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Abstract

This paper describes a learning historian to improve user-directed experimentation with
discrete event simulation models of manufacturing systems. In user-directed
experimentation, an analyst conducts ssimulation runs to estimate system performance.
Then the analyst modifies the smulation model to evaluate other possibilities. An
important characteristic is the ad hoc nature of the experimentation, as the analyst forms
and runs new trials based on the results from previoustrials. Through user-directed
experimentation designers compare alternatives and students learn the rel ationships
between input parameters and performance measures. Recording and reviewing previous
trials while using simulation models enhances their benefits, transforming trial-and-error
into learning. Thelearning historian combines a graphical user interface, a discrete event
simulation model, and dynamic data visualization. Usability studies indicate that the
learning historian is a usable and useful tool because it allows users to concentrate more
on understanding system behavior than on operating ssmulation software.

1. Introduction

Discrete-event ssimulation models provide a powerful tool for understanding
manufacturing systems, for designing manufacturing systems, and for training and
educational purposes. The simulation literature has emphasized the application of
discrete-event smulation to solve a wide variety of important problems in manufacturing
and other complex systems. In addition, ssimulation is a very useful educational tool.
Students learning about the behavior of manufacturing systems (and queueing systemsin
general) can use smulation to gain insight into system performance and the tradeoffs that
occur between different performance measures (such as throughput and WIP). In both
settings (practice and education), user-directed experimentation is a key technique.

In user-directed experimentation, the analyst (or student) conducts one or more
simulation runs (also called trials) to collect some data points about the system
performance. Based on these, the analyst modifies the smulation model to explore other
alternatives near the previous point or in a different region of the search space. (Note that
the user is not interacting with the smulation moded during therun.) The designer
synthesizes the results of these various trials to determine the best alternative. The
student uses the results to understand the relationships between model parameters and
performance measures. An important characteristic is the ad hoc nature of the



experimentation, as the user forms and runs new trials based on the results from previous
trials.

In our experience, however, using current sSimulation software packages to conduct user-
directed experimentation is a difficult task. Though they support detailed modeling and
impressive animation, ssimulation packages have limited capabilities to support
experimentation. Thus, one must tediously modify the components of the smulation
model, view and summarize the output data, and record the results until the design or
learning task is accomplished. Some simulation packages do allow the user to define a
set of trials. The software will then execute all of the desired runs without user
assistance. Unfortunately, this batch process does not support user-directed
experimentation. The user interfaces for simulation software must support awide range
of activities that are not relevant to the experimentation process (see Figure 3 for an
example).

This paper describes a new technique to improve user-directed experimentation with
discrete event ssimulation models of manufacturing systems. Thistechniqueisalearning
historian that provides the needed user interface for defining and running trials and
viewing the results with minimal effort.

The learning historian gives users the ability to record and review their actions, edit or
replay the history of their actions, and annotate the history and send it to peers or
instructors. We conjecture that these operations encourage users to reflect on their
actions and promote collaboration between users, which supports the learning process.

Previous work (described in Section 2) devel oped learning environments and a learning
historian for interactive smulation, such as those of manufacturing equipment. In such
settings human decision-making and interaction with the system or smulation is a major
component of the simulated process. The objective of such human interaction can beto
model a process for which there is no good symbolic model by providing expertise, but it
can also be used asatoal for training. These goals are somewhat interchangeable. For
instance, a flight simulator can be used to train pilots, but it can also be used with pilots
to test changesin aircraft design. On the other hand, discrete event smulation models
restrict the user interaction to setting the ssmulation parameters prior to execution. Yet
the user shares the same basic goals of gaining a better understanding of the smulated
system and using this understanding to design or learn.

This remainder of this paper proceeds as follows: Section 2 describes previous work on
learning environments. Section 3 describes the new learning historian. Section 4
describes the results of two usability studies. Section 5 concludes the paper.

2. A Learning Historian for Interactive Simulation

Reviewing past events has been useful in many domains. Videotapes and flight data
recorders provide invaluable technological help to sports coaches or aviation engineers.
Similarly, we conjecture that providing users with a readable recording of their actions
may help them monitor their behavior, reflect on their progress, and experiment with



revisions of their experiences. Visual representations of user's actions have been used to
show user's navigation through web pages (Hightower et al., 1998).

The University of Maryland Institute for System Research has been developing

simul ation-based engineering learning environments for a variety of domains such as
semiconductor manufacturing, hydrology, transportation, and manufacturing. A
development environment called SMPLE (Rose et al., 1998) was devel oped to facilitate
the preparation of such learning environments. It combines a ssmulation engine with a
graphical user interface, guidance materials, and other scaffolding features.

VacSim, a SmPLE module, includes a prototype learning historian for a time-based
simulation of a vacuum pump, which is used in semiconductor manufacturing. This
modul e taught the procedure for producing extreme low pressure in a reaction chamber,
through a sequence of actions that turns pumps on and off and controls vacuum channels
by opening and closing valves (see Figure 1). The underlying ssimulation model was
created in VisSim. When learners use the ssimulation, the historian records their actions
and displays on a timeline the correspondence between the users actions and the effect on
the pressures in the different chambers (see Figure 2). A small user study showed that
students found the history mechanism valuable when they used the smulation and used
the annotation feature to communicate with others (Plaisant et al., 1999).
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Figure 1. VacSim, an operational SImPLE module for a vacuum pump.



Figure 2: The visua historian with annotations: The bottom half indicates user actions,
while the top half shows corresponding pressure val ues.

3. The Learning Historian for User-Directed Experimentation

For user-directed experimentation with discrete event ssimulation models of
manufacturing systems, we created a new learning historian, which we will refer to asthe
Learning Historian for Manufacturing Systems (LHMS). Thelearning historian gives
users the ability to define and run trials, view the results, record and review their actions,
edit or replay the history of their actions, and annotate the history and send it to peers or
instructors.

The LHMS isdesigned for users who are interested in the results of multiple smulation
runs and using these results to compare aternative designs or to understand the

rel ationships between modd parameters and performance measures. Such users are not
necessarily interested in viewing the location and status of parts and equipment in the
manufacturing system. Thus, animation during a Smulation run is not necessary.

The LHMS is a Java application that combines a graphical user interface, a discrete event
simulation model, and dynamic data visualization. Section 3.1 describes the user
interface, and Section 3.2 describes the visualization of the results. The LHMS requires
an Arena simulation model, exported as a SIMAN file to reduce the processing effort
needed to conduct a smulation run, and a configuration file that givesthe LHMS
important information about the structure of the smulation model and the controls that
are available to the user.

The LHMS is designed to work with any ARENA model. Spacein auser interfaceisa
limited commodity, but an ARENA model can have alarge number of input parameters
and output performance measures. The configuration file indicates which parameters and
performance measures the user will control and view. Configuration management allows
an instructor to focus student attention on key issues for a given lesson and gives the
instructor flexibility to construct different lessons by using different configuration files



with the same ssmulation modd. It also allows a designer to concentrate on key design
parameters.
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Figure 3: The ARENA user interface.

3.1 Interface Description

The LHMS has two user interface frames. The control frame has controls for the
historian application and the execution of the smulation. The historian controls allow for
saving and reloading previous histories. The ssimulation controls provide for execution of
new trials, by allowing users to adjust the input parameter values and pressing execute.

A numeric display of the input parameter values and performance measures for the
current trial is shown.

The second frame is atimeline frame that provides a temporal display of the history of
thetrials and the controls for selecting a specific past trial for review. When apast trial is
selected, the values of the inputs used are shown in the control frame and they can be
adjusted to specify anew trial. Finally, users can annotate any trial by entering
commentsin asmall text entry window, saving those annotations with the rest of the
history, and sending the history to a colleague or instructor.

The frames appear next to each other on the display, allowing the user to match the
individual timelines and the corresponding parameters. Figure 4 shows these two frames.
In thisfigure, the timeline frame (on the right) shows the values of the input parameters
and performance measures for ninetrials.

After auser definesatrial by specifying values for each input parameter, the LHMS
modifies the smulation model and executes the needed simulation runs without any
further input from the user. When the ssimulation runs are finished, the LHM S reads the
output text files that the smulation engine creates and finds the values of the relevant
performance measures. (These are the ones specified in the configuration file.)) The
values of the performance measures are stored with thetrial and displayed in the timeline
frame. Thetria isadded to the history.
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Figure 4: The LHMS User Interface.
3.2 Visualization of the History

To enhance the display of the history the LHM S is linked to an interactive scatter plot
visualization tool called StarDOM (Starfield Dynamic Object Miner) (Cailleteau, 1999).
StarDOM s based on earlier work on dynamic queries and information visualization
(Ahlberg and Shneiderman, 1994; Shneiderman, 1999). StarDOM allows usersto review
a data set by easily constructing two dimensional displays that can be filtered
interactively using diders and buttons built automatically to match the inputs and outputs
used by the historian. The StarDOM display provides an overview of the results, the
ability to zoom and filter them, and accessible details about each point.

StarDOM appears as a third framein the historian and is automatically loaded with the
results of thetrials. Figure5 displays an example of the StarDOM display. The user
choseto map “ Arrival Rate€’ on the horizontal axisand “Net Profit” on the vertical axis.
Each trial in the history is represented as a point in StarDOM. The color and shape of the
markers can be used to represent other attributes of the trials. Selecting a point displays
thetrial’s corresponding input and output values in the LHMS control frame and
highlights the timeline accordingly, making it easy to identify useful trials and modify
them.
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Figure 5: The StarDOM Display.
4. Usability Studies

We conducted two usability studies to assess how well users could perform certain tasks
with the LHMS.

4.1 Pilot Study One

Thefirst pilot study was conducted without the StarDOM display. The participants were
graduate students studying mechanical engineering and computer science. Users had to
run atria using the default values for the input parameters, manipulate the input
parameters, execute new trials, and compare the results of their experiments using the
history of thetrials. After completing these tasks, users answered questions about the
exercise. Some tasks required the user to change an input parameter to a certain value.
Another task asked the user to find the value of an input parameter that optimized a
specified performance measure.

The usersin this study were able to use the LHM S with little help and made many useful
suggestions and comments (Reaves, 2000). Some comments were directed towards
labeling and organizing controls on the historian. Other users criticized the barsin the
timeine frame. Userswho were familiar with smulation and manufacturing systems
indicated that the LHMS displayed the input and output variables in a much clearer
format than other simulation software they had seen and thus the relationship between the
input and output variables were easier to discern. Users who were not familiar with
manufacturing systems stressed the need for descriptive materials about the
manufacturing system being smulated.



Based on thisinput, the LHMS wasrevised. Introductory material about the
manufacturing system being smulated was prepared, and StarDOM was added to
improve visualization of the results.

4.2 Pilot Sudy Two

The participants in the second pilot study were students recruited from a production
management class. (These students were senior undergraduate students magjoring in
mechanical engineering.) Participation was not mandatory, and it was made clear to the
participants that the exercise was not to be graded and that their feedback and suggestions
would help improve the LHMS. Users worked in pairs and were encouraged to think
aloud, voice their opinions, and state what was clear or unclear in the data or user
interface. Users read a one-page description of the manufacturing system being smulated
and definitions of key termslike arrival rate or variability. The system produced three
types of cast iron parts using a series of drill presses, cleaning, welding, and testing
stations. After avery brief demonstration of the historian features (about one minute)
each pair of users began a set of tasks. Thefirst four tasks were ssimple tasks requiring
the users to adjust input parameter values and executetrials. These helped the users
become familiar with the interface. The next three tasks were more complex tasks that
asked the users to conduct additional trials and draw a smplified graph showing the
relationship between performance measures and input parameters (e.g. throughput versus
arrival rate, or cycletime versus arrival rate). An observer recorded what the users did
and administered a questionnaire when the users completed the tasks. To ensure that the
users did not leave the session with the wrong interpretation of the results of their
experiments, the observer explained the correct answers after the exercise. Each session
lasted for approximately 45 minutes.

With the new visualization frame all students were able to use the LHM S without serious
problems. We observed that users more frequently used the StarDOM display to analyze
the data, as opposed to the timeline display, which was used only to go back to previous
trials and modify the values of input parameters. StarDOM’ s larger display allowed
better and more precise comparison of the results.

An encouraging result of the study isthat all users commented very positively on the ease
of exploring the manufacturing system behavior. They said that using the smulation
software directly would have required them to keep track of the input parameters and
performance measures manually and cal culating differences between values. When
asked to describe the relationship between two variables, students unfamiliar with formal
experiment design started by trying a few randomly chosen values and then realized that
they needed a more organized way of varying the parameter values. Several teams
mentioned that the LHM S should provide ways to specify ranges of values and run a
series of trials. This showed that some users saw a need for experimental design.

On the other hand we noted some potential pitfalls of this open-ended environment. Some
usersforgot to filter the trials to eliminate incompatible data points. For example, when
asked to look at the relationship between the variability of arrival rate and the cycle time,
all usersran aseries of trials nicely varying the variability for a given arrival rate, but one



pair then analyzed the entire history, combining the new trials with previoustrials that
had used different values of other input parameters, which could have led them to a
midleading graph. Another pair tried to reach a conclusion about relationships with too
few trials and constructed an incorrect answer. These pitfalls would be lessened by
incorporating integrated help and tutorials, especially if such help included design of
experiments.

5. Summary and Conclusions

This paper described a new technique to improve user-directed experimentation with
discrete event smulation models of manufacturing systems. This technique (the LHMYS)
isalearning historian that gives users the ability to define and run trials, view the results,
record and review their actions, edit or replay the history of their actions, and annotate
the history and send it to peers or ingtructors. The LHMS is designed for userswho are
interested in the results of multiple ssimulation runs and using these results to compare
alternative designs or to understand the relationships between model parameters and
performance measures. The LHMS s a Java application that requires an Arena
simulation model and a configuration file for input. The LHMS user interface includes a
control frame, atimeline (history) frame, and a visualization frame (StarDOM).

Based on the results of usability studies, we believe that the LHMS is a usable and useful
tool for user-directed experimentation. It supports the needs of designers who need to
identify the best system configuration and the needs of students who are trying to
understand the relationships between input parameters and performance measures. The
LHMS allows users to concentrate more on understanding the principles and to spend
less time operating the smulation software.

The current LHMS is a prototype implementation. We are currently designing the next
version to overcome some technical problems and to add more features. |mprovements
will include additional annotation capabilities, groupwork features that help users share
history files, the ability to merge and split history files, and searchable repositories of
histories. We also need to explore the usefulness of creating experimental designs and
the best user interface for thistype of function.

We can aso link the LHMS to heterogeneous simulation models of semiconductor wafer
fabrication facilities (see Herrmann et al., 2000). Thiswould combine effective user
interface and visualization technologies with powerful techniques to model complex
dynamic systems.

Finaly, the LHMS is designed to change input parameters of the ssmulation modd,
which implies that constructing the smulation model must make available input
parameters that alow the user (through the LHMYS) to analyze relevant design
aternatives and interesting system behavior. Thisis not aways straightforward, since
modifying complex production control rules or structural characteristics might involve
many interrelated input parameters. We are concurrently working on schemesto
represent production control policies that can be adapted more easily.
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