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Abstract

Thisarticle discusses prerequisites and possible methods
of a Matlab/HLA integration and presents a novel concept
of an HLA interface that is suitable for interactive usage.
The result of a performance comparision study of a demon-
stration program on different Matlab/HLA interface imple-
mentationsis given.

1. Introduction

The High Level Architecture (HLA) is a relatively new
technology in the field of simulation. The primary objec-
tivesof HLA arere-usability and interoperability of ssmula-
tions. A basic approach of HLA isthe standardization of in-
terfaces and data models on a highly abstract level. HLA is
founded on avery general component-based simulation per-
spective. A component isasingle simulation. It can also be
other kind of programs such as visualization and real-time
process coupling. With this approach HLA leadsinevitably
into the area of distributed simulations. In contrast to other
distributed processing concepts, run-time minimization or
resource maximization do not belong to the primary objec-
tives of the HLA approach.

In recent years, many people have been wondering
whether this HLA approach can be applied profitably to
non-military areas ([13, 12, 4, 1]). At present, there exist
two major approaches for realizing HLA-based simulation
studies:

1. Implementation (programming) of components with
the help of conventional higher programming lan-
guages, such as C++, ADA 95 and Java, using a HLA
application programming interface ([2]).

2. Implementation (modelling) of components with the
help of an HLA-compliant simulation system or other
HLA-compliant special-purpose systems ([14, 5]).
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Thefirst approach provides full flexibility in HLA func-
tionality. For complex applications that may contain vari-
ous components for discrete, continuous and hybrid simu-
lation, visualization, data recording, process coupling etc.,
this approach is rather expensive in terms of development
and testing. In addition, specia programming knowledgein
parallel and distributed systems is necessary.

In fact, the application of the second approach will not
have the problems faced by the first approach. Here, the de-
velopment of components is possible without special pro-
gramming knowledge. However, the transparency of the
HLA functionality will be reduced depending on the type
of system used. Currently, there are only a few HLA-
compliant systems available, and the development of exten-
sions of existing systemsis still aresearch challenges.

For the authors, the following question was the starting
point for their research in HLA-based simulation:

Is the HLA approach applicable in control engi-
neering analysis and design procedures?

In order to solve analysis and design problemsin thefield
of automatic control successfully, it is extremely important
to be able to produce prototype solutions easily and fast.
Thisis usually not possible by conventional programming
using high-level languages. Hence, the first HLA approach
is not suitable for such application aress.

On the other hand, scientific and technical development
environments such as Matlab, Matrix-X, Scilab and Octave
have been provento be suitable and can be used as universal
platforms! for engineering analysis and design problems.
These systems, SCEs (scientific and technical computing
environments), represent highly effective environments for
performing complex mathematical and technical tasks.

In contrast to higher programming languages, SCEs are
characterized by a compact notation of agorithms (matrix
as base-type), an interactive (interpretive) way of working
and a huge collection of numerical algorithms, symbolical

1An outline to common systemsis given in [7].



and graphical methods. The open architecture of SCEs per-
mits the existence of specialist extensions (toolboxes) on
the same platform. These toolboxes are numerously avail-
able and highly integrable.

Hence, if HLA-compliant special-purpose systems can
be integrated into the above-mentioned SCEs and if prob-
lems do not occur due to system-dependent restrictions of
the HLA functionality, the second approach will be accept-
ableasit is simple and efficient to handle.

In order to have unrestricted access to the full HLA func-
tionality, a direct HLA integration into a SCE must be im-
plemented. Therefore, it is necessary to solve the problem
of the SCE/HLA integration before the question raised ear-
lier can be examined.

Until recently, the main difficulty is the lack of both so-
lution and concept for such a direct SCE/HLA integration.
This difficulty generally occurs if parallel and distributed
processing have to be embedded into an interactive envi-
ronment.

This article suggests for the first time (as far as the au-
thorsknow) a SCE/HLA integration concept and describesa
prototypeimplementation in the form of aHLA toolbox for
Matlab. The work is based on experiences that the authors
gained during the integration of different message passing
systemsinto interactive engineering environments ([ 7, 10]).

The first two sections concentrate on introducing basic
terms and the main concepts on HLA and Matlab necessary
for an integration. Possible integration methods and fun-
damental aspects of an interactive HLA interface are dis-
cussed in the next section. Finally, the result of a perfor-
mance comparision study of a demonstration program on
different Matlab/HLA interface implementationsis given.

2. TheHigh Level Architecture (HLA)

The HLA sandard defines an architecture for the
component-based simulation. A componentismainly asin-
gle smulation. However, components can aso have other
functions such as data collection, visualization and process
coupling. A HLA component is called federate. In nontriv-
ial applications, at least two components are used to form a
distributed system called federation.

The current version 1.3 of the HLA standard ([2]) con-
sists of three parts: Rules, Object Model Template and In-
terface Specification.

The interface specification is the most important part of
the standard for the actual work with HLA. It definesin the
first section a series of services in a language-independent
manner that have to be provided by a run-time system
(called Runtime Infrastructure; RTI) and by the federates.
The second section defines the calling conventions of the
services for the programming languages IDL, C++, Ada 95
and Java.

Since the HLA standard defines only the interface be-
tween a federate and a RTI, different implementations of
such arun-time system are possible (s. fig. 1).
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Figure 1. Possible RTI implementations.

A run-time system for 1P-based networks has been de-
veloped and is freely available from the Defense Modelling
and Simulation Office (DM SO). The authors based their re-
search on the DM SO run-time system RT1 1.3.5 ([2]).

3. The Scientific and Technical Computing
Environment Matlab

Matlab plays a prominent role among the SCEs. To-
gether with its specialist extensions (toolboxes and subsys-
tems), it provides probably the most extensive collection of
sophisticated methods. For example, routines for numeri-
cal integration and multidimensional data visualization and
animation, contained in the base-system, and toolboxes or
subsystems for continuous, discrete and hybrid simulation
(ODE Tbx., PDE Thbx., Simulink, Stateflow, GPSS Tbx.;
[6, 11, 3]). Even toolboxes that enable parallel and dis-
tributed computing are available (DP Thx., PT Thx., Multi-
Matlab Thx; [7]).

The primary objective of Matlab is rapid prototyping.
Thisis very different from conventional programming with
high-level languages such as Fortran, C and C++ which are
used for the production of run-time and memory-efficient
code.

The two key concepts for rapid prototyping in Matlab
are:

e Matlab operates interpretively. This enables the inter-
active execution of routines. Also, Matlab routines can
be executed directly after coding without compilation.
Furthermore, the interactive nature of Matlab allows
easy and efficient testing of user-defined routines.

e Matlab provides an integrated array-oriented pro-
gramming language such that it is not necessary to
declare data objects explicitly or provide dimensions



for the data objects.? Because of this array-oriented
nature, scientific and technical problems, which are
based on vector or matrix calculations, can be coded
and executed very efficiently.

Accordingly, the way of solving problems using Mat-
lab is completely different from conventional programming.
One-time analysis and design problems can be solved easily
by entering the set of data and invoking one or more exist-
ing routines. If aproblem hasto be solved several times us-
ing different data sets, a script containing the necessary rou-
tine sequence can beinteractively executed. Unlike conven-
tional programming which involves the implementation of
a self-contained application program, the principle of solv-
ing problemsin Matlab is the gradual extension of already
available functionality. The result of such a solution pro-
cess is usualy the construction of a new toolbox containing
anumber of problem-specific routines.

User-defined routines can be implemented in Matlab as
M-scripts or M-functions using the integrated language or
as MEX-functionsusing C or Fortran.®

MEX-functions are the primary Matlab interface for
more sophisticated extensions.  In particular, MEX-
functions are used for the integration of large scale exter-
nal software into Matlab ([6]). Although this interface was
originally designed for linking individual external routines
(fig. 2), it provides sufficient functionality to integrate an
entire function library into Matlah.

Matlab MEX-Interface External Software
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Figure 2. The Matlab MEX-interface.

When binding external librariesinto Matlab viathe MEX
interface, the object code of a MEX-function is loaded dy-

2The memory management handles data objects dynamically and asso-
ciatively. The necessary identification, type and dimension information are
kept implicitly within the data objects.

3M for Matlab and MEX for Matlab external.

namically by the Matlab kernel at run-time. It is unloaded
onceit is not needed.

The principle structure of such a binding for C lan-
guage is represented in figure 3. Since the library func-
tions operate independently, each routine is linked via a
separate MEX-function, which usually carries the same
name as the library function. The major task of the MEX-
functions is to convert the Matlab calling parameters (ar-
rays) into C function arguments (nm2c( iarys, &iargs) ) be-
fore a library routine is called and to re-convert the result
(c2m( oargs, &oarys) ) after the routine finishes.

Invocation MEX-Functions Library

(interactive)

ans = oarys mexFunction(iarys,&oarys) {

m2c (iarys,&iargs) ; | Libfeni (dargs,&oargs) {
libfenl (iargs,&oargs) ; — | :
c2m(oargs,&oarys) ; It

]
>> libfenil (iarys) — | 1libfcnl.mex ‘
T
|
|
I

>> }

|
|
i
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>> libfen2(iarys) —» | 1ibfen2.mex |
ans = oarys

T

mexFunction(iarys,&oarys) { '
m2c(...); i libfen2(iargs,&oargs) {
libfen2(...); —

[
c2m(...); }}
I
i

Figure 3. Binding of an external library.

If global and persistent data objects are not used in a li-
brary that islinked, no problem related to the dynamic | oad-
ing and unloading of object code will occur. However, if a
function library uses global or persistent data objects, the
binding mechanism hasto ensure that the entire object code
is always loaded as a single module. Furthermore, the dy-
namic memory management must not unload such a mod-
ule automatically under any circumstances (module lock-
ing). Otherwise, status information would be lost. There-
fore, the binding of such alibrary is realized with a single
MEX-function as shown in Figure 4. In order to invoke the
correct library function, anumerical code hasto be selected
for the required library function (fcn). Since this method
leads to an unacceptable calling syntax for an interactive
environment, an user interface, consisting of M-functions
which provide an appropriate syntax, has to be set up.

4. Matlab/HLA integration

There are two fundamental methods to add HLA func-
tionality to Matlab.

Thefirst method is theimplementation of aRT| designed
specifically for theintegrationinto Matlab. Thisseemsto be
an unfavorabl e approach as large amount of implementation
effort is required. However, from an engineering applica-
tion perspective, this method has important advantages. A
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>> libfcnl.m

>> libfeni(...) —=| global fen=1;
ans = ... libxyz(...); |—

mexFunction(...) { | extern globals;
switch(fcn) !
1: libxyzi(,..); |

5> return; 2: libxyz2(|,.); |

>> .

>> ’ |

o libfcn2.m P_} ____________ L ______________
>> libfen2(...) —= global fen=2; 1ibxyz1(...) { i libfent(...) {
ans = ... Libxyz(...); m2cC...); | static persist;

>> return;

libfen1(...);
cam(...);
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>>
>>
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Tibxyz2(...) { | 1libfen2(.. ) {
m2c(...); Lo
libfen2(...); —»| }'
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Figure 4. Binding of an external library con-
taining global and persistent data objects.

specialy implemented RTI can be scaled according to the
actual requirements of an application* and it can be ported
to any prescribed platform (e.g. non-1P networks, real time
operating systems).

This method was not explored by the authors because of
the high implementation effort.

The second method is the integration of an existing RTI
with Matlab. At the beginning of the authors' investiga-
tion, the DMSO RTI was the only run-time system avail-
able. At present, this situation has changed due to availabil-
ity of commercial implementations. Basically, the advan-
tage of this approach is a reduced implementation effort.
However, there are more restrictions on the possible plat-
forms that can be used and also the integration into Matlab
is more difficult.

4.1. Matlab binding of the DM SO RTI 1.3.5

The components of DMSO RTI 1.3.5 and their relation-
ships are represented in Figure 5.

The run-time system management (run-time infrastruc-
ture executive) is implemented as independent program
(rtiexec) and controls the execution (starting and terminat-
ing) of federations. It isthe global part of the RTI.

The federation management (federation executive) is
likewise implemented as independent program (fedexec)
which controls joining as well as leaving of federatesto or
from arunning federation.

The bidirectional interface between the federates and the
RTI is implemented as class library 1ibRTI (s. fig. 6). It
provides methods for federates to request services from the
RTI (federate-initiated services). These methods are sum-
marized in the concrete class RTlambassador. Furthermore,

4A full HLA-compliant implementation has to provide about 130 ser-

vices, by which only very few are used depending on the application.
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Figure 5. Structure of the DMSO RTI 1.3.5

the libRTI contains the abstract class FederateA mbassador
defining prototypes for al methods that a federate has to
providefor the RTI (RTI-initiated services).

libRTI

Figure 6. The bidirectional RTI interface.

In order to connect the RTI to Matlab, the class library
[ibRTI has to be linked via the MEX-interface. Since the
RTI library holds status information at run-time, the cou-
pling has to be realized with a single MEX-function as
shown in figure 4. Actually, the binding of the RTI library
is much more complex than the one shown in figure 4, be-
cause there is no common language base (MEX-interface:
C or FORTRAN; libRTI: IDL, C++, Ada95 or Java) and the
interface of the RTI library is bidirectional. In fact, mul-
tiple bidirectional mappings (M + C « C++) have to be
implemented within the MEX-functions of aHLA Toolbox
for Matlab.

4.2. Aninteractive Matlab/HL A interface

With the binding of a RTI library into Matlab, a simple
HLA interface, on which Matlab-based HLA federates can



be developed, is possible. However, such an interface is not
suitable for interactive usage.

In order to support an interactive way of working asitis
usual in Matlab, an HLA interface hasto meet thefollowing
criterias.

1. Interactively usable designators:

For the routines of the RTI library, like any other
object-oriented programming, fully descriptive desig-
nators are used. This leads to a very long winded
calling syntax such as rtiAmb.unconditional Attribute-
OwnershipDivestiture(...), which cannot be managed
interactively. Therefore, abbreviated routine designa-
tors have to be used in a Matlab/HLA interface.

Furthermore, the instance designators are unneces-
sary® and should be refrained in a Matlab/HLA inter-
face®. In order to create a separate designator space, a
short prefix is more suitable.

2. Vectorization and data objects with implicit types:

The routines of the RTI library perform, like any con-
ventional programs, only scalar operations with ele-
mentary data objects as parameters. The repeated exe-
cution of an operation with different parameters, often
needed in many applications, hasto be programmed by
additional control structures. Since inputing control
structures interactively is time-consuming and fault-
prone, the routines of a Matlab/HLA interface should
be vectorized as much as possible.

Moreover, the usage of the Matlab typical data objects
with implicit type and dimension information leads to
a simplification of the invocation syntax and reduces
the number of interface routines (e.g. al the auxiliary
classes contained in the RTI library with more than 80
routines are unnecessary in aMatlab/HLA interface).

3. Interactive callbacks:

In conventional programming, RTI-initiated HLA ser-
vices are supplied in form of callback-routines, which
can be invoked by the RTI library over the Feder-
ateAmbassador. However, in an interactive environ-
ment, it is uncommon to code routines "in advance’.
In order to solve this problem, default callbacks for
al RTI-initiated services have to be aready provided
within aMatlab/HLA interface.

If such a default callback isinvoked by the RTI, anin-
terpreter within the local variable scope of the callback

Swithin a single federation, a federate needs only one RT|ambassador
and one FederateAmbassador instance.

SFor test purposes, both function-oriented and object-oriented invo-
cation interfaces are implemented and their performance examined (s.
sect. 5.2).

routine is started. Parameters transferred to the call-
back routine can be examined and further action can
be executed interactively. After leaving the callback
routine (entering return) the control flow returnsto the
RTI. If an user implements specific callback routines,
the default routines are overlayed.

4. Selectable exception handling:

The routines of the RTI library do not handle excep-
tions by their own, but return the exceptions back to
the caller. In an interactive environment, this method
is not always suitable. Often, the exception handling
should take place within the routine and the exception
types error and warning are sufficient. If amore com-
plex exception handling is necessary, an additional re-
turn parameter is regquested during the invocation of
the routine. Using this parameter an exception is re-
turned to the caller and the default exception handling
is deactivated.

The above criterias were identified during several pro-
totype implementations of a HLA toolbox for Matlab. For
more information see [9].

5. Application and efficiency
5.1. Traffic simulation

For testing and demonstration purposes, several Matlab-
based federates which simulate and visualize the car and
pedestrian traffic at atraffic light crossing, were developed
using the HLA Toolbox.

In detail it concerns different time-stepped, event-driven
and real-time simulations of the car and pedestrian traffic
as well as for the traffic light control and a visualization
component.

The commented Matlab sources of all federates can be
seen inthe WWW ([8]).

5.2. Efficiency comparison

For the investigation of the run-time overhead of Matlab-
based federates and C++ federates, the demonstration Hel-
loWorld, which is available as source code in the DMSO
RTI distribution, was implemented using different versions
of the HLA Toolbox.

The result of the investigation is shown in figure 7. The
curvesindicate the run-times of 10 successive executions of
afederation, consisting of two federates of the same imple-
mentation. The following implementations were examined:

C++ (00): object-oriented HelloWorld implementation
with C++
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Figure 7. Efficiency comparison.

M (O0O): object-oriented HelloWorld implementation
using an object-oriented Matlab/HLA inter-
face

M (FO):  function-oriented HelloWorld implementa-

tion using a function-oriented Matlab/HLA
interface

Surprisingly, only the object-oriented Matlab implemen-
tation shows an obvious run-time overhead compared to the
C++ federate. Onthe other hand, the function-oriented M at-
lab implementation takes the shortest time.

The cause of this result has not been examined in detail
yet. However, the result suggests that the object-oriented
nature of the C++ and M (OQ) implementationsis responsi-
ble for the poor run-time behavior.

6. Conclusions

The HLA Toolbox for Matlab, introduced in this arti-
cle, represents, as far as the authors are aware, the first re-
alization of a method, with which HLA based distributed
simulations can be interactively developed, tested and ex-
ecuted within a SCE. Furthermore, the HLA Toolbox for
Matlab represents an example of the HLA integration for
the entire class of scientific and technical computing envi-
ronments and could increase thereby — because of the pref-
erential use of SCEs instead of conventional programming
languages for many engineering problems — the acceptance
of HLA.

However, this will also depend crucialy on the suitabil-
ity of the HLA approach in engineering analysis and design
procedures. Thisis still been examined by the authors.

Thenext investigationswill deal with theinclusion of the
Matlab-based special-purpose simulation tools, Simulink
(continuous simulation, [6]) and MatlabGPSS (discrete
process-oriented simulation, [11, 3]), into HLA-based dis-
tributed simulations.

Finaly, our thanks go to Ho Shen Shyang who helped
us to improve English spelling and expression of the
manuscript.

References

[1] A. Bouguezouli and S. Strassburger. Application of HLA
based solutions for modeling and control of chemical plants.
In Proc. 12. Symp. Smulationstechnik ASIM98, Zurich,
Switzerland, 1998.

[2] DMSO. HLA Homepage. http://hla.dmso.mil/.

[3] W. Drewelow, S. Pawletta, and T. Pawletta. Hybrid and
process-coupled transaction-oriented simulation in SCEs. In
Proc. Smulation and Misualization SmVis99, Magdeburg,
Germany, pages 181-192, SCSnt., Ghent, Belgium, 1999.

[4] U.Kein. Distributed simulation for emergency management
based on the High Level Architecture. In Proc. Int. Emer-
gency Management Conf., Washington, D.C., 1998.

[5] U.Klein, S. Strassburger, and J. Beikirch. Distributed Simu-
lation with JavaGPSS based on the High Level Architecture.
In Proc. Int. Conf. on Web-based Modeling and Smulation,
San Diego, 1998.

[6] MathWorks. Documentation set. http://www-europe.math-

works.com/access/hel pdesk/hel p/full docset.shtml.

[7] S.Pawletta. Extension of ascientific and technical comput-
ing and visualization system to an environment for devel op-
ing parallel applications. Phd thesis, University of Rostock,
1998.

[8] S.Pawletta, W. Drewelow, and T. Pawletta. HLA-TB Home-
page. http://www-at.e-technik.uni-rostock.de/hla/.

[9] S. Pawletta, T. Pawletta, and W. Drewelow. High-Level
Architecture Toolbox (HLA Toolbox) for Use with Matlab:
User's Guide and Reference Manual Version 0. Inst. of Au-
tomatic Control, Univ. of Rostock, 2000. (in preparation).

[10] S. Pawletta, T. Pawletta, A. Westphal, and W. Drewelow.
The DP-Toolbox: Distributed and Parallel Processing with
Matlab. at - Automatisierungstechnik, 47(9):441-443, 1999.

[11] T. Pawletta, S. Pawletta, and W. Drewel ow. Process-oriented
simulation in interactive SCEs. In Proc. Smulation and
Misualization Sm\Vis98, Magdeburg, Germany, pages 181—
194, SCS Int., Ghent, Belgium, 1998.

[12] T. Schulze, U. Klein, S. Starssburger, K.-C. Ritter,
E. Bluemel, and M. Schumann. HLA based distributed sim-
ulation models for manufacturing. In Proc. Smulation and
Visualization Sm\Vis98, Magdeburg, Germany, pages 19—
31, SCS European Publishing House, Delft, 1998.

[13] T. Schulze, S. Strassburger, and U. Klein. Migration of HLA
into civil domains: Solutions and prototypes for transporta-
tion applications. SMULATION, 73(5):296-303, 1999.

[14] S. Strassburger, T. Schulze, and G. Lantzsch. Simplex 3 and
SLX - coupled with HLA. In Proc. 13. Symp. Smulation-
stechnik ASIM99, Weimar, Germany, pages 331-336, SCS
International, 1999.



