLAM
radzi sobie z aplikacja o réznych typach rozproszenia (jedna symulacja dla jednego
uzytkownika, wiele symulacji dla jednego uzytkownika, srodowisko dla wielu uzyt-
kownikéw). Skoncentowano sie w szczegdlnosci na badaniu §rodowiska dla wielu u-
zytkownikow. Przedstawione eksperymenty pokazuja, ze G-HLAM moze by¢ uzyty do
znaczacej poprawy wydajnosci réwniez takiej aplikacji.

W przedstawionej pracy pokazano, ze Srodowiska gridowe oferuja nowe mozliwosci
dla interaktywnych symulacji rozproszonych oraz ze aplikacje HLA dzieki G-HLAM
moga by¢ realizowane na gridzie wykorzystujac te mozliwosci w sposéb efektywny.
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