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The increasing complexity of large-scale distributed real-time systems demands powerful real-time
object computing technologies. Furthermore, systematic design approaches are needed to support
analysis, design, test, and implementation of these systems. The authors discuss RTDEVS/CORBA,
an implementation of discrete event system specification (DEVS) modeling and simulation theory
based on real-time CORBA communication middleware. With RTDEVS/CORBA, the software model
of a complex distributed real-time system can be designed and then tested in a virtual testing envi-
ronment and finally executed in a real distributed environment. This model continuity and simulation-
based design approach effectively manages software complexity and consistency problems for com-
plex systems, increases the flexibility for test configurations, and reduces the time and cost for testing.
The layered architecture and different implementation issues of RTDEVS/CORBA are studied and
discussed. An example application is then given to show how RTDEVS/CORBA supports a framework
for model continuity in distributed real-time modeling and simulation.

Keywords: Distributed real-time systems, modeling and simulation, DEVS, CORBA, model continuity,
simulation-based design, virtual testing environment

1. Introduction

Distributed real-time object computing technologies have
been attracting lots of attention in the real-time computing
area during recent years. Because of the effective object-
oriented methodol ogiesthat enable engineersto reducethe
development complexity and maintenance costs of large-
scale software applications, object-oriented computing
technology has been successfully applied to non-real-time
software systems. However, real-time system engineering
techniques have not fully adopted the concept of mod-
ular design and analysis, which are the main virtues of
object-oriented design technologies. As a consequence,
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the demand for object-oriented analysis, design, and im-
plementation of large-scal ereal-time applications hasbeen
growing.

This paper proposes that a discrete event system speci-
fication (DEV S)—based real-time modeling and simulation
environment can provide capabilitiesreguired by real-time
system engineering. DEV Sisasound formal modeling and
simulation (M&S) framework based on generic dynamic
systems concepts[1]. DEVSisamathematical formalism
with well-defined concepts of hierarchical and modular
model construction, coupling of components, support for
discrete event approximation of continuous systems, and
an object-oriented substrate supporting repository reuse.
DEV Sisnot, however, just amathematical framework but
also apractical M& Stool implemented in various object-
oriented languages such as Scheme, C++, and Java. Re-
cently, DEV S modeling and simulation environments al so
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have been combined with middlewares such asHigh-Level
Architecture (HLA) runtime infrastructure (RI) and Com-
mon Object Request Broker Architecture (CORBA) to sup-
port fast and easy construction of distributed models, as
well as simulation of such models. These DEV S-based
modeling and simulation environments have been shown
to support an effective modeling and simulation method-
ology in various application areas, including design and
implementation of real-time control systems|[2].

Real -time systems design connotes an approach to soft-
ware design in which timeliness (or timing correctness) is
as important as the correctness of the outputs (or logical
correctness) [3, 4]. Timeliness of response does not nec-
essarily imply speed—although, this may be important—
as much as predictability of response and reliable confor-
mance to deadlines. For rea-time systems, performance
estimation to guarantee that the system under design meets
performance requirements is crucial. Performance analy-
sis often concerns schedulability, which involves checking
the task schedule for feasibility or conformance with the
required timing constraints. In distributed networked sys-
tems, quality of service (QoS) characteristics, such as the
timely delivery of events between system components or
priority-based bandwidth utilization, must necessarily be
included in performance eval uation. To support the design
and performance evaluation for adistributed real-time sys-
tem, modeling and simulation technol ogies are devel oped.

Real-time considerations enter into the world of model-
ing and simulation in variousways. A real-time simulation
isareal-time system in which some portion of the environ-
ment, or portions of the real-time system itself, isrealized
by simulation models [5]. When a simulation model in-
teracts with a surrounding environment, such as software
modules, hardware components, or human operators, the
simulator must handleexternal eventsfromitsenvironment
in atimely manner [6]. In more general terms, interfacing
of abstract models with real-world processes requires that
the (logical) time base of the simul ation be synchronized as
closely aspossibleto theclock time of the underlying com-
puter system [2]. Work related to real-time simulation and
control includes early research in DEV S-Scheme [2], the
extension of the DEV S formalism to the DEV S real-time
formalism [6], as well as its application to process con-
trol [7]. Current projects include the following: PORTS:;
A Parallel, Optimistic, Real-Time Simulation [5]; Opera-
tors Training Distributed Real-Time Simulation (OPERA)
[8]; Ptolemy (Concurrent Discrete Event Simulation) [9,
10]; Time-Triggered, Message-Triggered Object (TMO)—
Based Distributed Real-Time System Development Envi-
ronment [11, 12]; and Cluster Simulation—Support for
Distributed Development of Hard Real-Time Systems Us-
ing TDMA-Based Communication [13].

One concern of using modeling and simulation technol -
ogy to support the system design of distributed real-time
systems is how to maintain a model’s continuity during
the system’s development process. This continuity means
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that the same model can be reused with minimal change
during different design stages—from model design to per-
formance evaluation and even to final execution. To sup-
port model continuity, one must devel op techniques so that
the modeling and simulation framework can treat the de-
velopment of distributed real-time systemsin a systematic
way.

In this paper, we present how a distributed modeling
and simulation framework, the real-time DEV S/CORBA
(RTDEVS/CORBA), is developed to support the design
of distributed rea-time systems. To set the stage, we
will review the concept of model continuity and show
how RTDEVS/CORBA supports model continuity when
traversing through different design stages. We then dis-
cuss different layers of the RTDEVS/CORBA modeling
and simulation environment. With this background, we
proceed to discuss in detail the implementation issues of
RTDEV S/CORBA. Finally, an exampleispresented show-
ing how a complex distributed real-time system can be
developed using the framework of RTDEV S/CORBA and
how model continuity issupported during the devel opment
process.

2. Support Model Continuity with
RTDEVS/CORBA

Model continuity refers to the ability to use the same
model of a system throughout its design phases. For
the RTDEV S/CORBA environment, model continuity (or
model transferability) means that models developed in
any DEV S-based M& Senvironments, suchasDEV S-Java,
DEVS/HLA, or DEVS/CORBA, should be ableto runin
the RTDEV SYCORBA environment with minimal changes
as long as they maintain the same interfaces [14]. With
model continuity, distributed real-time systems can be de-
signed, analyzed, and tested through DEV S-based model -
ing and simulation studies and then migrated with minimal
additional effort to be executed in the distributed network.
In other words, this framework provides generic supports
to develop models of distributed real-time systems, evalu-
atetheir performance and timing behavior through DEV S
based modeling and simulation, and ease the transition
from the simulation to actual executions.

Real-time systems deal with external stimuli from out-
side of the systems with time constraints. Therefore, real-
time systems usually interact with environmental systems
that could be hardware, software, human operators, and so
forth that want to get timely responses from the real-time
systems. When areal- time system is devel oped, the best
way to evaluate and test the system under design might be
for the system to interact directly with the existing envi-
ronment. However, thisisusually limited by cost and some
other limitations such as safety and availability. Hence, it
is good to provide a real-time modeling and simulation
environment in which the environment model can be de-
veloped so that the system under design can be simulated
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Figure 1. Real-time simulation and execution

along with the environment model. Once the system has
been tested by the simulation, it should be easily deployed
in the execution environment, in which the interfaces to
the system are the same as those between the environment
model and the system.

Figure 1 illustrates a conceptua overview of the rela-
tionship between real-time simulation and real-time exe-
cution in the RTDEV S/CORBA environment. High-level
abstract models that provide logical and timing behaviors
like the real environment systems can be developed and
simulated in this environment so that real-time systems
can be developed based on the interactions with the envi-
ronment models. After finishing the devel opment, the real -
time systems could be easily migrated into the execution
environment with minimal modifications.

Figure 2 showsin detail how this process works. In the
modeling stage, the modeler defines DEVS models that
capture the logic behavior and temporal behavior of the
system under design. Then these modelswill be simulated
in the DEV S-Java environment, which run alogic simula-
tion and thus can check themodels' logical behavior. After
the models are checked by DEV S-Java, these same mod-
elscan bedistributed on different computers and simul ated
by DEVS/CORBA, which is a distributed logical simula-
tion environment. With DEV S/CORBA, the model under
design’slogical behavior can befurther checked inthedis-
tributed environment. Although DEV SICORBA can check
the models' logical correctness in the distributed environ-
ment, it cannot check the models' temporal behavior. So
the next stage of the development is simulating the models
in RTDEVS/CORBA, a real-time distributed simulation
environment. Because RTDEV S/CORBA provides time-

sensitive and QoS-supported distributed real-time simula-
tions, the models' tempora behavior can be checked in
this environment. Furthermore, after the models under de-
sign pass all these design and test stages, the same models
can also be executed by the RTDEVS/CORBA real-time
execution engine in a distributed environment.

As can be seen, during the whole process, the model’s
continuity is maintained, as the same model goes through
different development stages—from modeling to testing
and to the final execution. This model continuity is sup-
ported in the DEVS methodology by choosing differ-
ent simulation and execution environments during differ-
ent development stages while keeping the same model
unchanged.

3. A Layered Modeling and Simulation Framework

To address design issues for real-time systems in the dis-
tributed computing environment, we adopted alayered ar-
chitecture to support software design in which there is
a separation of concerns underlying each layer. Figure 3
showstheselayers of the RTDEV SYCORBA modeling and
simulation environment.

The heterogeneous network, or the lowest layer in Fig-
ure 3, represents the actual physical hardware, computers,
cables, routers, and so forth.

The second, or the real-time middleware layer, refers
to newly emerging software that provides services to me-
diate the communication among nodes in the network
with some degree of assured performance levels. In the
RTDEV S/CORBA implementation, the real-time middie-
ware is Adaptive Communication Environment/The ACE
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Figure 3. Layers of the real-time discrete event system specification (RTDEVS)/Common Object Request Broker Architecture

(CORBA) environment

ORB (ACE/TAO), which is an extension of CORBA de-
veloped to demonstrate the feasibility of using CORBA for
real-time applications[15]. Because conventional CORBA
lacks real-time programming features and QoS support, it
isnot suited for high-performance, real-time applications.
These shortcomings can be overcome by adopting the ACE
ORB (TAO)—a real-time CORBA-compliant Object Re-
guest Broker (ORB) end system developed based on the
ACE framework, whichisahighly portabl e object-oriented
middleware communication framework [16]. Since TAO
isan ACE-based ORB, it runs on awide range of operat-
ing system (OS) platforms and is compliant with most of
the features and components in the CORBA 2.4 specifi-
cation. In addition, TAO aso provides real-time CORBA
services such as the real-time event service and the real-
time scheduling service, which are used to support the RT-
DEVS/CORBA environment.

On top of the real-time middleware layer reside the
DEV S-based modeling layer (RTDEVS) and the simu-
lation/execution layer (RTDEVS/CORBA). As the RT-
DEV'S modeling layer provides a modeling environment
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inwhich real-time control models can be specified and im-
plemented, the RTDEV S/CORBA layer provides the sim-
ulation/execution capability in which DEVS models can
be simulated and executed in real time. Finally, based on
specific applications, auser can develop hisor her models
and use the services of the underlying layers to simulate,
test, and execute the models under design.

Notethat without thisseparation of concerns, onewould
have much greater difficulty in trying to formulate and
disentangle the control and network response issues just
mentioned. Moreover, the layering makes it possible to
reuse the software developed at the layers or, indeed, to
purchase commercial off-the-shelf (COTS) softwareif that
isavalable.

4. Implementation of Distributed RTDEVS/CORBA

Implementation of distributed RTDEV S/CORBA is based
on the previous framework for the DEVS/CORBA
distributed modeling and simulation environment [17].
DEVS/CORBA is a logica simulation environment,
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whereas RTDEV S/CORBA is a real-time simulation en-
vironment. In the logical DEV'S simulation environment,
generation and delivery of eventsoccur at the samelogical
time. In the distributed real-time simulation environment,
however, thisisnot the case. There exist some time differ-
ences between event schedule, event generation, and event
delivery in areal-time context. In adistributed simulation
environment, time differences al so exist between different
distributed computers. Thus, the main concerns about the
design and implementation of the real-time simulator in
RTDEV S/CORBA are how to handle time in a distributed
environment, how to synchronize simulation timewith the
physical time, and how to manage time differencesin gen-
erating events at the scheduled time that is defined in the
model and delivering them to the destination models in
valid time boundaries, which requires QoS capabilities. In
this section, these design and implementation issues are
discussed.

4.1 Real-Time Simulator

In the distributed real-time DEVS simulation/execution
context, running models in real time means that a model
must be able to generate an “event” at the scheduled time
and change its state based on the calculation caused by
events. Furthermore, events generated by a model should
be delivered to a remote model within some valid time
boundaries specified as QoS by amodeler. The design and
implementation of areal-time simulator focus on thisfact.

The RTDEV S formalism defines two kinds of events—
internal and externa— which are handled by the internal
transition function (3int) and the external transition func-
tion (3ext), respectively. Aninternal event isan event gen-
erated by a model itself according to the time schedule
specified in the model, whereas an external event is an
event delivered from other models or from the external
environment.

In Figure 4, the real-time simulator is illustrated as a
model that shows the state transition flow of the simulator.
The upper box in the figure represents the real-time sim-
ulator, and the other box isa DEV S model. The rea-time
simulator basically behaves amost the same as the previ-
ously implemented simulators, except that thetime baseis
synchronized with physical time. When asimulation cycle
begins, the simulator initializes and goes into the nextTN
phase, inwhichthesimulator cal culatesatimeof next event
(tN) based on the schedule specified in the DEV'S model.
Once the simulator gets the tN, it determines an amount
of wait time by subtracting the current time from the tN
and then goes into the waitFor phase, when the real-time
simulator performs a synchronization step. In this phase,
the simulator waits for either thetN (an internal event) or
an external event. Either event triggers the rea-time sim-
ulator to move out of the waitFor phase. Getting out of
the waitFor phase is handled by two different simulator
algorithms, as shown in Figure 5.

Figure 5a shows the internal transition-handling algo-
rithm, whereas Figure 5b shows the external transition-
handling algorithm. At the beginning of each algorithm,
the simulator moves into the confluent phase in which the
simulator is supposed to handle confluent problems caused
by clock and network delay jitter. To compensate for jit-
ter, the real-time simulator waits for a certain amount of
time before it goes into the next step. Thisis explained in
detail in the next section. After the confluent phase, the
simulator goes through the same simulation steps such as
computel nputOutput, wrapDel Func, and nextTN asin the
simulator of DEVS/CORBA.

The real-time simulator iterates one cycle of phases
from waitFor to nextTN, while the simulator keeps inter-
acting withthe DEV Smodel whenever either aninternal or
external event arrives at the real-time simulator. In anideal
case, this iteration takes a zero time unit, as in the logical
simulation. In the real world, however, each step of the it-
eration takes nonzero time units, which introducesthetime
discrepancy problem between the time of the event and the
actua transitioninthemodel. One aspect of thisproblemis
delay accumulation. For example, suppose that areal-time
simulator has reached time ¢1 and gets an internal event.
Soit needsto executetheinternal transition-handling algo-
rithm. Since executing this algorithm takes nonzero time
e¢l, the actual internal transition of the model is carried
out a time r1 + ¢1. Therefore, if the model calculates its
new tN from this moment, then tN would be 71 + €1 + ta,
whichisnot 1+ ta, theideal timeaccordingtotheoriginal
schedule. To make suretN isscheduled at ¢ 1 + ta, the sim-
ulator should calculate the delay 1 and compensate this
time of next event for the delay. Without delay compen-
sation, accumulation of delay would continue to build up
during the simulation cycle until the simulator misses the
event schedule. A similar situation exists when an external
event comes in and the externa transition function needs
to be called.

To compensatefor theerroneousdelaysinthesimulator,
we record the time ¢1 when an internal or external event
happens and set the last event time (¢L) ast1. Then, we
execute the event transition-handling a gorithm and, when
itisfinished, scheduletN = tL + ta. Thisway, even the
actual event transition happens at timer1 + ¢1, and ¢ N is
settorl +tainstead of t1 + ¢l +ta. Thisisbecauset N is
calculated from 7 L, which isindependent of €1, thetimeit
takes to process the event transition-handling algorithm.

4.2 Time Synchronization and the Confluent
Problem

4.2.1 Time Synchronization

In logical time DEV'S simulation, the coordinator main-
tains the logical DEV'S time and strictly controls the en-
tire smulation cycle. All the participating simulators are
closely synchronized with the logical DEV'S time under
the control of the coordinator. The same is true for any
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Figure 4. Real-time simulator and its model

while(true)
wait for o
t := checkCurrentTime();
checkConfluent();
¥ = Mek
87 1= 0,,(s);
tL =1t
N =1L +ta{s’);
end

(@)

when receive an external event
t := checkCurrentTime();
checkConfluent();
e =t-tL;
8 = B, u(8.e.%);
tL =t;
N =1L +ta{s’);

end

(b)

Figure 5. Simulator algorithm
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conservative parallel DEVS implementation in the dis-
tributed computing environment (i.e., DEVS/HLA and
DEVS/CORBA), which performs logical simulation. Al-
though this central control approach manages the time
by using one central coordinator, it brings problems such
as response latency and central bottleneck. To avoid this
disadvantage, in the RTDEV S/CORBA implementation,
each computer has its own simulator/executor that simu-
lates/executes the model of that computer autonomously.
This autonomous timer approach supports fast response
and scalability, but it bringsthetime synchronization prob-
lem inwhich time consi stency hasto be maintained among
different simulators.

For distributed real-time simulation or execution, syn-
chronization usually includes two aspects: one is how to
keep clockssynchronized with each other, whichisreferred
to asinternal synchronization; another ishow to keep them
synchronized with the world standard time, which is re-
ferred to as external synchronization. External synchro-
nization providesdistributed systemswith the use of asyn-
chronized time base on a global scale, and it enables the
systems synchronized with its surrounding environment.
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Two ways for time synchronization have been studied by
Cho [14]. Thefirst oneis*soft” synchronization, in which
simulators or executors use TAO's time service for time
synchronization. The other oneis*hard” synchronization,
in which a utility such as“AboutTime” is used to reset the
hardware clock of the computer, synchronizing with world
standard time. With this approach, simulators or executors
can get synchronized timereference directly from thelocal
machine’s clock through system calls. RTDEV SYCORBA
uses the second approach for time synchronization.

4.2.2 Time Confluence

In real-time simulation or execution, due to the nondeter-
ministicdelay or delay jitter, itishard to get event messages
as scheduled. According to the International Telecommu-
nications Union (ITU-T) definition, jitter is defined as
those phase variations with respect to a perfect reference
that happeninaclock or datasignal asaresult of noise, pat-
terns, or other causes. Jitter refersto delay variationsinthe
network context. It describesthevariationsinthelatency of
amessage transmission. | n datanetworks, too much packet
jitter causesavoiceto sound garbled. Network components
usually compensate for jitter with buffers. Jitter buffers
store incoming packets and send them in a more constant
stream. In this case, the size of jitter buffers affects the
performance of the network. However, thereis no optimal
size of ajitter buffer because the buffer sizewill vary from
network to network.

A similar concept isused in RTDEV S/CORBA to con-
trol timejitter inreal-timesimulation or execution. Sources
of jitter in the RTDEV S/CORBA environment vary. One
of the main sources of jitter is the instability in the com-
puter clock. Other sources could be general-purpose OS,
network configuration, and other software configurations
that are used in the environment. Any system involved in
the environment could bethe source of jitter. The goal here
is not to identify or control the major sources of jitter but
toidentify problemsthat jitter could introduce and provide
thesimulators or executorswith acapability to handlejitter
in a proper way.

Jitter hindersthereal-time simulators or executorsfrom
getting messages as scheduled. This situation can be ex-
plained by the GPT model, which is shown in Figure 6a.
This coupled GPT model has three atomic models: agen-
erator model, aprocessor model, and atransducer model.
Thegenerator producesjobsevery 1 second and then sends
them to the processor and the transducer. The processor
accepts incoming jobs when it is passive and then pro-
cesses the job and sends the finished job to the transducer .
The processing time for every job is 1 second, too. The
transducer collects unprocessed and processed jobs and
calculates the performance statistics of the processor.

In this example, the generator generates ajob every 1
second, which is the same as the processing time of the
processor. Thismeans, intheideal case, that the processor
will get an internal event and external event at the same

time. However, job generation in the generator does not
occur at the exact moment that is scheduled in practice.
Furthermore, it takes nonzero timeto deliver thejob to the
processor. Therefore, as shown in Figure 6b, an external
event can bedeliveredright before or after theinternal tran-
sition hasbeen executed, which forcesthe processor model
to make unnecessary transitions. In the transducer, same
thing happens. Two external events scheduled to arrive at
the same time could be delivered within asmall interval.

To reduce this kind of undesirable behavior, a conflu-
ent time window is introduced to act like the jitter buffer
discussed earlier. Either an externa or an interna event
can trigger the simulator to perform a confluent check-
ing routine. At the beginning of this confluent checking
routine, the simulator or executor sets the confluent time
window and waitsfor any successive events during thispe-
riod. Figure 6¢ shows the confluent timewindows set forth
by an internal or externa event in the processor and the
transducer. At the end of the confluent checking routine,
the real-time simulator or executor executes the confluent
function, which specifiesthe state transition order between
internal and external events that occur together.

The size of the confluent time window is provided by
the modeler, and this size determines the time granular-
ity of real-time simulation or execution. It is desirable for
the modeler to provide an optimal size of the confluent
window based on the delay characteristics of the network
environment. If the size of the confluent window is too
small compared to the jitter, it will not handle all the con-
fluent problems. On the other hand, if the sizeistoo large,
this could result in overlapping with next scheduled event.

4.3 Delivering Messages in Real Time

Delivering messages in real time is crucia for the RT-
DEVS/CORBA framework. This feature can be enabled
by using the real-time event service in TAO. The TAO's
real-time event service provides end-to-end QoS guaran-
tees between objects communicating over the network. To
get the desired QoS, the real-time requirements for each
operation must be provided on the supplier side. A real-
time scheduler propagates this information to consumer
RT_Infos based on the dependency graph. The scheduler
then uses the propagated information to order dispatches
within a set of operations whose dependencies have been
met.

We mapped DEV'S ports to suppliers and consumers
in the real-time event service, as shown in Figure 7. All
the DEV S models that participate in a simulation session
are coupled by DEV S ports so that messages generated by
a source model can be routed correctly to the destination
model based on the RT_Info specified. DEV'S ports con-
sist of two port classes: input portsand output ports. Output
portsare mapped into suppliers, and input portsaremapped
into consumers of the event service architecture. pushin-
Port class and pushOutPort class were created to incorpo-
rate these mapping relations in the framework. These two
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Figure 6. Confluent problem in real-time simulation or execution

classes maintain the port name, source identification, and
RT_Info associated with an event to be handled as their
member variables. When the coordinator downloads the
coupling information at theinitialization phase, the coordi-
nator retrieves coupling information and the RT_Info table
from the top coupled model and downloads it to the sim-
ulators. The RT_Info table contains real-time parameters
associated with each event, and the eventsaredistinguished
by the name that is created by combining the model name
and port name. The modeler must identify QoS informa-
tion for each event before the assignment and provide the
required QoS information through this RT_Info table. The
coordinator parses the RT_Info table and then creates an
event list based on the QoS information specified in the
table before downloading the coupling information to the
simulators. Upon receipt of the coupling information, each
simulator creates pushOutPort and pushlnPort accordingly
and makes a connection to the event service, which makes
avirtual event channel between the pair of pushOutPort
and pushinPort. Thisvirtual event channel isidentified by
the sourceidentification assigned to the supplier connected
to the event channel.

204 SIMULATION Volume 79, Number 4

After downloading the coupling information, the coor-
dinator requests the scheduler to compute priorities based
on the given RT_Info and assigns dispatching priorities
to each event. In this framework, each pushOutPort and
pushinPort pair handles only one event, so that the pri-
ority assigned to the event can be inherited to the virtua
event channel created between the pushOutPort and the
pushlinPort.

For DEV S messages to be delivered through the real-
time event channel, the DEV S message must be converted
into TAO's event format. The event consists of two fields:
theevent header and the payload. Theevent header contains
routing information, and the data go into the payload. The
data are serialized into a byte stream before they go into
the payload.

4.4 Getting Data from External Environment
Systems

For the real-time simulation and execution, there need
to be means to get external input data from the sensors
and to send out data to actuators. It is desirable for the
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real-time model to handle all the external events in the
same external transition function in the same manner, re-
gardlessof their type. InRTDEV SICORBA, amodeler can
specify an external interface type using the setExternalIn-
terface() method. When thesimulator initializesthemodel,
the simulator checks the specified external interface types
and configures the interfaces accordingly. For example, as
depicted in Figure 8, if the model expects external data
through socket connections from the sensors, the modeler
can specify asocket interfacein themodel, and thesimula-
tor sets up the connection. The real-time simulator creates
proxies. sensor proxy and actuator proxy. These proxies
are waiting for any data stream, and once data arrive, then
they call the simulator’'s external input-handling method
immediately. Thismethod converts socket stream datainto
aDEV S message and putsit into the model as an external
event message so that the model handles the external sen-
sor data as a DEV S message. Of course, amodel still can
be coupled with other models while receiving data from
the externa environment.

User-friendly external interfaces are enabled by em-
ploying a specialized coupling concept, namely, reserved
internal coupling (RIC). The RIC couples the ports at-
tached to the model with the simulator. The real-time
simulator has reserved internal ports such as extlnput-
FromSocket and extlnputFromKeyboard asinput portsand
extOutput ToSocket and extOutput ToScreen as output ports.
The interface between activities and the model is defined
in the same manner. In this case, the simulator starts an
activity thread instead of proxies, and these are connected
through other reserved internal couplings such as result-
FromActivity, cancel Activity, and so forth.

4.5 Implementation of Activity

An activity is defined to incorporate real computations
within simulation models in the real-time DEV'S formal-
ism. Such an activity isimplemented asan activity threadin
RTDEV S/CORBA so that amodeler can assign any com-
putation tasks to the thread.

In the DEV'S formalism, a model schedules the next
event time using the hold_in method, which hasthe format
of hold_in(phase, sigma), where the phase is the control
state in which the model must be kept for the amount of
time specified by sigma. The hold_in method is also used
inthe RTDEV S/ICORBA environment to schedulethe next
event time. In this case, however, sigma is mapped into the
real-time clock (i.e., the value of 5 for sigma means 5 sec-
ondsin the physical real-time clock). To assign an activity
to acertain state for a certain time period, the modeler can
use the extended version of the hold_in method, which has
the format of hold_in(phase, sigma, activity). The activity
isarea computation that must be performed to get some
results. For example, this could be a DEV'S simulation or
a piece of computing software that takes some time to get
the result. Through thisversion of the hold_in method, the
modeler can assign a deadline to be associated with the
activity. In this case, the modeler must make sure that the
computation can be performed within the specified time
window before he or she assigns the activity to the model.

The two versions of the hold_in methods also help to
maintain the model continuity of the system under design.
This is because when a real-time model is developed in
the logical simulation environment such as DEV S-Java,
the model can use the old version of the hold_in method.
When the logical behavior of the modd is verified and

Volume 79, Number 4 SIMULATION 205

Downloaded from sim.sagepub.com at Bibliotheek TU Delft on October 3, 2014


http://sim.sagepub.com/

Cho, Hu, and Zeigler

Ilessage Encode: Data Streaw to DEV S Iessage
Message Decode: DEVS Iessage to Diata Stream

Environment
System

Sensor| JActuator

Simulator
DEVE Model
En’lessage Encode Ilessage Decode]
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the model moves to the execution stage, the model can be
migrated into the RTDEV SCORBA environment with the
extended hold_in method with activity.

5. An Example of Distributed Temperature Control
with Hierarchical Scheduling

In this example, we show the ability of the distributed RT-
DEV S/CORBA environment to support development of a
complex distributed real-time system using real-time sim-
ulation. We show how model continuity may be maintained
from the very beginning of the development stage to the
execution of the model. The example is a distributed in-
telligent temperature control applied to a building using
a hierarchical scheduling scheme. The building could be
a hotel, an office structure, a hospital, or any other build-
ings that have many floors with multiple rooms on each
floor. The requirement calls for each room in this building
to be controlled individualy, as specified by a manager
at all times. The overall model architecture is depicted in
Figure 9. Themodel consistsof three components: the con-
trol system, the monitoring unit, and the building unit. The
control system is the real-time system that needs to be de-
veloped, and the building unit is the environmental system
model that would provide a virtual environment for the
real-time system to be developed. Therefore, the building
unit must provide outputs through the specified interfaces
with highly accurate timing. The system also has a moni-
toring unit to provide the real-time monitoring capability.

The control system is further divided into the master
scheduler and several control units, each of which con-
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Network

sists of a master controller and subcontrollers. A master
controller is assigned to each floor and controls the sub-
controllers, each of which is assigned to aroom. The mas-
ter scheduler is the main interface unit through which the
manager can specify the master control schedule, and the
master scheduler maintains and distributes the master con-
trol schedule to each master controller accordingly. The
master controller deliversthe control scheduleto each sub-
controller and monitorsthe behavior of the subcontrollers.
If an error should occur in a subcontroller, then the sub-
controller would send out an error message to the master
controller, and the master controller would processan error
routine for the subcontroller. The building unit consists of
multiple floors, each of which is again composed of many
rooms.

To construct the model, we assumed that the building
had the same floor plan on each floor. Since each floor of
the building has the same structure, we only constructed a
model for one floor with 10 rooms, as shown in Figure 10.
One control unit is assigned to one floor unit model while
each subcontroller isinteracting withitscounterpart, which
isaroom unit model. The real-time system, which would
be developed and migrated from the simulation environ-
ment to the execution environment, is the control unit. As
discussed before, the control unit model is composed of a
master controller and subcontrollers, and the master con-
troller is supposed to get updated control schedules from
the master scheduler.

The master scheduler isto provide interfacesfor aman-
ager to input, as well as modify and retrieve the schedule.
It is also required to store the schedule in an organized

Downloaded from sim.sagepub.com at Bibliotheek TU Delft on October 3, 2014


http://sim.sagepub.com/

RTDEVS/CORBA ENVIRONMENT IN DISTRIBUTED REAL-TIME SYSTEMS

i Master Seheduler

I
|
| Manager
|

Mondtaring
Unit

IMonitor Mondtor

IMonitor % Ionitor

= ol

12 Floar 24 Floar

Figure 9. Overall structure of distributed temperature control model

manner and to distribute the schedul e to control unitswhen
the time arrives. Kim [18] proposed a method for hierar-
chical scheduling in an environmental control. He used the
system entity structure (SES) to organize the environmen-
tal control schedulein a hierarchical manner. This scheme
is employed in the master scheduler to specify the overall
control schedule in a hierarchically organized format, in
which the control schedule for each room can be specified
in multiple levels.

Whilethe master schedul er maintainsthe master sched-
ule, it periodically distributes the schedule to the master
controllers. Upon receipt of the schedule, the master con-
troller deliversit to subcontrollers, each of which controls
its assigned room as scheduled. For example, the master
scheduler dispatches adaily control schedule to each mas-
ter controller, and then the master controller similarly dis-
patches different set pointsto each subcontroller according
to this time schedule. The subcontroller is the main con-
troller that maintains room temperature as specified in the
schedule. Even though the subcontroller maintains room
temperature, a guest can adjust room temperature at any
time, and this adjustment overrides the regular schedule.

The floor unit is areal-time simulation model that pro-
videsan artificia environment for the control system. This
floor unit model consists of multiple-room unit models,
each of which is composed of a room model, a sensor
model, and an actuator model. The room model calculates
the current room temperature based on a given function,

i Floor M Flaor

whichisasimplelinear function in this example, and pro-
vides the current room temperature upon request by the
sensor model. The sensor model senses the room temper-
ature and deliversit to the subcontroller every 10 seconds.
The actuator model interprets commands from the subcon-
troller and delivers commands to the heater or the cooler
in the room.

Figure 11 depictsthe state transition diagram of the sub-
controller model, which actually controlstheroom temper-
ature. The subcontroller implements the event-based con-
trol scheme. The subcontroller only accepts sensing data
during the wait phase, which is the time window (¢ sec-
onds) for avalid input, and generates a command. Other-
wise, it goes into the error phase and then generates an
error message that goesto the master controller. When the
master controller receives an error message from the sub-
controller, it sends arestart signal along with a set point
again. The master controller a so providesaset point to the
subcontroller at the beginning of every day.

First we built the model in DEV S-Java and checked its
behavior to see if it worked correctly in terms of logical
dynamics. Then the model was moved into the real-time
DEV S/CORBA environment to check itstiming behavior.
Inthisexample, acontrol scheduleisprovidedtothe master
controller in atableformat, which contains 10 different set
points for each room. For the purpose of the example, we
scaled down the time schedule for the master controller
to distribute each set point every 10 minutes. This time
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Figure 13. Result of temperature control with user interruption

schedule can be adjusted later on asneeded. Themodel was
executed in two ways: with and without user interruption.
User interruption refersto the change of the set point by the
user of the room. While running the model, we attached a
monitoring window to each room to see room temperature
changesin real time. One monitoring window is connected
to the output port of each sensor model of the room unit

so that the current room temperature can be monitored.
Figure 12 shows the result of the temperature control of
thefirst room without any interruption by the user, whereas
Figure 13 showsthe result with interruption. These results
indicate that all the models are working correctly in terms
of both logic and timing.
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6. Conclusion

In this paper, a modeling and simulation framework, RT-
DEV S/CORBA, was presented to support the devel opment
of distributed real-time systems. The framework supports
model continuity for software development so that the
same model can be reused with minimal changeduring dif-
ferent design stages—from model design to performance
evaluation and even to final execution. To support model
continuity, RTDEV S/CORBA adopted a layered architec-
ture in which there is a separation of concerns underly-
ing each layer. This layered architecture facilitates reuse
of the software developed at different layers and makes it
possible to choose different simulation and execution en-
vironments during different design stages while keeping
the upper layer model unchanged.

To enable modeling and simulation in a distributed
real-time environment, RTDEVS/CORBA has chosen
ACE/TAO as the communication middleware, which sup-
ports distributed programming as well as real-time com-
munication features such as real-time event service, real-
time scheduling service, and QoS capabilities. Based
on ACE/TAO, different implementation issues of RT-
DEV S/CORBA such asthereal-time simulator, time man-
agement techniques, and the real-time message delivery
method have been studied and discussed in this paper.
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