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Abstract

Simulation is avery powerful and flexible tool in the design and analysis of many
different types of systems. Discrete-event and kinematic simulation are the most commonly used
types of thistool in manufacturing industry. Although it is a very powerful and flexible means for
designing and analyzing many different types of systems, without a systematic approach, it can
be inefficient, expensive, and even misleading. Discrete-event and kinematic simulation have
different application areas. However, a close examination of the steps one has to take through
real-life applications shows that a common methodology can be used to successfully utilize
simulation in all application areas. This paper presents such a uniform methodology that is
comprised of eight major phases. Each phase consists of several steps that are discussed in detail
using some case studies. It is found that depending on the type of simulation (discrete vs.
kinematic,) the objectives of the study, and the detail level of the problem considered, each of the
steps of the methodology may be given different emphasis. However, adherence to this common
methodology will ensure the proper usage of this powerful technique and will enable the usersto
gather better payoffs from the investment on simulation.

I ntroduction

Computer simulation is a technique that alows building of and experimenting with a
model of areal system on acomputer. Although there are several different types of simulation,
the focus of this paper is on discrete-event and robotic (or more generally kinematic) ssmulation
as applied to manufacturing systems.

The discrete-event simulation technique is used for systems where the state changes occur
when events happen at discrete pointsin time. For example, release of an order to shop floor,
breakdown of a machine, completion of a machine cycle are events that change the states of a
manufacturing system. This kind of simulation is more appropriate for systems with multiple
entity types and event types. A job shop, an assembly line, a paint shop in avehicle
manufacturing plant are examples of such systems. The types of entities that can be seenin ajob



shop are orders, machines, and workers. Clearly, some of the entities would be considered as
permanent, e.g. a machine, and some others would be temporary, e.g. a part, with respect to their
lifetime in the model. Analysis of the throughput capability of the system, determination of the
bottleneck operations, evaluation of different material handling systems are typical applications
of discrete-event simulation models.

Kinematic ssimulation is atechnique for simulating a system whose state changes
continuously based on the motion(s) of one or more kinematic devices. Typical examples of such
systems are robotic workcells and machines with several moving components. These structures
are typically parts of larger manufacturing systems. Analyses that are made viathis kind of
simulation models are generally in the form of evaluating the movement capabilities of one or
more devices. Verifying that arobot can perform its tasks free of collisions, finding an optimal
motion path, and determining an optimal placement for arobot and other fixtures are typical
examples of such studies.

Although these two types of simulation have different application areas, acommon path
can be easily observed in their use. Whether discrete-event or robotic, the overall processto be
used in asimulation study starts with a problem definition. Once a problem is defined and
simulation is selected as an analysis tool for solving it, data about the real system must be
gathered. After collecting sufficient information, amodel of the real system isbuilt. Analyses
with asimulation model generally involve extensive experimentation using various what-if
scenarios. Based on such experimentation, conclusions are drawn and a report is written to
document the findings of the study.

Learning to use a simulation tool has been made relatively easy by highly interactive
graphical user interfaces. Also, the overall process described above can be seen as
straightforward by the virtue of the fact that there seems to be only few steps involved. However,
experience shows that as much as it is an exciting and easy to use tool, simulation can be
inefficient, expensive, and even misleading when it is not used properly. The purpose of this
paper isto introduce a common methodol ogy that can be used for applying either kind of
simulation properly. The methodology consists of eight phases. There are also severa steps
identified in each phase. This methodology have been devel oped and tested by Production
Modeling Corporation over the last fifteen yearsin discrete-event simulation arena. It also has
been successfully adopted and used in robotic simulation over the past three years.

The next section of the paper introduces this common methodol ogy with a discussion of some
important points regarding the differences between discrete-event and kinematic simulation in
application of some of the steps. Then, the advantages of using the methodology are discussed by
using two case studies. The final section of the paper gives the conclusions on the use of this
methodol ogy.

The Methodology

The main difference in applying a common methodology in these two types of simulation
techniques is due to difficulties encountered in making abstractionsin building the model of a
real system. The model building process, regardless of the type of simulation technique used,
requires some level of abstraction as a model can represent aonly alimited amount of detail. As
the model detail increases less abstraction is needed to match the entities of the real system. For
amodel that represents only the general attributes of a system, higher levels of abstraction are



necessary. It can be observed that a robotic simulation model would require less abstraction since
by nature those models match closely the physical characteristics of actual systems. The modeler
concerns only with the problems of which physical entities are to be included and the level of
geometrical detail those entities should have in the model. For a discrete-event model, however,
the level of detail can vary significantly from one model to another depending on many factors
including the objectives of the simulation model, the software to be used, and the time frame
allowed for the study. For example, ajob shop can be modeled in great detail by representing
each machine, each part, and each worker if the objective of the study is to investigate the impact
of different work schedules on the shop throughput. On the other hand, the study might be
concerned with the performance of the shop’stool crib. Inthiscase, thejob-shop can be
represented only as a black box that generates random requests for the crib. Clearly, one can
expect that all the components of the crib that affect the overall performance (e.g., the location of
different types of tools, servers, number and type of tools and servers, and priority given to
different orders) areincluded in such amodel.

The common methodology that is suggested in this paper has eight phases as given
below:

Phase 1. Define the Problem

Phase 2. Design the Study

Phase 3. Design the Conceptual Model

Phase 4. Formulate Inputs, Assumptions, and Process Definition

Phase 5. Build, Verify, and Validate the Simulation Model

Phase 6. Experiment with the Model and Look for Opportunities for Design of

Experiments

Phase 7. Documentation and Presentation

Phase 8. Define the Model Life Cycle
Each phase is described in terms of detailed stepsin Table | with an indication of the importance
of the steps as they apply to each type of simulation technique. Items listed for Phase 5 and Phase
7 are interpreted as guidelines rather than steps. In previous papers (Ulgen, Black, Johnsonbaugh,
and Klungle 1994a and Ulgen, Black, Johnsonbaugh, and Klungle 1994b), one of the authors
described in detail each of these steps. In what follows, we only highlight the differencesin
applying the steps to the two simulation techniques rather than describing each step in detail.

In phase |, determining the boundaries of the system to be modeled istypically amore
critical and harder task while defining the problem in a discrete-event simulation study. One must
pay close attention to all the components of the system which may have adirect or an indirect
impact on the target performance measure(s). In arobotic simulation study, the boundary of the
system is defined only by considering the objectives of the study in most cases.

The advantages and benefits from a kinematic simulation model are easier to estimate
before the study begins. However, in adiscrete-event simulation study, benefits may be hard to
guantify even after the study is completed. A healthy evaluation of the expectations from a
discrete-event model must be made prior to building one. Such an evaluation is likely to affect
the level of detail that would be put in a discrete-event simulation.

In phase 2, an accurate estimation of the life-cycle of a discrete-event model is crucial in
determining the modeling and animation requirements. If, for example, the model is to be used
for training purposes after it is used for analysis then, it might be important to include a detailed
animation of the system. Similarly, arobotic simulation model might be needed for creating off-



line programs after it is used for analysis purposes. Such amodel is likely to include much more
detail than amodel to be used for analysisonly.

TableI: The Eight Phases of the Methodology ([1: Step applies, +: More significant, N/A: Not
Applicable)

Type of Simulation Technique

METHODOLOGY Discrete-Event Robotics
Phase 1: DEFINE THE PROBLEM
Step 1. Define the objectives of the study. O O
Step 2. List the specific issues to be addressed. O O
Step 3. Determine the boundary or domain of the study. i 0
Step 4. Determine the level of detail or proper abstraction level. i O
Step 5. Determine if a simulation model is actually needed; will an analytical method work? ] N/A
Step 6. Estimate the required resources needed to do the study. O O
Step 7. Perform a cost-benefit analysis. O O
Step 8. Create a planning chart of the proposed project. O O
Step 9. Write a formal proposal. [ O
Phase 2: DESIGN THE STUDY
Step 1. Estimate the life cycle of the model. i O
Step 2. List broad assumptions. a a
Step 3. Estimate the number of models required. a a
Step 4. Determine the animation requirements. a a
Step 5. Select the tool. O O
Step 6. Determine the level of data available and what data is needed. O i
Step 7. Determine the human requirements and skill levels. O O
Step 8. Determine the audience (usually more than one level of management). i 0
Step 9. Identify the deliverables. O O
Step 10.Determine the priority of this study in relationship to other studies. O O
Step 11.Set milestone dates. O O
Step 12.Write the Project Functional Specifications. I O
Phase 3: DESIGN THE CONCEPTUAL MODEL
Step 1. Decide on continuous, discrete, or combined modeling. i 0
Step 2. Determine the elements that drive the system. i 0
Step 3. Determine the entities that should represent the system elements. i O
Step 4. Determine the level of detail needed to describe the system components. O O
Step 5. Determine the graphics requirements of the model. i O
Step 6. Identify the areas that utilize special control logic. O i
Step 7. Determine how to collect statistics in the model and communicate results to the customer. 0 0
Phase 4: FORMULATE INPUTS, ASSUMPTIONS, AND PROCESS DEFINITION
Step 1. Specify the operating philosophy of the system. O O
Step 2. Describe the physical constraints of the system. O O
Step 3. Describe the creation and termination of dynamic elements. i g
Step 4. Describe the process in detail. a a
Step 5. Obtain the operation specifications. a a
Step 6. Obtain the material handling specifications. O O
Step 7. List all the assumptions. O O
Step 8. Analyze the input data. O N/A
Step 9. Specify the runtime parameters. O O
Step 10.Write the detailed Project Functional Specifications. O O
Step 11.Validate the conceptual model. 0 O




Tablel: The Eight Phases of the Methodol ogy (Continued)

Discrete-Event Robotics

Phase 5: BUILD, VERIFY, AND VALIDATE THE SIMULATION MODEL
1. Beware of tool limitations. O O
2. Construct flow diagrams as needed. a a
3. Use modular techniques of model building, verifications, and validation. O g
4. Reuse existing code as much as possible. a a
5. Make verification runs using deterministic data and trace as needed. O O
6. User proper nhaming conventions. O O
7. Use macros as much as possible. O O
8. Use structured programming techniques. O O
9. Document the model code as model is built. O O
10.Walk through the logic or code with the client. O O
11.Set up official model validation meetings. O O
12.Perform input-output validation. O O
13.Calibrate the model, if necessary. 0 0
Phase 6: EXPERIMENT WITH THE MODEL AND LOOK FOR OPPORTUNITIES

FOR DESIGN OF EXPERIMENTS
Step 1. Make a pilot run to determine warm-up and steady-state periods. O N/A
Step 2. Identify the major variables by changing one variable at a time for several scenarios. O O
Step 3. Perform design of experiments if needed. ] N/A
Step 4. Build confidence intervals for output data. ] N/A
Step 5. Apply variance reduction techniques whenever possible. O N/A
Step 6. Build confidence intervals when comparing alternatives. ] N/A
Step 7. Analyze the results and identify cause-effect relations among input and output variables. 0 O
Phase 7. DOCUMENTATION AND PRESENTATION
1. Project Book O O
2. Documentation of model input, code, and output. O O
3. Project Functional Specifications. O O
4. User Manual. a a
5. Maintenance Manual. a a
6. Discussion and explanation of model results. a a
7. Recommendations for further areas of study. O O
8. Final Project Report and presentation. 0 O
Phase 8: DEFINE THE MODEL LIFE CYCLE
Step 1. Construct user-friendly model input and output interfaces. i 0
Step 2. Determine model and training responsibility. O O
Step 3. Establish data integrity and collection procedures. O i
Step 4. Perform field data validation tests. O O

A robotic simulation model requires highly precise geometry and layout data as well as
accuracy in robot motion parameters. Approximations are often not acceptable and building a
robotic model in absence of dataisimpossible in most cases. However, a discrete-event model
can be built without waiting for data to become available as long as the logic and the components
of the system are defined. Clearly, meaningful results can be obtained only if reliable data are
made available to a discrete-event model. Also, in most cases severa types of data such as
downtime frequencies, repair times, and part interarrival time distributions are not readily
available. In some other cases, there may not be data available since a completely new system is
being simulated. Even under those circumstances, building a useful discrete-event model might
be possible through several layers of abstractions and well established, frequently used
assumptions (e.g., repair times are distributed exponentially.)



Some discrete-event models are used for important financial decisions (e.g., buying
another AGV, opening up additional AS/RS lanes, including new conveyors etc.) In those
situations, perception of the underlying problems and assumptions might be different at different
levels of management. Therefore, it iscritical that these different layers of management are kept
involved (or, at least, informed) during the course of a discrete-event simulation study. Doing so
is particularly important in large-scale simulation studies that may involve more than one model.

Mostly because of the fact that several layers of abstractions are possible and defining
systems’ boundaries and its critical componentsisacritical task, Phase 3, namely, the
development of a conceptual model isavery crucial phase for a discrete-event simulation study.
Correct identification of the relevant components, temporary and permanent entities, and detail
level in representing those items is essential for successful application of the discrete-event
simulation technique. For arobotic simulation study, defining specia control logic
(synchronization of various events and motions) is the more critical step in the conceptual model
development process. Also, one must be aware of physical phenomenathat can not be modeled
accurately (e.g., weight of objects, torque, and momentum).

In Phase 5, an important difference in the model development processes of the two types
of simulation techniquesisin the actual model building phase. In general, the modeling of work
locations and motion paths for kinematic devices is an iterative process. At each iteration, a new
set of work locations and paths are developed by aiming at improving and tuning the robot
motions for better cycle time and smoother motions. In other words, modeling and analysis go
together for most of the development cycle. Also, verification of a kinematic simulation model
would be clearly different from that of a discrete-event model. Particularly, models of kinematic
devices must be tested to verify that the motions observed in simulations reflect the behavior of
actual devices (or the expected behavior in the case of newly designed devices.)

There are also differences in the types of analyses performed on amodel in the last phase,
that is Phase 6, of asimulation project. A discrete-event smulation model typically involves
randomly devel oping events. Therefore, measures of performance obtained from those models
are random variables and require proper treatment in the form of statistical analyses.

Case Studies

A DISCRETE-EVENT MODEL OF A VEHICLE PAINT SHOP

The paint shop involved in this study was part of avehicle assembly plant. The new paint
facility is an upgrade of an existing one which had to be redesigned to increase the throughput of
the system. The new paint shop consists of approximately 30 conveyor chains that move jobs
from one process to another. The output of the shop goes into an AS/RS from where parts are
sent to final assembly line. There are several types of vehicles with different paint requirements.

As the entire plant was undergoing an upgrade, the design team included members from
severa levels of management and engineering. As the ssmulation team found earlier in the study,
there were significant differences in management’ s views of what was important. There were
even conflicting views of the objectives of the study. As part of the application of the
methodol ogy, the simulation team focused on defining a common set of objectives at avery early
stage of the study. Consequently, potential problems regarding the proper usage of ssmulation
were successfully avoided. Furthermore, the model was built and modified with the minimum



amount of detail necessary to obtain valid measures of performance. The level of detail and
abstraction were adjusted to the changing needs and objectives of the design process.

As any design process, the expansion project consisted of several iterations of making
and evaluating alternative layout designs. As the design evolved, the ssmulation model went
through several modifications. Developing and continuously updating project functional
specifications helped to establish a common information source for everyone participated in the
project. As several groups of people involved in the process, up-to-date documentation of the
model, its assumptions, input data, and current results proved to be extremely beneficial in
eliminating communication problems. Furthermore, updating periodically a designated
simulation coordinator at the client site on the status of the project helped to establish and
maintain an excellent communication channel. The periodical status reports made clear what the
status of the project was and what the next steps were and helped to minimize frustrations of
partiesinvolved in the project.

The results obtained from the simulation study had significant impact on various
equipment, layout and scheduling issues. Determination of the size of banks of buffer conveyors,
adjustment of the speed of several production conveyors, and establishment of job sequencing
rules were the most important results of the study. The simulation model was also updated for the
fina version of the conveyor controller logic and turned over to client with a user-friendly front-
end to be used by the engineers as an on-going decision and training tool.

DISCRETE-EVENT AND KINEMATIC MODELS FOR A VEHICLE FRAME PLANT

The frame plant involved in this study had undertaken an improvement project to
automate an arc welding operation through a series of robotic welding cells and a conveyor
system to move materials and finished products in and out of those cells. There were concerns
about the performance of both the conveyor system and the robot cells. As part of the problem
definition phase, the simulation team interviewed with the managers and engineers to capture the
objectives of the study. As aresult, the nature of the questions formulated for the cell and for the
conveyor system required that separate simulations be made for each system. Clearly, a Discrete-
event model was appropriate for modeling the conveyor system whereas a kinematic simulation
was required for modeling the robotic workcell.

Separate validation meetings with severa members of the design team helped calibrating
each model. For the discrete-event model, severa iterations of validation meetings were held as
the objectives and the system changed during the course of the study. Since the engineers from
the client site were kept involved in the course of the project, there was a high level of interaction
between the design and the model building processes that benefited both sides. The modeling
effort also benefited from the modular approach, the correct identification of the components of
the system, and the proper definition of the specia control logic. The kinematic simulation model
was extensively used to investigate the impact of alternative welding patterns on the cell cycle
time. As the simulations showed, the cycle time of the cell would be longer than those expected
because of delaysto avoid collisions. Adjustments to welding patterns helped overcome the cycle
time problem. Furthermore, the kinematic simulation model provided the cycle time information
that the discrete-event model needed for accurate representation of the welding operation.

The application of the methodology enabled the simulation team to contribute to the
success of the expansion project by improving the design both at the cell level and at the line



level. Program managers at the client site found the simulation methodol ogy very valuable even
though involvement of simulation in the project began later in the study.

Conclusions

Discrete-event and kinematic simulation techniques show differences from each other in
the way models are built, the software used, and the types of analyses made. However, as the
paper suggests, the nature of simulation studies, regardless of the type of simulation technique,
lendsitself to the application of a common methodology. The eight-phase methodology
presented in this paper allows the users of simulation, whether analysts or clients, to gather
maximum benefits from the use of this powerful tool.

An examination of the phases and steps of the methodology indicates that client
involvement is perhaps the most important overall recommendation. Being aware of the needs
and the objectives of the clients, getting their feedback and approval on the model, updating them
on the status of the study, and providing them clearly stated results are crucially important for the
success of any simulation study. Adherence to the methodology by paying close attention to each
step ensures that those general guidelines are met. Finally, it can be recommended that checklists
representing the steps of al phases of the methodology be devel oped and used throughout any
simulation project.
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