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This paper presents an interactive simulation system in a hypertext environment in an attempt to
develop an awareness of the potential of simulation techniques both in an educational
environment and for the practising engineer. The hypertext medium used here is Toolbook which
runs on an IBM PC compatible computer under the Windows enviroriment. The system provides
a hierarchical combination of text, graphics and animation to illustrate simulation analysis. The
software develops a unified and structured approach to simulation so that the user can work
through the information at several levels, depending on their expertise or particular requirements.
At the centre of the system is a fully developed simulation of a surface mount technology (SMT)
line, which is accessible to the user from any point in the system. The system is therefore designed
to respond to different levels of ability and experience, thus alleviating one of the classic problems
of engineering education which is difficult to address using conventional media. This paper
illustrates the potential of hypertext as an educational tool in engineering. The conceptual design
of the system can be adopted in any discipline which requires a high level of visual and cognitive

interaction to gain a thorough understanding of engineering principles and their applications.

SUMMARY OF THE EDUCATIONAL
ASPECTS OF THE PAPER

The paper describes software applications useful in

the following engineering disciplines:
Manufacturing systems, discrete event simula-
tion

The paper is suitable for teaching/classwork/self-

study for engineering students at the following
level:

Undergraduate
‘What aspects of your contribution are new?

Using Hypertext to present theory and applica-
tions of simulation in manufacturing

How is the material as presented to be incorpora-
ted in engineering teaching?
Useful for lecturing aid and self-study pro-
gramme
Have the concepts presented been tested in the
classroom or in project work?

Yes

What conclusions have been drawn from the
experience?

* Paper accepted 25 May 1994.
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Helpful in allowing students to visualize concept
of simulation

Other comments on the benefits of your approach
for engineering education:

Computer-aided learning is useful in both class-
room and self-study by providing another natu-
ral medium for conceptualizing data.

A% INTRODUCTION

HYPERTEXT and multimedia systems offer great
potential in engineering education through their
facility to present concepts and applications in a
highly interactive and visual environment. Tradi-
tional education techniques are often limited in
providing effective communication of engineering
ideas to both undergraduate and practising
engineers.

In its simplest form, hypertext can be thought of
as a book (the screen of the computer being
analogous to the page of a book); the user can read
text and view diagrams in the usual manner. The
user can also read through the pages serially or
jump to different topics and find more information
about specific items as required. Consequently
whilst developing the system much of the emphasis
was placed on cultivating a self-paced learning
approach. Hypertext systems also have the facility
to animate diagrams so that two-dimensional or
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even three-dimensional representation can be
‘brought to life’. This feature in particular is
excellent in putting over engineering concepts,
working features, movements or work flow which
are difficult to describe in words or through static
diagrams. More complex systems provide inter-
faces to proprietary animation systems and provide
full multimedia facilities such as video and sound.

Simulation is an ideal subject for computer-
based learning, Primarily, an animated simulation
of a manufacturing system, provides the user with
an insight into how manufacturing works as an
entity. The user obtains a better appreciation of
system logistics such as flow of material, queuing,
bottlenecks, etc. and is able to explore these
concepts by changing the parameters of the model
to perform simple ‘what-if’ type analysis. Not only
does the user form a better appreciation of manu-
facturing, they also learn about simulation—as a
modeller and its potential as a problem solving
technique. The system proceeds to explain how a
simulation is written in terms of the basic concepts
and how to analyse the results and the statistical
output of a simulation.

Simulation represents a powerful technique
which may be used to model and analyse a manu-
facturing system. However, one of the fundamental
problems of simulation is the initial difficulty in
understanding it. This has possibly limited its appli-
cation in industry. Current simulation systems offer
a greater power and flexibility but initially require a
fundamental understanding from the end user. The

_ development of a hypertext system for the teaching
of simulation could be used as a self-paced learning
tool in both the educational and industrial environ-
ment. The system could also be used as an on-line
teaching aid for specific examples in the lecture
theatre or tutorial room. The system provides an
introduction to simulation concepts and tech-
niques, showing how simulation ‘models are con-
structed and illustrates how they can be used for
analysis and problem solving. This approach not
only provides the user with an introduction to
simulation but also gives an excellent overview of
the ‘mechanics’ of a manufacturing system.

The centre of the system is a small but complete
generic simulation model consisting of five pro-
cesses, written completely within the hypertext
system. The actual example is based on a surface
mount technology (SMT) line but can be applied to
any manufacturing system consisting of five (or
less) processes. The user can either run the system
using default values or interactively, through a
system of input controls. The rest of the system
takes the form of a standard hypertext book con-
sisting of screens showing text, diagrams and
animation demonstrating the concepts of simula-
tion, etc. The user can work through the systemina
straightforward manner, finally ending with the
complete system with which they can apply their
new-found knowledge. However, if the user prefers
to try out particular aspects of the model as they
learn new principles, this can be achieved by mov-

ing to and from the simulation model from any-
where in the system. This facility also provides for
users of differing abilities who may wish to experi-
ment with a particular aspect of simulation or
manufacturing logistics. In this way the system pro-
vides an open-learning experience, offering self-
paced learning, a flexibility in style or approach,
depending on the needs of the individual and the
facility to concentrate on specific aspects of manu-
facturing or simulation.

The hypertext medium used here is Toolbook
which runs on an IBM PC compatible computer
under the Windows environment. The main rea-
sons for choosing this particular software was that
it is inexpensive, a run-time version can be freely
distributed with Windows 3.0/3.1 and it has a
powerful and structured programming language
capable of the task.

SIMULATION AND SURFACE MOUNT
TECHNOLOGY

Simulation models are used to develop conclu-
sions that provide insight into real-world systems.
The two most common types of computer simula-
tion are continuous and discrete event simulation.
Continuous simulation is the modelling of a set of
equations that represent a system over time.
Discrete event simulation, on the other hand, is
characterized by the passage of blocks during
which nothing happens and punctuated by events
that change the state of the system. The occurrence
of the discrete events may be either deterministic or
stochastic in nature. Manufacturing systems are
generally modelled as discrete systems.

The basis of the system is the simulation of an
SMT line. The model shows the assembly of a
single-sided printed circuit board (PCB) using a
five-stage process. SMT is the technique used to
mount electronic components on the surface of
PCBs or substrates. This technique is gaining
popularity and has, to a large extent, replaced the
conventional technology of inserting components
through holes in the board. However, SMT cannot
totally replace conventional technology because up
to now, not all components are suitable. Hence, it is
common to find mixed technology in PCBA lines.
Management of this PCBA process can be com-
plex, particularly in the subcontractor sector of the
industry where there is uncertainty about incoming
orders, quantities and mix. Even where certainty in
production does exist, it is often necessary to
compare alternatives for future equipment and
layouts and to compare work flow alternatives such
as changing batch sizes.

Design, planning and experimentation through
simulation models is ideal as one can plan or
anticipate production requirements without undue
material handling of the PCBs and downtime of
expensive equipment.

Discrete event simulation is rapidly becoming a
popular tool to address these manufacturing issues
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(|1] and others) in scheduling, control and manage-
ment [2], analysis of new process technologies to
support the formulation of assembly, test and
repair strategies [3], inventory analysis, line balanc-
ing and cost justification [4] and to study grouping
of equipment into autonomous manufacturing cells
dedicated to a specific type of product or to a
family of products [5].

Simulation software provides the facility to build
a simulation model of a manufacturing system.
Typically such software provides an interactive
environment and a natural framework in which to
develop and execute simulation models. Systems
usually provide a variety of data processing and
modelling tools and include graphics and anima-
tion.

Once the generic simulation model has been
developed however, a high level of expertise is
required to ensure that the model characterizes a
realistic environment. Further, it is important to
ensure that the results of simulation are correctly
interpreted so that the most appropriate remedial
action may be executed.

Hypertext offers an alternative interpretation to
simulation modelling and analysis which effectively
solves many of the problems of interpreting the
output of simulation models. The hypertext
approach provides an interlinked combination of
text, graphics and animation using non-sequential
computer screens or scrolling windows.

SYSTEM DETAILS

The SMT line

A standard process flow for all types of surface
mount assemblies does not exist. Industry has
evolved three main types of surface mount design.
These are commonly known as type I, type II and
type III design [6-8]. The definition for the dif-
ferent types of board design is by n. univer-
sal. The type II design is actually a cozbination of
types I and I11.

The simulation model is based on the production .

of the type I design. For simplicity only single-sided
boards are considered. First the PCB screen is
printed with solder paste, components are placed
and the assembly is baked in a convection or
infrared oven to drive off volatiles from the solder
paste. The assembly is then soldered by the reflow
solder process and cleaned with solvent. Finally,
the assembly is visually inspected before loading
into the outgoing pallet.

The above sequence is animated on a single
computer screen and although the animated seq-
uence is specific to the SMT line, a generic model is
easily adapted which can be used for any manu-
facturing or assembly process which consists of five
machines or less.

Toolbook
Toolbook [9] is a mouse-driven, hypertext
system for the windows environment of an IBM PC

computer. Toolbook uses the book metaphor to
define an application. Essentially it allows the
programmer to develop a system of text, graphics
and animation or a combination of all three on each
page. By defining icons, buttons can be specified to
move to another screen (or page). The ‘book’ does
not have to be read in sequence. The basis of this
software construction set is Openscript, toolbook’s
scripting language which is an object-oriented,
block structured language.

Buttons fields and graphics can be developed on
the screen using tools provided within the system.
Alternatively graphics and text can be imported
into the system via the windows clipboard facility,
allowing the inclusion of graphics created in other
systems.

Toolbook and animation

Animation plays an important role in simulation
because of its ability to communicate the essence of
a simulation model. In a computer animation, the
user can see the key elements of a system (e.g.
machines and parts, etc.), represented by icons,
change or move over time. In Toolbook, animation
is produced concurrently with program execution,
in one of three different ways.

1. Once an object has been defined the move
command in the Openscript language can be
used to move that object to any coordinate posi-
tion on the screen. :

2. Toolbook’s script recorder allows the program-
mer to create scripts without using the scripting
language by recreating the actions on the screen.
Animation, for example, can be produced by
recording the movement of a graphics object as
it is dragged across the screen by the mouse.
This is automated method of the animation
technique described in 1 above, and can pro-
duce a similar Openscript code which can then
be edited if necessary.

3. The classic approach to animation may also be
developed by creating a sequence of screens
with an object placed at slightly different
positions and then moving quickly (flipping)
through the screens.

The choice of animation technique depends on
the particular application and requirements.

THE SIMULATION MODEL

This section describes the simulation model
which is the focus of the hypertext system. As
previously mentioned the user has the flexibility to
access the simulation model from anywhere in the
system. The illustrations in the following sections
are actual screens from the learning module and
serve as an example of the type of information pro-
vided by the system. It should be noted however
that many are static diagrams from animated
sequences.
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Event scheduling

A discrete event simulation is stochastic in
nature, using random samples from a probability
distribution to drive the model through time. There
are three different approaches which can be
adopted [10] to drive the model through time.
These are

(1) next event scheduling,
(2) activity scanning,
(3) process orientation.

These approaches are based on the concept of
generating random numbers for each process,
collecting the statistics and looking for the occurr-
ence of a key event. The hypertext system uses next
event scheduling (Fig. 1), because of limitations in
Openscript. This approach is typically adopted for
simulation coded in general purpose programming
languages because these languages do not offer
ready-made constructs which are found in simula-
tion languages.

Next event scheduling advances along a time-
scale until an event is encountered and depending
on the type of event, appropriate conditional or
unconditional action is taken. The technique begins
by selecting the first event on the time-scale and
performs all actions including placing any newly
generated events in their proper order on the time-
scale (i.e. updating the time-scale events). The

Normal Distribution.

simulation will then move forward to the next event
on the time-scale and all actions relating to this
event will be performed. This next event time
advanced mechanism is repeated until a desired
simulation period is covered or the required
number of boards are assembled.

The event scheduling routine uses a combination
of variables and arrays created in the openscript
language including the following.

1. System state: a collection of state variables used
to describe the system at a particular time.

2. Simulation clock: variables giving the current
value of simulated time.

3. Event list: a list containing the next time when
each type of event will occur.

4. Statistical counters: a subroutine to check for
any simulation violations, prompting the user
accordingly.

5. Initialization routine: a subprogram to initialize
the simulation model according to the method
chosen.

6. Time advance routine: a subprogram that
determines the next event from the event list
and then advances the simulation clock at the
time when the event occurs.

7. Event routine: a subprogram that updates the
system state when a particular type of event
occurs.

For easy understanding, assume that the values of the interarrival
time and the processing times are assumed given throughout
although these values are supposed to be sampled from the

Simulation Time (5} N

h
|Activity Chart for a Single-server, Single Queue Model] . n

Fig. 1. Nexteventscheduling.
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8. Random number generator: a subprogram to
generate random numbers from the normal
distribution.

9. Report routine: a subprogram that computes
estimates (from the statistical counters) of the
desired measures of performance. At the end of
the simulation, individual summary reports for
various workstations and an overall system
report is generated.

Random number generation

The generation of random numbers is the
essence of any stochastic simulation. The system
generates arrival times and processing times using
random numbers (Fig. 2). On start-up the model
uses default values for the mean and standard
deviations for the various processes, however, the
user may specify whatever values they require.
Note that by specifying zero standard deviation a
deterministic process may be assigned to any
process. Random numbers are generated using
‘random()’ an intrinsic function within Openscript
which generates uniformly distributed random
numbers. These are then transformed to the
Gaussian distribution using the Box Muller trans-
formation [11]. The Gaussian distribution was
chosen because it represents the most typical dis-
tribution encountered in real-life systems. How-
ever, a future enhancement of the system, will

provide the user with a choice of distributions
(exponential, Weibull, gamma, etc.) so that it is
possible to investigate the effects of their differing
characteristics.

Queuing

One of the advantages of simulation models is
their ability to model the behaviour of queues
which build up within the manufacturing system
(Fig. 3). This has many benefits including the
identification of bottlenecks and the optimal design
of buffers, etc. A queuing system can be described
by its calling population, the system capacity, the
nature of the arrivals and services and the queuing
discipline [12].

The calling population for the modelled system
is assumed to be infinite with a limited capacity. As
such, it is assumed that the buffer area in front of
each workstation can only store ten PCBs. When-
ever the buffer size exceeds this figure the simula-
tion will terminate and the uset will be prompted by
the occurrence of a bottleneck in the line. All inter-
arrival times are assumed to be stochastic and
follow the Gaussian distribution. The arrival
occurs one at a time and serviced by a single server
at all workstations except the inspection stage. In
this last workstation, it is assumed that there are
multiple servers manning the station. Finally, the
first-in, first-out (FIFO) queue discipline is
adopted.

To generate a Normally Distributed random number for a
particular input variable, the user must first specify the mean and
standard deviation of the input variable. A random number is
generated under the Standardized Normal Distribution (mean = 0,
variance = 1) which will then be substituted into an equation to
obtain the required random number.

{ Click on to the "Random Number" button to see a sample of random values
(mean = 10, standard deviation = 0 5) generated
under the Normal Distribution. )

Bindai |

ann

| A

9 10 11
The Density Function for the Normal Distribution

Fig. 2. Generation of random numbers.




Simulation is an effective Operations Rese
user the ability to see a real-life product
having to visualize it. Besides this, probab
tested to assess its effectiveness in overco

_ Processing Time :

Fig. 3. Using simulation to identify bottlenecks.

In the real-world system, any production process can be
described as an Input-Output System where - one operation starts
when another is completed, one thing arrives and another leaves
etc.. When a job enters the system, transformation (in the form of
job processing) takes. place before the job is relcasced as a finished
product.

INPUT

Fig. 4. Representing asimulation model as a transformation system.
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The complete model

In its simplest form a manufacturing system can
be represented as an input—output process where
raw material is introduced into it, subjected to a
transformation and finally exits as a finished
product (Fig. 4). Each process within the system
can also be considered as smaller input-output
systems. As a result, a manufacturing system is
made up of an organized network of input-output
systems where individually assigned tasks are
performed. Parts arriving at a server will be
processed if the machine is available. Otherwise it
will wait in a queue until the machine is free.

In terms of modelling, the SMT line can be
considered as a dynamic, stochastic discrete
model. Dynamic because time is the critical factor
in the performance of the system, stochastic
because the arrival times and processing time of the
machines exhibit variation and discrete as the
system state only changes at discrete changes in
time.

The SMT line represented in the system consists
of five machines. This is represented in graphical
form on the screen. Either a two-dimensional
(Fig. 5) or three-dimensional (Fig. 6) representa-
tion is available. However, the two representations
are independent and thus there is no facility to
move from one to the other during a simulation
run. It was considered that whilst the three-
dimensional representation was more realistic, it
was easier to follow the progression of the PCB
within the two-dimensional view.

The two-dimensional model was drawn entirely
using Toolbook’s drawing tools. The model is made
up of rectangles and lines, with colours added to
improve the appearance. Animation of the move-
ment of the PCB along the conveyor belt was
obtained using Openscript’s ‘move’ command (as
described earlier). The coordinates of the start and
end points of the desired motion are obtained and a

finite loop is written in Openscript to move the

PCB from the start point to the end point.

Because of its complexity the model for the
isometric view was drawn in Publishers Paintbrush
[13] and imported into Toolbook. The drawing was
created at the pixel level and imported into tool-
book in a bitmap format. Because of the different
orientation of the PCB during its movement, the
animation sequence was more complex and so the
flipping pages animation technique (see above) was
adopted. The different positions of the PCB were
painstakingly located to give smooth movement.

During simulation, the current state of the buffer
area for each workstation is displayed. This is in the
form of a rectangular bar which fluctuates accord-
ing to the queue length. At each workstation a
counter is also provided which displays the actual
queue size. Once the queue size reaches 10 the user
will be prompted that a bottleneck has occurred as
previously described.

FEATURES OF THE SIMULATION MODEL

Simulation speed

The user is provided with buttons to slow down
or speed up the simulation run. This is useful, for
example, when certain details of the simulation
need to be analysed visually. Where this is not
required the simulation can be run at full speed. For
the two-dimensional animation the two speeds
were obtained by defining two loops for the same
PCB movement, the difference in the loops being
the incremental step. For the isometric view the
animation speed was defined by the difference in
distance between the PCBs on consecutive pages.

Simulation method

The model allows the user to choose simulation
either by batch or production time. To determine
the total time to process a fixed number of PCBs,
the user is required to enter the batch size and the
simulation will determine when the batch has been
completely processed.

Alternatively to determine the throughput over a
particular period the user is required to specify the
period.

Continue simulation

The continue simulation function allows a simu-
lation run to be restarted with all the previous
results maintained. Results for the new simulation
run are added to the previous results. This function
is particularly useful where, for example, it is
necessary to estimate the additional number of
PCBs which can be produced if overtime is to be
scheduled.

Generation of replications

To investigate the integrity of a particular
simulation a facility is provided to replicate the
simulation run for the same input conditions. The
replication provides the user with information
concerning the mean and standard deviation of the
statistics for each run. A total of ten replications are
used and statistics for total time and total output
are extracted and summarized in the overall results
page (Fig. 7).

The structure of the replication algorithm is
similar to the overall simulation algorithm with two
exceptions. Animation of the SMT line is omitted
to reduce execution time. Also checking routines
are added to ensure that the user does not violate
certain conditions.

Input parameters
Input parameters (Fig. 8) for a simulation run are
as follows:

(1) mean and standard deviation for the process-
ing time of the five workstations and the
interarrival time for each PCB pallet,

(2) the simulation method, i.e. either batch by
batch or production time,
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DISCRETE-EVENT SIMULATION (2-D ) OF A TYPICAL
SURFACE MOUNT ASSEMBLY PROCESS LINE

Fig. 5. Two-dimensional simulation model of SMT line.

DISCRETE-EVENT SIMULATION (3-D ) OF A TYPICAL
SURFACE MOUNT ASSEMBLY PROCESS LINE

[38 of 46]

Fig. 6. Three-dimensional simulation model of SMT line.
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| Simulation Method | [__BATCHBYBATCH

Simulation Data 7

Replication  Output T;?:a(‘s) Replication  Output 'I‘Er?:a(ls]
[ 155.65 | L 3 | [142.39
| 149.02 | ®aE | 138.40
| 144.48 | | 3 | [145.43]
[ 145.08 | | 3 | [147.66] |
35555 5] ()
Output Total Time (s) |
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| 3 ] [ 000 | |145.31 | 337 | Ly

Fig. 7. Summary report of simulation after ten replications.

»

Batch Quantity Simulation Time

The units for the various timings are in SECONDS

Simulation Method

Tnlerarrival Time of PCR

Screen Printing

Placemnenl. Machine

Solder Reflow Machine

Cleaning

Inspection

BATCH-BY-BATCH I

Fig. 8. Input parameters for simulation model.
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SIMULATION RESULTS FOR THE FIRST RUN :
INSPECTION WORKSTATION

Simulation Data 5 |l

[Currently In_Process PCB | [ o ]

lQuantity of PCBs in Queue I 0 I

IQuantity of PCBs Processed | | 3 |
[Max length of Waiting Line | u
[Average Response Time (s) | [18.74
Machine ‘Busy’ Time (%) |
[Machine 'Tdle’ Time (%) |

Fig. 9. Simulation report for the inspection workstation.

RN SR N S B
SUMMARY REPORT FOR THE FIRST SIMULATION RUN

Simulation Data

| Input Quantity | [ 3 j [Total Simulated Time 147.4)

|Output Quantity | B | Simulation Method | [ BATCHBY-BATCH |

Machine Statisitics Queue Statistics

Maximum Final Value

| 0.35 | 133.99] foas ] [ 1 ] [ o |
[043]  |42.26] [o00] [ 1 ] [ o ]
[026 |  [13.01) [o00 ) (0o ] | o |
(033 ]  [16.23) [oo0] [ o ] | o |
(038 ]  [18.74] [000] [0 ] [ o |
45 of 46 =i

Fig. 10. Summary report for the first simulation run.
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(3) the system termination parameters for the
particular simulation method, for example, the
time needed for the production time method
above.

The input values are given default values when
the system is started so that the user may quickly
use the model with the minimum of assistance.

Statistical reports
Three groups of statistical reports are provided.

1. The first group consists of the results for the
individual workstation (Fig.9). Currently in
process PCB, quantity of PCBs in queue,
quantity of PCBs processed, maximum length
of waiting line, average response time, machine
busy time and machine idle time is provided for
each workstation.

2. The second group consists of a summary of the
whole simulation run (Fig. 10). The statistics
provided are average utilization, average
response time, average queue length, maximum
queue length and final queue length.

3. The third group is a statistical report of the
replication runs (Fig.7). The replications
summary shows the output and total time for
each run. Also shown is the average and half-
width value for output and total time. The half-
width value, based on 95% confidence shows a
measure of the precision of the point estimate of
the average.

CONCLUSIONS

This paper has illustrated how hypertext can be
used as a computer-based teaching aid for both
engineering students and practising engineers. A
hypertext system was developed to explain the
rudiments of the simulation of a manufacturing
system. The window-based mouse driven system
provides the user with the capacity to learn
simulation through a combination of text, graphics
and animation. At the heart of the system is an
interactive simulation model of a SMT line, used as
an example of a manufacturing system. The system
provides the user with the capability to move to and
from the simulation whilst progressing through the
learning material. The software was developed on a
relatively basic hypertext system to illustrate the
potential of developing such a system whilst retain-
ing advantages such as low cost and high porta-
bility. :

The system provides the user with conceptual
information which would be difficult to obtain
through other education techniques whilst provid-
ing the opportunity for the teacher to concentrate
on other educational aspects of the subject. The
system allows the users to learn at their own pace,
in their own time and offers a versatility of learning
approaches. The conceptual design of the system
can be adopted in any discipline which requires a
high level of visual and cognitive interaction to gain
a thorough understanding of engineering principles
and their applications.
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