Chapter 18

Standardizing DEVS  Simulation
Middleware

Gabriel A. Wainer, Khaldoon Al-Zoubi, Olivier Dalle, David R.C. Hill, Saurabh Mittal,
José L. Risco Martin, Hessam Sarjoughian, Luc Tourile, Mamadou K. Traoré, Bernard
P. Zeigler.

1 Introduction

As discussed earlier in Chapter 16, there are tiffereint interoperability objectives that one
must consider when standardizing DEVS environmefi$: Standardizing DEVS model
representationto allow a platform-independent DEVS model repnéson that can be
executed by any DEVS-based simulation t¢8).Standardizing Interoperability Middlewate
interface different simulation environments anawallsynchronization for the same simulation
run across a distributed network regardless of thedel representation.

This chapter focuses on approaches by differenupggoto standardize the simulation
middleware All of the implementations discussed in this deapare based on a Service
Oriented Architecture (SOA) design, which emplolys toncept of deploying services so that
they can be invoked by clients. This concept isliagpin CORBA and SOAP/REST Web-
services.

This kind of middleware is of interest in order ewercome current distributed simulation
challenges and to meet future expectations inditea [1][2]. A standardized DEVS simulation
protocol should enable different DEVS implementatido simulate the same DEVS model
hierarchy partitioned between various DEVS engimeslistributed fashion. Moreover, each
DEVS domain in this distributed system should bke &b execute its legacy models and, thus,
perform distributed simulation experiments betwedifferent heterogeneous models and
engines. The middleware designs showed in thistehaffer simulation resources as a set of
services that can be invoked by simulators, andevtieese simulators act as peers (i.e., clients
and servers at the same time) to each other tdsymize a simulation session.

The designs presented in this chapter show thigreift methods can be employed for DEVS
simulation synchronization. One option is to expdbe actual DEVS simulators and

coordinators (and to take care of synchronizatibrthat level). A second option considers
placing the DEVS coordinators and simulators ofcendin behind a wrapper so that this
wrapper routes all information to the appropriateordinator/simulator. Further, the

synchronization protocols can pass all simulatiatadbetween distributed entities in the form of
procedure parameters (relying on CORBA or SOAP-ha®¥éeb-services), or can pass
simulation data between distributed entities inftren of XML messages.

2 DEVS/SOA

As discussed in the previous chapter, DEVS/SOADE®S simulation platform implemented
in both Java and .NET programming environmentmdhages messages in XML format, which
enables the publication of web services (includhmegpublishing of simulators and even atomic



or coupled models as web services). As discussditredhere are now many libraries for
expressing DEVS models around the world. All haffeeient implementations for executing
the DEVS protocol and most of them provide the athges of Object Orientation (such as
encapsulation, inheritance, and polymorphism). rilento simplify notation, we use the term
DEVS/JAVA to denote a DEVS library implemented iavd (for example DEVSJAVA or
xDEVS) and DEVS/NET to denote a DEVS library implted in any language supported by
.NET (for example ADEVS in C, CD++ in C++ and DEWET in C#).

2.1 DEVS/SOA simulation layer

The DEVS/SOA simulator integrates the common DE\IB{Stomic model interface pictured
at the bottom of Figure 1 to support multi-framekvarteroperability. This modeling interface
plus a customized adapter allow the aggregatiodBVS/JAVA native models (XDEVS,
MicroSim, DEVSJAVA, etc) in parallel with DEVS/NEDased models (ADEVS, CD++,
DEVS.NET, etc). A noteworthy achievement of a DEN®deling common interface is the
presence of an embedded "“translator" that is imgehaf mapping incoming messages to XML
and outgoing messages the other way around.

WEB SERVICE FRONTEND (WSDL)

J03euipi100) YOS/SAIa

Jole|nwis vOS/SAIa

Figure 1. DEVS/SOA architecture

The communication between a given DEVS/SOA atomiodels and its corresponding

Simulator are detailed in an XML format. Therefottee essential duty of the aforementioned
DEVS modeling interface translator is to bind thatfjorm independent XML data types to the
message objects exchanged between the DEVS/SOAasimand the DEVS atomic models.
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Figure 2. DEVS/SOA XML Message Mapping (centralizedn root coordinator)

Figure 2 illustrates the message passing procestheofcoupled model consisting of an
Experimental FrameExpFrame,which generates jobs to be processed, and it canpbhe
performance obtained when processing those jolzsa&rocessor(which models the activity
of a server that we want to simulate) using DEVSXSCDashed lines represent the model
dataflow
i The ExpRrameDEVS/SOA atomic model requests an output messag® &
platform specific model (xXDEVS or DEVS.NET) usingetValuesOnPortand
GetOutput
ii. a simulator requests an XML formatted output messtigm the DEVS/SOA
atomic model usin@etOutput
iii. the Coordinator requests an XML formatted outpussage from a Simulator and
sends it to another simulator through the corregpgnports coupling;

iv. a simulator receives an XML formatted message uRicgive
V. the DEVS/SOA atomic model receives a platform dpeniessage;
Vi. the platform specifi®rocessomodel receives the value of the message.

It should be mentioned that each operation embaigsecific input or output port. The right-
hand side of Figure 2 symbolizes the translatioocgdure that converts a DEVS message
(DEVS model input or output) built from class olifemto an XML based document (marshall),
and vice versa (unmarshall). The correspondingssfgpand (2) can be seen on the left-hand
side of the figure. Because of this XML serialipati DEVS model inputs and outputs are sent
through the web within SOAP.

Figure 3 depicts the DEVS/SOA simulator interfatiee DEVS/SOA simulator is implemented
as a classic DEVS simulator, with the differenca thata are managed in XML. Thus, the input
and output of a function can be declared usingdstahdata typess{ring anddouble ) and
the publication of such interfaces as web serwiegsbe easily performed.

public interface Simulator{
public void setModel(String XmIModel)// Receive the corresponding DEVSML part
void initialize(double t); // Typical DEVS initialization function
double getTN();// Returns the time of the next event
void deltfcndoublet); // Encapsulate the call to deltint, deltext and déton in the model
void lambda@ouble t); // Output function
String[] getOutput(String portNaméj;Returns the values at output ports as XML
void receive(String portTo, String[] xmIMessag#)Receive messages in XML format




Figure 3. Simulator interface

Technically, these operations, expressed in the WB® of the DEVS/SOA Simulator service,
wrap the classic DEVS simulation protocol with therpose of achieving a qualified and
standardized DEVS simulation.

Finally, Figure 4 shows the DEVS/SOA Coordinatdeiface. Likewise, as pictured in Figure
1, the Coordinator service layer together with & wervice frontend invokes DEVS simulation
operations against the Simulator service layer.igthe communication is driven by the
standard SOAP protocol and the operations areldétai the Simulator service WSDL file
allowing platform-independent interactions. Moregwa@ssuming that a coordinator is already
provided by the client application with the root Y& model based on DEVSML syntax, the
initial coordination task comprehends parsing theEVBML document looking for DEVS
atomic or coupled models and their connectionshEsiomic or coupled model supplies the
coordinator with the associate remote simulatoation in order to enable communications
among them. The connections among the models étdordinator be aware of the entire
distributed circuit to carry out proper performararelysis. After the communication between
the coordinator (coordination service layer) ane tbaspective simulators (simulation service
layer) is set up, the coordinator proceeds to atgiand initialize all simulators by feeding them
with their proper DEVSML based model definition. Xtlethe coordinator continues with the
simulation initialization within the DEVS/SOA simation protocol.

public interface Coordinator-
public void setModel(String XmIModel)// Initialize the model with the DEVSML file
public String[] simulateifit numlterations)f/ Simulate a given number of cycles

Figure 4. DEVS/SOA Coordinator interface

As Figure 1 illustrates, the client application uggs a web service frontend to provide access
to the Coordinator service layer. The baseline canioation is settled within the SOAP
protocol and the operations are detailed in therdloator WSDL file. This arrangement
provides platform independent interactions. Assechblith a web service framework, the
client application acquires the capacity to loolkethe web for the coordinator service hosted
at the remote location stated at the DEVSML rootlei¢seeError! Reference source not
found.). Once the connection is established, the wemtck@plication activates the remote
coordinator by supplying a model specified usingSEIL, and it subsequently executes the
simulation according to specific parameters. Asnsae the simulation completes, the client
application receives a summary of the overall satioh performance and cumulative results.
The aforementioned operations are specified insid®EVS/SOA Coordinator WSDL file.

When composing a DEVS/SOA model, one important Bfiogtion, which is not mandatory, is
that every coupled model can work as an atomic m@jleFor example, Figure 5 shows that
the root model can be simulated in two differenysvavith each atomic model on a different
computer (as seen on the left-hand side of thedjgwr with the Experimental Frame on one
computer (i.e., the coupled modetpFrameshown on the right-hand side figure, which is the
composition ofGeneratorand Transduceratomic models on the left) and tReocessoron
another (as seen on the right-hand side).
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Figure 5. Simplification of DEVS models

2.2 DEVS/SOA application

As stated above, to build a web service-basedstrfreture, both the coordinator and simulators
are published as web services. Thus, we have tvard@mtors (DEVS/SOA Coordinator and
stub) and two Simulators (DEVS/SOA Simulator andb}kt

On the server side, all the Coordinators and theulitors must be placed in a directory
accessible by the selected web server (Apache Tommwaé Axis2 to allow web service
development, or MS Internet Information Server wNIET), as well as all the models to share
by every particular server and their corresponddigy'S libraries to allow interoperability. For
example, for a particular case where Apache ToracdtAxis 2 is being used, the server side
content comprises:
¢ TOMCAT_HOME/webapps/axis2/WEB-INF/services:
0 Simulator.aar: Axis2 archived web service and stiUDEVS/SOA Simulator.
0 Coordinator.aar: Axis2 archived web service andbsiof DEVS/SOA
Coordinator.
e TOMCAT_HOME/shared/lib:
0 xdevs.jar: xDevs M&S API.
0 devsjava.jar: DESJAVA M&S API.
0 Several xDEVS and DEVSJAVA models.

Since both web services and stubs are installettiénserver, they are able to act both as a
simulation services and as clients to another seRge a fully Symmetrical Service architecture

design, refer to [3]. By this symmetrical desigrhen a distributed DEVS/SOA is executed on

multiple machines (say on a server farm), each mactan serve as a DEVS coordinator as
well as a DEVS simulator facilitating the recursiEVS hierarchical design principles.

Similarly, the client application contains just twexecutable classes (the DEVS/SOA
coordinator and simulator stubs), namelgvsSoaSimulator.jeandDevsSoaCoordinator.ja’A
graphical Ul client for DEVS/SOA was implemented[B]. To execute the model, the user
must compose an XML file describing the distributedhitecture (as depicted iarror!
Reference source not found.and run the simulation as follows (in the Javeentl
application):

/1 xm Coupl edMbdel AsString is a DEVSM. file, which has been previously | oaded
CoordinatorServicelnterface service = new

CoordinatorService("http://localhost:8080/devsoa/C oordinator" true);
service.setCoupledModel(xmICoupledModelAsString);
String[] response = service.simulate(numiterations) ;



or using the client Coordinator as a executabée fil
java -jar DevsSoaCoordinator.jar -file=ef-p.xml -n umliter=110

To this end, the software required in a DEVS/SOyaJaxis2 client application is:

« Java Development Kit (JDK): Version 1.4 or later.

e AXxis2: Version 1.4.1 or later standard binary dlsttion.
To conclude, the purpose of DEVS/SOA is to suppdistributed simulation and
interoperability. The distributed arrangement oé ttngoing simulations enables the user to
partition the original model and distribute it beem several processors or cores in the same
computer, among several computers connected thrimigimet, or between both. In the same
manner, the user is able to compose a complex DEW8el using different submodels that
may be hosted on different computers. Furtherntbeejnteroperability quality allows the user
to compose a complex DEVS model with different sabeils implemented using distinct
DEVS M&S frameworks or libraries. Every computevaived in the M&S process must act as
a repository providing DEVS models (implemented dospecific DEVS library), as a server
(providing Simulators and Coordinators as web ses)i, and as a client (communicating with
the Coordinator on any machine).

3 Distributed DEVS Simulation Protocol (DDSP)

In [6], a flexible and scalable XML-based messagernted mechanism was developed with the
goal to allow interoperability between different @& implementations. The main objective of
the protocol is to enable different DEVS impleméptas to interface and coordinate among
each other to simulate the same model structuresgadheir diverse domains. To do so, the
developed simulation protocol uses SOAP-based Wsebik®s technology as the
communication framework to exchange control anddsedized simulation XML messages.

3.1 Introduction to DDSP

The idea of DDSP is to provide interoperability wihinimum design changes to each DEVS
implementation, mainly by hiding the detailed impkntation behind wrapper(i.e., a SOAP-
engine port) and focusing only on the exchanged Xiéssages. This point is important
because various DEVS implementations are diffeewén if they are implemented with the
same programming language). Interfacing the sawldrtgplementation in a parallel/distributed
environment can require weeks of programming antugging by programmers who
understand that tool implementation very well. @aanot expect interfacing different DEVS
implementations that were developed by differedependent teams to be internally structured
the same. Further, different teams have extendeid thols over the years to accommodate
different optimizing algorithms or modeling techué&y For example, the Cell-DEVS extension
[7] allows for representing each cell in the cglhse as a DEVS model that is only activated
when it receives external inputs from its neighbgrcells. CD++ [8] provides an environment
for DEVS and Cell-DEVS models. However, it extertlds software design into different C++
classes to implement both DEVS and Cell-DEVS. Fdgiirshows a fragment of the design of
distributed CD++ (DCD++). The figure clearly showsat this version of the simulation
software uses a specific implementation to simuzd-DEVS models (using thatomicCell
and CoupledCellmethods). The various DEVS versions have in comimat coordinators
synchronize coupled models, and simulators exeatdgmic models where the simulation is
advanced according to the DEVS theory rules. Howessch DEVS version provides different
software design and implementations. In fact, th&erhal implementation for a DEVS
coordinator, for instance, can vary between pdradtandalone, and distributed for the same
DEVS tool because each of these DEVS coordinatoraise a different algorithm to coordinate
its children.
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Figure 6: Snippet of the DCD++ Model/Simulators hiearchy

Hiding the internal implementation increases thetguol chances of success since various
DEVS teams are not expected to change their inteesgn and software implementation in a
way that jeopardizes their existing DEVS tools gmity. Further, they can have full freedom to
extend/change their own internal software implemigon. This is because a DEVS tool is
always in conformance with the standards as sooiit émndles the standardized XML
simulation messages correctly.

The DEVS Distributed Simulation Protocol also suppanterfacing DEVS legacy models.
This allows a modeler to assemble and simulaterdgg@eous DEVS models that were
originally intended to run in a specific DEVS emrnment. The protocol expects each tool to
react to expected messages (with a standardizedaforonstructed as XML documents) in
order to correctly synchronize and carry out sirmoteof the overall model (which is spread
over different domains). Having a message-oriepi@docol that hides implementation detail
(behind wrappers) and focuses only on the inforomatieeded (within exchanged messages)
has many advantages. To summarize a few:

* Maintainability: Protocol changes are only appliedhe protocol messages rather than
to every DEVS implementation,

e Scalability: the contents of the XML message beixghanged are easy to add (or
remove) by adding (or removing) the Remote Proce@alls (RPCs) interface, and

e Testing: local testing is easy to perform by eaobug before executing integration
testing between different DEVS domains. The genewh is that if a DEVS
implementation can interface with itself via exchigaig XML standardized messages, it
should be able to interface with a different DEMS8plementation using the same
standardized messages (in case both implementationform to the standardized
messages and rules).

3.2 Web-Service DEVS Wrapper

Each DEVS implementation should execute its owrtifipenodels. This requirement enables
both the utilization of hundreds of legacy modelsdach DEVS tool as well as the integration
with other models in different DEVS tools. This vggment is essential to make DEVS
standards attainable because we can never exgelggaty models to be rewritten. This
requirement is satisfied by enclosing all modela single outer model and making each DEVS
tool responsible for simulating its specific modéler example, in Figure Goupledlcan be in
DEVSJAVA while Coupled2can be in DCD++. In this case, the main DEVS donwavns the
Root coordinators and simulates both heterogeneuaodels, giving the impression of
simulating a single distributed heterogeneous DEVSel.
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Figure 7: Coupled model partitioned across DEVS Domins

As shown in Figure 7, both coupled models interfagthout worrying about how the other
implementation performs the simulation internalliherefore, coupled models are viewed as
black boxes with input/output ports. However, isi8l possible for a DEVS implementation to
know more details about the model structure in otleenains, depending on the level of detail
that is made available to the domains when thetstre is distributed, as described in the XML
structure document.

The concept is to have each DEVS implementationausengle communication entry point,
implemented as a DEVS-Wrapper (Figure 8). Therefareoupled model may physically be
partitioned among different machines within a DEMplementation domain, but other DEVS
domains “believe” the coupled model actually exist the machine through which they
communicate with the coupled model. The DEVS-Wrappeactually a Web-service port that
exposes a number of stubs (interfaces), allowitgroDEVS domains to invoke them in an
RPC-style mechanism, as discussed in the commionicidamework section. Therefore, the
DEVS-wrapper interfaces are described in WSDL daeinallowing domains to construct the
necessary stubs.

Root
Coordinato
Simulation === -8
Wrapper

Simulation e DEVS
Wrapper

Figure 8: Connecting Two DEVS Domains

This requirement simplifies the coordination viaeosingle Web-service port described in a
single WSDL document. This approach does not reqthie DEVS-wrapper operations to be
exposed in a separate Web-service port or to bgedewith other existing ports, but it leaves
this decision to individual teams since it is atwafe design issue rather than a standardization
one. Further, the DEVS-wrapper port needs to beritesl by a WSDL document where other
domains can use the standardized interfaces. ThéSBErapper component is expected to
perform the following tasks:
e Translate incoming standardized simulation messagespecific domain simulation
messages.



« Transmit simulation messages to other DEVS domaiosording to the DEVS
standards.
* Route incoming simulation messages to the correctats/ports within its domain.

The protocol should minimize its dependency ondbmmunication framework, requiring few
(or no) changes to the standardized simulation agessif one needs to move the simulation
protocol to other communication engines in the reituin DCD++, this requirement is
implemented by sending all simulation messagesMk documents in SOAP attachments via
exposed DEVS-wrapper interfaces. Therefore, ifdmmunication mechanism changes, those
same XML documents can still be transmitted withrehanges.

Although SOAP messages are standardized XML doctenémey are hidden from the Web-
service applications and are only seen as progragusiubs with input/output parameters.
Consequently, a DEVS standard would need to défnewn XML messages. Eventually, the
standard is realized by the programming code, hdritenly relies on SOAP XML messages,
all DEVS interfaces become a matter of simply gjuiprogramming remote procedures
together. This makes the standard extremely seaditi changes since programming language
procedures by nature are sensitive to many fadoch as the order, type, and number of
parameters that are passed into them. Theref@estdmdard can never claim to be using XML
messages for communication because the SOAP massageonly handled by the SOAP
engine (i.e., the communication layer below a Wetvise application that is responsible for
SOAP messages handling), and this engine is enabladoke the appropriate service stub.

The DDSP implementation uses Web-services techypdogransfer standardized simulation
messages between different domains. All messagestransmitted through SOAP/HTTP
engines, hence wrapped within SOAP and HTTP eneslops shown in Figure 9, where a
DEVS Wrapper communicates with other DEVS domaipsinvoking the deployed-service
stubs in a remote procedure call style. Simulati@ssages are passed into those stubs as SOAP
attachments in the form of XML documents.

DEVS Protocol

DEVS-Wrapper - — — — > DEVS-Wrapper
4 4
v v
Stubs Interfaces (WSDL) Stubs Interfaces (WSDL)
SOAP Engine (e.g. AXIS) SOAP Engine (e.g. .NET)
HTTP Servere.g.Tomcat HTTP Servere.g. Microsof)
% )

Figure 9: Connecting Domains using Web-Services

Stubs are constructed from the deployed WSDL dootiimg the service provider (other DEVS
domains). To support SOAP-based web-services, BEME domain should have the following
engines:
e HTTP Server (e.g., Tomcat [9]).
¢ SOAP Engine (e.g., AXIS0]).
* XML parser: the proposed protocol is not making asgumptions regarding a specific
XML parser.

A DEVS-Wrapper is actually a Web-service port carnee to the AXIS SOAP engine that
encapsulates the necessary operations, allowifigrelit DEVS domains to communicate with
each other and clients to activate DEVS simulaservices. The standard here assumes that



individual DEVS domains provide their own interfader clients allowing them to invoke the
services of the individual DEVS domains (such asr uithentication, file submission, etc.).
The remaining discussion in this section focusdg on the communication between various
DEVS domains.

Figure 10 shows the AXIS Java interface for the BEMapper operations. They are described
in WSDL documents, so that other AXIS Java commatioo classes may be constructed by
various DEVS domains (these operations are studtsallow DEVS domains to communicate
with each other).

1 import javax.activation.DataHandler;

2

3 public interface DEVSWrapperType extends java.rm i.Remote {
4

5 public DataHandler retrieveResultFile(int Supp ortiveSession);
6 public boolean startSimulation(int SupportiveS ession);

7 public boolean isSimRunning(int session);

8 public boolean StopSimulation(int session);

9 public boolean setDEVSXML(int session, String filename,
10 DataHandler file);

11 public boolean deleteSession(int SupportiveSes sion);

12 public int createSupportiveSession(int MainSes sion);

13}

Figure 10: DEVS-Wrapper AXIS-Port Services

The DEVS-Wrapper services in Figure 10 can be suizethas follows:

* retrieveResultFile: Is used to retrieve simulation result files framsupport DEVS
domain.

0 Input: The support DEVS domain session number.
0 Output: The results file.

e startSimulation: It starts the simulation on a support DEVS damén this case the
simulation engine starts and waits for the firgtidation message from the main DEVS
domain.

0 Input: The support DEVS domain session number.
0 Output: True on success; false otherwise.
e isSimRunning It checks if a simulation is running on a DEV@&hin.
0 Input: The support DEVS domain session number.
0 Output: True if simulation is running. Otherwisésta
* StopSimulation It stops the simulation normally on a supportM3Edomain.
0 Input: The support DEVS domain session humber.
o0 Output: True on success. Otherwise false.
e setDEVSXML: It sends an XML document to a DEVS domain. XMacdment is
either configuration file or a simulation message.
0 Input:
= A DEVS domain session number.
= XML document file name.
= The actual XML file.
o Output: True on success; false otherwise.

¢ deleteSession It deletes a simulation session on a support ®El6main. This

operation releases all resources used for thigosess
0 Input: The support DEVS domain session humber.
0 Output: True on success. Otherwise false.

e createSupportiveSessiont creates a simulation session on a support ®Edmain.
This operation allocates all necessary resourcedatefor this session. The support and
main DEVS domains are accepted to bind both sessionbers together. This gives
each DEVS domain the freedom to allocate its segsimnbers without worrying about
possible conflict with other DEVS domain sessiombers.



0 Input: The Main DEVS domain session humber.
0 Output: The support session number or -1 on failure

Initially, the main DEVS domain creates support daion sessions and establishes full
connections with all support domains. Each DEVS a@onshould know each participant

DEVS-Wrapper port URI and its associated sessionbau for all participant DEVS domains.

This allows DEVS domains to have multiple concutreimulation sessions using the same
Web-service port.

The main DEVS domain opens a session with all eglegupport domains, and it broadcasts
this information to support domains in one XML do@nt (using the method setDEVSXML).
The simulation session document contains the mainaih session number (which all support
DEVS domains know upon invokingreateSupportiveSessidsy the main domain), and the
support URIs paired with their session numberhasve in Figure 11

<Sessions ver="1.0">

<Session Type="Main”">
<Number>123</Number>
<URI>http://...</URI>

</Session>

<Session Type="Supportive”>
<Number>1000</Number>
<URI>http://...</URI>

</Session>

</Sessions>
Figure 11: Domain-Simulation Sessions XML Binding Bcument Example

After receiving the XML document in Figure 11, eatthmain should be able to send messages
on a session to any other domain.

The main principle followed here is to enclosevaltious DEVS domain heterogeneous models
within a single coupled model. This simplifies thienulation coordination, as each DEVS
domain hides its internal activities and coordiratgéth other DEVS domains. This approach
has been adopted in the variant of DEVS/SOA dewslopy [12] [13] which supports
interoperability across different web service matis using the XML namespace
concept to be described next.

3.3 Model Structure XML Document

The Model structure XML document (shown in Figug® & initially submitted by the modeler
to the main DEVS domain to describe how the overaltiel is structured so that each DEVS
version can identify which models belong to its @m Further, from this document, the main
machine can identify the participant support domain

The model structure document contains enough irdtian to allow different domains to create
local models, coordinators (i.e., coupled modelcpssor), and simulators (i.e., atomic model
processor). It also includes data on how they nglfite to other models in different domains.

The main DEVS domain must pass this document befastarts the simulation (i.e., before
invoking servicestartSimulationon support domains). The model structure docuroentains
the following information (see Figure 12):

* model names,

« model type (coupled/atomic),

« model input/output ports,

« coupled models internal submodels and their pansections,



* models domain URIs, and
e coupled models synchronization algorithms used.,(é¢tgg Head/Proxy Coordinator
discussed earlier).

The DEVS models hierarchy can easily be mapped timo XML document. For example,
assume two models connected with each other agyine=7 (two DEVS domains where each
model is specific to its domain implementation)this case, the two models would be enclosed
within an outer modelGoupled(, resulting in the XML document shown in Figure. This
XML document also serves as an agreement contedatelen various implementations on the
used synchronization schemes. For example, thelcation scheme that is used can be set by
the COUPLED_SYNC field to simulate a distributedipled model across various domains. In
this way, the standard can easily adopt any neersek that may appear in the future.

<MODEL_STRUCTURE ver="1.0">
<COUPLED_SYNC>
<scheme ver="1.0">HeadProxy</scheme>
</COUPLED_SYNC>
<Models>
<Model Type="Coupled”>
<Name> Coupled0 </Name>
<Components>
<Name Type="Coupled">Coupled1</Name>
<Name Type="Coupled">Coupled2</Name>
</Components>
<URI>http://... </URI>
<LINKS>
<LINK>
<FROM>
<Component>Coupled1</Component>
<Port>0UT1</Port>
</[FROM>
<TO>
<Component>Coupled2</Component>
<Port>IN2</Port>
</TO>
</LINK>

<ILINKS>

</Model>
<Model Type="Coupled™>
<Name> Coupledl </Name>
<Ports>
<Port Type="in">IN1</Port>
<Port Type="out">0OUT1</Port>
</Ports>
<URI>http://... </URI>

</Model>
<Model Type="Coupled™>
<Name> Coupled2 </Name>
<Ports>
<Port Type="in">IN2</Port>
<Port Type="out">0OUT2</Port>
</Ports>
<URI>http://... </URI>

<H\)Iodel>
</Models>

</MODEL_STRUCTURE>
Figure 12: XML Model Structure Document Example



The simplest way of structuring a DEVS model ishtove one coupled model at each of the
DEVS domains connected to one other via their itmpigput ports, where each coupled model
views the coupled models in other domains as “blawkes”. Even with this simple scenario,
another top-coupled model should then be createdrap all coupled models across various
domains. Therefore, there will be at least one umodel partitioned across DEVS domains.
By having one Coordinator simulating a single cedpmodel distributed over the network, it
becomes a performance bottleneck (because of théerof messages exchanged between the
parent Coordinator and its children). For this oeaswe propose to adopt a Head/Proxy
Coordinator structure. Other algorithms can be setb they are scalable and it is needed. The
Head/Proxy extends the coordinator concept, asvist|

* Head Coordinator: it is in charge of simulating #rgire coupled model. It coordinates
the internal models that exist in its domain anth (froxy Coordinators) the other
internal models that exist in other domains.

* Proxy Coordinator: it acts as an agent on behdlfi@Head Coordinator to simulate the
internal submodels of a coupled model that existitsnDEVS domain. A Proxy
Coordinator passeall the unknown messages to its Head Coordinator; henwe
Proxy Coordinator usually passasly onemessage to its head Coordinator on behalf of
the coupled model internal partitions its domairni¢h is possibly distributed among
different machines in the same domain).

Note that the domain that owns the first internaldel as structured in the XML model
structure document will create the Head coordinfiinthe parent and other domains will create
proxy coordinators. For example, the domain that®oupled 1 in Figure 13 creates the Head
coordinator for the outer model Coupled 0 while tibers create Proxy coordinators. Note
further that the main domain always owns the Rowmbrdinator and drives the overall
simulation. This is not related to the Head/Probgoethm. Therefore, it is possible for the top-
level model to have its Head coordinator in a supdomain since this depends on how the
modeler described it in the XML structure documétawever, the modeler should structure the
top-level model to have its Head coordinator in th&in DEVS domain to be near the Root
coordinator in the main DEVS domain for performareasons.

Using a single Coordinator adds unnecessary overifiéao child simulators want to exchange
messages and are running on a machine differemttheir coordinator. As shown in Figure 13,
Simulator 3 sends an output message that is toahslated into external message to Simulator
2, which resides on the same machine as its silfimyulator 3. Therefore, sending this
message to the coordinator, it ends up being trifteshiwice as remote messages because the
coordinator is running on a machine different fritv@ source and destination of the message.
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Figuré 13: superfluous messages exchangé in distuled simulation

The above-described problem could have been avaidbdre is a coordinator responsible for
message routing locally in each machine. Theretwaiging a proxy coordinator on Machine 2
(in Figure 13) causes the message from Simulator Simulator 2 to be sent locally, thereby
improving the performance of the simulator. Furtlere DONE message is sent to the Head



Coordinator (on Machine 1) from the Proxy Coordimgbn Machine 2) on behalf of Simulator
2 and Simulator 3.

3.4 Format and Content of Messages

Simulation messages are constructed as XML docigremd sent to other domains as SOAP
attachments (using the AXIS stub setDEVSXML whére teceiver session number is one of
its parameters). Therefore, any changes in thelatioo messages will be made to the message
XML document rather than to the input/output paresrseof the AXIS stub, thereby increasing
scalability and portability.

The simulation message types are listed as folloyte(that the specific simulation phases are
discussed in the next section):

e Init (I): Simulation starts when the Init message is passdtie top-coupled model
Coordinator, which then pushes it downward to liédcen.

e Collect (@) it is used to start the collection phase. The topdel Coordinator
propagates it downward.

< Internal (*): it is used to start the transition phase.

* Done (D) it is used by Coordinators to identify which chign need to be simulated at
this phase. It is used by the Root Coordinatodigaace the simulation time and switch
simulation phases.

+ External Message (X)Messages from the environment, or as a resulbudput
messages.

« Output Message (Y%enerated during the collection phase.

Table 1 shows all possible fields in an XML messdgeument. All fields are not required to be
sent with each message type. However, if the serta®ses to send all fields in a message the
required fields (based on the message type) arertlyeones that the receiver must consider.
The Next-change-time element is used by DONE messty inform the parent Coordinator
about the next expected internal change (in tume, garent Coordinator passes a DONE
message to its parent including the minimum neange of its model children, whether local or
in other domains). Eventually only one DONE mesdageceived by the Root Coordinator (in
the main domain), which then starts another sinanaphase. All Coordinators (including
Root) use this message to know which children bresshould be involved in each simulation
cycle. This prevents many unnecessary messagenissigns across the network.

Table 1: Simulation Message XML Fields

Element Format Allowed Values Comments
MessageType Character ,@,D, X, Y,* [ = INIT,
@ = Collect,
D = Done,
X = External,
Y = Output,
* = Internal.
Time String Numbers separate Example: 08:50:00:(
Hours:Minutes:Secs:mSec by colon (*:")
SrcModel String Known Model Source Model
Name
DestMode String Known Model Destination Mode
Name
Port String Known Port Name Destination Port.
Value C++/Java double N/A Mandatory only for External

and Output messages.



NextChang See Time eleme See Time eleme  Next Change Time
Mandatory only for DONE
messages.

IsFromProxy Java boolean True or False Mandatory only for DONE
messages if Head/Proxy
Algorithm is used. This allows
Head to synchronize its
Proxies.

Figure 14 shows an example of an INIT message fmdel CoupledOto port IN of model
Coupled?2 In this example, the sender domain chose to sdinields; however, the receiver
must only use the fields relevant to the INIT mgssa

<Message ver="1.0">
<MessageType>I</MessageType>
<Time>00:00:00:00</Time>

< SrcModel>Coupled0</SrcModel>

< DestModel>Coupled2</DestModel>
<Port>IN</Port>

<Value>-1.0</Value>
<NextChange>00:00:00:00</NextChange>

<IsFromProxy>false< /IsFromProxy>
</Message>
Figure 14: Initialization Simulation Message with Al Fields Example

The developed protocol in this section has singdifihe simulation by wrapping all distributed
models across various DEVS domains in one singlgpled model; hence it becomes the
responsibility of coupled Coordinators to locateitlchildren (i.e., internal models) in order to
pass them the needed simulation messages (pem&yasving a database that stores each model
description along with its domain URI). Furthermsiation messages can be specific to a
certain domain when they are exchanged within theain itself, but when they must exit to
another domain, the DEVS-Wrapper (discussed inctilemunication section) translates them
to the standardized XML message documents and p#ssem as SOAP attachments using the
AXIS stub setDEVSXML to other domains DEVS-Wrappdfsr example, as shown in Figure
15 a DEVS domain does not need to use the standatii® its domain. However, when a
message must travel to another domain, it has tcabslated first to the standard format so that
it can cross the DEVS protocol bridge.

DEVS Protocol

‘ PCD++ |¢—1® Session

Session
E-CD++ 4_—'—/'
DCD++ Domain (No need to follow standards)

Figure 15: An Internal Look of a DEVS Domain
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4 Shared Abstract Model

In [14], an approach for on-line model-based irperability named th&hared Abstract Model
(SAM) was defined. The Shared Abstract Model iglusespecify arAbstract Model Interface
shown in Figure 16. The specification of the Abstrislodel Interface is based on the DEVS
Atomic Model formalism. The interface is specifiedterms of OMG-IDL, and it is executed
using CORBA. Based on the Abstract Model Interfdegnition, the SAM approach requires a



Model Proxy (corresponding to the atomic stub @fufé 16. Then, models have to be wrapped
into model adapters that will make their interfacestch the standard one. This approach is
predominantly aimed at integrating existing legawngdels or models specified in different
DEVS implementations (and for simulation enginespomsible for executing a non-native
model implementation). Writing the model adapteys the Shared Abstract Model can be a
tedious task, notably because of the use of geneggsages that have to be converted before
being processed by the model. Fortunately, this ¢ésvriting the two adapters (one for atomic
and one for coupled models) must be done only dmiceach DEVS engine implementation.
The two adapters can then be used for all modetxifsgd within the DEVS engine
implementation.

N
Process,

Process;
Abstract Model
Interface

: Model
Middleware o
J ——

Figure 16: The Shared Abstract Model concept f@inaulator executing non-native models
using Proxy Model, Adapter Model, and the Abstiatérface Model

Model
Implementation B

Model
Implementation A

Considering the DEVS-Suite simulation engine, imutator (Simulator in Figure 17) can
directly execute Model Implementation A (i.e., #aés no need for syntactic translation from
one programming language to another). Howeversdinge simulator cannot execute the Model
Implementation B, which is implemented for diresteeution using the ADEVS simulator
(Simulatog in Figure 17). The Model Proxy and Model Adaptee aised to overcome the
syntactical differences between the Java and C+egramming languages which also
necessitates Procesand Processto communicate with one another (i.e., send ameive
messages). The Model Proxy translates the methadations of the Simulatpto those of the
Abstract Model Interface. The Simulaiathen can use the Model Adapter to execute the
transition, time advance, and output functions raefi for Model Implementation B. The
inheritance relationship from Model Adapter to tAbstract Model Interface allows Model
Implementation B and other models that are developeother programming languages to be
uniformly executed using SimulatoiTherefore, a simulator can execute its own moels.,
the arrow from Simulaterto Model Implementation C), models that are depetbfor other
variants of parallel DEVS simulators (e.g., the oas from Simulator to Model
Implementation B), and any model that can be wrdppside an atomic DEVS model but does
not have its own simulator.
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Figure 17: Example of the Shared Abstract ModeWDEVS and DEVS-Suite

The specifications for the Model Proxy and Modelapter are straightforward since their
operations have a one-to-one relationship to thbae are defined for the Abstract Model
Interface. However, to support message mappingseeaet different simulation engines, it is
necessary to develop modules that can translatéindeof message to another kind. Figure 18
and Figure 19 show the implementations of the Mdrtelxy and Model Adapter for DEVS-

Suite. The listings exclude implementations fooetrandling.

interface DEVS {// OMG-idl (CORBA)
/I start of simulation
double dolnitialize()

/I time of next internal transition without input messages
/I value also returned by dolnitialize and state t ransition functions.
double ti meAdvance()

/I produce outputs for current simulation time
/I output does not have any side effect (no state change)
Message out put Functi on()

/I internal state transition without input message s
double internal Transition()

/I external state transition with input messages
double external Transi ti on(in double e, in Message msg)

/l input message is received at the time of intern al state transition
double confl uent Transi ti on(in Message msg)

5

Message: bag { inputPort -> value }

Figure 18: The Abstract Model Interface specificati

void initialize(){
ta = devsMod.dolnitialize();
if(ta == devsBridge.DEVS.TA_INFINITY)
passivate();
else

holdIn("active" ta);




}

/[External Transition Function
void del t ext (double e, Messagelnterface x){
MsgEntity[] msg = trans.devs2Corbalnputs(x);
ta = devsMod. ext ernal Transi ti on(e, msg);
if(ta == devsBridge.DEVS.TA_INFINITY)
passivate();
else
holdIn("active" ta);

/linternal Transition Function
void deltint(){
ta = devsMod.internalTransition();
if(ta == devsBridge.DEVS.TA_INFINITY)
passivate();
else
holdIn("active" ta);

/IConfluent Transition Function
void del t con(double e, Messagelnterface x){
MsgEntity[] msg = trans.devs2Corbalnputs(x);
ta = devsMod.confluentTransition(msg);
if(ta == devsBridge.DEVS.TA_INFINITY)
passivate();
else
holdIn("active" ta);

//Output Function

Messagelnterface out () {
MsgEntity[] msg = devsMod.outputFunction();
Messagelnterface devsMsg = trans.corba2DevsOutputs (msq);
return devsMsg;

}

Figure 19: Proxy implementation for the DEVS-Suiteatomic model

Figure 19 shows an example where an Abstract Mindetface is defined for DEVS-Suite and
ADEVS simulation engines. A pair of Model Proxy allbdel Adapter is defined (shown in
solid lines) such that ADEVS Model Implementatiorc& be simulated using the DEVS-Suite
Simulatog. Using the same Abstract Model Interface with heotpair of Model Proxy and
Model Adapter (shown in dotted lines), Model Impkartation A can be simulated using the
ADEVS Simulatos.

In order for one simulation engine to execute apéedi model that is implemented for by
another simulator, it is necessary to also acctarntoupled models and so Model Adapters for
coupled models are needed as well. Rather thanif@pgcthe Model Adapter as the
coordinator, the Model Adapter is defined basedhen Abstract Interface Model (see Figure
18). Examination of the Model Adapter for DEVS-®uitoupled model enforces the
coordinator’s logic (see Figure 20). The comment§&igure 18 relate the association defined
between the Abstract Interface Model and the Mddipter. This formulation uses the closure
under coupling property which allows treating aonait and coupled model as a basic DEVS
model component. Thus, the correctness of the atimul cycle of every DEVS coupled model
remains legitimate—that is, the executor (eithsmaulator for atomic models or a coordinator
for coupled models) guarantees the correct orderirgyents and transmission of events among
hierarchical models in concert with the method tat®mns of the Abstract Model Interface.

/lInitialize simulator

double dolnitialize(){
coord.initialize();
return timeAdvance();

}

/lquery for time to next event (1. nextTN and 2. ou tTN)




double timeAdvance(){
return coord.tN() — coord.tL();
}

/I ComputelO is called (5. applyDelt)
double internal Transition(){
coord.DeltFunc(coord.tN(), [empty set]);
return timeAdvance();

}

/I ComputelO is not called (5. applyDelt)
double external Transi tion(e, x){
coord.DeltFunc(coord.tL() + e, X);

return timeAdvance();

}

/I ComputelO is called (5. applyDelt)
double confl uent Transiti on(x){
coord.DeltFunc(coord.tN(), x);
return timeAdvance();

}

/I 3. getOut and 4. returnOut
MsgEntity[] out put Functi on(){
coord.ComputelO(coord.tN());

return coord.getOutputs();

}

Figure 20: Model Adapter implementation for the DEVS-Suite coupled model

5 RESTful Interoperability Simulation Environment (RISE)

Interoperating applications that have been developdependently and that interact with each
other is not a trivial task, since this interactiomolves not only passing remote messages, but
also synchronizing them (interpreting messagesaacting to them correctly). This fact further
applies to interoperating DEVS-based tools in otgesynchronize the same simulation run.
The value proposition, however, of such interopifitgbis that it enables a plug-and-play
middleware approach, which is an appropriate mettoodhterface independently-developed
software applications [15]. The Plug-and-play tgbenteroperability is already applied by the
World Wide Web (WWW) network. The principles of tWgeb interoperability have been
recently called the Representational State Tran®&ST) style [16]. These RESTful Web
Services [17] has been gainiagention with the advent of Web 2.0 [18] and the concept of
mashups (grouping various services from differeavigders presented as a bundle).
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Figure 21: Uniform Channels for RESTful Resources

The RESTful Web-services lightweight approach higd#ernal software implementation (in
“black boxes” called resources). Each resource segoniform channels (connectors) and
describes connectivity semantics between resourcéise form ofmessagegusually XML).
RESTful services are distributed across a set ahected resources where each resource is
named with a URI (similar to a website). Servicestomers connect with those resources via



standardized virtual uniform channels where sermantissages and the corresponding methods
are assigned to those resources. In RISE, the elmare the HTTP methods shown in Figure
21: GET channel (to read a resource entirely otigly), PUT channel (to create a new
resource or update existing data), POST channebhgfend new data to a resource), and
DELETE channel (to remove a resource). Resourceshase channels to transfer their data (or
potentially, their data representation) among edbbr, hence transferring their representational
state, as specified by the name of the RepresentdtState Transfer style [16]. REST exposes
all services as URIs, hides internal implementatemploys message-oriented synchronization
semantics (i.e., XML), and accesses each serviB#)(Wa standardized channels. These are the
ingredients for plug-and-play interoperability evanruntime, and they are being used on the
WWW every day. A detailed study of the current &ndre challenges of distributed simulation
algorithms and middleware is provided in [15].

Other approaches, such as CORBA or SOAP-based Wrelzess, expose functionalities in
heterogeneous RPCs that often reflect internal emphtation and describe semantics as
procedure parameters. The RPC style literally spéioftware implementation across the
distributed environment. It is worth noting thae tBOAP-based Web-services transfer all RPC
representations (as SOAP XML messages) via the HFOBT channel. This overloading of
the POST channel has resulted in making connetttatavere once standardized uniformly into
a more heterogeneous interface, which is more oaxrtpluse. RPC-style is heterogeneous in a
sense that they are programming procedures invdmtelifferent programmers. Of course, the
XML SOAP standard is powerful enough to describeséh RPCs. However, applications
interoperability is realized as RPC-style in anotkeftware layer above the SOAP handling
layer (usually called SOAP engine) which converBCR from/to SOAP messages. For
example, Figure 9 shows a typical SOAP-based Webess protocol stack while Figure 10
shows RPCs exposed within a port.

In recent years a RESTful middleware applicatiors leeen developed called RESTful
Interoperability Simulation Environment (RISE), fioally known as RESTful-CD++ [19][20],
that has provided promising results in this areisERalso allows any application or device
attached to the Web to be in the simulation loopuatime, using Web 2.0 mashup concepts.
RISE middleware serves as a container to suppoitrete services; hence, concrete services
are plugged into the middleware. In this case, k@EBcservices are wrapped and accessed
through URIs at the middleware level, rendering ithildleware independent of any specific
service. This allows additional services to be pkd)into the middleware without affecting
other existing services. This is similar to addaalglitional services or links to a regular website.
The distributed CD++ (DCD++) simulation package wasgyged into the middleware. In this
case, multiple CD++ instances can perform distabdwimulation session across the Web where
the simulation model is split among those CD++rifigted instances, enabling each to simulate
its portion of the model, as shown in Figure 22e Bimulation manager, shown in Figure 22,
manages a CD++ instance by handling, for instatioe, geographic existence of model
partitions, XML synchronization simulation messagasd synchronization algorithms. The
simulation manager is seen externally as a URI,(signilar to web site URIs). The distributed
CD++ instances synchronize among each other viaisgnsimulation XML messages
(wrapped in HTTP envelopes) to each other's URE am HTTP POST channel. RESTful
DCD++ is described in [19][20].
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RESTful applications APIs, including RISE, are eegged as URI templates [21] that can be
created at runtime. Variables in URI templates tfemi within braces {}) are assigned at
runtime by clients before a request is sent tostreer, enabling clients to name their URIs at
the server side. For example, username in temglathisers/ {username}xan be substituted
with any string to obtain the actual URI instanceuch as <.../users/userl> or
<...lusers/user2¥. Further, URIs may include query variables toimeftthe request scope by
appending them to a URI after the question mark F8r instance, a request via the GET
channel to URI <http://www. google.com/search?q=[3&MWvould instruct the Google search
engine to return information only about keyword “Z&'. As another example, RISE
middleware [19][20] defines the simulation frametwor URI template as
/cdpp/sim/workspaces/{userworkspace}/ {servicgf§fpamework}, where{userworkspace}s

a specific workspace. The workspace allows usetefime their specific URI hierarchy while
avoiding naming conflicts. Thiservicetypelis the selected simulation service (e.g., DCD++),
allowing a client to use different services simu#tausly. The{framework} is the simulation
experiment framework; hence, a user may createipteiéxperiment frameworks that use the
same simulation service. The experiment is conéible by its owner, for instance, to have
different simulation partitions conduct the sammdation session. To further illustrate, the
<...>/cdpp/sim/workspace/Bob/DCDpp/MyMod&JRI indicates that the user workspace
belongs to user Bob, and the servicetype is DCDppich selects the distributed CD++
engine). The framework is named MyModel, whichhis hame of the simulation experiment. In
this case, the modeler may select a different sitiari engine (instead of DCDpp) or a different
framework (instead of MyModel), because these Wemgmare assigned at runtime according to
the APl URI template. Therefore, URI templates émabodelers to name their URIs without
being in conflict with other users. The RESTful-CDAPI is fully described in [19].

The RISE standards approach is derived from treoteslearned of the RISE middleware. The
RISE standards approach divides the entire sinauagpace into domains. Each domain wraps
a DEVS model and DEVS-based simulation engine traulsite that model. Each domain is
accessed via three URIs (i.e., API) to exchange aséios (i.e., synchronization and
configuration) as standardized XML messages. Taukymain’s interior is fully hidden, which
makes the standard easier to understand and torsuphis is because each domain only needs
to be able to transmit/handle the standardized Xiwissages according to the approved rules
while they are free to change whatever they neebinviheir domain without affecting other
domains. The RISE approach achieves this at tlenesls: (1) the interoperability framework
architecturelevel, (2) Themodel interoperabilityevel, and(3) the simulation synchronization
level. These aspects are summarized next.

The interoperability framework architecture levptovides the URI template (API) that allows
modelers to create a simulation environment (indgddistributing simulations, starting
simulation, and retrieving results). RISE requitbeee RESTful resources (URIs) for each
domain so that other domains and modelers carhese o setup and conduct simulations. The
focus here is on the parts of the URI template #éinatrelevant to the RISE standard. The main
functionality of those URIs is left to design fgresific domains (the RISE standard may be part



of different services provided by a specific domaifhese resources (URIs) are described as

follows:

1. ...[{framework} represents a simulation environment in a domtins named by the
modeler upon creation. The modeler uses this URutamit all necessary information to
execute simulation in that domain such as the sititri model and the RISE XML
configuration. This URI is the parent of the oth&o needed resources described next. This
resource uses HTTP channels as follows: The PUTnglas used to create and/or update
the resource with the XML configuration documertr (instance, inter-connections of the
different simulation model ports across domain$le DELETE channel is used to remove
this resource. POST is used to submit, as a &pdll necessary scripts related to the model
that is supposed to run on this domain. GET is userkad a simulation status on that
domain as an XML document.

2. ...[{framework}/simulation represents active simulation in a domain. Theeaterduses this
URI to start/abort simulation, and to manipulatewdation during runtime. This resource
uses HTTP channels as follows: The PUT channeh(aihull message) is used to create
this resource. DELETE is used to abort simulatP@ST is used by simulation engines in
domains to exchange simulation XML synchronizatisessages.

3. ...[{framework}/results is automatically created by a domain upon sudatgEompleting
the simulation, allowing retrieval of the simulaticesults.

The model interoperability leveprovides XML rules for combining different modelshis
XML document is provided via the PUT channel toorese .../{framework} This is a
straightforward step, because of the assumptidnetizh domain contains an entire model with
external ports. In this case, the modeler defimemirconnection between ports analogous to a
DEVS coupled model. It is worth noting that thigliferent from RESTful DCD++ in the sense
that DCD++ partitions a single model across th&itisted environment. On the other hand, the
developed approach here is placing an entire miadehch domain. This is because it aims at
interoperating heterogeneous environments with manplementation differences, and,
therefore, the more flexible, practical, and powkrhteroperability is achieved when hiding
implementation. This makes sense because the petezity devil resides in the software
design and implementation details. For exampleurgid®23 shows two models placed at two
different domains. In this case, the model is weab;m URI .../{framework}: The first model
URI is .../Domainl and the second model URI is .../Dov@aln order to conduct different
simulation session experiments, different URI fraroeks are needed in a given domain. Each
model in Figure 23 has two external ports connediedthe other model ports. This
interconnection is shown in the XML document inu¥ig 24. For example, Lines 7-10 show the
connection link of port OUT1 (at .../Domainl) to pdiil (at .../Domain2). The XML
document also shows other configuration such apéTwt Line 3 is set to “C”, indicating that
the simulation will be synchronized according toR&SE conservative based algorithm.
Likewise, the “Type” attribute can be set to “O”donduct optimistic synchronization. Line #5
selects the main domain, which is mainly neededdoage the conservative-based simulation.

URI: .../Domainl I URI: .../Domain2
i IN1 <I ouT? |
s [ o
1 OUT1 | >  IN2 |

Figure 23: RISE Models Interconnection across DEV®omains

1 <ConfigFramework>

2

3 <RISE Version="1.0" Type="C">

4 <Domains>

5 <Main><URI>.../Domainl</URI></Main>



6 <Links>

7 <Link>

8
<From><Port>0UT1</Port><URI>.../Domainl</URI></From>
9

<TO><Port>IN2</Port><URI>.../Domain2</URI></TO>

10 </Link>

11 <Link>

12
<From><Port>0UT2</Port><URI>.../Domain2</URI></From>
13

<TO><Port>IN1</Port><URI>.../Domainl1</URI></TO>

14 </Link>

15 </Links>

16 </Domains>

17 </RISE>

18

19 </ConigFramework>
Figure 24: RISE XML Configuration corresponding to Figure 23

The simulation synchronization level provides high-level simulation algorithms
(i.e., conservative/optimistic) and synchronizaticdmannels in order to carry out simulation
among different domains. The modeler starts theulsition via the main domain (i.e., using the
PUT channel to create URI./{framework}/simulation Consequently, the main domain starts
simulation, in the same way, on all other domais,shown in Figure 25. Afterward, all
simulation engines at different domains are readgxchange XML simulation messages to
synchronize the simulation session. All of the dation messages are sent to a domain via URI
...[{framework}/simulatiorusing the POST channel.

1: Start Simulation

/ Domain-1
E ‘/‘(_/"Nismrt Simulation
Modeler |

____________ |
------ T
____________ 1

Figure 25: Starting Simulation Overview

The conservative-based approach expects the mamaiddo create the RISE Time Manager
(RISE-TM) to manage time advancement of the erdpace. This is not required for the
optimistic-based approach where domains may dyreethd messages to each other, provided
domains would detect and correct any error becafiseceiving astraggler message. Hiding
this detail allows moving algorithm complexity tbet interior of domains, while the RISE
standard layer simply comprises channels to exahaimgulation messages. On the other hand,
the conservative approach requires more handlingRISE, since it owns the RISE-TM
component. Note that the RISE-TM URI is the sameth&s main domain URI. Thus, the
synchronization between the main domain simulatio the RISE-TM is specific to the
internal implementation of the simulation softwatdowever, they are separated in the
discussion here for clarity. RISE-TM executes autation cycle in the following steps, as
shown in Figure 26(1) Execute all events in all domains at the currd@®ERime. This starts a
new simulation cycle with the current or newly edéted RISE time. RISE-TM always starts
the first phase with time zero. The domains musiags execute all events with current RISE
time, if any, and respond to the RISE-TM with tb#dwing information: all external messages
generated for other domains stamped with RISE (onéarger) and its next time. The next time
is the time of next event in a domain larger thd&mRtime. If no more events exist, this value is
then set to “-1”, indicating infinity(2) Once RISE-TM receives all replies from relevant
domains, it calculates the next RISE time and stamew simulation cycle. Further, the RISE-
TM merges all generated external messages andsptssm to all relevant domains at the
beginning of a simulation cycle. Note that the r@mulation cycle may be a continuation of



the current simulation cycle since external messagay be stamped with current RISE time.
Note further that the RISE-TM stops simulatiort i€alculates a new RISE time to be infinity.

/]
1: Execute Events at time t (and RISE Time !
Send All Collected External Manager (RISE- 1
Messages) ™)

~ 2: Receive Domain Replies (All External
(X) Messages and Next-Time Report)

All Events with time t are executed

Domain-1 | | Domain-2 |

Figure 26: RISE Conservative-based Simulation Cyclat Time t

Figure 27 shows a domain-2 response message to RVBfe., step #2 at Figure 26). Line #2
indicates the message source domain URI, henceiajoRISE-TM to wait for all replies.
Lines 3-15 contain all newly generated simulatioergs by the source domain. For instance,
Lines 5-10 show a generated event at péit in Domainlwith value 9. Line 14 specifies the
minimum time of all enclosed external messages fthe source domain. RISE-TM must
include this time when calculating next RISE tirhzne 16 specifies the time of the next event
of Domainl RISE-TM must include this time when calculatingxh RISE time. Figure 28
shows an example of a message sent by RISE-TM telavant domains. In this case, the new
RISE-TM is calculated (i.e., Line #2), hence alkpts with this time must be executed at this
cycle. Lines 3-17 forward all generated externalssages. At this point, it becomes the
responsibility of a domain to forward events torayppiate models through specified ports.

1 <RISE Version="1.0">

2 <URI>.../Domain2</URI>

3 <XEvents>

4 <MessagesCount>2</MessagesCount>
5 <XEvent>

6 <Time>00:00:01:000</Time>
7 <Port>IN1</Port>

8 <Value>9</Value>

9 <URI>.../Domainl</URI>

10 </XEvent>
11 <XEvent>
12
13 </XEvent>
14 <Time>00:00:01:000</Time>
15 </XEvents>
16 <Next>00:00:03:000</Next>
17 </RISE>
Figure 27: RISE Domain XML Document Response to RIB-TM Example

1 <RISE Version="1.0">

2 <Time>00:00:01:000</Next>

3 <XEvents>

4 <MessagesCount>1</MessagesCount>
5 <XEvent>

6 <Time>00:00:01:000</Time>
7 <Port>IN1</Port>

8 <Value>9</Value>

9 <URI>.../Domainl</URI>

10 </XEvent>
17 </XEvents>
18 </RISE>
Figure 28: RISE-TM Message to Start a Cycle

6 DEVS Namespaces



The WSDL for a DEVS simulator service defines dgtges used by each operation. When the
web service communicates with a user, the opembbthe web service receive an argument as
an XML document encapsulated in a SOAP message. XMk document is created in
conformance with a type of schema in WSDL. The dgtes in WSDL are only defined for
operations of a DEVS simulator not a DEVS modelthiaview of simulation, the structure of a
DEVS message consists of a set of contents, eashioh includes a port name and a value. In
the DEVS formalism, values are defined as abstsat$ that are not further constrained.
Therefore, different DEVS simulation environmends diave different class representations and
associated object instance representations foresallio overcome this problem, a DEVS
message is converted to an XML document at thesgelice level. This approach requires that
different DEVS environments can translate back &wmdh between their internal value
representations and a common XML representatioanalmespaces the concept in XML that
enables services to access a Schema employeddrysetivices and thereby to parse documents
to extract data corresponding to the instanceseStchema.

Thus, in order to interoperate DEVS simulator sasiin different platforms or languages, the
namespace concept can be used to provide informatout DEVS model messages. This
gives rise to thdDEVSnamespaceo support interoperability of DEVS simulator sees on
different web service platfornji2].

The DEVS namespace is an indicator of a schemandexaifor types of messages that are used
in DEVS models. The types are expressed in an elenfeXML Schema that describes the
structure of the XML document. XML Schema assigngnajue name to each element. For
example, if the name of the elementJeb, then Job element is unique in the schema
document. The uniqueness of a type provides cléwitynessage passing between systems that
need to interoperate.

Figure 29 illustrates the conversion of a languelgss to a schema type. Iflab class is used

in the DEVS model, th@ob class should be expressed as a corresponding adiegan type. In
the example, the claskb has two variables nameéd andtime which are assigned iat and
doubletype, respectively. The schema data type represghvariables in the class. The name
of class is the name of a data type and varialdesrhe sub elements of the data type. The sub
elements are assigned to primitive data typesvigh&@bles in the class.

(<xsd:element name="Job™> A
<xsd:complexType>
Class Job { <xsd:sequence>
int id; <xsd:element name="id" type="xsd:int"/>
double time; <xsd:element name="time" type="xsd:double"/>
</xsd:sequence>
</xsd:complexType>
\</xsd:element> Y,

!
s

Figure29: Conversion oflobclass to schema data type

Conversion of a class to a schema is performed &grace provider. For example, in a Java
environment, the JAXB library performs this convensand in addition supports dynamic
invocation in which data are bound from a classaimse to a corresponding document. The
schema document resulting from the conversiongstered into a DEVS namespace storage to
access through the network.

DEVS messages are defined as pairs consistingoftand a value in the DEVS modeling and
simulation. Implementations of the DEVS theory tisese pairs to express DEVS messages.
That means that the DEVS messages can be converi@dommon expression in XML. A
common XML message is designed to cover generic ®EMssages.



<Message>
<content>
<port> port name</port>
<entity>
<class> class name </class>
<variable name type = variable type> value </variable name>

</entity>
</content>
<content>

</Message>

Figure30: The structure of the XML message

Figure 30 represents the structure of the XML ngssstarting with aVMessagetag. The
Messagdag consists ofontenttags whose elements ar@at and arentitytag. Theentity tag
expresses any object as a message used in the DIBUSl. It has alasstag containing an
identifier for the object. Tags under tlass tag are created according to the number of
variables of the object. The tags have an attriballedtypedescribing the type of the variable.

- DEVS M ge / XML -t X i
DEVS Message M1l ™1y ccage Convertor XML Message | Web Sevice Middleware < -

SOAP

DEVS M&S DEVS Interface Web Service NetWork

-4—— Deserialize XML to DEVS
—»  Serialize DEVS to XML

Figure3i. The DEVS message and XML message in the web gervic

Figure 31 represents conversion of DEVS messagidtomessages and vice versa. A DEVS
simulator service consists of DEVS modeling andusation (DEVS M&S), DEVS interface,
and web service. The DEVS M&S handles the DEVS agss and the DEVS interface
converts DEVS messages to XML messages. The weltsd¢hen generates a SOAP message
including the XML messages. This procedure is dalerialization. The opposite procedure
converts XML messages to DEVS messages and isiadlgerialization.

Seo [13] created a web service callgmespaceServiddrough which a Schema of a DEVS
simulator service is registered and browsed. Aiserprovider has responsibility of registration
of a schema. When the provider registers the schédmaprovider uses a GUI called schema
data register. The GUI has client codeN@mespaceServiaeeb service, which can help easily
invoke operations. It displays the response ofojteerations. Any DEVS developer who uses a
Java based environment or .Net based environmenusa the GUI to register a schema. If a
developer wants to browse the DEVS namespace staitegydeveloper can use a browsing GUI
consisting of two parts. One part is to displaysalhema documents in the DEVS namespace
storage and the other part is to show the scheroanagent corresponding to the name of the
document chosen by the user. This concept can tended to support browsing based on



search criteria such as metadata about which apjplis have used the schema, the kinds of
operations supported, and so on.

7 SUMMARY

This chapter introduced different methods to stesida DEVS simulation middleware. Theis
middleware supports interfacing different simulatenvironments along with synchronization
for distributed simulations. Most of the softwanroduced in this chapter is based on a Service
Oriented Architecture, with Web Services deployedhsthat they can be easily invoked by
clients.

The DEVS/SOA distributed simulation platform managbstributed simulation through the
interchange of XML messages and the publicatiowal services. The DEVS/SOA simulator
is based on a net-centric infrastructure that psrogordinating different atomic models written
in varied tools and libraries. The environment jaes a well-defined interface for atomic
model Simulators and coupled model Coordinatord ttem be remotely invoked. Client
applications are based on DEVSML models.

DDSP provides interoperability with minimum desigranges to the relevant DEVS engines by
providing a wrapper SOAP interface and XML messdgesimulation synchronization. DDSP
hides the internal implementation of the simulatimols (improving interoperability and
supporting DEVS legacy models). The protocol immemation uses Web-services to
interchange simulation messages, and a DEVS wrappgenployed to call service stubs using a
remote procedure call.

The Shared Abstract Model defines an abstract Mmdeiface based on DEVS atomic models,
and executed using CORBA. The system uses a modey Bnd a model Adapter to distribute

the workload depending on the source and destmatfathe simulation messages, using the
abstract model interface to standardize this conication.

RISE is a RESTful Interoperability Simulation Eronment based on Representational State
Transfer (REST). RISE uses RESTful web services mamedsages (in XML) to transfer
information between simulation engines. Uniform ralels are used to expose the simulation
resources, based on the methods that are widetlyfosehe World Wide Web (and the HTTP
protocol). This approach hides the internal impletatton and it uses message-oriented
synchronization based on XML.

Finally, we introduced DEVS namespaces, which peqguickly finding the service data types
and operations available. The namespace enableseitvices to access an XML Schema
employed by other services, and to parse docuntenextract data for that Schema. The
namespace indicates the type of messages used indtiel, and it assigns a unique name to
each element. In order to browse the namespacagstoa namespace service is available to
register and browse Schemas for DEVS simulatiovices.
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