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ABSTRACT:

We believe model understanding can be
facilitated through interactions between model
users and models if, during execution, the model
can help explain the reasons for the actions it has
taken. We report on a prototype in which an
existing simulation was modified in an attempt to
help both developers and users better understand
the causes of the behaviors exhibited during a
simulation. During an execution, an animation
shows what the model is doing while a second
animated graphical representation, here in the
form of statecharts, helps observers understand
the reasons for particular model actions. We
discuss some additional techniques not present in
the prototype such as support for interactive
interrogations of models to help observers under-
stand the reasons for sequences of model actions.
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1. INTRODUCTION

Reduced hardware costs and increased hardware
performance have allowed the development of
more complex software systems, including
simulation models. As these simulations have
become more complex, it can be more difficult to
determine whether behaviors observed during
executions reflect behavior of the system being
simulated or are the result of errors in modeling
or a reflection of implementation errors. We
describe implementation details of an approach
intended to assist modelers, developers, and users
of simulations to more easily understand and
verify model behavior. Displaying model actions
and the reasons for those actions during execution
is the approach taken.

We describe our implementation, provide samples
of outputs generated by the implementation and
after a brief evaluation of the strengths and
weaknesses of the approach, discuss concepts for
extending the concept to enhance its utility. We
also discuss some additional ideas for improving
a model's ability to explain its behavior by

enabling an observer to interactively explore the
reasons for a sequence of actions.

1.1 MOTIVATION FOR APPROACH

Our original motivation for this work was to
explore alternate graphical model specification
forms that could be used to specify model
behaviors and which might be easily understood
both by people responsible for implementing the
models and by people responsible for verifying
the model specifications. We anticipated that
animating the graphical specification during
execution would be beneficial for both uses

A common approach to help verify simulation
models, particularly in the U.S. military, is the use
of “subject matter experts” (SMEs), who are often
retired military personnel, to observe model
executions to confirm correct model behavior or
to identify incorrect behaviors. We have ob-
served some situations in which SMEs had
initially believed that an observed behavior was
erroneous until they could later determine that the
model action was due to situations not readily
apparent to the observer (for example, an aircraft
was responding to a radar signal).  Thus
animation of the graphical specification might
help these individuals more easily understand the
reasons for particular model actions.

2. IMPLEMENTATION DESCRIPTION

ModSAF (MODular Semi-Automated Forces) is a
simulation that has been widely used in war
games and military simulations [1]. ModSAF
simulates the movement and behaviors of many
types of entities, where an entity can be anything
from an aircraft, ship or tank to a single
dismounted infantryman. It also supports
aggregates of entities such as squadrons and
battalions. Each entity type typically has several
associated behaviors that are selected depending
on the mission and circumstances of the entity
involved. For example a tank moving from one
location to another may execute behaviors that
cause it to follow a prescribed route, avoid
collisions, and watch for enemy vehicles.
ModSAF is written as a distributed simulation



and to support this requirement it also contains
the means to assign different entity executions to
different machines in a network.

To provide universities with a tool for
experimentation in this area, Lockheed Martin
Corporation developed a somewhat simplified
and sanitized version (to remove security
concerns) of ModSAF known as the Distributed
Research Environment (DRE). Our implementa-
tion extends this basic DRE software.

2.1 FSMS AND MODSAF

Individual behaviors of entities in ModSAF and
DRE are specified and implemented using a finite
state machine (FSM) architecture. Several states
are defined along with a complex input alphabet.
The alphabet consists of a set of events together
with the values of a set of variables. Should a
related event occur, the values are examined to
determine whether the state should change and
how the variables should be modified. In reality,
each FSM is constructed using a mixture of pure
FSM concepts and the specific implementation
details needed by DRE.

Each behavior is written in a so-called “fsm”
notation that consists mostly of fragments of C
code but also includes special constructs for
defining events, states, and transitions. An AWK
program (a standard UNIX tool) transforms the
fsm code into pure C code. This pre-processor
also inserts a good deal of boiler-plate code
which must be made specific to each behavior but

which must follow the strict rules of the
simulation system.

Since the DRE uses finite state automata, it seems
an obvious choice for a graphical representation
form to help explain model behavior. However,
we feel that the FSM is often too complex to be
useful to many anticipated users of the system.
Figure 1 is the FSM used in DRE that defines
tank behavior; it is included here only to illustrate
the typical complexity of entity behavior
specification. So rather than FSMs, we chose to
use a closely related representation that we
believed to be more easily understood by many
users: statecharts.

2.2 STATECHARTS

Hierarchical finite state machines or statecharts
were introduced by Harel as a means to overcome
the explosion of edges that accompanies the
increase in the number of states of an FSM [2].
Any statechart corresponds to some FSM but
typically contains more states and fewer edges.
Let us call the original states of the FSM the
“base states” and the new states in the statechart
the (possibly nested) “superstates.”  Suppose
several base states in the FSM transit on the same
event to another base state. In the statechart,
these bases states may be placed within a
superstate and the several transitions are replaced
by a single transition from the superstate to the
original target state. Thus one new state replaces
several transitions. Note that the statechart may
be in several states at once, a single base state and
any superstates that include the base state.
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Figure 1: Finite State Machine Specification of Vehicle Move Behavior



Our implementation is also based on BetterState
[3], a tool developed by a student of David Harel,
that facilitates software development using state-
chart models. This tool helped with the project
since it has the following capabilities:

»  Statecharts are constructed by drawing
them.

* The tool can generate the code for the
statechart and its transitions.

*  The tool can animate the statechart used
for the design of an application while the
application is executing.

*  The tool can capture the state transitions
occurring during a run and allow them to
be replayed.

3. IMPLEMENTATION DETAILS

This project was a proof of concept only of the
last idea, that of animation. To this end, we
selected an existing behavior and extracted its
FSM. From the FSM we reverse engineered a
more easily understood statechart that specifies
the same behavior as the FSM. We devised
means to semi-automatically collect and transmit
state transition information as the simulation
model executed in the DRE environment.

The communications so triggered were received
on another workstation. This machine displays an
animation of the model, textual information, and a
second animation of the corresponding statechart.
BetterState displays the statechart in DDE (Direct
Data Exchange, a precursor to OLE) as it
interacts with our communications server
program. The server itself consists of a
communications manager and a module
specialized to the particular statechart and FSM
involved. To simplify the recoding task, we
devised tools by which code for the specialized
module could be automatically generated by a
suite of programs using a point and click
interface.

3.1 MODIFICATION OF THE AWK
PREPROCESSOR.

One aim of the project was to animate the state
changes in the statechart whenever the DRE
module's FSM changed state. A second was to
display additional explanation. Consequently it
was necessary to modify the DRE module so that
the programs on the BetterState computer would
be notified of the state changes and pass
additional debugging information. Rather than

modify the DRE module directly, we sought to
automate the process.

As mentioned above, the FSM of the DRE
module is written in “fsm," a language that is a
superset of C. It also contains constructs to
simplify the coding of the module's FSM and to
create the boilerplate code needed to incorporate
the module into the DRE environment. A module
in FSM form is transformed into pure C code by
the fsm2ch.awk preprocessor. Since the
preprocessor already understands the FSM, modi-
fication to decorate its output with appropriate
calls to communication routines were relatively
simple. Wherever the preprocessor was pro-
grammed to recognize a transition, we modified it
so that a call to a communication routine is added.

One of the parameters to that communication
routine is a text string. In the original imple-
mentation code, since most state transitions are
implemented using an if-else statement whose
boolean expression describes the condition
causing the transition, we included this expression
as the text string. We found that in most cases, the
variable names chosen by programmers were
sufficiently suggestive to describe the reason for
the state transition. Fsm2ch.awk was further
modified to collect this information as it
processed the input file. While not always ideal
for explaining the reason for the state change and
accompanying actions, the information collected
is passed to the communication routine and was
generally helpful in explaining model behavior.
Only information statically available at the point
of call is passed. For example, should the state
change in the if part of an if-else statement, only
the if part (including the condition) is passed to
the communication routine. We found that awk is
less than adequate for this kind of task in general.
If this sort of code analysis for explaining
behavior proves desirable, the construction of an
additional tool is warranted, perhaps using more
appropriate tools such as lex and yacc. However
this modification illustrates a useful possibility in
the proof of concept.

3.2 COMMUNICATIONS

Communications were implemented via a server
on the BetterState side and a client on the DRE
side using TCP/IP sockets. The client establishes
a session on the first call and thereafter sends the
transition information to the server at each state
change. The server displays the information in a
list box and saves it for replay. It also translates
the transitions on the FSM of the DRE module
into transitions on the statechart. BetterState is



notified via DDE of the transition and thereby
animates the displayed statechart diagram.

3.3 THE BETTERSTATE SIDE SOCKET
SERVER

The BetterState server consists of two parts. The
first communicates with any DRE module as
described above. That part listens for the client
and receives the transition and textual information
that it displays and also saves for replay. The
second part is specific to the particular DRE
module required to translate the transitions in the
DRE FSM into transitions in the BetterState
statechart. We developed a tool to automate the
construction of the second part of the server
program. This tool accepts as input a set of state
names and a set of transition names. It then
displays an empty matrix of possible transitions
that can be completed using a point-and-click
interface. From this information, the tool
generates the code for the translation module of
the server.

Figure 2 is part of a screen shot of the BetterState
machine during a simulation.  This is the
animation that allows someone to observe the
behavior of a simulated entity (in this case, a
tank). In our prototype, as the simulation
proceeds, the animation shows the positions and
action of the two tanks displayed in the image.

Figure 2: Animated Representation of Vehicle
Move Behavior,

Figure 3 is also taken from a screenshot of the
system; it contains the statechart that defines the
tank's behavior. During execution, the current
states are shown in red. For example, figure 3
shows the tank to be in the “checking,” “scan-
ning,” and “moving.” states. If a “detect” event
occurs, it switches from “scanning” to “attacking”
and from "moving” to “disabled.” On a “we-win”
event, it returns to the “moving” and “scanning”
states

4. PROTOTYPE EVALUATION

We feel that this proof-of-concept was successful.
It demonstrated the simplifying nature of state-
charts, the remote display of real time
explanations, and the remote animation of a
statechart corresponding to a behavior. We
showed that it is possible to automate the
conversion of behavior modules to make them
displayable and to automate the construction of
translators on the server side.
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Figure 3: Statechart Representation of Vehicle
Move Behavior

4. 1POTENTIAL IMPROVEMENTS

Since this effort was simply a proof-of-concept
prototype, several improvements would increase
its utility:

1. Improved information gathering. As indi-
cated above, the parsing of the source code is less
than adequate. An additional preprocessor built
with compiler constructors such as lex and yacc is
needed to do the job properly. In addition,
complete explanations of behavior require access
to the changes in data values that determine the
state changes.

2. Multiple entities under examination
simultaneously. It would be a relatively minor
elaboration to make it possible to observe the
statecharts of multiple entities at the same time.



3. Multiple behaviours under examination
simultaneously.  Entities are governed by a
collection of behaviors. It would be illuminating
to examine the interaction of several behaviors on
the same entity. BetterState provides a means
(“threads™) for constructing interacting, semi-
independent statecharts.

During model execution, this software makes
three types of information are available to
observers: 1) an animation to show what the
model is doing, 2) a statechart representation to
provide information on why the model behaves as
it does, and 3) boolean expressions, as text,
providing additional information regarding why
the model does what it does. Clearly, the utility
in displaying boolean expressions of program
variables depends on the programmer choosing
variable names carefully.

4.2 DISPLAYING ACTION CAUSES

Our hope is that the information provided will be
useful to several audiences: programmers (for
debugging), subject matter experts (responsible
for verifying the simulation), and in some
circumstances, to users of the simulation (to more
easily understand the reasons for system
behaviors).

One commonly expressed benefit by users of
simulation is the enhanced understanding of the
system of interest gained through the process of
specifying and verifying the simulation. We hope
these explanations can be useful for this purpose.

Many of the representational forms used by
model builders may not be immediately useful to
users or subject matter experts. However, we
suspect that if a model is easily accessible to
explain the notation during execution, these
graphical forms can still be helpful.

5. CAUSAL SEQUENCES

In this proof-of-concept activity, we started with
an existing implementation that was not designed
to provide the new animations. This strongly
influenced what was done and the graphical re-
presentations used. We were able to take
advantage of this implementation’s use of FSMs.
Many other graphical representational forms are
widely used in simulation; several might provide
a more easily understood basis for explaining why
the simulation chooses the actions it takes.
Graphical representation forms include, among
many others, the icons introduced very early with
GPSS [4], Event Graphs [5], finite state
machines, and statecharts [2]. For reasons

discussed above, we chose to use statecharts as a
means of showing the reasons for model actions.

From a conceptual view, a simulation consists of
a sequence of actions that occur over a period of
time. In a pure discrete simulation world view,
each of these actions is called an event.
Extending the discrete even view slightly, each
event can be either “determined” or
“conditional.” Determined events are charac-
terized as “time-based” and are scheduled to
occur at a particular simulation time by some
preceding event. Conditional events are charac-
terized as “state-based” and occur because some
event has just occurred that changed the state of
the simulation so that the conditional event should
occur at the current simulation time. In either
case, each event is caused by one or more
particular events. In addition, each conditional
event occurs based on a controlling condition (a
boolean expression) that has changed from false
to true due to the actions of some model
components. Nance [6] and Overstreet [7]
discuss and illustrate the benefits of recognizing
these causal relationships.

In an approach similar to what was done in the
prototype described in section 3, it should be a
straightforward task to gather and display
information that shows the cause for each event as
a simulation progresses. Since the prototype both
displayed and saved the information generated
during execution, these animations could be
replayed without the simulation reexecuting. And
if stored appropriately this information could be
searched for interesting situations and then
replayed with VCR-like controls, allowing an
observer to interactively explore the causes for
interesting, unexpected, or confusing sequences
of events. This is similar to a trace, provided as a
debugging tool by many simulation languages,
but with the advantages that causality could be
interactively explored to answer questions about
the simulation behavior.

If this easily obtained information is stored appro-
priately, an observer could then explore, in an
interactive fashion, the events that occurred and
the causes for each event. For determined events,
the cause reported could be the event that
scheduled it at an earlier simulation time and the
time that causal event occurred. For conditional
events, the cause displayed can be both the
condition (as a boolean expression) controlling
the occurrence of the event and the event or
events that changed the value of one of variables
used in that boolean expression along with the
times at which each event occurred. If desired,



the observer could then examine the cause for
each of these events.

This approach has a flavor reminiscent of
Weiser’s concept of program slicing in which, in
response to a user’s request, only the subset of a
program that influences the value of specified
variables at particular point in the program is
displayed [8]. However, this apparently simple
idea has both run-time complexity problems and
has proven to be difficult to implement
completely and has led to deep research issues; it
is an active research area. In contrast, recording
the sequence of events and their causes presents
no computation problems as they can be captured
as a trace during actual execution.

6. OTHER ISSUES

We have proposed the use of providing
explanations as a way of helping people cope
with the complexity of large or long running
simulations. Additional support will be necessary
to accomplish this. In a large complex and long
running simulation, it is infeasible for individuals
to observe all behaviors that occur during a
simulation run. This issue is a recognized
problem in the task of verifying simulations. As
is common with testing complex systems, a set of
important and revealing situations to check must
be identified and efforts focused on checking
those.

It is often too easy to get lost and confused by
details. Hiding distracting details is necessary,
but equally important to supporting understanding
is the ability to show the right details at the right
time. Some support for showing only relevant
information can be provided by allowing users to
interactively explore the reasons for model
actions as they see fit. Another approach to
reducing the volume of details could be to allow a
user to identify particular behaviors to be
observed (just as testers identify particular
situations to test). This could be supported by a
capability such as allowing a user to identify a
situation of interest, a letting the simulation run
until that situation occurs, then allow the user to
interact with the simulation in order to explore
what led to the situation of interest. A similar
approach could be to allow a modeler to identify
situations that should never occur (invariants); in
some situations is easily done. If they should
occur, an observer could then explore the
sequence of events and the causes that gave rise
to the incorrect situation.

Abstraction is a key tool in enhancing
understanding. If the statechart representations of

the prototype are useful, it is because they
provide a higher degree of abstraction than the C
code that is the implementation. They hide many
uninteresting details (for some purposes) about
the code and display information more helpful for
enhancing understanding.

While displaying the reasons for model actions
can enhance understanding, many other
capabilities  could also prove  helpful.
Discovering those of general benefit to a wide
class of users remains a challenging problem.

7. SUMMARY

We built a prototype by modifying a complex
existing simulation so that it displays three
additional types of information: an animation, a
statechart showing the current state of the system
and the state changes, and a textual display of the
boolean expressions that were uses in the
implementation code to cause model behavior.
This idea is similar to that long used in the
artificial intelligence community with expert
systems where, as systems became more complex,
it was quickly recognized that a system must be
able to explain the reasons that led it to particular
decisions [9]. The explanations are crucial for
both debugging and verification.

While we believe that providing a mixture of the
types of information identified is useful for
understanding system behavior, the added
complexity present in many modern simulations
requires additional approaches to support users as
they attempt to understand the behavior of these
complex systems.
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