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1. Introduction

Lockheed Martin, one of the few large surviving aero-
space conglomerates, is an aggregate of perhaps a hun-
dred smaller entities, many of which were originally
independent companies. This vestigial variety provides
a treasury of modeling and simulation assets that offers
a rich potential for reuse in new projects, especially
systems-of-systems studies that require models of ear-
lier developed components. However, interfacing sim-
ulations originally developed for disparate purposes,
in variegated languages and platforms, represents a
major challenge—one, of course, that the HLA stan-
dard is intended to address. Nevertheless, the devel-
opers of HLA, intent on solving the interoperability
problem within the government, probably did not
foresee a second impediment to interoperability that
arises in an evolved corporate environment such as
Lockheed’s. This is the reluctance of subsidiaries to
share their code at the source level with others within

1 This work was supported by Advance Simulation Tech-
nology Thrust (ASTT) DARPA Contract N6133997K-0007.



the corporation—which we will refer to as the “site-
proprietary” problem and elucidate further on. In this
paper, we show how HLA and distributed simulation
enable interoperability and reuse while eliminating
the need to share source code. While critical to the suc-
cess of Lockheed in marshalling its resources to meet
the challenges of the new era of DoD budget alloca-
tions—and as one of the defense contractor giants, to
the national interest, lessons learned in overcoming
site-proprietary constraints are applicable to the larger
commercial world where independent companies may
wish to safeguard their intellectual property while
interoperating their models without going the full dis-
tance of elaborate licensing arrangements.

2. Joint MEASURE™ Applications and
Distributed Simulation Issues

In 1995 a DEVS-compliant simulation system, Pleiades,
was developed by Lockheed Martin, Sunnyvale to en-
able analytic simulation studies of mission effective-
ness of systems within larger systems of systems con-
figurations. Recently (early 1999), Pleiades was renamed
Joint MEASURE (Mission Effectiveness Analytic
Simulator Utility Research Environment) after having
been ported to execute on DEVS/HLA, an HLA-com-
pliant distributed simulation environment supporting
high-level development of DEVS models in C++ and
Java. Joint MEASURE has been used to perform analy-
sis on advanced surface ships, underwater vehicles
and various sensor systems—underwater, terrestrial,
airborne and space-based. The objectives in making
Joint MEASURE HLA-compliant were to improve run-
time performance by exploiting the parallel/ distrib-
uted simulation supported by HLA. Enhanced perfor-
mance is needed so that executing Monte Carlo runs
of complex scenarios involving large numbers of enti-
ties could be accommodated. Further, the future could
be seen to require support of the phases of the system
development life cycle, as envisioned by the Simula-
tion-Based Acquisition initiative. In particular, the mi-
gration of initially developed design models to real-
time operation for system testing could be supported
by exploiting the time management services of HLA
in support of linking together federates operating on
physical and logical time. Moreover, as mentioned and
will be explained, site-proprietary issues limiting ac-
cess to models owned by remote Lockheed sites could
be overcome by the interoperability and information
hiding afforded by HLA-distributed simulation. In
sum, the goal of reducing simulation development
costs could be furthered by HLA through its support
of reuse of corporate models through interoperable
distributed simulation.

We'll place these objectives in context by describing
some current and planned applications.

* SBL (Space-Based Laser)—This is a study of alterna-
tive high-energy laser constellation architectures

that is distinguished by the enormous volume of
analysis it requires. Since the study is in the initial
stages, there are a large number of alternatives to
examine. (For example, how many space-based la-
sers, what orbits to use, what orbiting frequencies,
whether to use relay mirrors, etc. In addition, there
are combinations of space-based and ground-based
sensors which significantly multiply the alterna-
tives that need to be considered. Finally, there may
be several alternative missions, besides the main
one of detecting ballistic missiles, such as space
control, ground-based surveillance, etc.) This large
number of architecture-level alternatives, when
multiplied by the number of experiments required
to investigate each to an acceptable level of confi-
dence, yields an enormous number of simulation
runs. Such a workload demands that Joint MEA-
SURE supplies the speed and high-performance
possible with parallel/ distributed simulation.

e JCTN (Joint Composite Tracking Network)—The ob-
jective is to analyze the utility of measurement-
based fusion of sensor data obtained in real time
from a variety of sources, including satellite-borne
IR, reconnaissance aircraft, and Thadd. The ques-
tions address fundamental feasibility issues, such
as: can composing such multiple sources be done
fast enough and with sufficient accuracy and qual-
ity to be useful for a missile interception? Develop-
ing credible answers requires access to remote
Lockheed Martin models and authenticated data,
such as from the Aegis, SBIRS, and Thadd. The
HLA-compliant distributed simulation of Joint
MEASURE enables federating such models to-
gether into a usable composite.

We will now present a brief review of DEVS/HLA
to provide some background for the discussion of the
role of HLA and Joint MEASURE in overcoming bar-
riers to model reuse and interoperability in Lockheed’s
corporate environment.

3. Review of DEVS/HLA

DEVS/HLA [1] is an HLA-compliant modeling and
simulation environment formed by mapping the
DEVS-C++ system [2] to the C++ version of the DMSO
RTI. DEVS is a mathematical formalism for expressing
discrete event models which supports discrete event
approximation of continuous systems and has an ob-
ject-oriented substrate supporting model implementa-
tion and repository reuse. Advantages of the DEVS
methodology for model development include well-
defined separation of concerns supporting distinct
modeling and simulation layers that can be indepen-
dently verified and reused in later combinations with
minimal re-verification. The resulting divide-and-con-
quer approach can greatly simplify and accelerate
model development, leading to greater credibility at
reduced effort. DEVS has a well-defined concept of
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Figure 1. DEVS/HLA layered architecture and
its support of supersets such as Joint MEASURE

system modularity and component coupling to form
composite models. It enjoys the property of closure
under coupling which justifies treating coupled mod-
els as components and enables hierarchical model
composition constructs.

Such formal properties of the DEVS methodology
enable DEVS/HLA to support high-level federation
development and execution. Modularity, in which
component models are coupled together through input/
output ports, allows messages to be sent from one
federate to another using the underlying HLA interac-
tion messages. In addition, DEVS/HLA supports at-
tribute updating and quantization-based message fil-
tering [3]. For this, the modeler declares HLA objects
and attributes desired for reflecting states of DEVS
federates. By attaching quantizer objects supplied by
DEVS/HLA to such attributes, the appropriate pub-
lish/subscribe mechanisms are automatically set up.
The resulting environment for high-level federation

development and simulation is shown in Figure 1.
Models developed in a DEVS/C++ or DEVSJAVA
(C++ and Java-based DEVS implementations, respec-
tively) can be directly simulated in the DEVS/HLA
environment over any TCP/IP, ATM, or other net-
work of hosts executing an HLA C++ RTI. Based on
model-supplied information, DEVS/HLA takes care
of the declarations and initializations needed to create
federations, joining and resigning of federates, com-
munication among federates and time management.

3.1 Joint MEASURE

Joint MEASURE was developed atop DEVS/HLA by
Lockheed Martin, Sunnyvale. Simulation-based acqui-
sition requires that early in the development of a new
defense system there be an assessment of its expected
mission effectiveness. The benefit aspect of this cost/
benefit analysis examines how well the proposed sys-
tem would contribute to the nation’s overall ability to
counter an enemy threat. This contribution is a result
of the system’s ability to gather and share information,
survive, and /or service hostile targets. Unfortunately,
making this assessment can be difficult. Subtle design
decisions can result in significant impacts on effec-
tiveness. Similarly, modest alterations in the way the
system is used can have a marked impact on effective-
ness, as can relatively minor modifications of the sce-
nario that the system is immersed within and is react-
ing to.

Joint MEASURE (JM) is intended to assist in evalu-
ating a proposed defense system’s mission effective-
ness in the context of a specified set of possible design
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Figure 2. Joint MEASURE screen shot with GIS-based map displayed along with dynamic data output
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variations, operational utilization patterns and engage-
ment scenarios. Examples of such defense system pro-
posals will be given later in the paper. Joint MEASURE
contains a library of sensor, weapon, and command /
control communication platform models that can be
composed to model military systems of systems oper-
ating in physically realistic environments. It is intended
to support Monte Carlo and/or optimization simula-
tion runs involving large numbers of runs with differ-
ent random number seeds and parameter settings. JM
contains Event Distribution and Predictive Encounter
controllers to efficiently manage interactions among
mobile, communicating platforms. As shown in Fig-
ure 2, JM contains a visualization interface to display
moving platforms that are spatially referenced within
a Geographical Information System (GIS). It also con-
tains a Data Modeling and Analysis Toolkit to support
statistical analysis of simulation output. In JM, experi-
ments can be specified interactively, to include attri-
butes and behaviors of system components. Such sce-
narios can be stored, retrieved and concatenated to
form new composites. JM has been in development
for five years and includes approximately 200K lines
of internally developed C++ code in addition to its
substantial utilization of available libraries.

3.2 DEVS Compliance of Joint MEASURE

Lockheed Martin made an early decision to comply
with the DEVS formalism due to its formal precision
and event-based simulation efficiency. This suggested
its capability to support speed, repeatability, code
maintainability / reusability, and high-level portability.
We discuss these requirements individually:

* Speed: Itis easy to generate a requirement to simu-
late a multi-hour analysis scenario thousands of
times. For example, if we assess three alternatives
to each of three platforms’ design parameters (e.g.,
speed, signature and vulnerability) and three alter-
natives to three utilization patterns (e.g., distance
from enemy, friendly deployment configuration
and friendly reactivity) and three alternatives to
three scenario characteristics (geographical location,
enemy deployment configuration and enemy reac-
tivity) and repeat each of these configurations 20
times (due to the probabilistic nature of the simula-
tion), then we will need to run nearly 400,000 sim-
ulations of this multi-hour scenario. If we can run
our simulator 1,000 times faster than real time, it
will still take a month to finish the analysis. The
developed architecture makes it possible to step
through time when necessary and selectively jump
over intervals when useful on a selective (platform-
by-platform) basis.

* Repeatability: Since it is based on DEVS, a logical
model formalism with a well-defined state concept,
Joint MEASURE has the ability to exactly replicate
simulation runs given the same initial state (which

could include pseudo-random number seeds). More-
over, the architecture, when mapped into DEVS/
HLA, can improve performance without risk of
losing repeatability or inducing discrepancies since
the temporal ordering of events is guaranteed by
the Parallel DEVS protocol used in DEVS/HLA
when running over a distributed network.

e Maintainability/Reusability: The modular aspect
of DEVS models enforces a software engineering
practice that simplifies code reuse and simplifies
the construction of new federations from existing
components.

* Portability at a High Level: The first DEVS simula-
tion environment used was DevSim++ [4], as a
single-processor implementation of the DEVS for-
malism. The high level of abstraction provided by
the DEVS formalism subsequently facilitated port-
ing the system to DEVS/C++ and later to DEVS/
HLA.

3.3 Component Models

Based on DEVS concepts, Joint MEASURE defines
four basic kinds of coupled? models: Generators and
Transducers, (forming the Experimental Frame Mod-
ule) and Platforms and Space Model. This architecture
is designed to exploit the fact that often nothing inter-
esting is happening during some interval of a simu-
lated scenario. By exploiting this fact we can produce
significant performance gains beyond those achieved
by the standard use of a discrete event simulator. Each
of these classes of models is described briefly below.
The Space Model is then discussed in somewhat more
detail.

Generator

The Generators (one of the components of the Ex-
perimental Frame) are relatively simple models in
Joint MEASURE. Only one Generator can be instanti-
ated in a given simulation. The Generator is respon-
sible for instantiating platform models and interfacing
with models outside the scope of Joint MEASURE.

Transducer

The Transducer model (the other component of the
Experimental Frame) is responsible for gathering data,
performing simple analyses, generating dynamically
updating data displays, and creating and updating
analysis databases for later detailed statistical and
mathematical examination.

The runtime data display sets are graphically up-
dated in 3D at the end of every N simulation runs.
This capability has proven to be especially useful for
early detection of scenarios that have been specified
incorrectly or have not been specified so as to produce
“interesting” results, e.g., when none of the Platforms

2 A coupled model in DEVS is a model that encapsulates
other models.
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ever detects a Platform with an opposing affiliation.

The databases are generated in a generic format
that is readable by multiple tools such as PROPHET, a
statistical visualization module developed for life sci-
ence research which has useful tools for examining
characteristics such as “survivability” on top a robust
set of standard statistical and modeling tools.

Platforms

Platforms represent the systems that are to be
evaluated. Platforms have a location in the world;
they have extent; they can be collided with; and they
are potentially detectable. Platforms may also actively
or passively sense the world around them; move their
location; generate emissions of various sorts; launch
sub-platforms (e.g., missiles); participate in physical
transfer operations; and fail for a variety of reasons.
Multiple Platforms can be instantiated in a given sim-
ulation. The standard Platform model is a coupled
model containing three singly instantiated (coupled)
models: the Hull model, the Global Status model and
the Subsystems model.

The Hull coupled model models the structure of the
platform. It knows about the relative locations of the
subsystems onboard the platform, and routes the trans-
fer of material and data to them and between them
with the appropriate temporal delays. It also models
the impact of collisions and detonations on the viabil-
ity of the platform itself and on the conduits that con-
nect the various subsystems.

The Global Status coupled model generates and
maintains a model of the aggregated appearance (re-
sponse to other platforms’ emissions, e.g., IR signa-
ture) and capability of the platform for the consump-
tion of the world beyond the platform. That is, what
does this platform look like and sound like at the cur-
rent time, and what are its current capabilities (e.g.,
could it detect a radar burst from another platform)?
The Space Model, discussed below, is the primary
consumer of this data.

The Subsystem coupled model models the various
subsystems on board the Platform. The standard
Subsystem model is composed of the following six
(coupled) models: a Sensor-Transceivers model; a
Weapon-Launchers model; a C3I model; a Stores model;
a Mechanical model; and the Subsystem Router model.

The Sensor-Transceivers component includes all
the sensors and active emitters on board the platform.
The Weapon-Launchers component includes all the
weapon systems on board the platform. The C3I model
models the decision processes on board the Platform.
The Stores model models the renewable and consum-
able resources of the platform. The Mechanical model
models the propulsion, maneuvering and effector ca-
pabilities of the Platform. Finally the Subsystem Router
model is a software device to facilitate the interchange-
ability of various Subsystems models.
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Figure 3. Joint MEASURE Architecture

Space Modeling Infrastructure

JM includes an intelligent model of the “space” en-
closing the platforms. This Space Model performs two
important functions. First, it infers when interesting
encounters will occur among any number of moving
platforms in a pair-wise manner and provides such
spatial encounter prediction services to the Platforms,
resulting in significant simulation performance im-
provement. Second, it determines the propagation
losses and delays of various emissions and how much
noise the environment will add to a signal. It then
propagates the emissions of a Platform to other “within-
range” Platforms capable of receiving them. These two
functions are localized in components of the Space
Model as illustrated in Figure 3. Additionally, to main-
tain knowledge of Platform whereabouts, the Space
Model includes a Logger component.

Spatial Encounter Prediction

The Space Model predicts interesting spatial rela-
tionship events and informs the various Platforms so
that they are not unnecessarily attempting to interact.
In order to make these predictions, the “trajectory” of
a platform must be known by the Space Model. The
Spatial Encounter Prediction (SEP) component cur-
rently knows about the following kinds of trajectories:
Rhumb line (constant heading) with constant elevation
changes; Great Circle (shortest distance) with constant
or ballistic elevation changes and orbital trajectories
(without atmospheric drag). The Platform is respon-
sible for updating the Logger anytime the Platform’s
trajectory parameters change.

The SEP can produce a number of spatial encounter
predictions with what it knows about any two Plat-
form trajectories. These predictions currently include:
the time at which they will be at their closest point of
approach (potentially a collision) and the first and last
time they will be: “over the horizon;” within a given



distance; within a given azimuth angle; or within a
given elevation angle. It can also make optimistic esti-
mates of the probability of detection and inform a
sensor when that probability is exceeded. The Space
Model also predicts at what point in time, if at all, a
Platform will “run aground.” Platforms subscribe to
encounters of interest and are informed of them at the
appropriate point in time.

When Platforms exploit this information effectively,
significant simulation efficiencies are achieved as a
consequence of jumping over dead time intervals
(when no Platforms are interacting) and by limiting
which Platforms are time stepping to those that are
potentially interacting.

Emission Propagation

The Emissions Propagator component of the Space
Model propagates emissions with their appropriate
propagation losses, delays and associated background
noises. Platforms are limited to two forms of interac-
tion: physical transfers (e.g., supplies or fuel) and
emissions. Emissions cover pressure waves from ex-
plosions, acoustic noise (self-generated and reflected),
and electromagnetic emissions (self-generated and
reflected). The model allows emissions to carry seman-
tic content as appropriate, for example, in radio com-
munications.

Propagation loss (i.e., how much of the source sig-
nal strength remains when the signal arrives at the
destination’s location) is a function of both the distance
traveled and the nature of the environment. Both fac-
tors (distance and environment) similarly influence
propagation delay (i.e., how long it takes for the sig-
nal to transit from the source to the destination). And
finally noise (in which the signal is embedded) is a
function not only of the environment, but also of the
other Platforms in the region. These delays (especially
in the acoustic realm) and losses can be significant.
Furthermore, the environmental influences themselves
can be dynamic. For example, wind, rain and fire can
significantly change the nature of the medium that is
being transited through. For these reasons the Space
Model includes as a component, a model of the envi-

ronment (integrated with a GIS system). Emissions
received by the Space Model are passed on (when
transmission is not blocked by terrain?), at the appro-
priate point in time (with the signal strength dimin-
ished and embedded in noise?), to all the “eligible”
Platforms. Eligible Platforms are those that have func-
tioning receivers (of the right sort) that conservatively
might detect the signal.

4. Overcoming Site-Proprietary Impediments
to Interoperability with Joint MEASURE

As already mentioned, Lockheed Martin must be able
to marshal the models and simulations of its once-
independent groups to synthesize composites that can
answer emerging system-of-system development is-
sues such as outlined earlier. Although now part of a
larger corporation, such groups are often reluctant to
share their source code with peers.? In the absence of
a distributed simulation solution, this “site-proprietary”
disposition can severely impede the integration of
codes from different areas of the corporation. In the fol-
lowing we examine a case study to illustrate this point.

7

4.1 Lockheed’s DD21/Deepwater Project

The major Navy and Coast Guard ship design pro-
grams, DD21 and Deepwater, respectively, require
extensive analysis of system-by-system options.
Originally, the Medusa simulator was developed by
the GES company to study the Aegis warship’s ability
to detect and intercept missile threats. However, the
model considered only a single missile attack on a
motionless ship. Subsequently, the need arose to em-
bed the ship’s sensor in a more realistic environment
of multiple missiles, ship’s motion, and air and sea
emission propagation effects. The shortest route to
achieving this embedding was to couple Medusa with
Pleiades, the non-HLA compliant predecessor to Joint
MEASURE. However, reluctance to share source code
(even though GES was now incorporated within Lock-
heed Martin) made this coupling difficult to achieve
in a completely satisfactory manner. One approach
that was taken was to replace Medusa with a table
lookup to yield the probability of missile kill under

3 We do line-of-sight obstruction checking, which includes
both the curvature of the Earth and the influence of the
terrain. The terrain check uses either 30-second data (from
the GLOBE (Global Land One-km Base Elevation) database
from the National Geophysical Data Center or the ETOPO5
five-minute data. If the 30-second data is missing for a
given region, we automatically use the five-minute data.
We assume a spherical Earth, but could approximate a
spheroid without much additional work.

-

On water, radar noise is calculated as a function of Sea
State. On land, it is calculated as a function of vegetation
type, urbanization and land hilliness. Wind effects are a
planned enhancement. Laser energy propagation is dimin-
ished not only by the distance traveled, but by the atmo-
sphere absorption (via the FASCODE model). Thermal

blooming will be added to the equation in the near future.
Currently, we are in the process of integrating acoustic
propagation models as well as the SSGM (Synthetic Scene
Generation Model) database to support infrared signature
and noise models.

5 Reluctance to share model source code may derive from
several reasons. The customer, whose system is modeled,
may rightly be concerned about the potential for indiscri-
minate dissemination of the code within the corporation,
unauthorized use, and claims made based upon model
application outside its domain of validity. The model de-
veloper may be rightly concerned about the loss of owner-
ship control of the source in the event that the group finds
itself sold into another corporation.
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Figure 4. DEVS /HLA supporting integration
of heterogeneous distributed components

the given situation arising in the combined model. To
generate a table attempting to cover all situations that
might arise in the coupled model, a thousand cases
were employed (missiles starting from some 10 dis-
tances from the ship, approaching at some 10 azimuth
angles, and 10 loading conditions (numbers of other
active missiles)). Each case was executed 100 times in
Medusa to obtain an acceptable level of confidence in
the probability estimate. This effort foundered due to
the time-consuming nature of the table generation
and the fact that at this resolution level, it could not
accurately represent the actual result of interaction
between Medusa and Pleiades.

HLA and distributed simulation provides a means
to bypass such site-proprietary problems. To develop
the appropriate FOM and SOM interfaces for the
model components requires the collaboration of their
developers but can be done without access to source
code. Models can be compiled locally with appropri-
ately programmed HLA interfaces so that model source
and object code can remain at the owners’ sites. Fed-
erations can’t be established and executed without the
consent of each federate developer and the authoriza-
tion of the customer. So models remain fully under
the control of their developers on the one hand and
customers on the other.

Developing and executing federations, however, is
not necessarily a routine process. Indeed, a methodol-
ogy, expressed in the FEDEP (Federation Development
and Execution Process) is being developed to facilitate
it. To interoperate properly, developers must under-
stand both the data exchange requirements and the
dynamics of the components to be federated. The DEVS
formalism provides a means to express dynamics in a
standardized manner. In particular, the DEVS Bus con-
cept provides a basis for wrapping non-DEVS models
within DEVS components, enabling DEVS/HLA to
support integrating legacy or other simulation soft-
ware. In application to DD21 and Deepwater develop-
ment, Joint MEASURE has been coupled to an OPNET
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model of an inter-satellite communication network.
To complete the federation, these federates will be
coupled to a warship model that extends the Medusa
legacy simulation code.® Figure 5 illustrates our ap-
proach to such integration of heterogeneous model
components—where each is represented by a DEVS
federate in DEVS/HLA, that is, each is either a DEVS
model or wrapped within a basic DEVS interface.

In such federations, owners of components can re-
tain complete control of their models since they remain
at their own sites. Further, provided that the appro-
priately specified SOM, FOM and DEVS interfaces en-
able proper coupling of components, the latter can be
inter-operated at the object code level without requir-
ing source code integration. This obviates the thorny
issue of site-proprietary concerns of participating
Lockheed groups.

An issue to be addressed in developing distributed
simulations with federate components located in vari-
ous parts of the country or the world is how to reduce
significantly enormous numbers of updates and mes-
sages to a manageable quantity given limited network
bandwidth. Predictive contract and other message fil-
tering methods are intended to overcome the band-
width and propagation latencies introduced by the
connecting wide-area network, e.g., the Internet [3].

5. Conclusions

Joint MEASURE exploits the advantages of DEVS and
HLA to support the high performance and accuracy
demands of analytic mission effectiveness studies for
complex systems. Its distributed simulation capability
provides an end run around site-proprietary issues of
concern to participating groups in an evolved corpo-
rate environment such as Lockheed’s. JM is being ex-
tended to address migration of simulation models to
real-time operation and other life cycle support func-
tions needed for Simulation-Based Design. One key to
meeting speed performance requirements is the com-
putation efficiency afforded by spatial encounter pre-
diction and its ability to reduce communication events
among mobile, interacting platforms without impact-
ing simulation fidelity. Also required for overcoming
the network bottleneck are the predictive contract and
other message reduction mechanisms afforded by the
HLA and DEVS/HLA layers within JM. Unfortunately,
because of the possibility of unpredictably jumping
over intervals of time, hardware and man-in-the-loop
simulation are not currently possible with Joint MEA-
SURE. However, the emergence of commercial real-
time RTIs together with the ability to execute models

6 The current status of these projects is as follows: the
Deepwater work is real and operational. It deals with
scenarios that have thousands of objects. The simulation
supports the Coast Guard in evaluating alternative
strategies for monitoring, coordinating and interdicting
suspicious sea traffic. The DD21 federate is currently
under development.



in real time [5, 6] could provide a development path
for real-time execution of DEVS models. Eventually,
this would enable Joint MEASURE to support all life
cycle phases, especially design and test, of Simulation-
Based Acquisition. For additional information, please
see the Website at www.acims.arizona.edu.
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