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E This paper addresses the implementation of dis-% 1. Introduction

tributed, on-line simulation experiments with Web-based simulation is a new and evolving research
the World Wide Web. The paper first provides a area. Fishwick’s paper [1] was one of the first to discuss
basic overview of the on-line simulation ap- the topic. Since then, many more papers have been
proach_ Nextl we discuss the System that was e published. Today, there are three basic approaches to

& considered in this study. The paper then de- ﬁ Web-based simulations. The first approach executes
scribes the distributed object computing environ- the simulation at the server, and the remote viewer is

ment that has been employed in the study, typlc'ally ab}e to speC}fy certain parameters governing
. . . . the simulation and view the results of the experiment.
including the specialized displays that can be AR . .

.. ) ; The second approach is similar, except the simulation
accessed by a remote participant using the ser-

. ] e applet is loaded down to the remote site, and the sim-
vices of the Web. ‘F inally, directions for future ulation model executes upon the remote viewer’s com-
research are outlined.

puter. The third approach allows the remote viewer to
construct and execute his or her own simulation mod-
els using the services of the Web. Languages that sup-
port the latter approach include Simkit [2], JSIM [3],
SimJAVA [4] and Silk [5]. One of the more recent di-
rections is the implementation of distributed simula-
tions upon the Web (see [6, 7]). The reader is referred
to [8] to survey the entire area.

The research presented in this paper did not evolve
explicitly as a Web-based simulation. Rather, the goal
was to provide a means for demonstrating a new tech-
nology to other simulationists using the services of the
Web. As this demonstration was constructed, however,
elements of several of the above approaches were in-
Keywords: Web-based simulation, on-line cluded. The constructed demonstration clearly illus-
distributed simulation trates that it is now possible to perform on-line projec-
tions of the near-term response for a system while it
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operates under one or more alternative control strate-
gies. In addition, we have now demonstrated that it is
possible to implement such on-line simulation analy-
ses in a manner that will permit the projected system
response to be viewed concurrently by several partici-
pants at remote sites on the Web.

We begin by introducing our conceptual approach
for conducting on-line simulation analyses. Next, we
discuss the system considered in this experiment.
Then, the distributed object-oriented computing envi-
ronment that was constructed for implementing the
experiment is detailed. In particular, the displays with
which a remote viewer will interact upon the Web and
the manner in which the simulating objects provide
information to these viewing objects are detailed. The
special situations that arose while implementing the
experiment are next related. The paper closes by cit-
ing future research directions.

2. The On-Line Simulation Approach

On-line simulation is a new technology that few have
had an opportunity to experience. In order to rectify
this situation, we set out to demonstrate an on-line sim-
ulation with the Web. Although this appeared to be a
difficult task at the outset, we soon discovered that
constructing the demonstration was relatively trivial.
The more interesting element of the experiment soon
became one of determining how to configure the ex-
periment in terms of the placement of the required
distributed computing objects, rather than one of pro-
gramming the objects themselves. Java and the Web

provide a natural environment for performing on-line
simulation. Using these capabilities, we were able to
integrate the following: (1) one or more human users,
(2) a real system, (3) several concurrent simulations of
a real system, (3) methods for the on-line analysis of
the simulation results, and (4) methods for controlling
the system remotely. We will discuss the consequences
of this integration later, but we believe that the integra-
tion would not be possible without Java and the Web.

Before discussing the development of the demon-
stration, we need to provide a brief overview of the
on-line simulation approach. As shown in Figure 1, we
begin by assuming that a real-world system exists and
that a simulation model for that system has been cre-
ated and verified. A critical requirement for the real-
time operation of the real-world system is that a con-
trol policy has been selected for implementation. As
shown in Figure 1, an on-line simulation is employed
to project the future performance of the system as it
continues to operate under the current control policy.
On-line simulations are also performed for other con-
trol policies that could potentially be implemented if
it is demonstrated that the projected performance for
one of the alternatives exceeds that of the control policy
that is currently being implemented.

In general, the selected control policy, in conjunction
with the system’s state transition function, determines
the state evolution of the system as a function of time.
However, this response is often not deterministic due
to stochastic system elements and because the system
must also respond to inputs outside its control. One
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Figure 1. Schematic for the on-line planning/control process using real-time simulation
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may view the system inputs as consisting of two com-
ponents. The input to the system depicted in Figure 1
represents the exogenous control input over which the
system has no control. The second component is the
endogenous control input, which is dependent upon the
selected control policy. A control policy can generate
the control inputs in either of two ways. If an open-loop
control policy is employed, then the control inputs gen-
erated under that policy are determined on an a priori
basis and will not be explicitly dependent upon the
evolution of the system state. For a closed-loop control
policy, however, the issued control inputs are depen-
dent upon both the selected control policy and the cur-
rent state of the system.

The current system state provides another critical
input for on-line simulations. The models that are em-
ployed in on-line simulations must be able to initialize
their response to the current system state and then
project the performance of the system as it continues
to evolve from that state while responding to both the
exogenous inputs from its environment and the endog-
enous inputs arising from the application of a given
control law.

Although the system model has presumably been
validated, the validation process must continue under
the on-line planning/control scenario. Real-world sys-
tems are seldom stationary, that is, their operating
characteristics constantly change with time. Typically,
these changes are slow, but they can also be abrupt.
For example, a new type of cutting tool with an extended
tool life is introduced into a machining cell, and the
number of tool replacements may be significantly re-
duced. There could also be improved processing tech-
niques which significantly modify processing times.

Whether the system characteristics change slowly
or abruptly, the system model must continually be up-
dated to reflect these changes. To this end, Figure 1
includes an auto-validation process which compares
the output projected by the model against the mea-
sured output from the system and updates the model
to improve its accuracy. This auto-validation process
functions in a manner similar to the system identifica-
tion element which is contained in most conventional,
self-organizing controllers for time-varying, continu-
ous-state systems, (see [9, 10, 11]). Hence, the auto-
validation process can be viewed as a system identi-
fier for a discrete-event system. Unfortunately, robust
procedures for implementing this auto-validation ca-
pability do not currently exist. However, there has
been a recent push (particularly within the artificial
intelligence community) to develop new learning
technologies, such as explanation-based learning, that
could address this concern. We also believe that it is
possible to develop new modeling paradigms that will
better explain the system behavior and simplify the
validation process. One recent approach has been to
employ the simulation model to physically control the
modeled system (see [12, 13, 14, and 15]). In these

approaches, the system model and the controller ar-
chitecture are the same. We believe that auto-valida-
tion will become a major research concern in the near
future as more attempts are made to employ on-line
simulations.

Under an on-line planning/control scenario, it is
essential that an on-line simulation of the implemented
control policy be conducted concurrently with the im-
plementation of the control policy by the real-world
system. As stated above, the real-world system re-
sponse is often stochastic. Because the real-world sys-
tem operates under a selected control policy, it will
realize only one of the potential state trajectories that
could occur given the current system state. That is, the
current operation of the system can be viewed as a sin-
gle, statistical experiment that is dependent upon the
current system state. Thus, the on-line simulation must
necessarily be initialized to the current system state in
order for it to be effective. Furthermore, unlike the real-
world system that samples a single possible trajectory,
the on-line simulation analysis must sample numerous
potential trajectories in order to provide meaningful
statistics. In order to provide the essential number of simu-
lation trials for the on-line analysis, the on-line simulation
trials must actually be generated at a rate that is signifi-
cantly faster than real time!

Statistical estimates for the future performance of
the real system, while operating under current control
law, have at least four immediate uses. First, these es-
timates can be viewed as feed-forward information to
be employed in the control of the system. Second, the
projected response of the system operating under the
selected control policy can assist in the generation of
alternative control policies for possible implementa-
tion. Third, these projections provide a reference level
of performance against which the predicted perfor-
mance of other potential control policies can be com-
pared. Finally, these projections clearly impact the
auto-validation process as described above. For exam-
ple, if the realized system performance is significantly
outside the confidence interval for the projected re-
sponse, it is clear that the system operator should be
alerted that a significant discrepancy has occurred and
the system model may no longer be valid. That is, con-
trol charts such as those employed in quality control
might be employed in order to insure that the model
is making accurate predictions.

Returning to Figure 1, the reader will note that R
additional instantiations of the system model have
been included. Each of these R instantiations consid-
ers an alternative control law for possible implemen-
tation. These simulations also receive the current state
of the real system as an input and any updates to the
system model derived from the auto-validation pro-
cess. Again, these on-line simulations generate trials
as quickly as possible in order to statistically charac-
terize the future performance of the real system if it
operates under the alternative control law.
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In order to compute the statistical estimates, the out-
puts generated by the on-line simulation trials for each
system model are passed immediately to an on-line
output analysis process. Obviously, there is a corre-
spondence between the on-line output analysis func-
tion included in Figure 1 and the statistical analyses
performed in conventional off-line simulation studies.
There are, however, marked differences in the statisti-
cal technologies required to perform on-line and off-
line simulation analyses. Most off-line simulation
analyses incorporate explicit measures to prevent the
consideration of transient effects. On the other hand,
on-line simulations focus solely upon the transient
phenomena.

The actual statistical comparison of the future per-
formance of a real-world system operating under cur-
rent and alternative control laws is performed by the
on-line compromise analysis function. It is assumed
from the outset that multiple performance criteria will
be considered and that a compromise solution must
be defined. However, the procedures for performing
the compromise analysis are not currently knowrn. One
approach might be to develop a utility function for
real-time performance criteria in order to provide a
single, aggregate performance criterion which can then
be used in the comparison. There are, of course, limi-
tations to this approach because the contribution of
the individual criterion becomes obscured in the ag-
gregation process. There are also other approaches to
multi-criteria that have been considered in the opera-
tions research literature, (see [16] and [17]). However,
these approaches have not presently been extended to
consider the stochastic performance measures which
are to be evaluated using simulation.

Comparison approaches are also a research issue.
For the comparison of stochastic entities, the notion of
stochastic dominance has been developed. However,
the requirements that are necessary to assert stochastic
dominance are so restrictive that true stochastic domi-
nance is often difficult to demonstrate. Stochastic domi-
nance requires that (empirical) cumulative distribution
functions for the compared quantities must not inter-
sect. That is, the cumulative distribution function for
the performance criterion arising from the operation
of the system under one alternative control strategy
must be consistently greater than the cumulative dis-
tribution function for the same performance measure
operating under another control strategy at all prob-
ability levels. Furthermore, in order to assert complete
dominance in an on-line planning scenario, one control
strategy must stochastically dominate all the others
with respect to all the performance criteria. This situa-
tion seldom occurs, and other forms of statistical com-
parison are needed. Certainly more research is needed
in performing on-line compromise analyses.

If an alternative control policy is demonstrated to
provide an improved performance over the control
policy that is currently being implemented, then the

new control policy is transmitted to the real-world sys-
tem for immediate implementation. It is also transmit-
ted to the reference simulation model, which then be-
gins to estimate the future performance of the system
as it operates under the new control policy. The imple-
mented control policy is also transmitted to the alter-
native control policy generator to provide a starting
point for generating new control policy alternatives.
These alternatives subsequently will be subjected to
on-line simulation at the other R instantiations of the
system model (included in Figure 1). Like many of the
other elements discussed above, the procedures for
generating these alternative control policies are a re-
search concern. We believe that through the use of
performance projections generated by on-line simula-
tion, a whole new generation of planning algorithms
will evolve. Such algorithms are already being ex-
plored in the development of learning systems within
the artificial intelligence community.

Together, the on-line compromise analysis function
and the alternative control policy generator implement
a planning algorithm that is similar to the design opti-
mization function for the conventional off-line plan-
ning scenario. In particular, the alternative control pol-
icy generator function can be viewed as one of imple-
menting the search algorithm. There is, however, no
direct correspondence to the conventional experimen-
tal design procedures that are often employed within
off-line simulation-based planning scenarios. Given
the discrete nature of the control policies to be evalu-
ated, it is unlikely that an effective response function
can be defined over a control policy space. That is, the
definition of a response surface requires that a design
variable space be defined such that the value of the
performance criteria can be functionally related to the
potential values of the design variables (factors). For
the type of control policies considered during on-line
planning analyses, this functional relationship is vir-
tually impossible to define.

Based upon the above discussions, it is obvious that
several fundamental research issues remain with respect
to the implementation of the various functions in Fig-
ure 1. Unfortunately, this paper cannot explore these
issues in detail. Rather, the reader is referred to [15],
which provides a comprehensive discussion of the
basic concepts and issues relating to on-line simulation.

However, the reading of articles pertaining to on-
line simulations does not allow the reader to fully vi-
sualize the workings of an on-line simulation analysis.
Given that on-line simulation analyses fundamentally
differ from off-line simulation analyses in so many
ways, the reader must see an on-line simulation in or-
der to appreciate the contributions that it will provide
for the development of futuristic planning and control
technologies. Toward this end, we have constructed
an on-line simulation demonstration upon the World
Wide Web. The remainder of the paper will discuss
the development of that demonstration.
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3. The On-Line Simulation Experiment

The first step in constructing the demonstration was
to select a system for the analysis. This experiment
employs a model of the Automated Manufacturing
Research Facility (AMRF) that was constructed by the
National Institute of Standards in Gaithersburg, Mary-
land (see Figure 2). The AMREF provided an experimen-
tal flexible manufacturing cell (FMC) consisting of four
primary workstations: vertical milling, horizontal
milling, turning, and cleaning/deburring. Jobs are de-
livered to the stations via an Automated Guided Ve-
hicle (AGV) system. The AGV’s path is illustrated in
Figure 2 as the set of arcs connecting nodes 8 through
12. As shown, node 11 represents the entry/exit point

Legend:
One Token (Path Ownership)

Two Tokens (Cart Transfer)

Nodes on the Cart Path

Path Segments

tios
tog

)
Fe

O
©
O

to stations 1 and 2. Nodes 10 and 9 represent the entry/
exit point for stations 3 and 4, respectively. Node 8
represents the entry /exit point for the entire cell. In-
coming jobs can be stored here until they are dispatched
into the cell. Finally, node 12 represents a position
where a single AGV can be parked while its battery is
being recharged.

The AGV system employs two AGVs. Looking at
the cart path that connects nodes 8 through 12, it is
clear that there are no primary loops to allow the AGVs
to pass each other. Therefore, the carts must operate in
both directions upon the indicated cart path, includ-
ing path segments 1 through 4. Obviously, the poten-
tial for deadlock exists. In order to prevent deadlock,
a Petri-network control logic diagram was developed
for allocating the path segments to the carts as they
move between nodes comprising the AGV path net-
work (see Figure 3). In order for a cart to move from
node 8 to node 10, the cart must be at node 8 (requiring
a token to be at place 8) and take ownership of paths 1
and 2 (requiring tokens to be at both places 1 and 2).
When the cart arrives at node 10, it releases ownership
of path 1, which returns a token to place 1. Note that
no cart can reside at nodes 9 through 12 without own-
ing at least one path. The logic depicted here is rather
complex, but it is also essential to prevent deadlock.
The employed Petri-net control logic diagram has been
tested for liveness in order to guarantee that there are
no terminal states (i.e., deadlock cannot occur).

A detailed discussion of the AMREF simulation
model can be found in [18]. The original simulation
model for the AMRF that was discussed in the paper
was reprogrammed in Java for this experiment in or-
der to use Web-based computing capabilities.

In implementing our on-line simulation experiment,
the model for the AMRF was first used to perform a
real-time emulation of the system. In this application
mode, the model is executed as a conventional simu-
lation model, but with one major exception: no event
is processed until real-time equals the event time. Spe-
cifically, after each event is processed, the next event

-
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Figure 3. Petri-network control logic for allocating the path segments during AGV transitions
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Figure 4. Organization of the distributed computing objects that comprise the on-line simulation experiment

is removed from the event calendar and its event time
is recorded. The emulation then pauses until the real
time is equal to the event time for the next event.
When this condition is satisfied, the next event is pro-
cessed. The emulator can also employ time scaling,
which permits its clock to advance faster than real
time. Typically, we operate the emulator at 10 to 100
times real time simply to make the experiment more
interesting.

The real-time emulation is actually an undesired
element of the experiment. That is, we would prefer
to replace the real-time emulation with a real-world
system. As shown in Figure 4, the real-time emulator
(or real-world system) posts its state with the server
as each change in state occurs. Alternately, the system’s
current state could be posted at regular time intervals
(e.g., every 10 seconds). Hence, the server becomes
the central repository for the current state information
of the emulated (or real-world) system. This server is
also programmed in Java and must be activated be-
fore the Web demonstration can proceed.

Several remote clients can simultaneously log into
the on-line simulation experiment. Whenever a remote
client logs into the central server, a set of viewing ap-
plets is downloaded to the remote site as shown in Fig-
ure 4. Each of these applets performs a function within
the on-line simulation environment as shown in Fig-
ure 1. In Figure 5, the applets depicted in Figure 4 are
related to the on-line simulation functions given in
Figure 1. Note that the human observer at the remote
site executes the On-Line Compromise Analysis func-
tion for this experiment.

We will now discuss in detail each of the applets
that are executed at the remote Web site in detail. The
first of these applets produces the Timed Simulation
Display, shown in Figure 6, which displays the de-
tailed current state information for the emulated (or
real-world) system.

At the top of the display, the Time Now field
(=2926.656) gives the amount of emulated time that

has passed since the beginning of the experiment. Next,
the current number of jobs that are in the system (=48)
is given, along with the minimum job number (=212)
and the maximum job number (=264) for the jobs re-
siding in the system.

The next major section provides detailed state infor-
mation for each of the four primary workstations. For
each workstation, the number in its input and output
queues is displayed, along with the job numbers of
the first two jobs in the input queue and the output
queue based upon the priority scheme that is being
employed to order the jobs in each of the respective
queues. In this case, there are 14 jobs in the output
queue for Station 1, with jobs 226 and 227 occupying
positions 1 and 2 in that queue. For each workstation,
the number of the job, if any, that is currently being
processed is given. For example, Station 2 is currently
processing job 246.

Below the display for the state of the workstations
is the detailed state information for the AGV system.
To the left of this section of the display is the detailed
state information for each of the two AGVs. Included
in this state information is the current node where the
AGYV resides, the destination node to which it is trav-
eling, and the node that it will visit next as it moves
toward the destination node. There are two additional
state variables defined for each AGV. The first of these
is the AGV’s job status variable, which defines the next
job that the cart has been assigned to process. The sec-
ond is the variable that defines the job that is currently
on board the AGV. If there is a job on board, then this
state variable will have the same value as the status
variable, and the AGV delivers the on-board job to the
specified destination node. If no job is on board, then
the AGV travels to its destination in order to pick up
the job number specified in its status field.

Below the AGYV state field, detailed information is
provided for the status of each segment of the cart
path. If a given segment of the cart path is currently
owned by a given AGV, it will be so noted. If a given
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Figure 5. Graphic depicting relationship of the applets in Figure 4 to the on-line simulation functions in Figure 1

segment is currently owned by one AGV or is being
requested by another AGV, then the AGV that owns
or is requesting that path segment will be recorded in
the appropriate field. To the right of these AGV state
fields, the contents of the queue of jobs requesting trans-
portation is given. The total number of jobs that are
awaiting transport is given, along with the first seven
jobs in that queue based upon the priority scheme that
is being employed to order the jobs in this queue. The
reader will note that there are currently 45 jobs in the
system that are awaiting transportation. We have de-
liberately provided a state where the entire system has
become congested primarily due to an inefficient pri-
ority rule for assigning the AGVs to the requesting jobs.
In the bottom left portion of the Timed Simulation
Display, the retrospective performance statistics for the
current experiment are given. That is, for the 216
(=264-48) jobs that have already been processed dur-
ing the period prior to the current emulated time con-
tained in the Time Now field (=2926.956), four perfor-
mance criteria are evaluated. The first criterion is the

mean time that each of the completed jobs resided in
the system. The second criterion is average productiv-
ity for the completed jobs. In order to compute this, the
ratio of the total processing time dedicated to each job
to the total time that the job resided in the system is
first computed in order to determine the individual
job’s productivity. The productivity ratios for all the
jobs are then averaged in order to compute a mean
value for the productivity criterion. The third criterion
is the average process utilization. Here, the process
utilization is first computed for each workstation by
computing the ratio of the total time that the process
has been busy over the total time for the emulation.
The individual utility values are then averaged over
the four workstations in order to compute a mean
value for process utilization criterion. The fourth cri-
terion is the average lateness of each completed job.
As each job enters the emulated AMRF, a due date is
assigned for its completion. Based upon the emulated
completion time, the tardiness of each of the completed
jobs is then computed. The individual tardiness values
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are then averaged for all the completed jobs in order
to compute the mean lateness criterion. In addition to
the average value for each criterion, the standard de-
viation is also computed over the sampled values that
were used to compute the means. Other statistics such
as the minimum and maximum values for each crite-
rion could also be computed if desired.

It is important to observe that all the information
contained within the Timed Simulation Display either
deals with the current state or the past performance of
the system. There is one particular exception to this
statement, however. At the lower right section of the
Timed Simulation Display, there are three radio but-
tons which can be selected by the remote viewer. At-
tached to each radio button is a given priority rule for
ordering the jobs that currently require transportation.
In this experiment, three priority rules have been in-
cluded. The First-In, First-Out rule assigns priority
based upon the time the given job requested to be trans-
ported. The Latest Job rule orders the jobs based upon
their assigned completion dates. Finally, the Smart Cart
rule prioritizes the transportation requests in a manner
that minimizes the cart movement necessary to handle
the request given the current state of the system.

The radio buttons depict which priority scheme is
currently being selected. As shown in Figure 6, the
FIFO strategy has currently been selected, and its inef-
ficiency has resulted in the congested system state de-
picted. For example, a viewer might elect to implement
the Smart Cart rule, which would likely eliminate the
congestion. We could also have included viewer-select-
able priority rules for managing the other queues in
the system. However, for the purpose of this demon-
stration, we elected to keep the situation as simple as
possible while demonstrating all potential capabilities
for on-line simulation.

Returning to Figure 4, we can begin to appreciate
the complexity of the on-line experiment. As illus-
trated, the real-time emulated or the real-world system
is constantly posting updated state information to the
Java-based server for the experiment. Whenever an up-
date in the system state occurs, the server broadcasts
this information to any remote viewing applet on the
Web. The remote applet then displays the updated
state information in its dedicated Timed Simulation
Display window. However, the remote viewer can also
select any other priority rule for ordering the transpor-
tation request queue. If a remote viewer selects a dif-
ferent rule for implementation, the remote applet sends
a message to the central server which then forwards
the message to the emulated (real-world) system.
When the emulated (real-world) system receives that
message, it then changes the priority rule that it used
to order the transportation request queue. Note that
when this change occurs, the state of the system also
changes with respect to the priority rule that is cur-
rently being used to order the transportation request
queue. This updated state information is then posted

Fie Hezlp

with the server which, in turn, broadcasts the informa-
tion to the remote clients. In this manner, the remote
client who requested the change receives feedback
that his/her request for a change in the implemented
priority rule has been effected.

As shown in Figure 4, the updated state information
is also sent to the Simulation Engine object. Earlier, we
stated that there were multiple uses for the simulation
model of the AMRF. The model was first employed in
the real-time emulation. The second use of the model
occurs at the Simulation Engine object that addresses
the future response of the system. Using the Java-based
simulation model, the Simulation Object then projects
the future performance of the system (the AMRF)
while it operates under each of the three potential rules
for prioritizing the transportation request queue. In
this demonstration, the simulation projects the future
performance of the system as it completes the next 100
jobs that will go through the system. The consideration
of the next 100 jobs is totally arbitrary. For example,
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Figure 6. Timed simulation display
for the state of the real-time emulation
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Figure 7. Graphic display for the simulation engine

we could have considered the performance of the sys- Simulation Display as previously discussed.) After a
tem over the next 24 hours. In general, the analyst must ~ simulation trial for each priority rule is completed, the
specify the planning horizon that is to be considered computed means for the performance criteria are sent
in the on-line simulation experiment. to the server. The simulation object then computes

As each simulation trial for the next 100 jobs is com- another set of simulation trials, one trial for each pri-
pleted for a given priority rule, the mean Time in the ority rule, where each simulation trial is again initi-
System, the mean Productivity, the mean Process Uti- ated to the most recent system state. This process is
lization and the mean Lateness criteria are evaluated repeated constantly throughout the on-line simulation
for the 100 jobs considered on that trial. (Note that experiment.
these computed averages can be referred to as prospec- At the remote site, the applet contains a dedicated
tive performance statistics in contrast to the retrospec- display for viewing the output of the On-Line Simula-

tive performance statistics that are given in the Timed tion Engine applet (see Figure 7). This display gives
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Figure 8. Schematic for the on-line statistical analysis process
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the simulation trial number (=1019) and the average
value and standard deviation for each performance
criterion associated with each priority rule. The infor-
mation contained in this display is of little practical
utility because it provides the performance measures
for a single simulation trial. Its primary use is to depict
the status of the on-line simulation trial generation
process. That is, it provides information on the num-
ber of simulation trials that have been generated since
the on-line simulation experiment has been initiated.
It also provides visual evidence about the rate at which
simulation trials are being generated.

One contention that many have made with respect
to on-line simulation analyses is that computers are not
fast enough to perform the computations as needed.
In order to address this concern, we now download
the simulation model to each remote viewer’s site and
the on-line simulation trials are computed upon their
computers using a Java-based simulation model. We
note also that Java in general executes more slowly than
most other computer languages because Java is com-
piled to a virtual machine rather than to the computer’s
native processor. In most cases, we find that the remote

: AMRF Simulation Data Display

computer can generate another set of simulation trials
within one or two seconds. In fact, returning to Fig-
ure 5, all of the processes in this diagram associated
with on-line simulations of the current and the alter-
native control policies as well as the on-line statistical
analysis are performed at the client’s computer. That
is, we are implementing a unique distributed comput-
ing environment at each remote viewer’s site, each op-
erating under the coordination of the Java-based server
located in our laboratory. Note also that our server
has been defined in a generic fashion that will allow
us to place these computing processes anywhere we
desire. We will discuss these Web-based implementa-
tion concerns in more detail in the next section.

The performance measures derived from a single
simulation trial are of limited utility. Our desire is to
assemble a collection of simulation trials associated
with the system operating under a given priority
strategy in order to make a more comprehensive sta-
tistical estimation of the future performance of the
system if a given priority scheme is adopted. To this
end, the remote applet collects the results from the
past simulation trials that have been generated by its
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Figure 9. Graphic display depicting performance criteria values stored in the push-down stacks
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local simulation engine. As shown in Figure 8, the pro-
jected performance vectors (which are comprised of the
mean values for the L performance criteria considered
in the study) resulting from each simulation trial for
each of the R alternative priority rules are stored in
separate push-down stacks, one for each priority rule.
In this stack, a fixed number of performance vectors
(K) are stored, with the most recent trials stored at the
top of the stack. When the stack becomes full, the old-
est performance vectors are removed from the bottom
of the stack and are disposed. Hence, after the stack is
filled, it holds the K most recent simulation trials for a
given rule. This situation is best illustrated in Figure 9,
where the last 1,000 simulation trials (e.g. from trial 22
to 1,021) for each performance criterion are displayed.
Each remote applet also contains a Java-based, on-
line statistical analysis object for computing the statis-
tical results associated with the simulation trials con-
tained in each stack. As shown in Figure 8, for each of
the L performance criteria contained within the perfor-
mance vectors, the average and the standard deviation
of the mean performance values are computed. (Re-
call that the Simulation Engine Object computes mean

| AMRF S

Distibution  Update Help

imulalion. DETEY Display

Graph

values for each simulation trial, e.g. the meantime in
system for the next 100 jobs to be processed by the sys-
tem.) The values recorded from the set of stored per-
formance vectors are also used to compute an empiri-
cal cumulative distribution function for the trial mean
values of each performance index. As new simulation
trials are added to the stack (depicted in Figure 8), all
of the computed statistics are updated in real time.

Each remote applet also contains a window object
(the Simulation Data Display Window) to view the sta-
tistics. Here, the remote viewer can specify which dis-
play he or she currently wishes to view. In Figure 10,
we have provided a snapshot of the display for view-
ing average Time In System (AveTIS) versus the aver-
age Lateness (AveLt) performance criteria. In the up-
per right quadrant of this window, the AveTIS and
Avelt values for each of the last 1,000 simulation trials
are plotted as a single point in the AveLt versus AveTIS
Cartesian space. In this diagram, a total of 3,000 points
are plotted: 1,000 points for each priority rule. In or-
der to distinguish the points associated with a given
priority rule, the points have been color-coded. How-
ever, it is difficult to observe this feature here as
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Figure 10. Simulation data display window depicting statistical distribution of lateness versus time in system
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grayscale (not color) figures are presented. To the left
of and below this primary scatter plot, the empirical
cumulative distribution functions for the average val-
ues of the displayed performance criteria have been
plotted. Again, a single empirical cumulative distribu-
tion function is provided for each priority rule. In the
lower left quadrant of the display, we provide the cor-
relation coefficient among the displayed performance
criteria as well as the slope of the best linear regression
line through the plotted data. These values are updated
in real time for each priority rule.

Assuming that we are considering a total of four
performance criteria (i.e., average Time In System, av-
erage Productivity, average Process Utilization, and
average Lateness), a total of six such plots can be gen-
erated—one for each possible pair of performance in-
dices. The Graphical Display window permits the user
to choose which pair of performance criteria he or she
wishes to view at any given moment.

4. Special Issues in Implementing the
Experiment

When we initiated this effort, our primary goal was to
demonstrate the workings of an on-line simulation to
a much larger audience. However, as we began to de-
velop the demonstration, we quickly realized that
Java and the Web are the ideal environment for doing
this research. In short, we found numerous advantages
and no insurmountable disadvantages. In fact, our en-
tire research program in distributed intelligent control
has now been moved to the Web.

In developing this Web-based demonstration, the
only dedicated code that we developed explicitly for
this experiment was the server. However, we were able
to employ standard operating procedures that are pub-
lished in many texts. The server can best be viewed as
a message service. Returning to Figure 4, it is clear that
the primary role of the server is to pass messages from
one client applet to another. From the server’s point
of view, it has two primary types of clients. The first
client type is the real-world system or the real-world
emulation of that system. From this client, the server
receives system state updates, and transmits incoming
control from the remote on-line analysis clients.

The second type of client is the remote on-line cli-
ent. When an individual logs into the server from a
remote Website, his/her remote address is recorded.
Note that we could easily add a security device here
which prevents an unauthorized individual from log-
ging onto the server. Once the remote on-line analysis
client is logged onto the server, the server downloads
all of the applets defined in the previous section. Each
of these applets typically communicates with the server
and not with each other. This is important because it
allows the server to direct the essential information
that is needed by each type of applet. For example, up-
dates in system state go to Remote Emulation Display
applet and the On-Line Simulation applet at each

remote site. If one watches the demonstration carefully,
one can observe that the updates for the TimeNow
variable in these two applets can occur at slightly dif-
ferent times because the server is communicating with
each applet as a separate entity.

We decided to treat the applets as distinct entities
because the server will be receiving different types of
information from each of these applets. Through the
Remote Emulation Display, the viewer can send con-
trol signals to the server, which it then forwards to the
real-world system (or its emulation). Note that we
could install security measures at the server that could
prevent a person who is not authorized to change the
control law from requesting the change. In Figure 4,
we have shown a simplified situation where the On-
Line Simulation Engine applet communicates directly
with the On-Line Statistical Analysis applet at the same
Website. If several viewers are simultaneously view-
ing the on-line simulation demonstration, the poten-
tial arises for sharing the on-line simulation trials that
are being generated at each site. That is, as a given
On-Line Simulation Engine applet generates the per-
formance vectors associated with a given set of simu-
lation trials, it can forward them to the server, which
then relays them to every On-Line Statistical Analysis
applet that is currently active. In the current implemen-
tation of the experiment, the simulation engine does
transmit the trial performance data to the server, which
then bounces the information back to the On-Line Sta-
tistical Analysis applet at the same site. The ability to
share the simulation data among all remote viewers
also exists. However, we do not usually employ this
feature in most demonstrations because it complicates
the discussion of the experiment. Note, however, that
the On-Line Simulation Engine applet does send the
trial performance data that it generates directly to the
Remote Simulation Display applet at its site. In this
manner, the remote viewer can verify that its simula-
tion is currently operating.

The On-Line Statistical Analysis applet receives
simulation trial performance data from the server that
was generated either by the On-Line Simulation applet
at the same Website or by the entire collection of ac-
tive On-Line Simulation applets. The output from the
On-Line Statistical Analysis applet is then forwarded
to the Remote Statistical Display at the same Website.
(Thus, the On-Line Statistical Analysis applet does not
send any data to the server.)

Based upon this discussion, it is clear that the server
can be written in a general manner. Earlier in this sec-
tion, we said that the server will interact with two ba-
sic types of clients. Rather than classify these clients as
we had done earlier in this section, we can simply clas-
sify these clients as being permanent on-line clients
(the real-world system) or as temporaey clients (the
remote sites performing the op-titie simulation analy-
sis). The server downlpads the same set of applets to.
each temporary ¢ient each time they log in. Again,
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this approach has its advantages because a single ver-
sion of each applet is maintained at the server. In this
manner, we can be sure that all viewers are using the
same (most current) version of the applet.

Changes in the experimental setup are also easy to
accomplish. One needs only to change the recipient
list for the incoming messages from each type of client.
For example, if we wanted the On-Line Statistical Anal-
ysis applets to use only the simulation trial data gen-
erated by the On-Line Simulation Engine at the same
Website, then one would specify at the server that any
incoming messages for a given On-Line Simulation
Engine applet be forwarded to the On-Line Statistical
Analysis applet at the same Website. However, if we
desire to share simulation trial data, then the incoming
messages from any On-Line Simulation applet would
be forwarded to all active On-Line Statistical Analysis
applets.

We have also developed the demonstration to maxi-
mize its reusability. If one desires to change the target
system for the experiment, then one needs only to
change the simulation model within the On-Line Sim-
ulation Engine applet (and the Real-Time Emulation
applet if it is employed) and the Remote Emulation
Display applet for viewing the state of the system.
Again, these changes are made once at the server.

One might be concerned with the amount of infor-
mation that is being passed across the network. Again,
we have been very careful in our design. For example,
the Remote Emulation Display applet receives only
updates in the state rather than the entire state descrip-
tion. Every screen display is constructed locally. Al-
though we have not found a need to do so, we can
buffer the information at the server in order to pass it
in larger packets, but at less frequent intervals. As a
validation of the small amount of information that is
being passed, we have exhibited this demonstration at
several conferences using conventional phone lines
and a modem.

To date, we have never experienced any large de-
lays in information transmission. In fact, we have had
viewers from three different continents viewing the
demonstration at the same time. The concern here was
to establish voice links among the concurrent viewers
so that we could explain to the viewers what they were
observing. We have had as many as ten viewers watch-
ing the demonstration at the same time. We believe
that we could easily handle fifty or more simultaneous
viewers. To test the robustness, we even launched
three remote viewers from the same computer. The
applets slowed down because they were sharing the
same processor but continued to operate in the normal
fashion.

Given the flexibility of the experimental design, we
are now employing it in most of our experimental de-
velopment related to on-line, distributed intelligent
control. We have also begun implementing some of
this technology upon real-world systers. Recently, we
developed a collection of applets for a major electronics

manufacturer where real-time state information was
collected at several facilities and forwarded to a cen-
tral server in our laboratory. This remote data could
then be viewed at any remote site using the services
of the Web. In fact, one of the sites continuously logged
onto the Web in order to allow the line workers to moni-
tor the current production data for their line. Given
that we had the real-time data at our lab for several of
the manufacturer’s lines, it would have been a trivial
next step to perform the on-line simulation needed to
project the system’s future performance. Unfortunately,
the manufacturer has not agreed to take this next step.

As discussed above and in [15], we are now employ-
ing new modeling paradigms that will provide simu-
lation models that are actually capable of controlling
the systems that they model. We have began to em-
ploy this modeling paradigm in writing a new set of
controllers for a flexible manufacturing cell operated
at a military depot. Based upon our experience, we
have elected to do this development in Java. Although
there are several programmatic reasons for selecting
Java for this development, one of primary reasons was
the expanded capability for interacting with the clients
during the development. The clients can log into the
Website and monitor our progress. As we can develop
interfaces, they can immediately review our efforts
and suggest changes. By using the developed control
software in a training mode, they can also interact with
an emulated version of the system in order to verify
that the resulting system dynamics are what they ex-
pected, before the controller is installed. Through this
process, we expect that the client will be fully familiar
with the controller before it is brought on-line.

Once we have developed the controller based upon
our modeling paradigm, we can immediately perform
on-line simulation with the same model. The next logi-
cal step is to develop the on-line intelligent controller
that will assist in making on-line scheduling and re-
source allocation decisions for managing the systems.
Here again, Java and the Web will be critical. On-line
simulations generate enormous amounts of data with
which the human operator must interact. As shown in
Figure 5, the person performs the On-Line Compro-
mise Analysis function within the intelligent controller
(depicted in Figure 1) by viewing the displays from
the On-Line Statistical Analysis applet and then de-
cides which rule to implement by selecting that rule
in the lower right-hand corner of the Timed Simula-
tion display, shown in Figure 6.

For this experiment, only the rules for prioritizing
the transportation request queue were considered. For
areal system, there will be many more degrees of free-
dom that can be considered in generating alternative
control policies for managing the system, given its cur-
rent system state. It will be essential to have the user’s
input in the design of the displays for monitoring the
on-line analyses of these alternatives. Java and the Web
should assist in this process.
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5. Future Research

In this paper, we have provided only a brief descrip-
tion of the on-line simulation methodology and an
experimental implementation of this technology upon
the World Wide Web. Obviously, the current experi-
mental setup is still in the prototype phase. Future re-
search should provide a standardized distributed ob-
ject-computing environment for implementing these
experiments. The goal of this experiment was not to
provide a solution for all future on-line studies. Rather,
the goal was simply to demonstrate the future capa-
bilities of on-line simulations.

The area of on-line simulation is certainly in its in-
fancy and needs much further investigation. In [15],
future research needs are discussed in much greater
detail. Clearly, considerable effort is needed in order
to provide better statistical analysis tools for analyzing
transient response. As in Figure 6, it is clear that the
statistical performance being projected by the most
recent trials is significantly different from that of the
earlier trials. Thus, we conclude that the system is un-
dergoing a transient behavior which could possibly
lead to its instability as the system becomes more con-
gested. However, a major source of this instability is
the inefficient priority scheme (i.e., First-In, First-Out)
that is employed to allocate the AGVs to the jobs that
require transportation. The use of a more efficient pri-
ority scheme is likely to return the system to a more
stable configuration. The issue is to develop on-line
statistical analysis procedures that will make this situ-
ation apparent to the operator.

The selection of the priority rule for implementation
opens an entirely new area of research associated with
the development of an on-line intelligent controller for
managing the system. Such a controller would first
need to determine which control strategies should be
considered for possible implementation, perform the
essential on-line simulations that are needed to assess
their potential performance, compare their projected
responses in order to determine which strategy should
be implemented, and then implement the selected
strategy. The need to address all of the requirements is
constant. Thus, all of these functions must be ad-
dressed concurrently while the system is operating.
The structure for such an intelligent controller has not
yet been specified and represents a major research
need. In short, we can conclude that much more re-
search is needed. On the other hand, it is obvious
that there is a bright future for research in the simula-
tion area.

Based upon the above experiment, it is clear that
Java and the Web will provide critical capabilities in
this future development. Using the current capabilities,
it should be possible to implement a fully operational
on-line intelligent controller for a real manufacturing
cell within the next five years. With this development,
a manager should be able to view on-line operation of
his/her system and make management decisions from

any Website. Furthermore, when fully implemented,
other managers should be able to view the same on-
line operation of the system. The potential also exists
where managers from several distinct manufacturing
facilities within the corporation should be able to in-
teract with each other in a real-time manner such that
each manager sees the other systems’ current state and
make appropriate decisions to coordinate the produc-
tion of his/her system with the other systems. The only
real uncertainty here is what new Web technologies
will be available in the next five years for us to exploit.
Whatever these capabilities are, they will radically
change the way we view simulation and control. Sim-
ulation will never be the same.

6. To Access This Simulation

The on-line simulation discussed in this article is ac-
cessible at the URL http://www-msl.ge.uiuc.edu/. How-
ever, the Java server must be enabled before one ini-
tiates the demo. Thus, if anyone is interested in seeing
the demo, he or she should send an e-mail to Professor
Wayne Davis at w-davis@uiuc.edu requesting that the
Java server be started so that they can view the demo.

At this same URL, there is another demo where on-
line simulation is being employed to generate a ship’s
course as it attempts to avoid incoming torpedos. This
demostration clearly illustrates the expanded planning
and control capabilities that on-line simulation can
provide. This demo can be executed without contact-
ing Professor Davis.

Based upon past experience, the demos seem to op-
erate best with Internet Explorer 4.0 or later running
on Win-based PC.
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