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Overview

Introduction

The purpose of this project was to develop a nucleus of routines, along with
accompanying documentation, for use in software engineering courses or courses in
discrete-event system simulation. The system is called SIMPACK, after the main
package that contains most of the simulation modules.

SIMPACK was developed on an MS DOS computer using Meridian Ada,
version 4.1.1. In addition to documentation, a floppy disk is included which contains
all the Ada routines used, a compiled version of the system, and a template system

to create data files for use by SIMPACK.

Documentation

There are four major components to the documentation. The first part is
titled Course Notes. This part is oriented toward use of the system in a computer
simulation course. SIMPACK can be used as a stand-alone system capable of
simulating a variety of models. The course notes contain an introduction to
simulation and model building, an introduction to SIMPACK usage, and a
discussion of 10 case studies. The case studies range in complexity from a simple
single-queue, single-server system to complex systems involving branching, merging,
and feedback loops. Transparency masters are also included which contain

descriptions of the 10 case studies.
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The second part of the documentation is titled User Manual. The user
manual contains an introduction to SIMPACK, definitions of terms and concepts
used, discussion on how to develop models and how to prepare a simulation data
file for use by SIMPACK. There is also a section on how to interpret the results
produced by SIMPACK.

The third part of the documentation is titled System Manual. This manual
contains technical information about SIMPACK. The purpose of this manual is to
provide enough information so that modifications and enhancements could be
made to the system. The manual contains discussion about specific Ada routines as
well as data storage, system architecture, output, and simulation termination. There
are several appendixes which contain information about the statistics gathered,
known bugs, and suggested upgrades.

The fourth part of the documentation are source listings of the Ada routines
used in this project. There is a main driver called SIMULATE.ADA, and two
packages called SIMPACK.ADA and RANDOM.ADA.

Files on Disk

There is a disk included with this package which contains all the files needed
to use or modify SIMPACK. Following is a list of all the files on this disk, as well as
a brief comment for each file.

File Comment

SIMULATE.ADA main driver

SIMPACK.ADA  package containing most simulation routines
RANDOM.ADA gackage containing random number generators

BUILD.BAT atch file containing compilation sequence
SIMULATE.EXE compiled, ready-to-use version of SIMPACK
SIM.DAT sample data file for use by SIMPACK
GO.BAT batch file for data file preparation
RUN.EXE file used for data file preparation

SIMSETUP.SKW file used for data file preparation
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Computer Simulation

SIMPACK may be used without modification as a lab component in a
computer simulation course. Many introductory features of discrete-event systems
simulation may be explored using this system. A compiled version of the software is
provided, so the system is usable in its present form, without alteration. No special
setup is required, although the system could be recompiled to take advantage of
features such as a numeric co-processor. The 10 case studies in the Course Notes
provide a variety of examples that illustrate the capability of SIMPACK. These case
studies can be modified for other problem assignments. Transparency masters are
included at the end of the Course Notes that contain all the case studies and all the

figures. The User Manual provides detailed information on how to use SIMPACK.

Software Engineering

SIMPACK may be used in a maintenance-oriented software engineering
course. The system is complete and is operational, but there are many features that
could be added. SIMPACK could be used in conjunction with one of the software
engineering textbooks currently available. Ada source code is provided, and the
System Manual contains a description of many internal features of the system that
are essential in a maintenance environment. A desirable feature that could be
incorporated into SIMPACK is another type of probability distribution, rather than
being limited to uniform and exponential distributions. For example, a normal
distribution or a user-defined discrete distribution would be useful additions.

Providing a more user-friendly approach is certainly another good feature.
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Preface

Computer simulation is a popular topic at many colleges and universities. One or
more courses dcaling with computer simulation are taught at many institutions. The
opularity of this subject is due to its usefulness in a variety of fields including
usiness, computer science, and engineering. Computer simulation is an effective
planning and prototyping tool.

These course notes contain an introduction to the principles of model
building and computer simulation. Concepts related to discrete-event systems
simulation are emphasized and an Ada-based simulation tool called SIMPACK is
used. SIMPACK was developed for use on a variety of computers ranging from
mainframes to microcomputers. It is easy to learn, and it is easy to use.

SIMPACK is a simulation tool designed specifically for model building and
simulation. It is based on the programming language Ada, so it may be modi?ied or
extended as needed. It contains many key features essential for computer
simulation, such as generation of random numbers, management of events,
collection of statistics, and generation of standard output. SIMPACK is available
for immediate use. The beginning SIMPACK user is freed from programming
details and is able to concentrate on model building and simulation. After gaining
some experience, the SIMPACK user may add features in an incremental fashion.

Two manuals are included with this package. The first is a user manual,
which is intended to assist the user with the current version of SIMPACK. The
second is a system manual which is intended to assist the Ada programmer in
understanding the internal details of SIMPACK. This will be usetul in modifying or
adding features.

The approach used in these course notes is to discuss modeling and
simulation concepts in a systematic and complete manner. Topics are introduced in
a logical, but gradual sequence. The order of concepts follows a "building block"
approach, where fundamental features are presented early and used throughout
these course notes. Ten case studies are used to develop sound modeling and
simulation skills. Each case study follows a consistent pattern and incorporates
model definition, data file contents, sample output, and discussion of the
simulation.

Introductory simulation and modeling concepts are discussed in chapters 1
and 2. Basic terminology and model building concepts are emphasized in these
chapters. Chapter 3 contains an introduction to SIMPACK and Case Studies one
through three are presented. These case studies cover simple systems and introduce
concepts that are used later. For example, uniform and exponential probability
distributions are discussed in this chapter. Chapter 4 contains case studies four
through six. These case studies explore models involving servers in tandem,
probabilistic branching, and requestor merging. Chapter 5, the last chapter,
contains case studies seven through ten. These case studies investigate systems with
multiple branching and merging, feedback loops, and complex structures.
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Chapter 1
Systems, Models, and Simulation

Introduction

The principal ﬁoal of these course notes is to develop techniques to model systems
and to study the behavior of these models with the SIMPACK simulation tool. The
t)}llpes of systems that we will consider in these course notes are specified later in this
chapter.

P Fundamental concepts and terminology pertaining to modeling and
simulation are discussed in this chapter. The section titled "Systems" defines how
we use the terms systems and system components in these course notes. The section
titled "Models” describes common types of models, emphasizing the type of models
that we will use. The section titled "Simulation” describes the process of model
building and how we study the behavior of models with the computer.

There are many t_l):ges of systems that can be modeled and many kinds of
simulation techniques. This chapter defines the types of systems, models, and
simulation techniques that we consider in these course notes.

' AT.M
Customers arrive ond
walt In the queue until Custorner leaves
the A.T.M. is available - the system
Customer
recelves
service

Figure 1.1 An Example of an ATM System
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Systems

The term system is usce in a variety of contexts. We will use the term system to refer
to a collection of compone rs that are functionally related, and where changes
occur in these functiona’ r¢ ationships over time. This is a general definition of the
term, but it is sufficient to describe tge systems that we wish to model and simulate.

The components of a system are temporary entities and permanent entities. As
the .. ime suggests, a permanent entity exists as long as the system itself does.
However, a temporary en}’iztg may have a much shorter existence. Each entity may
have several associated attributes (or values). Events (or activities) cause changes to
the entities and the corresponding attributes.

An example of such a system is the automatic teller machine (ATM) system
in Figure 1.1. In this system, fKC ATM is represented as a permanent entity and the
customers who use the machine are represented as temporary entities. Two events
in this system are the arrival of customers and the use of the ATM by a customer.
The ATM can accommodate one customer at a time, so when a customer arrives, he
or she will join the rear of the queue (waiting line). The customer leaves the system
after using the ATM.

Models

We are principally interested in developing models of systems that can be simulated
on a computer. The activities or events of such systems are usually either
deterministic or stochastic in nature. An event is deterministic if we are able to
predict its behavior exactly when we have the necessary information about that
event. An event is stochastic if its behavior varies randomly over several possible
outcomes. For example, calculating the value of an investment with a fixed interest
rate is a deterministic activity. The arrival of customers at a restaurant is an example
of a stochastic event because of the apparent random arrival times. We cannot
predict with certainty when the next customer will arrive. We will emphasize
stochastic systems in these course notes because these systems are used in a wide
variety of applications.

Systems are further classified as either continuous or discrete. Event changes
occur gradually (or continuously) over time in a continuous system. Models of
continuous systems often involve the use and solution of differential equations.
However, event changes occur at specific points in time in a discrete system. The
ATM system in Figure 1.1 is an example of a discrete system because all the events
occur at specific times. The arrival of a customer does not occur gradually, it
happens at a discrete point in time. Similarly, the beginning and completion of
ATM use occurs at a specific time.

Consequently, the types of systems that we will model in these course notes
are stochastic, discrete event systems. Most of these systems involve queues, which
we will model as well. These characteristics are typical of many business and
engineering systems.
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Computer Simulation

Simulation is the process of creating a model and observing the behavior of that
model as it is subjected to various events and activities. A model can take on many
forms, ranging from physical representations to computer representations.

Computer simulation is a simulation process, in which the entities of the
model are implemented on a computer emc;J the computer is used to imitate the
events of the model. A major advantage in using computer simulation is that
entities and events can be easily changed. The revised model can be simulated and
its behavior analyzed. Consequently, models of present systems can be studied, as
well as models or future or proposed systems.

Determining the correctness of a simulation is often a problem. Simulation
is not an exact science because there are several simplifications, assumptions, and
estimates involved with the process. First, there is the construction of the model
itself. Ti:e validity of the model is dependent on the skill of the model builder.

S smctimes the model builder must make assumptions about the system. For
complex systems, the model builder may have to simplify the system in order to
represent it. If these steps are not performed correctly, the model is invalid. We
must also verify that the computer representation of the model is correct. Even if
the model is valid, the model must be correctly impiemented on the computer in
order for the simulation to be meaningful.

Course Notes Page C-3
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Chapter 2
General Procedures

Introduction

The first step in model building is to identify all the components of the system we
are analyzing. We need to determine all the permanent and temporary entities, and
their attributes. We also need to recognize all the events of the system and how
these events affect the entities.

Drawing a picture or a diagram of the system in question may help clarify the
situation. Consider the system depicted in Figure 2.1. This system 1s essentially the
same as the ATM system appearing in Figure 1.1. This system is classified as a
single-queue, single-server system. There is one entity that gives service to one
customer at a time (the single server) and one waiting line for the customers in front
of the server (the single queue).

Entities

When given a system, one of the first steps in model building is finding all the
ermanent entities and all the temporary entities. Consider the system of Figure
.1. Which entities are part of the system as long as the system remains in

One custorner
served at a time

Customer leavas
the system

— Server
Customers arrive ond
walt in o queue for
service

Figure 2.1 A Single-Qucue, Single-Server System
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existence? There is one permanent entity in this system, the single server. However,
there are arbitrarily many temporary entities (the customers) in this system.
Customers enter the system and remain until they receive service.

Determining the permanent and temporary entities of a system is usually not
a difficult task. Determining the attributes of these entities may not be as
straightforward. An attribute is a value or a property of an entity. Attributes add
information about entities that is necessary in the simulation process. Because of
the simplicity of the system in Figure 2.1, none of the entities have attributes.

Events

Properly identifying the events of a system is the next major step in model building.
Events usually involve entities and represent the changes that occur over time in a
system. In the system depicted by Figure 2.1, there are two types of events. The
events in this system are (1) the arrival of another customer and (2) the service given
by the server to the customer. We usually need more information to properly
describe these events. In particular, we need to know how often a customer arrives
in the system and how long it takes the server to deliver the service. Figure 2.2 is
another view of this system, but with this additional information.

According to Figure 2.2, a customer arrives every five to 15 minutes. The
arrival time of entities into a system is called the interarrival time or IAT for short.
The ATM serves one customer every four to 10 minutes. The service time of a
serverin a f{ystcm is called the average service time or AST for short. The queue is
represented in this figure as a line forming in front of the ATM. We assume that
the queue is organized in a first-in, first-out (FIFO) fashion. Each customer that
arrives joins the rear of the queue and waits for his or her turn with the ATM.

The ATM serves each
customer In an averoge
time of 4 to 10 minutes

> ATM
A customer arrives every A customer leaves the
5 to 15 minutes and [oins system when finished
the queue in front of the ATM with the ATM

Figure 2.2 Another View of the ATM System
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The only information missing in Figure 2.2 is how long the model should be
simulated. This could be handled by specifying a certain amount of time to simulate
or by indicating the number of customers to be processed. This is an element of
information that is required to implement the model on a computer.

Simulation Results

The chief reason for simulating a system is to answer questions or resolve concerns
about the behavior of that system. For example, in the ATM system, the following
questions could be asked about the queue that forms in front of the ATM.

What is the average waiting time in the queue?

What was the maximum number of customers in the queue?

How many customers spent zero waiting time in the queue?

How many customers were in the queue when stimulation stopped?
What was the averags number of customers in the queue during
simulation?

Pao o

The following questions could be asked about the ATM itself.
a. How many customers were served?
b. What was the average time to serve each customer?
c. How busy was the ATM?

Answers to each of these questions can be obtained as a result of developing a
model for this system and simulating the behavior of that model on the computer.
In the next chapter, we develop a model for the ATM and show the results of
simulating the behavior of this model using SIMPACK.

Course Notes Page C-6
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Chapter 3
Introduction to SIMPACK

Introduction

The User Manual contains the details necessary for installing and running
SIMPACK. The basic simulation and modeling concepts used by SIMPACK are
discus,ed in this chapter. We then create a model of the ATM system discussed in
the previous chapter, and simulate the behavior of that model using SIMPACK.

Definitions

Following are definitions of several key concepts that we will use when building
models with SIMPACK.

Requestor: This is a temporary entity that arrives in the system every so often
(arrival time is a random number based on information supplied by
you), and waits for service by a server for some amount of time.
When the server is available, the requestor spends some amount of
time being processed, then either exits the system, or continues on to
wait for another server.

Server: This is a permanent entity that requestors wait for. A server holds the
requestor for some amount of time to do some sort of processing,
then releases the requestor. The requestor can then leave the system,
or branch to another server for other processing.

Queue: A queue (or waiting line) forms in front of a server if that server is
busy with another requestor.

Time: Time units can represent any time unit that you wish, but you must be
consistent in your units when specifying arrival times, service times,
lengths of simulations, etc. Units can be seconds, milliseconds,
nanoseconds, or even days, weeks, years, or centuries (time units are
arbitrary).

LAT.: Inter-arrival time: This is the time interval at which requestors arrive
in the system. The actual arrival times are random numbers based on
the following information:

If you choose a uniform probability distribution, you must supply the
minimum and maximum arrival time intervals (for example, a
requestor arrives every 3 to 5 minutes).
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If you choose an exponential probability distribution, you must supply
the mean arrival time (for example, a requestor arrives every 10
seconds, on the average).

AS.T.: Average service time: This is the length of time that a server holds a
requestor for processing. The actual service times are random
numbers based on the following information:

If you choose a uniform probability distribution, you must supply the
minimum and maximum service times (for example, this server spends
between 5 and 15 milliseconds processing each request).

If you choose an exponential probability distribution, you must supply
the mean service time (for example, this server spends 62 minutes
processing each requestor, on the average).

Capacity: This is the number of requestors that a server can process at the same
time.

We will now use these terms in defining the model for the ATM system in Chapter
2.

Case Study # 1 - Building the ATM Model

Figure 3.1 contains a description of a single-queue, single-server system which we
use to represent an ATM system. The requestors represent customers with an IAT
of eight to 10 time units. This is a uniform distribution which means that the time
between customer arrivals is eight, nine, or 10 time units (each of these times is
equally likely). The server represents the ATM with an AST of four to six time
units. This is also a uniform distribution which means that the time to process each

Stop simulation ot time 1000

LA.T.
- Server —
8 -~ 10 time units Terminate
Requestors
rrive A.S.T.

4 - 6 fime units

Figure 3.1 Case Study 1, the ATM Model
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customer is four, five, or six time units. The simulation will stop when the
simulation clock reaches time 1000 (the clock starts at time 0).

Note that we must specify all values as integers when using SIMPACK. The
primary reason for this numeric restriction is to improve the execution speed of the
simulation process.

Consult the user manual for details of using SIMPACK. Here is a brief
overview. First, create a data file called SIM.DAT by using the template that is
provided. The purpose of this data file is to configure the model to be simulated.
The template would be completed for this problem as follows.

Help:
<Alt> H SIMULATION SETUP
Quit:
<Alt> Q Expon/ Mear/
1.A.Y. Uniform Min Max Stop at time: 1000
fu ] 8 [ 10 l Stop # Req.:
Expon / A.S.T.: # servers next next
Server Uniform Min Max Cap reached server# prob server#
1]v 4 6 1 0
2
3
4
5

After entering data in the above template, press <Alt> D to create the data file
SIM.DAT. Figure 3.2 contains the contents of that file.

t 1000
u 8 10
u4610

Figure 3.2
Contents of Data File SIM.DAT

The first line in Figure 3.2 specifies that the simulation will end abruptly at time
1000. The second line specifies the IAT of requestors, i.e., it is a uniform
distribution from eight to 10 time units. The third line contains information about
server number 1 (the ATM). First it specifies the AST of the server, i.e., itisa
uniform distribution from four to six time units. Then the capacity of the server is
specified, i.c., one. This means that the ATM can handle only one customer at a
time. Finally, the value zero indicates that there are no other servers for the
customer to engage. You are not required to use the simulation template to create
file SIM.DAT, which is an ASCII text file. However, doing so may be quite error-
prone.
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Simulation Stopped at Time: 1000
1 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG. UTIL.

PER ENTRY \ |/
CONTENTS
1 1 110 4.9 1 0 0.5 53.9 %
QUEUE  ENTRIES O-ENTRIES  AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 110 110 0.0 1 0 0.0

Figure 3.3 Sample Output Produced by SIMPACK

After the SIM.DAT file is prepared, invoke SIMPACK by executing the
executable file SIMULATE.EXE which is provided. When simulation is complete,
standard output is sent to the default output device, or it may be directed to a file
for later use. Figure 3.3 contains a sample of the output produced by SIMPACK for
the ATM problem.

The first line of the output in Figure 3.3 indicates that the simulation
stopped at time 1000. The next line specifies the number of servers in this model,
i.}c;:., one. Information about the server appears next, followed by information about
the queue.

The server had 110 entries, that is, 110 customers used the ATM. The
average time per customer was 4.9 time units (recall that the AST was four to six
time units). There was a maximum of one customer using the ATM at any time
(recall that the capacity of the ATM is one). The current contents of the ATM
when simulation stopped was zero (no customer was using the ATM at that time).
The average contents of the ATM was 0.5 and the utilization of the ATM was 53.9%
(this means that the ATM was busy a little over half the time).

The queue had a total of 110 entries and there were 110 zero entries. This
means that no customer had to wait for the ATM. The average time spent in the
queue by customers was 0.0 and the queue never had more than one customer. The
contents of the queue was zero when simulation stopped, and the average contents
of the queue was zero (recall that waiting time was zero for all customers).

Exponential Probability Distribution

The uniform probability distribution was used in Case Study 1. The exponential
probability distribution is also available with SIMPACK. This provides IAT and
AST values that can be close together or far apart. Sometimes this distribution
represents real-life distributions better than the uniform distribution. To use an
exponential distribution, you specify only a mean value. That value is multiplied by
a value returned by the exponential function. Figure 3.4 is a depiction of that
function.
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Given a mean of eight for either an IAT or an AST, following is a list of
possible values that are returned by multiplying eight by various values of the
exponential function.

0
2
6
11
17
24
36
55
68

Despite the large spread in this list, the mean of these values will approach eight if a

relatively large sample is used. We will use exponential distributions in the next
Case Study.

Case Study # 2 - The ATM Model Revisited

Figure 3.5 contains a description of the ATM model that appeared in the previous
Case Study, but with an exponential IAT and AST.

0 T T Ly T — T

0 o1 02 03 04 05 06 07 08 09 1
Probabiity

Figure 3.4 Exponential Distribution
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Stop simulation at time 1000

LA.T.
— Server T
9 time units, Terminate
distributed
exponentially
A.S.T.

5 time units,
distributed exponentially

Figure 3.5 Case Study 2, Model With Exponential Distributions

S

To run this model, we first need to create the data file SIM.DAT which contains a
description of the model. Figure 3.6 shows the contents of that data file.

Figure 3.6
Contents of Data File SIM.DAT

The first line of this data file specifies that the simulation is to terminate at
time 1000. The second line indicates that the IAT of requestors is distributed
exponentially with a mean of nine. The third line specifies that the AST of server 11i
exponentially distributed with a mean of five. The capacity of server 1 is one and
there are no servers following it. Figure 3.7 contains the output generated by
SIMPACK for this data file.

Note the differences between this output and the Figure 3.3 output. In this
simulation, there were only 93 entries each an average time of 5.7 per entry. The
sever utilization was 53.0%. Only about half the entries spent no time in queue; the
average time spent in the queue was 5.9 time units. There was a maximum of four
requestors in the queue during simulation, but no requestor was in the queue when
simulation stopped. The average queue contents was 0.6. The variance between
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Simulation Stopped at T"ime: 1000
1 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG. UTIL.

PER ENTRY  \ |/
CONTENTS
1 1 93 5.7 1 0 0.5 53.0 %
QUEUE  ENTRIES O-ENTRIES  AVG. TIME MAX. CURRENT  AVG.
CONTENTS
1 93 48 5.9 4 0 0.6

Figure 3.7 Sample Output Produced by SIMPACK

this simulation and the previous simulation with uniform distributions is reasonable.
The exponential distribution produces a wide range of IAT and AST values, where
the uniform distribution produces a much smaller range of values.

Case Study # 3 - Modeling Server Capacities

The capacity of each server in the previous model was one. However, servers may
have capacities much greater than one. We can stop simulation based on the
number of requestors that have completed service. In this Case Study, we will
model a system with these features. Figure 3.8 contains a diagram of that system.

Stop simulation when 500 requestors
have received service

LA.T.
. -

16 —= 25 time units Terminate

A.S.T.
42 - 53 time units

Figure 3.8 Case Study 3, Server With Capacity of 3
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The only new features in this model are the server capacity and the method by
which simulation is halted. Instead of specifying a capacity of one, we specify a
capacity of three. We indicate that simulation is to stop when 500 requestors have
received service and left the system (terminated). Figure 3.9 shows the contents of

data file SIM.DAT.

r 500
u 16 25
u 42 53 3 0

Figure 3.9
Contents of File SIM.DAT

The first line in data file SIM.DAT indicates that simulation will halt as a
result of a requestor count, rather than at some designated time. The letter "r" (or
"R") indicates a requestor count, whereas the letter "t" (or "T") indicates a specific
time. The second line indicates that the IAT is a uniform distribution with a low of
16 and a high of 25. The third line shows that the AST is a uniform distribution with
a low of 42 and a high of 53. It also indicates that the capacity of server 1 is three,
and no other servers follow it. Figure 3.10 contains sample output produced by
SIMPACK by using this data file.

Simulation Stopped at Time: 10311
1 servers in this run.

SERVER  CAPACITY ENTRIES AVG. TIME MAX  CURRENT  AVG. UTIL.
PER ENTRY \ |/
CONTENTS
1 3 501 47.4 3 2 2.3 76.8 %
QUEUE  ENTRIES O-ENTRIES  AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 501 500 0.0 1 0 0.0

Figure 3.10 Sample Output Produced by SIMPACK

Simulation stopped at time 10311 after the 500th requestor had received
service. Each requestor spent an average of 47.4 time units with the server. The
server had a utilization of 76.8%. No time was spent in the queue; virtually all the
requestors spent zero time waiting.
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Chapter 4
Multiple Servers and Branching

Introduction

The examples in Chapter 1 were confined to single-server models. Most models had
a capacity of one, although one example illustrated a server with capacity of three.
In this chapter, we will consider systems with several servers and probabilistic
branching.

Case Study # 4 - Servers in Tandem

In this case study, we consider two servers in tandem. One of the servers has a
uniform distribution and the other server has an exponential distribution. Figure
4.1 contains a description of this system.

Stop simulation when 500 requestors
have received service

LA.T.
_— 1 — 2 _—
6 -18 Term.
AS.T. AS.T.
4 - 16 8 dist. exp.

Figure 4.1 Case Study 4, Servers in Tandem

Figure 4.2 contains the contents of data file SIM.DAT.
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500

6 18
4 16 1 1 2 100
8 10

oECcH

Figure 4.2
Contents of File SIM.DAT

After running this simulation for 500 time units, the output in Figure 4.3 is
produced.

Simulation Stopped at Time: 5959
2 servers in this run,
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG. UTIL.
PER ENTRY \ | /
CONTENTS
1 1 501 10.3 1 1 0.9 86.0 %
2 1 500 8.1 1 0 0.7 67.8 %
QUEUE  ENTRIES  O-ENTRIES  AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 501 194 4.8 3 1 0.6
2 500 265 7.4 6 0 0.7
Figure 4.3 Output of Case Study 4

Although the AST of server 2 is less than that of server 1, the maximum contents of
queue 2 is six, while the maximum contents of queue 1 is only three. Queue 2 had
more zero entries than queue 1, and the average time requestors spent in queue 2
was greater than in queue 1. However, the utilization of server 1 was about 86%
while the utilization of server 2 was only about 68%. The explanation for these
differences is that server 2 had an AST with an exponential distribution, while server
1 has an AST with a uniform distribution.

Case Study # S - Probabilistic Branching

We introduce the concept of probabilistic branching in this case study. Whena
requestor leaves a server, it can either terminate (leave the system) or branch to

Course Notes Page C-16

N NS |




another for additional service. Figure 4.4 contains a depiction of a system with this
type of branching,.

2 —_—
65% Term.
A.S.T.
LA.T. 9 - 13
—_— 1
6 dist. exp.
A.S.T. 35%
5 - 15§
Terminate

Stop simulation at time 1500

Figure 4.4 Case Study S, Probabilistic Branching

When a requestor has completed service with server 1, it branches to server 2 with
0.65 probability (although we specify probabilities as percentages) We do not
specify a probability that the requestor terminates, because that is the default
action. Fxgure 4.5 contains the data file for this problem.

1500

12
5151 1 2 65
91310

(o3 =31 I

Figure 4.5
Contents of File SIM.DAT

After running this simulation for 1500 time units, the output in Figure 4.6 is
produced.
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Simulation Stopped at Time: 1500
2 servers in this run.

SERVER CAPACITY ENTRIES AVG. TIME MAX  CURRENT  AVG. uTIL.
PER ENTRY  \ | 7
CONTENTS
1 1 133 10.0 1 1 0.9 89.1 %
1 87 10.8 1 0 0.6 62.7 %
QUEUE ENTRIES O-ENTRIES AVG. TIME MAX. CURRENT  AVG.
CONTENTS
1 136 11 30.6 9 2 3.5
2 87 51 2.8 2 0 0.1

Figure 4.6 Output of Case Study 5

Server 1 should be able to process requestors faster than they arrive, i.c., the IAT is
about 12 and the AST is about 10. However, only 11 requestors spent zero time in
queue 1. Furthermore, queue 1 had a maximum of nine requestors waiting, but only
two were waiting when simulation stopped. One explanation for this situation is
that many requestors were created when simulation started, and the server spent
most of the time trying to catch up.

2
1
.0§S.T.36
25 - 4
LA.T. —
8 - 15
A.S.T.
8 ~13
3
AS.T.
42 - 56
A.S.T.
10 - 15
Figure 4.7 Case Study 6, Merging Requestors
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Case Study # 6 - Merging Requestors

In this case study, requestors branch to two different servers, then branch to a
common server. Figure 4.7 contains a description of this system. When a requestor
completes service in server 1, it then branches to either server 2 or server 3. When a
requestor finishes service with either server 2 or server 3, it then branches to server
4, then leaves the system. Simulation stops after 200 requestors have received
service. Figure 4.8 contains the contents of the data file.

200
8 15
42 56 5 2 2 22 3 78
25 36 2 1 4 100
10 151 1 4 100
8 1310

ceceen

Figure 4.8
Contents of File SIM.DAT

This simulation stops after 200 re?uestors have received service. Figure 4.9 contains

the output generated by this simulation.
Simulation Stopped at Time: 2397
4 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME  MAX CURRENT  AVG. UTIL.
PER ENTRY \ |/
CONTENTS
1 5 203 50.4 5 4 4.3 85.3 %
2 2 50 30.4 2 1 0.6 31.7 %
3 1 151 12.7 1 1 0.8 80.1 %
) 1 201 10.6 1 1 0.9 87.9 %
QUEUE  ENTRIES O-ENTRIES AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 207 184 0.4 1 0 0.0
2 51 51 0.0 1 0 0.0
3 152 56 6.5 3 0 0.4
4 201 55 5.7 2 1 0.6
Figure 4.9 Output of Case Study 6
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The utilization of the servers corresponds closely with the average time spent in the
respective queues. Figure 4.10 contains a comparison of the server utilizations for
this problem.
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Server Number

Figure 4.10 Server Utilizations for Case Study 6
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Chapter 5
Complex Branching and Feedback Loops

Introduction

In this chapter, we ex§lore models of increasing complexity. Case studies 7 and 8
illustrate 4-way branching and cross-branching. Case studies 9 and 10 investigate
two approaches for feedback loops.

Case Study # 7 - Complex Branching

In this case study, a requestor is sent to one of four servers after receiving service at
server 1. The capacity of the servers ranges from one to three. When a requestor
finishes server 4, it is sent to either server 6 or 7. Similarly, when a requestor
finishes service at server 5, it is sent to either server 6 or 7, although with different
probabilities. Figure 5.1 contains an illustration of this model.

N

————® Tarminate

AS.T. 24 - 36
157 3
1 18% ———® Terminote
LA.T.
_ AS.T. 18 - 26
8 - 16 = 38% 4 6
e e 56% —_—
1 time unit - >
4% _
292\ AS.T. 42 =5 AS.T. 10 -14
5 24 7
Stop simulation
at time 3000 Tex —_—
AS.T.8 - 10

AS.T. 74 - 88

Figure 5.1 Case Study 7, Complex Branching
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Figure 5.2 contains the contents of the data file for this case study.

t 3000
U 8 16
U1l1142 15 3 18 4 38 5 29
uz24 36 10
u lg8 26 1 0
u 42 58 2 2 6 56 7 44
u 74 88 3 2 6 24 7 76
ulo 14 1 0
U8 101 0
Figure 5.2
Contents of File SIM.DAT

Simulation of this model stops at time 3000. Figure 5.3 contains the output
generated by this simulation.

W NN o

Simulation Stopped at Time: 3000
7 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG.
PER ENTRY \ | /
CONTENTS
1 1 251 1.0 1 0 0.
2 1 34 30.9 1 0 0.
3 1 53 22.7 1 0 0.
4 2 99 50.8 2 0 1.
5 3 62 81.4 3 3 1.
6 1 74 12.1 1 0 0.
7 1 87 8.9 1 0 0
QUEUE  ENTRIES O-ENTRIES AVG. TIME MAX.  CURRENT
CONTENTS
1 251 251 0.0 1 o
2 34 29 1.9 1 0
3 53 44 2.1 2 0
4 99 38 19.0 4 0
5 65 58 1.0 2 0
6 74 57 1.9 2 ]
7 87 70 1.0 1 0
Figure 5.3 Output Produced by Case Study 7

AVG.

SO OO0 OoOOo
« e s e e e« »
—_—— OO = O

UTIL.

35.
40.
83.
56.
29.
25.

OO - 0 -0 &
I I X N N

& e
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Case Study # 8 - Complex Branching and Merging

Figure 5.4 depicts a model that is considerably more complex than any we have
explored thus far. Only the IAT value for the requestors appears in this figure; the
AST values for the servers appear separately.

z\bs

65% e
7
27% 12%
L
3
ﬁ» 1 /_ W%\“ 9 14 |/
6 - 10 18% Term.

|

l\_
36% /
10
559
47% 11
20% o 15
33% 3

Figure 5.4 Case Study 8, Complex Branching and Merging

Following are the AST values for the servers.

Server AS.T.

Number (time units)
1 .
2 6-8
3 8-12
4 4-6
5 12-16
6 14- 18
7 22-26
8 16- 18
9 18- 20
10 12-14
11 6-8
12 8§-10
13 7-9
14 1-3
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Figure 5.5 contains the contents of the data file for this case study.

r 200
u 6 10
uz2613227 3 18 4 55
ueé6s8125356 65
us8 12147 12 8 30 9 22 10 36
u4d4 61 3 11 47 12 20 13 33
ul2 16 1 0
ul4 18 1 0
u 22 2610
ulée 18 1 0
u 18 201 0
ul2 1410
ueé6s81l1o
us8 101 0
u791090
ul 310
Figure 5.5
Contents of File SIM.DAT

Simulation of this model stops when 200 requestors have received service. Figure
5.6 contains the server statistics generated by this simulation.

Simulation Stopped at Time: 1608
13 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG. UTIL.
PER ENTRY \ | /
CONTENTS
1 1 201 4.1 1 1 0.5 50.6 %
2 1 44 7.3 1 1 0.2 20.0 %
3 1 42 10.2 1 0 0.3 26.6 %
4 1 113 5.1 1 0 0.4 35.9 %
5 1 16 14.2 1 0 0.1 14.1 %
6 1 28 15.6 1 0 0.3 27.2 %
7 1 2 24.0 1 0 0.0 3.0 %
8 1 16 16.9 1 0 0.2 16.9 %
9 1 9 19.4 1 0 0.1 10.9 %
10 1 15 13.0 1 0 0.1 12.1 %
11 1 49 6.9 1 0 0.2 21.0 %
12 1 22 8.6 1 0 0.1 11.8 %
13 1 42 8.0 1 0 0.2 20.8 %
Figure 5.6 Server Statistics for Case Study 8
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Figure 5.6 contains the server statistics generated by this simulation.

QUEUE  ENTRIES O-ENTRIES AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 201 201 0.0 1 0 0.0
2 45 44 0.0 1 0 0.0
3 42 32 1.1 i 0 0.0
4 113 108 0.1 1 0 0.1
5 16 14 0.2 1 0 0.0
6 28 20 3.6 2 0 0.1
7 2 2 0.0 1 0 0.0
8 16 14 0.4 1 0 0.0
9 9 6 4.7 1 0 0.1
10 15 12 0.6 1 0 0.0
1 49 45 0.2 1 0 0.0
12 22 22 0.0 1 0 0.0
13 42 36 0.4 1 0 0.0
Figure 5.7 Queue Statistics for Case Study 8

Case Study # 9 - Using a Feedback Loop

In this case study, a requestor returns to a server that it has previously engaged.
This is a simple case of feedback, as depicted in Figure 5.8.

1 2
327%
AS.T.
AT, Y 17 -39
12 - 18
—— 687
3
AS.T.
18 - 36 —
Terminate
AS.T.
Stop simulation after 10 — 14
8000 time units
Figure 5.8 Case Study 9, Using a Feedback Loop
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This illustrates the ability of a requestor to repeatedly engage any server in the
system. In this model, a requestor might engage server 1 arbitrarily many times.
Figure 5.9 shows the data file for this model.

8000

12 18

18 36 3 2 2 32 3 68
17 39 1 11 100

10 14 1 0

(<3 <3N =3 =1 o §

Figure 5.9
Contents of SIM.DAT

Simulation of this model stops at time 8000. Figure 5.10 contains the output
generated by this simulation.

Simulation Stopped at Time: 8000
3 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME MAX CURRENT  AVG. UTIL.
PER ENTRY \ P/
CONTENTS
1 3 777 27.1 3 3 2.6 87.9 %
2 1 256 28.1 1 1 0.9 90.0 %
3 1 520 12.0 1 0 0.8 78.3 %
QUEUE  ENTRIES O-ENTRIES AVG. TIME MAX.  CURRENT AVG.
CONTENTS
1 780 457 2.5 3 0 0.1
2 257 32 79.9 10 0 2.9
3 520 184 6.8 4 0 0.4
Figure 5.10 Output Produced by Case Study 9

The actual number of requestors to enter this system was probably about 530.
Because of the feedback loop in this model, server 1 was engaged 777 times.

Case Study # 10 - Complex Structures

Our last case study involves several complex probabilistic branches. Figure 5.11
illustrates this model.
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> o

15 -1 | / AS.T terminate
45% 3

A.S.T.
A.S.T. S50 - 64

12 -2
Stop simulation 2 2
ofter 6000 time units

Figure 5.11 Case Study 10, Complex Structures

This illustrates the ability of a requestor to take several different paths through the
model. Figure 5.13 shows the data file for this model.

t 6000
u 15 19
ul2 18 1 2 2 55 3 45
u 32 44 2 2 4 65 5 35
ul2 22115 100
u 28 36 11 3 100
u 50 64 4 0
Figure 5.12
Contents of Data File

Simulation of this model stops at time 6000. Figure 5.13 contains the output
generated by this simulation.
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Simulation Stopped at Time: 6000
5 servers in this run.
SERVER  CAPACITY ENTRIES AVG. TIME Max CURRENT  AVG. UTIL.
PER ENTRY \ |/
CONTENTS
1 1 352 14.9 1 1 0.9 87.4 %
2 2 178 37.8 2 1 1.1 56.1 %
3 1 289 17.3 1 1 0.8 83.2 %
4 1 117 32.0 1 1 0.6 62.5 %
5 4 345 57.4 4 3 3.3 82.5 %
QUEUE  ENTRIES O-ENTRIES AVG. TIME MAX.  CURRENT AVG.
CONTENTS

1 353 271 0.6 1 0 0.1

2 179 137 1.8 2 0 0.1

3 290 65 16.7 5 0 0.9

4 119 64 11.9 3 1 0.2

5 348 258 2.3 3 0 0.2

Figure 5.13 Output Produced by Case Study 10

There is a considerable range of server utilizations produced by simulating this
model. Figure 5.14 contains a chart comparing these utilizations.
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Figure 5.14 Comparison of Server Utilizations in Case Study 10
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INTRGDUCTION

Welcome to the SIMPACK simulation environment. SIMPACK allows you to mode)
many types of systems on your computer, without having to know much about simulation
programming and discrete-event simulations. SIMPACK automatically generates a model
of your predefined system and produces a report showing various statistics and
details about the behavior of the model that was simulated.

SIMPACK was developed using the Ada programming language. It provides a basic
simulation environment that contains many features needed for discrete-event system
simulation. The Ada source code is provided so that additional features may be added
to this simulation environment.

GENERAL INFORMATION

The main purpose of SIMPACK is to simulate the behavior of a model or system
that you have defined, and then produce statistical output which contains the results
of that simulation. You are not required to know anything about how to program the
computer to run the simulation, nor are you required to extract information from the
program about the results of the simulation. SIMPACK needs basic information about
the structure of your model, such as the length of time to run the simulation, the
average inter-arrival time of requestors, and the average service time of the
servers.

REQUIREMENTS

To be able to use SIMPACK effectively, you must have available to you the
following hardware configurations:

MINIMUM CONFIGURATION

- 80386-20 MHz DOS-based computer

640K RAM memory

No math-coprocessor

Any type of monitor & keyboard

- 5.25" or 3.5" Floppy drive

Hard disk drive with at least 1 MB free space

Having a faster CPU and a math co-processor will reduce the amount time required for
simulations.

You also need the following software to be able to create and run your
simulations:

- DOS 3.3 or above

- GO.BAT -- Included with SIMPACK
- RUN.EXE -- Included with SIMPACK
- SIMSETUP.SKW -~ Included with SIMPACK
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- SIMULATE.EXE -- Included with SIMPACK
~- Main simulation program
~ SIM.DAT -- Data file created by template

DEFINITIONS & TERMS

The following is a list of terms that are used in the setup, reporting, and
description of SIMPACK:

Server: This is an entity that requestors wait for. A server holds the
requestor for some amount of time to do some sort of processing, then
releases the requestor. The requestor can then leave the system, or
branch to another server for other processing.

Requestor: This is an entity that arrives in the system every so often (arrival
time is a random number based on information supplied by you), and
waits for service by a server for some amount of time. When the server
is available, the requestor spends some amount of time being processed,
then either exits the system, or continues on to wait for another
server.

Queue: A queue (or line) forms in front of a server if there are requestors
waiting to be processed by that server.

Time: Time units can be of any increment you wish, but you must be consistent
in you units when specifying arrival times, service times, lengths of
simulations, etc. Units can be seconds, milliseconds, nanoseconds, or
even days, weeks, years, or centuries (time units are arbitrary).

Stop-time: This is the time at which you want the simulation to stop running.
After this much simulation time has elapsed, stop the simulation.

Stop-req.: After this number of requestors have been processed, stop the
simulation.

1.A.T.: Inter-arriva) time: This is the time interval at which requestors

arrive in the system. The actual arrival times are random numbers
based on the following information:

If you choose a uniform probability distribution, you must supply the
minimum and maximum arrival time intervals (for example, a requestor
arrives every 3 to 5 minutes).

1f you choose an exponential probability distribution, you must supply
the mean arrival time (for example, a requestor arrives every 10
seconds, on the average).

A.S.T.: Average service time: This is the Jength of time that a server holds a
requestor for processing. The actual service times are random numbers
based on the following information:

If you choose a uniform probability distribution, you must supply the
minimum and maximum service times (for example, this server spends
between 5 and 15 milliseconds processing each request).

If you choose an exponential probability distribution, you must supply
the mean service time (for example, this server spends 62 minutes
processing each requestor, on the average).
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Capacity:

Ser. reached:

Server #:

Probability:

Avg. Time:

Entries:

O-Entries:

Max contents:

Current cont.:

Avg. contents:

Utilization:

This is the number of requestors that a server can process all at once.

This is the number of servers that requestors may branch to from the
current server for other processing.

This is a unique ID # that you assign to each server in your system.
This number is used for reporting on the statistics for each individual
server,

This is the percentage probability that a requestor will go to a
particular server after being processed by the current server. You
specify probabilities when determining which servers can be reached
from the current server.

For server statistics, this is the average time that all requestors
spent being processed by each server in the system. For queue
statistics, this is the average time that all requestors spent waiting
in line for service.

For server statistics, this is the number of requestors that were taken
out of queue and began to be processed by a server. Ffor queue
statistics, this is the number of requestors that arrived in the queue
for a server,

This is the number of requestors that arrived at a server, and had to
wait no time in queue to begin processing.

For server statistics, this is the maximum number of requestors that a
server processed at any one time {for example, this might be 3 if the
capacity of the server is 3 or more). For queue statistics, this is
the maximum number of requestors in a queue at any one time.

For server statistics, this is the number of requestors that are still
being held by a server when the simulation ends. For queue statistics,
this is the number of requestors still waiting in queue when simulation
ends.

For server statistics, this is the average number of requestors that a
server processed throughout the whole simulation (for example, this
might be 1.5 if the capacity of the server is 2 or more). For gqueue
statistics, this is the average number of requestors waiting in queue
throughout the duration of the simulation (for example, requestors
waited an average of 10 minutes for server 3 during the simulation).

This is the average utilization (in percent) of a server in the system

(for example, if the server was busy processing requestors only half of
the time, then the utilization might be 50%).
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USING SIMPACK

Getting Started:

To begin using SIMPACK, you must first make sure that you meet the hardware
and software requirements listed in REQUIREMENTS. If you have a hard disk drive and
you want to install the SIMPACK software onto it (your simulations will run much
faster!), you need to copy all the files from the SIMPACK diskette onto your hard
disk. Below is an example of one way you might be able to install the files (for
other information about copying files and using your hard disk, please consult your
DOS manual or computer system manuals):

1. Insert the SIMPACK disk in a disk drive
2. Copy all files to a subdirectory on your hard disk

Throughout the rest of this section, it is assumed that you are in your
working directory, that is, the place where all of the SIMPACK files are (if you are
using only a floppy drive, you should, most likely, be working from your A: or B:
drive; 1if you are using a hard drive, you should, most likely, be working from your
C: or D: drive).

The first thing you need to do is to create a complete drawing of your system,
including all servers. Be sure to number each server in your picture in order,
starting with 1, and do not repeat any number. Consider the following sample.

2
—— Terminate
LAT. 1 3127 sT. s (o) 4
_______b —_— o
l 5 - 10 63% 3 10% Terminate
AST. 2 -3 A.S.T. 10 (e)
l 0% 5
A.S.T. - .
8 - 10 Terminate
AS.T. 10 - 15
l 60% 6
' —® Terminate
l AS.T
. 2 -3
l Sample of Myltiple-Server System
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The next thing you need to do is prepare a data file that SIMPACK will use to
simulate your system. You will type "GO" to display a template that allows you to
enter the necessary information for your model. When you save your information in
the template, the data file, named SIM.DAT, is created. Once this file exists, you
will type "SIMULATE" at the DOS prompt. This starts the simulation, using the
information contained in SIM.DAT. When the simulation is complete, SIMPACK prints a
statistics report for all servers and queues in your system.

Preparing Your Simulation Data File:

At the DOS prompt, type "GO" and press <Enter>. This brings up a template
that allows you to enter the details of your model. Following are the screens that
you will see:

SIMULATION SETUP
(prepare data for Ada simulation program)

Create a complete drawing of your system

Number each server in order starting with number 1

3. Enter data in this temp[ate_using integers only

Use u (or U) for uniform probability distribution, or
e (or E) for exponential probability distribution

Each uniform distribution requires a low and

a high value .

Each exponential distribution requires exactly one

value, the mean

Hit <Alt> C to clear all data fields

Hit <Alt> D to save your data in file SIM.DAT

Hit <Alt> S to save this data template

WO~ O WV B N

whwk®  Nit <Return> to continue *wwex

Help:
<Alt> H SIMULATION SETUP
Quit:
<Alt> Q Expon/ Mean/
1.A.T. Uniform Min Max Stop at time:

[ j ] ] Stop # Req.: L

Expon / A.S.T.: # servers  next next
Server Uniform Min Max Cap reached server# prob server#

-

0 O N O W

-
(=]

—
-

-
~
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You may view the help screen at any time by pressing <Alt> H (hold the <Alt> key down and press the
tetter H). Press <Return> (or <Enter>) and you will see the main template entry above.

From here, you can press <Alt> H to display a help screen, or <ALT> Q to quit
using the template and exit back to DOS (you need to make sure to save your data
before exiting if you want to). If you want to save your information in the data
file SIM.DAT, press <Alt> D (hold the <Alt> key down and then press the letter D).
You may save the contents of the template itself by pressing <Alt> S (hold the <Alt>
key down and then press the letter S).

The template allows you to define all the servers in your system, including up
to 6 additional servers that can be reached by branching from any one server. The
template lets you define a total of 23 different servers for your model.

As an example, consider the following model:

3
2 —® Terminate
AT 1 25% A.S.T.
o — 10 - 15
5 -7 [:]
A.S.T. 75% 4
3 -5 A.S.T.
2 (e) —® Terminate
A.S.T.
2-95

Bimulate for 480 time units

Sample Model

First, enter the type of probability distribution you want for arrivals to the
system (I.A.T.). In this model, you should enter "u" for a uniform probability
distribution (otherwise you would enter "e" for an exponential distribution). Next,
enter the arrival increments: "5" for the minimum, and "7" for the maximum. This
means that entities arrive in the system every 5 to 7 minutes (if you had selected
“e" for an exponential distribution, you would only enter the mean arrival time, not
minimum and maximum times. You would enter the mean in the "Mean/Min column, and
leave the "Max" entry blank.).

Next, enter the time at which you want the simulation to end: "480" (enter
this at the "Stop at time:" entry). Since you want to stop at a certain time and not

after a certain number of requestors have been processed, leave the "Stop # Req.:"
entry blank.
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Now, you can begin defining your servers.

At “"Server 1", enter "u" for uniform instead of "e" for exponential. Enter
“3" for "A.S.T. Min" and enter "5" for "A.S.T. Max". Enter "1" for "Cap", since
server 1 has a capacity of 1. Enter "1" for "# servers reached", since requestors
can go directly to 1 other server (server 2) after finishing at this server. Enter
"2" for "next server #" since server 2 is the server to branch to. Enter “100" for
"prob" since all requestors leaving server 1 will go to server 2.

At "Server 2", enter "e" for exponential instead of "u" for a uniform
distribution. Enter "2" for "A.S.T. Mean/Min", and leave the "A.S.T. Max" entry
blank. Enter "3" for "Cap", since server 2 has a capacity of 3 (this means that
server 2 can process up to 3 requestors at the same time). Enter "2" for “# servers
reached", since requestors can branch to 2 other servers after finishing at this
server. Enter "3" for "next server #", and enter "“25" for "prob", since there is a
25% chance of branching to server 3. Keep moving right, and enter *4" for "next
server #", and enter "75" for "prob”, since there is a 75% chance of branching to
server 4.

At "Server 3", enter “u" for uniform, "10" for "A.S.T. Min", "15" for "A.S.T.
Max", "1" for "Cap", and "Q" for "# servers reached", since requestors leave the
system after being processed by server 3.

At "Server 4", enter "u" for uniform, "2" for "A.S.T. Min", "5" for "A.S.T.
Max", "1" for "Cap", and "0" for "# servers reached", since requestors leave the
system after being processed by server 4.

At this point, you have defined a simulation based on the predefined model
shown above. To save this information, and create the data file SIM.DAT (which is
needed to run the simulation), press <Alt> D (hold the <Alt> key down and then press
the letter D). You may save the contents of the template itself by pressing <Alt> S
(hold the <Alt> key down and then press the letter S}. After the information is
saved, you can press <Alt> Q to quit the template program and return to the DOS
prompt.

Starting Your Simulation:

Once the data file (SIM.DAT) has been created by the template program, you can
type "SIMPACK- at the DOS prompt to run your simulation. When the simulation is
done, a statistics report will be printed to the screen.

Interpreting Your Simulation Results:

Statistics about all servers and all gqueues in your model are calculated and
displayed after the simulation runs to completion. Server statistics include
capacity, number of entries, average time per entry, maximum contents, current
contents, and average contents, and utilization of every server in the model. Queue
statistics include number of entries, number of entries waiting no time for service,
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average time per entry in queue, maximum contents, current contents, and average
contents of every queue in the system. (For explanations of these terms, you can
refer to TERMS & DEFINITIONS).

For this example, the statistical output might look like the following:

Simulation Sto at Time: 480
4 servers in this run.
SERVER CAPACITY ENTRIES AVG. TIME  MAX CURRENT AVG. UTIL.
PER ENTRY
CONTENTS
1 1 77 3.9 1 0 0.6 63.1 %
2 3 76 2.2 2 1 0.4 1M.7%
3 1 18 13.2 1 1 0.5 49.6 %
4 1 57 3.6 1 0 0.4 42.3 X
QUEUE ENTRIES 0-ENTRIES  AVG. TIME MAX. CURRENT AVG.
CONTENTS
1 7 77 0.0 1 0 0.0
2 red 77 0.0 1 0 0.0
3 19 13 2.8 2 0 0.1
4 57 50 0.3 1 0 0.0

The first line of the output states that simulation stopped at time 480. The second
line indicates that there were four servers in this model. The :2axt two groupings of
output are statistics for the servers and for the queues. Note that exactly one
queue automatically forms in front of each server, regardless of its capacity.

Server 1 had a capacity of 1 and provided service to 77 requestors. The
average time for each requestor was 3.9 time units. The server provided service to a
maximum of one requestor at a time (recall its capacity is one). At the end of
simulation, the current contents of the server was zero, i.e., the server was idle.
The average contents of the server was 0.6 and the utilization of the server was
63.1%. Descriptions of the other servers is similar. Note that for server 2, its
maximum contents was two, and it was processing one requestor when simulation
stopped.

Queue 1 had a total of 77 entries and 77 zero entries. That is, 77 requestors
spend zero time in the queue. The average amount of time requestors spent in the
queue was zero, and there was a maximum of one requestor in the queue during the
simulation. The average number of requestors in the queue was zero. Note that for
queue 3, seven requestors spent some time in that queue and two requestors were in
the queue, waiting for service, when simulation stopped.
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SIMPACK is a multipurpose simulation package designed to run on a 32-bit I18M-
compatible machine. It was compiled with Meridian Ada and comes with the following
files:
RANDOM.ADA -- contains the random number generator package used with the program.
SIMULATE.ADA -- contains the main subprogram to drive the package.
SIMPACK.ADA -- contains the SIMPACK package, which does everything else.
To build simulate.exe, compile the files in the following order:

RANDOM.ADA, SIMPACK.ADA, SIMULATE.ADA.

This program also requires the use of an input file which will describe the system to
be implemented. This file should always be named SIM.DAT.

1.0 INPUT

A1l input into the program is from the input file SIM.DAT. Here is an example input
file:

o
o

CCCcCcCcCCCcEc et
N it et et et it = ) O

Figure 1 - Example Input File

Now let's dissect this file to determine what it is trying to tell us.
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t
1000 system data.
uz2é

ui
us
ui
ui
ut
u1
u1
us
u1

Data describing servers

Figure 2 - Contents of Example Data File

First, let's discuss the system data.

1.1 SYSTEM DATA:
Line 1: t

The "t" tells under what conditions the simulation being specified will terminate.
There are three possible letters that can appear here are 't', 'r' and 's'. 'T'
stands for "time", and means that the simulation must stop after a specified time has
elapsed. 'R' stands for "requestors", and signifies that the system shouid terminate
after a number of requestors have left the simulated system. 'S' stands for “starve”,
and signifies that after a given time the system will stop generating new requestors.
When this happens the system will process all requestors still waiting to be
processed, and terminate when all requestors have left the system. In effect, the
system “starves” to death. The character being read may be upper or lower case, as
the program is case insensitive.

Line 2: 1000

This line specifies either a time or number of requestors, depending on what the exit
condition that was just specified is. If the condition is "time" or "starve" this
number is the time after which the simulation either terminates or starves. Otherwise
this specifies the number of requestors the system will process before it terminates.

Of course, the system may terminate under a number of other conditions, but these are
abnormal and are reached because something is going wrong with the program. Normal
termination occurs because one of these three conditions has occurred.

Line 3: u 2 4

This line sets up the random number generator for the system, which needs it to
generate the arrival times for new requestors. There are three pieces of information
here:

‘u’ tells the program that the distribution for this random
number generator is UNIFORM. The only other possibility
at this time is 'e' for EXPONENTIAL.

"2 4" specifies the range of values (minimum .. maximum) that
the random number generator may generate. In this case,
the random number may be no less than 2 and no greater
than 4.
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If distribution is EXPONENTIAL, we cannot specify a range
of values. Instead, we specify a mean and the program
will generate random number whose mean will (hopefully)
be that specified. Of course, if we need a mean and

not a range we only need one number. So an exponential
specification would look like this:

lle 3!0

A1l system data is read in by SIMULATE, and some of it is passed in as a parameter
to START_SIMULATION, which then sets the appropriate fields in the system variable
SYS. (The reason for this setup is that SYS is not visible from SIMULATE because it
is outside of the package SYS is in, SIMPACK. Thus, if we want to change SYS's fields
we have to do it from a procedure inside the SIMPACK package. So we pass the system
data we wish to set as a parameter to START_SIMULATION, which changes the global

variable).

That just about covers the first three lines of the input file. What about the

server data?

1.2 DATA DESCRIBING SERVERS.

There are nine lines (see figure 2) describing servers, each line describing a single
server. There is no reason the data all has to be on one line, but 1 find this
format to be more readable than other forms. Here is an example line describing

server #5:

ul232850950

Now let's cut this line apart to find out what it is telling us.

"ul2" This describes the random number generator in exactly the same way
that we described the random number generator (RNG) in the system
data. The difference is that the system RNG is used to tell how
often arrival times occur, while THIS RNG is used to generate the
service time when a requestor is processed. As before, this could
be made an EXPONENTIAL-distribution RNG by giving the letter E
and a mean such as "e 100." THIS WILL PROBABLY BE THE SOURCE OF
A LOT OF BUGS SO PAY ATTENTION: Remember that when an exponential
distribution is asked for it only needs ONE number, not the TWO
needed for uniform distribution. If a user enters "e 3 7" -- an easy
mistake to make since we have so many numbers on this line -- things
will get weird.

"3 Sets the capacity of the server to 3.

"2 8 50 9 50"

This tells it that TWO servers can be reached from this

server, that one of them is server 8 and there is a 50 % chance
it will go there. The other is server 9 and that this server
should send a requestor here if that requestor doesn't go

to server 8.

The template for this line is
| Distribution type | Min/Mean service time | Max service time | Capacity

(u e)

{UNTFORM ONLY)

System Manual Page S-3




| Number of servers pointed to | 1st reachable server | probability that the
requestor will go there

etc...

“What if I don't want the requestor to go ANYWHERE from this server? What if I just
want it to terminate?"

In that case, Put a 0 (zero) in the "number of servers pointed to" field and make
that the end of the line. Here is an exampie:

"e 10 1 0"

Which means that this server has an exponential distribution with mean 10, a capacity
of one, and any requestor leaving it must leave the system.

“What if I want a requestor arriving at this server to either leave the system or be
redirected to another server?"

Well, this is the way the probabilities work to determine where a server goes next:
badaed 1. A random number that is greater than or equal to 1 and less than
100 (the minimum might be zero .. I'm not sure).

2. Add the first probability on the list to SUM, which is initialized
to zero. Compare the test value to SUM, and if TEST < SUM
send it to the first server. Else move onto the next
pointer and repeat step 2 until the test value is lower than the
sum., If the test value is higher than all the probabilities added
together, the requestor is made to exit.

Thus, the way to guarantee that a requestor will DEFINITELY go

to another server from the current one is to make certain that

the probabilities of the requestor sum to 100. If the probabilities
do not sum to 100, then there is a (100 - sum of probs.) % chance
that the requestor will terminate. For example, the line

"e 452 1 8 50"

tells us that this server has an exponential distribution with a mean of 45, that the
server has a capacity of 2, that one server can be reached from this one, that the
one server that can be reached from here is server 8 and that there is a 50% chance
it will go there. This means that there is a (100 - 50) = 50 % chance that a
requestor leaving this server will terminate.

Here is the code for the function called SET_DESTINATION that performs this task:
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-- This function determines which server the requestor REQ should visit

-- next, based on the possible servers that can be reached from SERVER

-- and the probability distribution describing how probable it is

-- that the requestor will visit a given server. This information is held in
-- 3 linked list pointed to by the current server's DISTRIBUTION field.

-- The function returns the identification number of the next

-- server to be visited. If an exception is raised the value zero is returned.
-- Note that when the requestors WHERE_NEXT field := 0 it means that the

-- requestor should leave the system next. There is no server 0.

function SET_DESTINATION (REQ: REQUESTLINK; SERVER: SERVER_LIST_TYPE)
return INTEGER is
TEST_LIST: DISTRIBUTION LIST;
TEST, SUM, COUNT, ID: INTEGER := 0;
DESTINATION_FOUND: BOOLEAN := FALSE;
begin
TEST_LIST := SERVER.DISTRIBUTION;
if SERVER.NUM_PATHS = 0 then
return 0;
else
TEST := RANDOM_INT (100);
COUNT := 1;

while not DESTINATION_FOUND loop
SUM := SUM + TEST_LIST.PROBABILITY;
if TEST <= SUM then
ID := TEST_LIST.WHERE_TO_GO;
DESTINATION_FOUND := TRUE;
end if;
if not DESTINATION_FOUND then
COUNT := COUNT + 1;
TEST_LIST := TEST_LIST.NEXT;
end if;
if COUNT > SERVER.NUM_PATHS then
DESTINATION_FOUND := TRUE;
ID := 03
end if;
end loop;
return ID; .
end if;
exception
when others =>
PUT ("SET_DESTINATION has failed. Zero will be returned. ");
NEW_LINE;
return 0;
end SET_DESTINATION;

Figure 3 - Listing of Function SET_DESTINATION

Before we leave, here are some more example inputs:

"w 510111 100"
This server has a uniform distribution with range 5..10. It has capacity 1 and can
reach one other server: Server #1, and a requestor will always go there.

"u 13 20 4 0"

System Manual Page S-5
e




This server has a uniform distribution with range 13..20. It has a capacity of 4 and
no servers can be reached from here. This means that a requestor arriving here must
exit the system when it leaves this server.

"e1232253254 25"
This server has an exponential distribution with a mean of one. It has a CAPACITY of
2 and three servers may be reached from here: a 25% chance to reach server 2. a 25%
chance to reach server 3 and a 25% chance to reach server 4. Thus, there is a 75%
chance that a requestor leaving this server will be redirected to another server, and
a 25% chance that it will exit.

1.3 OPERATIONS ON THE INPUT FILE:

The input file must always be named SIM.DAT and is operated on by two procedures:
CREATE SERVER (in SIMPACK.ADA) and SIMULATE (in SIMULATE.ADA). SIMULATE opens the
file and reads in the SYSTEM DATA. CREATE SERVER then reads in the data DESCRIBING
SERVERS. SIMULATE then closes the data fiTe.

The experienced Ada programmers out there will recognize a minor difficulty: the
input file contains both numbers and characters, and in Ada everything in a file must
be of the same typel We solve this by treating the input file as if it consisted
entirely of characters, and we have a function called INTGET which converts the
character strings read into integers. Thus, CREATE_SERVER and SIMULATE don't
**REALLY** read anything. Instead, they call our two input functions INTGET and
CHARGET, which get an integer or character respectively and return the data object to
the calling unit.

A feature of INTGET and CHARGET is that they have attitudes. By this I mean that
INTGET is very touchy about the data it will accept. It will read an integer string
(such as "234") and return it as 234, ignore whitespace and keep reading if it sees
it, and abort the entire program if it reads an alphabetic or punctuation character.
Similarly, CHARGET accepts a single character, ignores whitespace and keeps reading
if it sees it, and kills the program if it sees a numeric character.

The reasoning behind this unfriendly behavior is that INTGET is only used when we are
sure the next string should be numeric. CHARGET is also only used if we are sure the
next character will be alphabetic. Thus, if INTGET sees a character or CHARGET a
number, that means one of two things has happened:

1. We have somehow missed the data we were supposed to read in (which has
happened occasionally).

2. The input file is improperly formatted.
In either case, the integrity of the data being read in is compromised and to

continue would produce wild results. Thus, the simulation is aborted.

Figure 4 contains the code for the four procedures that access the input file
SIM.DAT. Following is a listing of procedures CHARGET, INTGET, CREATE_SERVER (in
SIMPACK.ADA) and SIMULATE (in SIMULATE.ADA).
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------------------------- B L L L L L e

-- This function pulls a character out of the file described by
-- FILE and returns it.
-- Note that it expects to read a letter a .. zor A .. Z. If some
-- other visible character is read (such as a number or punctuation mark)
-- the function will not return anything but instead propagate the
-- PROGRAM_ERROR exception to the calling unit. PROGRAM_ERROR will also
-- be propagated to the calling unit if the end of the file is reached before
-- a proper character is read.
function CHARGET (FILE: TEXT_IO.FILE_TYPE) return CHARACTER is
INPUT: CHARACTER := ASCII.BEL;
END_FILE, BAD_DATA: EXCEPTION;
begin
while CHARACTER' POS (INPUT) < 33 1loop
if TEXT_IO.END OF FILE (FILE) then
raise END_ FTLE;
else
TEXT_IO.GET (FILE, INPUT);

end if;
end loop;
if (CHARACTER' POS (INPUT) > 64 and CHARACTER' POS (INPUT) < 91)

or (CHARACTER' POS (INPUT) > 96 and CHARACTER' POS (INPUT) < 123)
then
return INPUT;

else raise BAD_DATA;
end if;
exception
when END FILE =>

PUT ("1 tried to read a character but could not find it b~fore");

NEW LINE;

PUT ("1 reached the end of the file."); NEW_LINE;

raise PROGRAM_ERROR;
when BAD_DATA =>

PUT ("An invalid character input has been entered.”); NEW LINE;

PUT (“ASCII value of character is"); PUT (CHARACTER'POS (INPUT)): NEW_LINE;

raise PROGRAM_ERROR;
end CHARGET;

-----------------------------------------------------

-- This function gets an array of characters from the

-- text file FILE, converts it into an integer number

-- and returns it. Example: the string "234" is returned as

-- the integer number 234,

-- This function expects to read a number of some kind, and if a visible (

-- i.e. non-whitespace) character that is not in 0 ..9 is read, the exception
-- PROGRAM ERROR will be propagated to the calling unit. This will also happen
-- if the end of file is reached before a number is read.

-- This simulation program is designed to use 16-bit arithmetic on a 32-bit
-- machine. Thus, a number larger than 32767 will cause NUMERIC ERROR to be
-- propagated to the calling environment.

function INTGET (FILE: TEXT IO.FILE TYPE) return INTEGER is
CHAR ARRAY: array (1..80) of CHARACTER;

MULTTPLIER: INTEGER := 1;

COUNTER: INTEGER := 1;

STOP :BOOLEAN := FALSE;

DUMMY: CHARACTER := ASCII.BEL;

TEMP: INTEGER;
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RETURN VALUE: INTEGER := 0

BIG1, BIG2: INTEGER_32;

END FILE CHARACTER_INPUT: EXCEPTION;
begin

while (not (TEXT_IO.ENf, OF FILE(FILE))) and
(not (CHARACTER' POS™(DUMMY) > 47 and CHARACTER'POS (DUMMY) < 58))
loop
TEXT_I0.GET (FILE, DUMMY);
if (CHARACTER' POS (DUMMY) > 32 and CHARACTER' POS (DUMMY) < 48 )
or CHARACTER' POS (DUMMY) > 57 then
raise CHARACTER_INPUT;
end if;

end toop;

if (not (CHARACTER' POS (DUMMY) > 47 and CHARACTER' POS (DUMMY) < 58))
and TEXT_I0.END_OF_FILE (FILE) then
raise END FILE;

end if;

CHAR ARRAY (COUNTER) := DUMMY;
COUNTER := COUNTER + 1
while not STOP loop
if TEXT_IO.END_OF LINE (FILE) or TEXT 10.END_OF_FILE (FILE) then
STOP := TRUE;
else
TEXT_I0.GET (FILE, DUMMY);

if TEXT_IO.END_OF LINE (FILE) or TEXT_IO.END OF FILE (FILE) then
STOP := TRUE;
end if;
if CHARACTER'POS (DUMMY) > 47 and CHARACTER'POS (DUMMY) < 58 then
CHAR_ARRAY (COUNTER) := DUMMY;
COUNTER := COUNTER + 1;
ehesmP += TRUE;
end if;
end if; -- if we can read a character.
end loop;
COUNTER := COUNTER - 1;

while COUNTER >= 1 loop
TEMP := (CHARACTER' POS (CHAR_ARRAY (COUNTER))) - 48;
TEMP := TEMP * MULTIPLIE