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ABSTRACT

Simulation has ;' czyed a vital role in solving problems which are
intractible or «hich are too complex to be solved mathematically.
As road t}affic is SUCH a problem traffic simulators have become
invaluable design tools for the traffic engineer.

Scftware and hardware traffic simulators have proliferated.

Most software simulators have the disadvantages of low simulation
speed and require iarge computers resulting in a high simulation cost.
On the other, hand hardware simulators have high speed potential but
are inflexible and costly to develop and cénstruct.

Advances in the field of mini computers have made a hybrid
software“harJWare simulator possible. Using this technique it is
possible to design a simulator which has a relatively high speed,
flexibility and moderate cost.

This dissertation describes a traffic simulator which comprises
a NOVA 1200 mini computer, peripherals and two hardware random number
generators which are used as data sources.

A large proportion of this dissertation is the design of a
simulation executive. The executive provides f%ci]ities for defining
the traffic network, entering run time data and provides the simulator
user with interactive control over the simulation. The executive
further provides a framework for simulation routines.  The rot..nes
perform the interpretation of the network definition, data
entered by the user and the actual modelling of traffic. Routines
for simulating differént traffic elements are easily added due to the

modular design of the executive. In the present wurk routines have
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been designed to simulate intersections with fixed time control,
streets and entry streets. Additional routines are provided for
printing at the queue lengths at intersections.

Two hardware data sources are described. The first, designed by
Walker, js used for generating travelling times and gap acceptance times
which may have arbitrary frequency distributions. The second is a
generator which produces sixteen independent outputs with a Poissonian

distribution. It is used for generating vehicles and assigning

.

vehicles to lanes.

The simulator described can model a traffic network of up to
forty intersections each having up to five lanes per approach. A
computer with only 16K words of memory is used. The speed 6f simula=

tion is approximately 200 times faster than real time per typical

intersection.
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CHAPTER 1

AN INTRODUCTION TO TRAFFIf SIMULATION

1.1 General

Road traffi. congestion is a problem in large cities throughout the

world.  Delays to vehicles are costly to commence and industry in

terms of lost time and'productivity. Studies of traffic behaviour

‘must be made to improve road network design and traffic control

policies, so as to minimise delays and improve traffic flow. Road

.

traffic is a complex phenomena and a rigid mathematical approach
cannot be applied except in a few simple and idealized cases.

Simulation techniques é&re usually used.

Stmulation f traffic involves .. aumber of separate operations.

The first operation {s to define the geometrical layout of the

traffic network.  The method of defining the network is dependent on

the type of simulator used. In the case of a software simulation

(see 1.2), 1t may take tne form of data punched on cards in some specific
format or in an interactive question and answer manner. Hardware
simulations (see 1.3) use a patch panel to define the network.

in the second phase, data must be entered into the simulator.

~ This data provides information as to the flow rates, speed and other

vehicle parameters, as well as timing data for signalized intersections.

The third phase involves the actual model ling“of traffic. Dlgital
processing is used to simulate traffic events and interactions which

can be broken down to logical decisions, Although traffic flow is a

continuous phenomenon, it may be digitally simulated by use of time

*
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sticing techniques. Small time increments called epochs are used and
the model is updated every epoch. If a small enough increment of
time is used, the simulation can be regarded as continuous. Random
number generation is used extensively in the modelling phase to enable
decisions to be made on a statistical basis as traff{c is essentially
a stochastic phenomenon,
The final phase, which may take place concurrently with the
third, is the representation of the results of the simulation. This
could be in the form of printed results or'a graphical representation.
Two broad categories of traffic modzlling have been used to date -
macro and micro modelling. in a micro mode! every vehicle in the
system is unique and its speed, position, destination and type is
known at each instant. It is thus possible to folluw an individual
vehicle from the time it enters the system to the time it is
discharged.  Vehicle dynamics like acceleration and
are rigidly modelled.  Examples of this technique can be found in
1,2,3,4,5 ‘

the literature , the most sophisticated being the UTCS |

Network simulation model 1. Micro modeliing provides results which
closely approximate real Jife traffic provided great care is taken in
gathering data and in validating the modei. Micro modelliing requires
a large computer due to the large amount of storage needed. The speed
of simulation is low due to the number of calculations and decisions

to be made in updating the mode!.

Macro modelling is based on the assumption that vehicles can be
treated as if they are identical. Individual vehicles cannot be
distinguished and vehicle dynamics are modelled using a statistical
approach. = Research 6.7 has shown that this assumption is valid
under near saturation conditions and up to twenty percent heavy vehicles

ir & newvrk have little effest on the traffic flow. Less com=-
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prehensive data needs to be gathered for macro modelling than for

micro modelling but the results of the simulation can only be used

for comparative testing rather than for obtaining accurate

predictions of traffic below. Macro modelling requires relatively

little storage capacity as extensive data is not required for each

vehicle. Less computation is required. for modelling the traffic so

that high simulation speeds can be obtained.

(a)

(b)

(c)

(d)

1.1.2 Desirabie Features of a Traffic Simulator

Low Cost of Simulations
Simulation is often used as an interactive design tool using a
trial and error approach. This implies that a large number of

simulation runs may be required to arrive at the final design.

Thus the cost of = design is dependent on the cost of a simulation

run. This cus: is related to the speed of simulation and the
initial capital cost or rental of the simulator.

High speed of Simulations

Apart from the fact that speed and cost are interrelated, high
speed of simulatidn is desirable from the user's point of view.
Since the simulator may be used for interactive design it is

important that results are presented to the user as quickly as

possible.

Easy to Use

The simulation system must be easy to use and must not rquire
specialised training or knowledge.  Input and output tc::ae{va

system must be in terms and units meaningful to the end user.
Comprehensive Basic Simulatioh System

A powerful system is required so that most common traffic networks
can be modelled. This implies that multiple intersection net-
works and dynamic control policies should be catered for in the

basic system.

e L i e aai]
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(e) Ease of Development
The simulation system must be modular so that additional

features may be easily added without major modifications to the

system.

The objective of the present work was to design a cost effective

simulator for interactive design with features as described above.

1.2 Software Simulators

The term software simulator is used to describe a computer
program that models traffic conditions. It is the most widely used
simulation technique and macro and micro modelli:g can be used.

Large computer systems are usually required and networks of up to 200

intersections can be simulated. An exception is the model of
Beilly 4,5 which is a micro model using a mini computer. However,
only limited size networks can be simulated. This model had a low
simulation speed (simulation time equals real time 5). A recent
trend 8.9 is to use large time-shared computers for Interactive
simulations. By using a bureau system many can have access to a
simulator without incurring the capital cost of a large‘computer.

Time sharing, however, is not well suited to applications which

involve a great deal of calculation and data processing as in the

case of simulation, In a time-shared system each user is only allocated

a fraction of the available central processor (C.P.U.) time.  Thus
while a simulation may require only ten minutes of C.P.U. time, the
user may have to wait considerably longer than that for the simulatiQn
to run. Interactive simulation using this type of system is tedious
and time consuming.

One of the most important considerations in the design of a soft-

ware simulator is the choice of programming language. A proliferation

.
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of scientifically orientated high level languages exist, e.g.

FORTRAN, ALGOL, PL1 and BASIC. These are general purpose languages
and are available for many different makes of computers; They are
attractive choices as they are largely machine independent, widely
known and easy to use. In addition to the above there are

simulation oriented languages such as GPSS, GASP, SIMULA and SIMSCRIPT.
These languages are not as universally available as the general purpose
languages but are more simulation orientated which reduces the

programming effort., Most of the traffic simulators in the
1,4,8,9

literature use FORTRAN or one of the simulation languages 2
A common faiiing of these simulators is a low real time to simulation

time ratio. This is due to the generality of these languages which

results in relatiVeTy inefficient code being generated for the particuiar

problem.  In addition most of these languages do not permit very
‘basic machine operations suchvas‘b{t and byte manipulations which can
be very useful when simulating traffic.

Software simulators are flexible and simulation systems can be
relatively easily modified to cater for different traffic situdtions.
The computational power of a computer is useful in modelling dynamic
tontrol policies.

The major disadvantages of software simulations is the high cost
of simulation. The cost of simulation can be reducéd iF it is
possibile to increase the speed of simulation without having to invest
in more computer power. One of the aims of the present work was to
reduce the cost of simulation by this technique.

1.3 Hardware Simulations

Hardware simulators are special purpose computers which model
traffic situations. Advances in computer technology have made the

heardware simulator an unattractive alternative to software, however,

e A e S

T
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the former is still of historical interest.

in 1961, the University of Manchester Institute of Science and
Technology (UMIST), started to develop a hardware traffic simulator 10’11.
At that time the hardware approach was attractive due to the high cost
and slow execution sbeeds of available computers.  The initial

system 10,11

could simulate a single intersection with fixed time
traffic signals at a speedrof fifty times real time, which was far in
rexcess of available software simulator speeds, The system was
expanded by adding core memories and multiplexing the basic¢ simulator
so that up to sixteen linked intersections could be simulated 12.

In order to simulate dynamic control policies a computer was interfaced
to the model ]3, Although this arrangement provided most of the
facilities required, the speed of simulation was reduced 8ue te the time
required for transferring data between the memory, the computer and the
simulator. In addition, during this time, computer execution speeds
Increased and prices dropped dramatically resulting in the hardware
simulator becoming an unattractive alternative to software simulators.

The hardWare simulator is of interest, however,‘as it demonstrated

that relatively simple hardware Jogic can effectively mode] certain
traffic phenorena. This is especially true in the case of a macro
model . FUncfions which are especially suitable for h -dware implemen=
tation include the modelling of vehicles moving aivng a street, as

well as vehicle and data generation. A shift e,.ster is effective in
modelling a street as the positions of all the vehicles in the street
can be updated with a single shift operation. Hardware random number
generators can be used for vehicle and data generation and are

inherently faster than similar software implemented generators.

e

s i i e
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1.4 System Design Philosophy in Present Work

The design of a simulator is governed by the three basic con-

siderations given below. In addition, this work was contrained by

the available computer and peripherals (see Fig. 1.1).

(a) Type of simulator

Hardware and software simulations were reviewed. It is
apparent that both types have inherent |imitations. The hardware
approach was rejected due to high initial cost, development effort
and inflexibility. In addition it is difficult to use for simulating
multiple intersections and dynamic control policies. The software
approach usually results in a poor simulation to real time ratio and
simulations are costly.

If the speed of a software simulator could be improved, a power-
ful simulator would result. This can be achieved by improving the
software (see l.h(c)), and implementing some of the simulation in hard-
ware, An examination of the operations which are required for traffic¢
simulation, showed that the slowest single oberation in software is
the generation of random numbers. Tﬁe work on hardware simulators
showed that this operation is fast and easily implemented in hardware,
While other functions may be Implemented in hardware it was found that
the increase in overall speed would be negligible.

Thus the basic choice of simulator consists of a computer with a

peripheral hardware random number generator.  This results in a

simulator which has the flexibility of software whilst having a high

simulation speed.

(b} Types of Computer
| The choice of the type of computer is, to a large extent, con-
strained by the requirement that a special purpose peripheral is used.

In addition, since time sharing and batch operation are unsuitable for

e,
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interactive operation,a dedicated computer is required., These two
factors rule out the uie of a large mainframe computer, as interfacing
‘peripherals, is complicated and the capital cost is too high.

A Data General Corporation NOVA 1200 mini computer was available

for this work and was found to be suitable.

The low capital cost and s!wple interfacing requirement makes

mini computers ideal for use as dedicated interactive traffic simulators.

(c) Programming Language

Various programming languages were reviewed in 1.3. = Of the high
level languages FORTRAN and BASIC are available fof the computer used,
None of the special simulation languages are avallable. Of the
above two, only FORTRAN can be considered as BASIC is an interpretive
language and is slow in execution, Although the efficiency of médern

- FORTRAN compilers is relatively high, this language was not used as
it'ls inefficient in core utilisation for this specific application.
In addition, the hardware traffic simulator has shown that basic
machine operations, which are no.. available in FORTRAN, are useful in
simulating traffic. These include bit manipulation, logical
operations such as AND and OR, and bit shiftiﬁg. Thus the program
for the present simulator was written . 4OVA Assembly Language which
resulted in a high speed simulator, requiring less than 16K words of
memory (see Chapter 4),

The type of nodelling used, i.e. macro or micro modelling, is
also influenced by the choice of computer. - Micro model 1 iRg was
rejected as it reqqires a large amount of computer memory, is slow in
execution and requires extensive data gathering and calibration. The
additional accuracy of micro modelling is unnecessary for comparative
testing of control policies, and is not required if generalized control

strategies are to be investigated,
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- facilitated by the executive performing routine tasks such as data

There are two disadvantages in using .1 assembly language }or
Programming a simulator.  An unavoidable problem is that the program
is not machine independent. This is not so serious, however, since

a dedicated computer is used and the peripheral hardware generators
are also machine dependent. The second drawback of the language, is
that a specialist programner is required. In this work an effort has
been made to minimise the effects of this disadvantage. The program
has been Written in such a way that the end user of the simulator does
not reqqire a»know]edge of computer programming. ~ The definition of
the network and data for the model are entered in a free format in
terﬁs whicﬁ are familiar to the user. The task of the specialist : ]
programmer has also been eased by the use of a simulation executive
which is part of this wvrk.lr The executive allows individual traffic
elemgnt subroutines to be added or deleted without &Ffectiﬁg the

operation of the system. The programming of these routines is

conversion and input output.

The overall configuration of the system is shown in Fig. 1.1.
lf is basically a program development system and the only essenti:l
peripherals required for simulation, are the hardware random number
generators, disk and keyboard=printer. A graphic display terminal

was not availablé but would be a useful addition to the system.

1.5 Review of Present Work

the poténtial advantages of a hybrid software and hardware traffic
simulator have been described.  The work that follows shows that
interactive simulation is provided fo~ and the simulation is easy to
ruse:.  The cost of simulation is low as an inexpensive minicomputer is
used.  The average real time to simulation time ratio is 200 per

] L
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intersection, compared with 1 ~ 18 for comparable simulations found

in the ature 9’1b.

A ma, r portion of the present work was the design of a simulation
executive. The executive is modular and general, and can be used
for simulating systems otlwr than traffic. The executive provides

, faéilities for the user to easily define the network, enter data
and run the simulation. The executive is used primarily for
building up a unique program from the defin{tion statements entered
by‘the user. The program is constructed by linking a number of
simulation subroutihes together in the correct sequence. The
simulation subroutines are not part of the executive and any type of
simulator can be constructed by adding suitable routines to the
executive,

The description of the executive has been divided into two
chapters.  This unorthodox approach was used so as to cater for
two distinct types of users. The first group is the traffic engineer
who wishes to.use the executive and the simulation routines described
in Chapter 5 for simulating traffic problems. This user does not
need to be & computer specialist and the description pfovided in
Chaptér 2 is an outline of the basic concept, design, and opération of
the executive. This description is sufficient to enable a simulation

system which has been configured with the executive to be used.

Chapter 3 is intended for the computer specialist who wishes to
expand the present system or write simulation foutines for different
problems. Details of how simulation routines must be written are

provided. It 15 assumed that the reader of this chapter has a

knowledge of the Nova Assembly Language. Detals of how to load the
present simulator, generate a new simulator and console procedures

are given in the appendices.
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The high speed of the simufator was partly due to .he use of
hardware data sources. A special data source was available in the
Departient of Electrical Engineering and was uséd for generating random
numbers with akbitrary frequency distributions. A second generator was
designed and constructed for generating the special ca%e of the
Pd{sson distribution. This generator produces sixteen i ndependent
outputs in less time than Is required to execute a single computer
instructicn., A full description of this generator, as well as an
0ut]ihe of the first generator is given in Chapter 4.

Chapter 5 describes simulation routines which form, in conjunction
with the executive, a baslic traffic simulator. Using these routines,
a network commonly encountered in cities may be simulated. The
routines provide facilities for simulating streets, eatry sereets and
intersections and are intended as a basis for future work.

Tests on the simulation routines are given in Chapter 6 and
val idation of the simulator is discussed. The use of the simulator

is illustrated by a simulation of a network containing four inter-

sections.  This network was aiso used for determining the speed of

shinulation.  Comments on the present work and suggsstions for future

~work are given in Chapter 7.
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CHARTER 2

‘A FLEXIBLE SIMULATION EXECUTIVE

2.1 Introduction

A simulation program can be divided into two distinct but'inter~
related sectiuns - the executive and the simul&tion routines.

The executive is the controlling segment -of the program, e
provides facilities for defining the traffic network, entering data
-and supervises the running of the simulation. The overall operation
of a simulator is defined largely by the design of the executive. ’The

ease of operation from the users point of view, speed of simulation and

format of the simulation routines are related to the design of the

~executive. Thus in the present work a large amount of effort was

devoted to the executive program.

In the case of a simulation program which is written in Assemiler
language, the executive shduld be désigned to facilitate programming
of the simufation routines.  This can be achleved by programming the
executive to perform certaln routine functions such as input, ouprt,
number conversions and interrupt servicing. Thus these repetitive
tasks do not have to be coded in the gimulation routines, relieving
the programmer of considerable effort. These facilities minimise the
disadvantage of using an Assembler language.

2,2 Requirements of a $imulation Executive

The requirements for a traffic simulation executive are given

below.
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(1)

(i)

(iit)

(iv)

Minimisation of programmer's effort

A function of any execuytive is to relieve the simulation
routinz programner from writing code for routine
repetitive tasks., This is particularly important when
application programming is done in Assembler language.

The executive should raise the level of the normal
Assembly lanugage to a type of macro assembly language. *
Macros are defined in the execugive to perform routine
tasks.  The applicégion progrann%imply calls the
gppropriate macro with a suitable instruction and the task

is performed by the executive.

Introduction of minimal core overhead

The executive should require as little memory as possible
so as not to significantly reduce the memory space available
to the user program.

Simple definition of the network

The executive should provide facilit{es to.2nable a traffic
engineer to specify the 'ayout of the network he is studying.
It should not be necessary for the simulator user to be a
computer specialist.  The method of specifying the network
should be in terms relevant and meaningful to the end user.

Provide fast interpretation or compilation of the network

definition

The executive should be able to translate the symbolic
representation of the network into a program for simulating
the network. The translation should be fast so as not to
introduce a noticeable delay to the end user. If a compiler

is used, it should be ahle to perform this operation with

. y
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(v)

(viif

(ix)

- 15 =
only one scan of the input data so that the network definition
may be entered directly from the keyboard.

Flexible Compiler

The interpreter or compiler must be flexible so that the

system programmer can specify the format of the network

~definition statements and control the interpretation of these

statements.  In other words the operation of the compiler
must be under control of the simulation routines so as not
to limit the scope of the executive or place constraints
on the simulation routines.

Modular organisation

The whole simulation system must be modular so that

additional features can be easily added. The addition or
deletion of network elements should hot affect the operation
of other’elements.

Simple data entry

Run time data for thé model should be éasiiy entered. This
requires that a free format be used. The interpretation and
manipulation of this data should be under control of the
simulation routine to which this data is relevant. Error
checking facilities and editing should be prbvided to minimise
the effects of inaccurate data entry.

Interactive operation

As‘simulation is often used for trial and error design,
interactive operation is important. Facilitles should be
available to the designer to run a simulation, evaluate the
results, change a parameter and rerun. This also implies

that the speed of simulation must be high.
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(x) Communication between simulation routines

, ' |
In traffic simulation it is important for various routines

fo communicate with one another. For example, aﬁ inter-
section element must be able to examine a street element to
see if conditions in the street allow vehicles queued at
,the intersection to turn right. This facility can be
provided by using a common data block (i.e. data that is
shared between routines) or by providing tacilities in the
executive for one routine to gain access to another routine's

storage.

2.3 Design of a Simulation Executive

2.3.1 ’ Geheral
A simulation oriented executive called FASP (Flexible Assembler
‘ Simulatibn‘Package) was designed to meet the criteria listed in 2.2,
Although primarily intended for use in traffic simuiation applications,
the flexible, modular structure of FASP makes it suitable for simulating
any discrete stochastic system provided appropriate simulation sub-
routines are added.

The design of FASP, as far as itléffects the user of the traffic
simulation program, will be described below. fhe detailed description
of . :w simulation routines are written and interfaced with FASP and
a description of the macro facilities of FASP are described in
Chapter 3,

.2.3.2 Definition of the Network

A fundamental segment of a simulation executive is the control
program. ~ This is a program that links the various simulation routines
together in such a way as to simulate the desired network. The

design of the control program determines, interalia, the way a net=




work must be specified; how simulation routines may be added or

deleted from the system; and how data is stored. It also affects

the speed of simulation. Most simulation programs use a modular sub-
routine structure in which each traffic element e¢.gq. vehicle
generation, vehicle movement and vehicle discharge, is a separate
subrduting. Different methods of 1inking these subroutines together
have bezn used,

A common type of control program calls each of the various sub-
routines in turn. Each subroutine is entered once per epoch and all
the vehicles in the particular situation are processed. For example,
all vehicles are gznerated at the same time for all input streets in
the network.,s The UTCS 1 simulation program 1 uses this technique aqd
a simplified flow diagram of the control program is shown ip Fig. 2.1,
This method is efficient as each subroutine is entered only once,

resulting in minimal time lost and subroutine calls and in subroutine i

initialisation. The dfsadyantages of this system are that a strict ;

numbering system for various traffic elements is required or an

elaborate method of interpreting the network definition data must be

provid;dﬁ A common data area is used for thls method and this data
hUSﬁ be scanned by each subroutine., This involves a considerable
wastage of time as subroutines must scan all data rather than just the
data which is relevant to them. The addition or deletion of a .
traffic element requires that the control program be modified so that a
strictly modular approach cannot be used.

An alternative method was used by Beilby 45 for a micro model
which was run on a small computer. In this method each word of
computer memory corresponds to a section of roadway. The position

of a vehicle is indicated by the vehicle's parameters (e.g. speed,

acceleration, destination) being stored in the word memory corresponding
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to its position in the road. In order to reduce the scan time of

the road, the rztwork definition was made part of the control program.
The control program is shown in Fig. 2.2, The basic operation of the
program is as follows: The computer "steps' along the road by executing
a series of dummy instructions (no~ops) until a jump instruction
(indicating the presence of a vehicle) is encountered. = The . jump
instruction points to arsubrcutine which updates the vehicles
parameters and position. This subroutine also moves the jump
instruction to a rew location to indicate the change in position of

the vehicle. This procedure is repeated for all the roads in the

network and for every epoch in time.  Thus the control program is in

" effect a direct representation of the geometry of the network.  This

method is fast as no scanning of data needs to be performed.

An adaptation of the above approach is used in the present work,
Since a macro model is used it is not necessary for the control program
to modzl the detailed geometry of each street in the road network.

The network is modelled by a collection of simulation routines which

- model lumped traffic elements such as streets and intersections.  The

control program is used only to call the simulation subroutines and
pass required parameters'to the subroutines in an order defined by the
layout of the network. A generalised format of a control program is
shown in Fig. 2.3. As an example consider a network shown in Fig. 2.4,
consisting of an entry strect feeding one leg of an intersection.  Two
stmulation elements are needed. These are called subroutine ELINK
(for entry street) and subroutine TLIGHT (for intersection)
respectively. The basic control program layout is as shown in

Fig. 2.5. Subroutine ELINK is first entered to generate vehlcles and .
move them down the street. The parameter following the jump to

subroutine instruction contains the address of the data for the

st i S
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specified entry link. On exit from the ELINK subroutine, the inter=
section routine is entered. = Two parameters are required here;
the address of .the data for the intersection routine and the address
of the output of the ELINK routine. This output indicates whether a
vehicle has been discharged from the street into the intersection.

| In the case of a general network‘containing several elements
such as streets and intersections the control program will consist of
a number of calls to each subroutine. The number of calls
correspond to the number of‘times an element appears in the network.
For each call a uniqde data address is given. Thus each element in.
the network has a dedicated block of data and can, if required,

access another elements' data as in the case of the TLIGHT routine

(See 5.5). | | L .

2.3.3 System Operation

The system operates in two distinct modes = 'Program’ and 'Run',

The program made is used to set up the control program to correspond

to the network being simulated. The run mode is used for entering
run time data and for running the simulation. The two operations
which are part of the run mode are described separately for clarity.
Thg program mode shown in Fig. 2.6 is initiated when the
simulation system is loaded (see Appendix 1), or when a specific
executive command (/P) is given (see 2.4.3). A special routine in
FASP called the compiler is then entered.  The compiler accepts
network definition statements from either the console (see Appendix 2)
or from a file stored on disk. |f the statements are to be read
from disk, the user types a load command followed by the appropriate fife
name (see 2.4.4). The compiler operation is unaffected by thé source
of the statements {console or disk). The compiler examines the Input

stream and the statements are compiied as soon as they are entered.
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The compiler first checks if the statement entered is a system
control statement, such as the end (/E) statement (see 2.4.3), and

acts on it immediately. If it is not, the compiler calls a routine

in utility subroutine library of FASP which scans through the

simulation routine's names. If the first word of the statement
doés not match any of the simulation routine names an error

message is printed and the statement is ignored. If a match is
found the appropriate simulation routine compiler segment is entered.
The compiler segmenﬁ obtains the parameters (if any) from the
definition statement by calling appropriate routines in the utility
subroutine packége. From the parameters, the simulation routine
compflef builds up a section of the control program which is then

written to the control program memory area by another utiiity sub-

routine. The above process is repeated for each statement entered

until an end statement is encountered. A flow chart of this
process is given in Fig. 2.7.

The FASP compiler does not have any control over the trans=-
lation of the definition statements.  The main fuhction of the FASP

compiler is to accept the definition statements and then pass them

. the required simulation routines.  The FASP compiler also checks

that the number of paramecers given in the statement corfesponds to
the number required by the simulation routine. If there is a
difference in the number of parameters an efror message | printed
and the statement is Ignored,

The transiation of the definition statement into a section of
control program is a function of the user supplied simulation routine
(see 3.3.2). This requirement 2.2(vi) that all compilers be

flexible, is satisfled. ‘ :
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Tie end statement (/E) terminates the program mode and the.run
mode: is started. The procedure for run time data entry is similar to
the procedure used for network definition. Again the data may be
entered from the console or from disk. A diagramatic repre-entation
of the process is given in Fig, 2.8 and a flow chart is given in
Fig. 2.9. The run time executive first checks if the statement is
a command and processes it (see 2.4.3). If not an executive command,
the simulation routine names are scanned for‘¢ itch with the first
word of the statement. If no match is found an error message is
printed. If a match is found the appropriate simulation routine data
segment is entered. The data segment uses routines in the utility
subrout ine library to access the parameters iﬁ the statement.  The
data segment processes the parameters, {f necessary, and‘stores the
results in the‘data area., A return to the executive is then made
and the next statement is processed. Again the user supplied
simulation routine has full control over the interpretation,
preprossessing and storage of the parameters in the data statement
(see 3.3.2).

When a run command is given (see 2.4.3) the executive transfers
execution to the control program which was built up in the program
mode.  The interaction of the various parts of the system is shown
in Fig. 2.10.  Gener. . ' control program calls fiﬁulation
routines in a required - ..uice. The simulation routines receive or
send data to the peripherals, i.e. hardware random numger generator,
printer and disk. The control program and the simulution routines
use and modify run time data. ¢ =t of the control program is a
loop which is automatically generated by the compiler. The number of
times this loop is repeéted is specified by the user when the run

[

comi=wl Is issued. On completion of the required number of loops,
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‘area. This area is used for storing constants such as traffic flow

control is transferred back to the executive and more data or commands
may be issued by the user.  FASP has an interrupt service routine
so that the disk and console can operate under inter?upt control.,

Disk input-output and printer output is buffered and the buffers
are read and written under control of the interrupt service routine.
This means that the program does not have to wait for these devices

to become ready and can continue executing. The interrupt service

routine also a)lows the user to halt a program before it has finished
ex.cuting and return the control to the run time executive. Data
may then be entered and program execution may be continued.

2.3.4  Storage Allocation

One of “the fratures of FASP is the allocation and management of | |
data storage. This simplifies the programming of simulation j
routines. '
FASP has two types of storage areas. The first is called ‘

"Constant'' storage and the FASP executive cannot modify data in this f

rates and signal timing data.“ B S ‘f
The second type of storage area called "Initial' is provided

specially for traffic simulation. The data in this arearcan be

initialized to zero., The 5imu1ation routines can use this area of

storage for streets and queues which need to be emptied before a ¢

simulation run is started or restarted. This data area is only

initialised when the initial command (see 2.4.3) Is given. Thus

the dser has control over whether the network is to be emptied of

vehicles before a rerun of the simulation.
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2.4 Use of FASP

2.4.1  Network Definition and Run Time Data Statements

The network definition statements and run time data statements
format is largely a function of the programming of the simulation
routines. However the general Format of these statements is

defined by FASP.  The general form is as follows:

NAME, NUMBER, DATA ELEMENT 1, DATA ELEMENT 2, . . , DATA ELEMENT N.

The NAME is a name given to the simulation routine element and
identifies the simulation routine to whicn the statement refers.
NAME must appear exactly as it is defined in the simulation routine

and must appear before the first comma.

NUMBER is an optional parameter and is used when several elements

of the same type appear in the network. For example a network can

consist of many streets. If the simulation routine for modelling

stieets is called LINK the different streets would be allocated

numbers so that one can pe diffzrentiated from another. The statenment

LINK, 3, . . . . . . would refer to street number three, and the data

elements entered would pertain to that street.

DATA ELEMENT is a number, alplanumeric string or another NAME
which is to be passed to the simulation routine. The number of
data elements in a statement depends on the simulation routine.
Carriage return must be entered after the last data element.

FASP checks each statement to’ see that the number of data
elements in the statement correspond to the number of data elements
required by te particular simulation routine. The type of data
element (NAME, number or string) is also checked for correspondence.
FASP also provides facilities for the simulation routines to request

a variable number of data elements (see 3.2.1). The comma which is

v
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used as a delimiter between data elements cah be replaced by a semi-
colon to indicate options to the simulation routine if the simulation
routine is programmed to expect it.

FASP places few restrictions on the format of the statements.
By careful choice of the NAME and sequence of the data elements the
programmer of simulation routines can ensure that the statement s
meaningful to the user of the simulation system. Examples of
statements for traffic simulation are glven in Chapter &,

2.4.2  Control Program Structure

The control program is built up from the ﬁetWOrk definition
statements, Thus the network definition statements can be considered
as a symbolic representation of the simulation program. In a
simulation program it is desirable to have three phases. The first
phase is used for initializing variables, resetting peripherals and
opening files. The next phase is the actual simulation phase.

The last phase is used for czlosing files, and printing final results.

FASP provides Facilitieslfor segmenting a simulation control

program into the three phases and allowing the user control over the

various phases. The program is segmented into the phases by using

the keywords. INITIAL, DYNAMIC, and TERMINAL as shown in Fig. 2,11.

The INITIAL phase combrises all the statements which appear
between the words INITIAL and DYNAMIC. These statements are
executed when an initialise command is ¢lven. The statements are
executed once only and control returns to the FASP executive allowing
the user o6 issue a further comnand.

The dynamic phase coniprises all the statements bétween the words
DYNAMIC and TERMINAL.  FASP sets up a program loop so that these

statements can be executed repeatedly.

T
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DYNAMIC

TERMINAL
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Figure 2.11,

P

Statements executed unconditionally
when an INITIALISE (/1) command is

given

CONTROL KETURNS TO FASP EXECUTIVE

Main vrogram

These statements are executed in a
loop after a RUN Command (/R) is
given.  The number of Toops is

specified by the user.

Statements executed unconditionally
after the DYNAMIC loop has beea com=
pleted.

CONTROL/RETURNS TO FASP EXECUT|{VE

End of program

Basic Control Program Structure
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Each execution of the loop represents one epoch of simulation.
The numbe: of times the statements in the loop must be executed
(or number of epochs to be simulated) is specified by the user when
the run command is given. On completion of the specified number of
loops tle TERMINAL section is executed.

The statements which appear between the words TERMINAL and the
end statement are executed only once at the end of a simulation
rur,  After the TERMINAL phase is completed control is returned to
the FASP executive.

The three keywords INITIAL, DYNAMIC and TERMINAL must appear in
the given order for the FASP system to operatv correctly.

2.4.3 Executive Commands

FASP has several commands to control the Fuaning of a progra&.
Commands consist of a / followed by an alphabetic code. Their actions
are as follows:

V/E This indicates the end of a user progfam aﬁd terminates
the program MODE of FASP.  FASP then enters the run mode,
This‘commwnd is undefined in the RUN mode.

/1 Inttialises all initial storage to zero and executes the
initial segment of the program.

/R Runs the user program; The console types NO) OF RUNS and
the user enters the number of times he wants the DYNAMIC
segment of the program to be repeated.

/P Returns FASP to the Program mode so that another progtam
may be entered. Note: The previous control program in
memory s destroyed.

/C Continues execution of program which was interrupted by

the user (see below).
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ESC A program that is executing may be interrupted by pressing
the ESCAPE key. At the end of the current epoch the
program halts and 'STOP AFTER N RUNS' is printed. Control
is transferred to the executive, and data may be entered,

or ancther command may be given.

T )

2.4.4  DDOS 1.6 Disk Support

The present version of FASP is‘configured with support for the
Decision Disk Operating System 15, The disk support provides
facilities for the user to store network definition statements and
fun time data on disk. These can be subsequently read from the
diék and the simulation can be rerun, Data is stored on disk in
ASCI | code QB that the data can be edited with the standard Data
General Editor ‘6.

Various commands are provided so that the user can store data
which is subsequently entered from the console, on the disk and
read it back at a later stage. The commands can be entered when-

ever the FASP system is expecting data from the user.

The Cornands conform to the standard format for statements

(see 2.4,1).

Disk Commands

SAVE, FILENAME[,]

This command creates a file called FILENAME and all subsequent data
tybed wn the console is written to disk. ~“The same mode |s terminated
by an executive command (l.e. any call preceded by the character

"/M).  FILENAME must be a name that does not already exist on the
disk or an error message will resuli. If the optional comma is
present, the file "FILENAME! must exist and all . .bsequent data

typed will be appended to the existing file,

o LS ks e e
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GET, FILENAMEL,]

This command reads a disk file and treats the data as if it had bern
‘entered from the console. | the optional comma Is present the
data read in it is not printed on the console.

KILL, FILENAMF

This deletes the file called FILENAME from the disk.

BYE

Regurns control to the DDOS operating system.

2.4.5 Error Messages

Error messages are printed in a standard format similar to that
of BASfC. The format is:
ERROR N.
N {s the error nﬁmber aﬁd is in the range of 1 - 99, Error numbers
in the range 1-19 are system errors and the remainder may be used

by the programmer for errors which may occur in simulation routines.

. Certain errors (exampie memory overflow) are fatal to the system and

require that the source of error be corructed and the system must be

reloaded. All other errors merely result in the operation in which

the error occurred to be ignored. A list of error messages and their

meanings is‘QEVen in Appendix 3.
2.5 Sumiaiy

The‘FASP executive provides facilities for the UServto easily
simulate a traffic network once the simulation routines have been
provfded. FASP provides the user with a means of defining the
network, entering rur time data and running the simul .tion.

FASP is flexible In that the programier of the simulation routines
has control over the format and interpretation of user statements and

can thus tailor the system to meet his requirements.
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‘Gereral BASIC language '°.,

CHAPTER 3

* DETAILED STRUCTURE OF FASP

3.1 Introduction

The concepts and overall view of FASP was givén in the previous
chapter. {In order to modify the system or to add simulation routines,
@ more detailed description is required:'

. The interfacing requirements for simulation routines is explaine&
in this chapter. Since simulation routines are written in Nova
Assembly Lanéuage, a knowledge of the Mova Extended Assembler 17 is
required for a complete understanding of this chapter.

The programming of simulation routines is made easier by various

__routines contained in FASP. These routines perform input-cutp.:,

storage manipulation and code conversions. Thu use of these routines
is first described and theh the layout of the simulation routines is
given. Although probably not required for traffic simulation, a
'describtioh on how to write interrupk service fouttnes is given for
completeness,

The modular structure of FASP, and the use of pseudo instructions

is similar to the approach used by Gordon for extending the Data
18

3.2 Pseudo Instructions

The utility routines which are defined in FA3P are‘fntended to
create a more powerful or higher level Assembly Language for programming
of simulation routines. The utility routines have been given

symbolic names whicli effectively increase the Instruction set of the
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N0varAssembler. The symbblic names are translated by the Assembler
end loader into Jump to Subroutine instructions.  Since FASP and

the simulation routines are relocateable and are assembled separately,
some means of linking the two together is required. This is done

by using the facilities of the Nova ixtended Assembler. The
symbol ic names of the routines are defined in FASP to be Enfry points
(.ENT) and in the simulation routines to be exterpal references
(.EXTN). This inétruets the éssembler that symbolé

which are defined as extevnal references are to be resolved at load
time. This is illustrated by the foliowing example of FASP and
simulation routine coding. ‘

.ENT GET

define entry point

GET.= JSR @.GET ~define pseudo instruction

indirect address

.GET: CGET!

GET1: + « 5 ;  subroutine for executing

pseudo instruction

Simulation Routine

+EXTN  GET ; define external reference
H simulation routine coding
GET ‘ ; pseudo instruction

H loads as Jai @ .GET

The pseudo instruction GET above is translated by the relocating
15

Inader into a JSR @,GET instyuction, The symbol'@ in the

instruction denotes indirect addressing and is used because only 256

words of memory can be directly addressed in the NOVA.

’
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All the pseudo instructions use the above format. Some of the
pseudo instructions require certain parameters. Those parameters are
passed to the routine in FASP via the accumﬁlétors ACP to AC3.
Parameters are also passed back to the simulation routine via the
accumulators as illustrated below,

LDA _B,PARMI ‘ ; LOAD PARAMETER 1

LDA 1,PARM2 LOAD PARAMETER 2

-

LDA  2,PARM3 LOAD PARAMETER 3

GET PSEUDO INSTRUCT!ON

EXECUTION RESUMES

HERE AFTER EXECUTING THE

PSEUDO INSTRUCT ION

ws

H WITH RETURN PARAMETERS IN
H ACCUMULATORS. .
The pseudo Instructions are divided into 4 main classes, i.e.
input, output, FASP control and miscellaneous.

3.2.1 Input Pseudo Instructions

FASP has an input routine whirh reads netw: .’k definition state-

ments of run time data from the console or dick into a buffer. Input

pseudo instructions are providad so that simulation routines may extract

parameters from the buffer. Code conversicn (e.g. ASCII decimal to
binary) is also performed as required.  The parameters are extracted
sequentially from the beginning 6f the buffer.  Thus the first pseudo
instruction refers to the first parameter, the second instruction to
the gecond parameter and so on. The general form of the data or
definition statement was given in 2.4.1. Parameters are separated
from one another by break characters which may be either & comma, a
semi~colon or a carriage returns The semi~colon may be used to detjote

certain options to the simulation routine. Whenever a parameter is

S e g e




extracted from the buffer, the type of break character following the
parameter is indicated by a code value which js placed in AC3. The
code may then be tested by the simulation routine and appropriate
action taken. This feature may be used to test for the end of a
statement if a variable length parameter list is required. The codes

returned in AC3 are as follows:

AC3 = 1 ' Break character was a semi colon
AC3 = Break character was a comma
AC3 = -1 Last parameter in list.

Before FASP transfers execution to a simulation routine after a

a or definition statement, a GETAD pseudo instruction is automatically

executed, Thé'accumulators are loaded with data as below. Thus the

first pseudo instruction issued by the simulation routine will refer

to the first parameter after the routine name and number.

The available input pseudo instructions are as follows:

GETAD Get the addresses of a simulation routine given a routine
name and & number if necessary.
On completion of the instruction
ACP = address of the constant storage area for thé routine
AC! = address of the initial storage area for the routine
AC2 = Address of 1st word of the routine following the

routine name

AC3 = Number of the routine

¥

“GET Convert the ASCl| single precision decimal number in the

buffer to « two's complement binary number
On completion

AC# = binary number

AC1,AC2 unchanged

AC3 = break code
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GETAS

GETBR

GETC

3.2.2

Fetch an ASC!| string from the buffer and store it starting
at an‘address specified by AC#.  The bytes are packed
from left to right in the word and the string is terminated
by a null byte or word. |
On éomp]etion
AC@ == String starting address
AC! = Length of string (words)
AC2 = Unchanged
AC3 = Break code
Return the last used break code in AC3.
Get a character direct from the console (not buffer);
This is not normally used by éimulation routines.
On completion
ACg == 7 bit ASCil character in lower byte of the
accumu? ator word
AC1 ,AC2,AC3 = unchanged

Qutput Pseudo Instructions

Output pseudo instructions are used to print messages or numbers

on the cohsole, In all cases the constants of the accumulators are

unaltered following the instruction. The following pseudo instructions

are available:

PUTC

PUT

Print the ASCI| character contained in AC@ on the consoie.
The character must be in theblower byte of the accumulator,
Convert the binary number in AC# to ASCII| decimal and
print it on the console. Ths word following the pseudo
instruction must contain a number in the'range 1 = 5, to
indicate the number of decimal digits to be printed.
Leading zeros are suppressed and a number that canhot be

represented by the format specified is printed as § 8 8

-
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MES

ERROR

3.2.3

RETURN

NONE

PUTP

Print a carriage return and 1ine feed on the console.

Print a text string on the con~nle.  The string must
follow the instruction MES and two ASC}j| charécters must be
stored per word.  The characters must be left justified

in the word (.TXTM 1 format).

Print an error message on the console. The word following
the pseudo instruction nust contain the error number,

The message is printed with the following format.

ERROR NN |

After printing the error message, control is passed to the
executive. ~Error numbers 1 to 19 are reserved for system
usage and numbers 20 - 99 are available for simulation
routine error messages.

FASP Control Pseudo Instructions

The FASP control pseudo functions are included here for complete-
ness but are referred to later in the sections on simulation and

interrupt service routines. The following Instructions are available

This'mUSt be the last instruction in a data segment of a
simulation subroutine, It checks that all the parameters
in the data statement have been used and returns control
to the executive enabling more commands or data to be
entered, ’

This is not an‘lnstruction but an indirect address. It
points to a routine which will print an error message
(ERROR 6). It is used for simulation routines that

have no data segments (see 3.3.2),

Write instructions into the control program. This is used
In the program seginent of a simulation routine. The

program segment is entered when a network definition state-
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ment is entered on the consol. The program segment builds
up the appropriate NOVA Assembly Instructions to be written
into the control program and stores them starting from

the second word following the pseudo instructions PUTP.

The word immediately following PUTP must contain the
address of the last instruction to be written into the
control program. Since the instructions fullowing the
pseudo instructions are moved to a different part of
memory, thay must be unlocated, i.e. they must be able

to execute anywhere in memary.

Thus indirect, or direct addressing of page zero must be
used for these instructions. . After the pseudo instruction
"is executed control is transferred to FASP.  PUTP is

the last executable instruction in the program segment.

TRAP This pesudo instruction is rarely used and is only used

by some interrupt service routines. It is used by |
interrupt service routines which use any of the other
pseudo instructions. These cannot be ﬁsed without first
~using TRAP as they are non re-entrant. TRAP is the only
re-entrant pseudo Instrictions and is re-entrant up to 8
levels.
TRAP dismisses the interrupt and simulation continues till
. the current epoch has been simulated. The service routine
is re-entered with interrupts off and the Instruction
following TRAP is executed, After the TRAP instruction the
service routine may u.e anhy of the pseuds fnstructions. The
service routine must ind with a JMP #,3 instruction.

3.2.h  Miscellaneous Pseudo Instructions

These pseudo instructions are Included to simplify pragramming of

simulation of traffic elements.
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The following instructions are available.

MULTIPLY

DIVIDE

Multiplies 2 singfe precision unsigned binary
numbers 'to produce a double precision unsigned binary
number .

A third number is added to the resylt.

On entry:

AC# = number to be added to result (C)

AC1 = multiplicant (A)

AC2 = multiplier (B)

On completiont

AC§ = product (A x B + C) low order word

AC1 = product (A x B + C) high order word

N.B. o overflow checking is performed.

Divide a double precision unsigned binary number by a
single pretision binary number to produce a single
precision binary quotient and remainder.

On entry:

ACg = dividend (low order word)

AC1 = dividend (high order word)

AC2 = divisor

On completion

ACP = quotient

AC1 = remainder

N.B. No underflow-checking is performed.

3.3 Simulation Routines

3.3.1

Introduction

Simulation routines are programmed in Nova Assembly Language and

pseudo instructions. The routines must be relocateable,
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A generalized simulation routine has three entry points wh}ch
correspond to three separate éegments of the routine, i.e. program,
data aﬁd simulation segments. The program segment is entered when a
network definition statement is entered and is used to write a section
of the control program: The data statement may be used to manipulate
parameters entered in a data stateient ¢nd store them for later use by
the simulation segment., The simulation segment is the actual
.simulation subroutine which is called by an instruction in the control
program. |

3.3.2 Example of a Simulation Routine

The organisation and structure of a simulation routine is bect
explained by the use of the ELINK subroutine as an example. The
ELINK routine models an entry street by generatiry vehicles randomly
with a user specified probability and stepping the vehicles progressively
down the street. A more detailed description of this routine from the
traffic point of view s given in 5.4, The routine will be
discussed by referring to page and 1ine number in the listing given.
The Tisting has been divfdéd into 5 main groups =~ comments and'
assembler pseudo operations, routine header, program segment, data
setment and the actual simulation subroutine.

Page 1, lines 1 to 18 consists mainly of comments on the routine
which are ignoied by the assembler. The only mandatury statements

are the declaration of all the pseudo instructions as ,”¥TRN () ines

v12 and 13). Line 17 defines an indirect address which is placed in

page zero. This indirect address is used later for the control
program which s generated by the program segment.

Lines 20 to 29 comprise the header. | The header provides the
interface between the routine and the FASP executive and a strict

format nust be adhered to for correct operation. The first word of
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the header contains ﬁhe address of the routine thch interprets.the

run time data statement (see page 2, line 1). If no data routine

is required the pseudo instruction "NONE" must be placed here. The
second and fourth word (lines 21 and 23) contain the number of storage
blocks that must be reserved for thevsimulation routine. In this case
sufficient scorage has been provided for 6&(1008) éntry links in the
network.,. The third and fifth words (1ines 22 and 24) define the

number of constant and initialisable storage locations to be reserved

in each storage block (see 2.3.4), In this case a total of 320

" constant and 1600 initijalisable locations are reserved for the

ELINK subroutine.
The sixth word (1ine 25) contains the address of the last

Instruction plus one of the simulation routine., This is used by

FASP as a pointer to the next simulation routine.  The pseudo

operation in 1ine 26 is an instruction to the assembler to pack the
ASCi! bytes of subsequent text data from the left to right in the
computer memory words.

The seventh word of the header (line 27) contains the first two

- characters of the routine name, The routine name s the nhame used

in network definition and data statements to identify the particular

simulation routine. There is no restriction on the length of the

" name.

The program segment immediately follows the end of the name
(line 31). When a network definition statement is entered with the
routine name YELINK", execution \s transferred to the program segment.
Before execution is transferred, a GETAD pseudo instruction is Issued
by FASP and :he accumulators are loaded with the relevant data (see
3.2.1).  In the example, the instructions in lines 32 and 33 store

the addresses of the constant and initializable data areas for the

referenced routine and routine number in locations EL2 and EL3
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respectively. Thls in effect comprises the interpretation of ;hevdata
statement into a section of control programs. The pseudo instruction
PUTP writes the subroutine call (lines 36 to 38) into the contro!
program area. The word following PUTP is the address of the last
locatior which is to be written in the control program area.

The run time data segment is listed on page 2. When a lata state-
ment s entered from the console, a GETAD pseudo instruction is
executed by FASP and exer ‘“ion continues from line 3.. Line 3

stores the address of the constant storage block for later use.

Loop constants are set up in lines 4 and 5. The GET pseudo in-

- struction gets the first parameter (in this case a flow rate) in the

data statement from the input buffer and converts the decimal value to
binary., Lines 7 = 16 manipulate the data Intc a form most suitable
for the simulation routine (see 5.4.,2) and stores it in the buffer.
The loop count is incremented ard the pseudo Instruction GETBR
examines tHe bieak character in the definition statement. If the
break character is a carriage return, the remaining lanes' flow rate
constants are zeroed and the pseudo instruction RETURN In line'25
transfers execution back to FASP.
If the break character was not a carriage return, a check Is made
to see if more than 5 para.=ters are specified (lines 31 = 34),
If not the above process‘is repeated for all the parameters specified
in thg data statement. If more than 5 parameters are specified,
the ERROR pseudo instruction (line 35-36) is executed and ERROR 20 is
The actual simulation segment is given on page 2, line &b to
line 22, page 3. When the simulation program Is run and the section
¥ the ccntfol program generated by the program segment 18 executed,

a jump to subroutine ELINK is made using the indireét address

e e 8 A o
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.ELINK (page 1, line 17).  The address of the constant and
Initializable data storage areas are loaded by the instructions {n
line 46 and 48. Vehicles are randomly generated and shifted one
position down the street (see 5.4). On completion a return to
the control p- grsm is made by the instructions on page 3 line 21 ahd

the next simil#:;on subroutine is then called in a similar fashion.

3.4 -Interrupt Service Routines

Users may write routines to service special devices that they
may have in their system. The master interrupt routine in FASP
identifies all interrupts and transfers control to the service routine
On entry to the service routine interrupts are on but devices

have been masked out according te the user supplied mask which is

_inclusively ORed with the current mask. Thus higher priority

devices may interrupt while a device is being serviced. The user

service routines may use all accumulations without saving them but

must not use any pseudo functions unless TRAP has been used (see

3.2.3). .
The layout of service routines is as follows:
WORD FUNCT |ON
1 Device code
2 . Mask to be used while servicing device
3 Pointer to next routine

Start of service routine.
The service routine may be exited from by either a JMP §,3 if AC3
has not been destroyed or by a JMP @ INTR.  If the second retura ‘s

used, INTR must be declared as an external displacemént (\EXTD}.
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3.5 Memary Organization of FASP

The memory map of a FASP system is given In Fig, 3.1.  FASP uses
very little of the first 256'0 words of memory (page zero) and 1754

words are available for simulation routine ZREL. FASP is divided into

2 programs - FASP and FASPEND.  The first js the main program of FASP

and the second is the initialization area, disk support and routines
to interpret the keywords INITIAL, DYNAMIC and TERMINAL (see 2.4.2).
The core area required for interrupt service routines and

simulation routines (A) is variable depends on the memory requirements’

for the routines used when the system is generated. The remaining

area for data storage and the control program (&) may be calculaced

from expre55|on
B =M~ (A+ hao1)
where M is the size of memory used and all numbers are decimal.

3.6 Conclusion

The format for simulation and interrupt service routines has

been descritad and the procedure for generating a FASP sy:tem with the

routines is g'ven in Appendix k.

The use of the FASP executive eases the programming effort in

writing a simulator. This can be seen by referring to the simulation

routines described In Chapter 5. The simulation routines for the

complete traffic simulator required less than 1500‘0 words of memory.

It is hoped that the FASP executive will be used In a large

number of different areas of simulation and will not be confined to

road traffic sfudies.
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WORD NUMBER

OCTAL
Bottom of Core
g. A
1 Interrupt Handler address
2 Program Mode Start Address
3 Run mode start address
4 . - »
RESERVED
10
RESERVED FOR USE
, BY DEBUG PROGRAM
20 .
FASP CONSTANTS
50
FASP ‘ZREL
121
SIMULATION ROUTINE
ZREL -
400
FASP
(Main secticn of FASP)
2376 -
1 USER INTERRUPT
a | | SERVICE ROUTINES
(see text)v SIMULATION ROUTINES
vy s
1633‘ FASPEND ‘
(termination section of FASP)
Y
iy
8 CONSTANT DATA STORAGE AREA
(See text) o o
| INITIAL DATA STORAGE AREA
R CONTROL PROGRAM AREA
UToP - 3720 L L
' DDOS
{Disk Operating System)
uTop _ L

TOP OF CORE

Figure 3.1.  Memory Map of FASP
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CHAPTER 4

DATA SOURCES FOR A TRAFFIC SIMULATOR

4.1 Introduction

All simulations of stocastic systems rely heavily on the use of random

numbers for the data input to the model., In the particular case of

a macro traffic model,‘the close statistical correspondence between
the random data sources and the system being modelled largely

determines the overall accuracy and validity of the model. Many

-

techniques exist for generating random numbers in both hardware and

software.  Software random number generators are availableas

standard subroutines for many computers and are widely used in

simulators ]9. These routines are usually sufficiently accurate for

traffic simulators but are very slow and considerably degrade the

.

speed of the simulation. Hardware data sources were used in the

UMIST 10,11,12 traffic simulator and resulted In high speed data

generation (see 4.5.2), These were dedicated generators and separate

generators were required for generating different frequency

distributions.,  This method Is Inflexible and expensive in terms of

hardware cost.

| Many different frequency distributions are encountered in the
description of traffic phenomena, some of which can be desctibed
mathematically, others are totally arbitrary. Thus specialised,
dedicated random number generatory are unsuitable and a highly flexible

random number generator is required.

Two related special types of data are encountered so often in
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traffic work that an additional, far simpler data source is Jjustified.
"This first case is the Poisson distribution which is used for
mbdelling vehicles at the periphery of a network. The second case
is the division or allocation of vehicles to lanes in specified

Proportions. It will be shown that a geometric distribution which is

very easily generated in hardware can be used for both these cases.

4.2 Requirements on a Traffic Source

Data wources used for traffic simulations should have the
following properties:
(i) Accurate representation of the requiréd distribution
The validity of a simulation is largely inf,uenced by the.

correspondence’ between the data source and the real 1 fe

situation.,
(i1) Fast Operation : | 7 ;
A large amount of data is required for simulating a traffic
network and the speed of the simulation model will be related
to the speed of the data sources (sec Chapter 7).
(ii1) Good Stativtical Properties
The output of the data source must pass the usual tests for
randomness (frequency test, auto and serial correlation test)
as any correlation or deviations from the required distribution
will effect the feliability of the simulation,
(iv)“Repeatabie
The data source should be repeatable so that results of simula-
tions using different network parameters can be compared under
identical input conditions. This Implies the Use of a pseudo

random number generator which can be preset to some arbitrary

initial conditions.
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(v) Easily Programmed
The distribution and parameters of the distribution should be

programmable by some means so that they may be easily changed.

4,3 A Flexiblie Pseudo Random Number Generator with Arbitrary

Frequency Distribution

£.3.1 Introduct ion

Various methods for generating random numbers with arbitrary
frequency distributions are described in the literature 21’22’23.
The majority of these methods are software orientated but a few

specialised cases have been realised in hardware 2“’25’26.

In
general these techniques involve the manipulation of a set‘of
uniformly distributed raindom numbers to produce the required
distribution.  The most common methods use simple decision making
broCeSSes and a lookup table.

One approach 21 uses a large Iodkup tsble. A uniform random
number in the range 0-n (where n is the lehgth of the table) is
generated and is used as an index to address a number in the tqble.
The addressed number becomes the output number. The relative
frequency of each number in the set of output numbers is proportional
to the number of times that number appears in the table.  This method
is fast as it only requires one decision process to generate a
number.  The smallest relative frequency of a number . .ving the
system is inversely proportional to the size of the table so this
system is rarely used when high accuracy is required.

A second more coron npproach Is a modification of the above and
requires less storage capacity. A uniform random number is
compared with a set of breakpoints stored in a table. The output

number is dependent on the range in which the random number 1ies.

-
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For examplé, consider a set of random numbers (0,9) and a set of out-
put numbers in the range (0,3). If the required relative frequencies
of the output nﬁmbers 0, 1, 2, 3 are 0,2, 0,4, 0,1, 0,3 respectively,
the breakpoints would then be 1, 5, 6, 9. Let n be the random
number generated. If 0* n < 1 the output number would be 0.
If 1 ‘“h £5 ;he output number would be 1 and so on. Thus for a set
of ZN output numbers, only 2N~1 entries are required in the table.
This method is slow as N decisions on average are required to
generate each number.

An alterrative method proposed by Walker 26, requires N

entries in the table and requires only one decision to generate a

. number. A Hardware generator using this technique was used in the

present work.  The generator was designed and constructed by Walker
and Is described below.

4.3.2 Basic Description of the Data Source

The method used manipulates numbérs produced by a uniform random

number generator to produce the final output number in one decision step

involving only as fuch storage as number of output numbers.  In this

case the set of uniform random numbers has the same range as the set

of output numbers, The method is most easily explained by the use of
an example. Cohsider the case'of a set of output numbers (0, 1, 2, 3)
Qlth a corresponding s of relative frequencies (0,1, 0,25, 0,3, 0,35).
The set of uniform random numbers is (0, 1, 2, 3) and the relative
frequgncy of each number is 0,25, Clearly, the number of 6ccurrences
of the number zero must be decreased, the number one must emerge
unchanged, and the occurrences of the remaining numbers must be
Increased. Since the sums of the relatlve frequencies of the input

and output sets are equal to unity, a nystem which could convert a

fraction of the numbers entering the system as zeros to a 2 or a 73
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would produce the required distribution. In the example, %% of the
zeros must remain unchanged, gg-must be changed to a 2 and
%%‘ must be changed to a 3. In order to reduce the number of
decision levels required, in practice, %%-of the zeros entering the
system will emerge as a 2 and %% of the twos entering the system
emerge as a 3. Thus only one level of decision is required. This
Vdecision is performed by comparing a second randoh number (indepen-
dent of the input number) with a fixed number which is associated
with the inpUt number.  The fixed number is proportional to Ehe
probability of the input number leaving the system unchanged.  If
thé‘second random number is less than the fixed number, the input
number emerges unchanged.  Otherwise the alternate number which is
associated with the input number becomes the output number. Thus
the storage table consists of 2 numbers per number in the output set.
A diégram of the method is given in Fig. 4.1,

The smallest increment in relative frequency that can be obtained
with this method is proportional to the precision of the fixed
number but can be made éxtremely small by using floating point
‘representation for the fixed number.

h.3.3  The Hardware Data Source

Althoughythe algorithm described above is inherently fast, soft-
ware implementation was not used as the speed |s dependent on‘the
time taken to qenerate two uniform random numbers. In the NOVA
computer the tine to generate a uniform rapdom number is 230 _us or the
equivalent of approximately 100 instructions 19, In hardware this
this operation requires appfoximately 50 ns.  The algorithm was
therefore implemented in hardware,

In a hardware {mplementation the most cost'y single item is the

memory for storing the constants and a separate memory is required for
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every distribution. For traffic simulation a large number of , |
different distributions may be required so a large amount of memory
would be reeded. This can however be avoided in the case of a hybrid

traffic simulator by using the computer memory for storing the various i

~sets of constants. The generator is then connected to the direct :

memory access (DMA) channel of the computer which enables very high
speed transfer of the constants between the computer memory and the

peripheral generator memory (Flg. 4.2).

Computer : Data Source
oMA ‘
Computer Channel Data Source :
memo ry memory o |
- Computer , -
Input output Bus| =22

Flgure L.2, Computer-Data Source Connections

This technique results in a far less costly~imp1ementation and

e e e

the number of different distributions that can be generated is only
Vimited by the amount of avallable computer memory. The loss in
speed due to the time required to transfer the constants from
computer to periferestal is negligible.

h.3.4  Specifications of the Data Source

(a) Number of bits in output word: Variable 1 ~ 8

(b) Number of computer ihstructions required to

generate a new number: : 2
(¢) Amount of computer memory required per distribution: 2N i*ords |
(N = No. of bits
in results)

(d) smallest increment in relative frequency: 10.'5

—— -
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§.3.5 | Statistical Tests on the Generator

Detailed statistical tests for randomness were performed on a
prototype of this ce2nerator and are detailed in the 1iterature ]8.
These tests included frequency tests and serial and auto and correlaticn
tests. This generator used fixed point representation‘for thé
fixed numbers and was not as accurate as the generator used in‘the
present work which was 21so tested in a similar manner.  The results
obtained from these tests were within expected statistical limits.

4.3.6 Conclusions

The generator described above is fast, flexible and has good
ﬁtatistical properties. It is easily programmed using an algorithm

by Walker 28

“and the results are repeatable as hardware random number
generaors are used. Thus the generator satisfies all the

requirements for a traffic data source.

‘ k.4 A Method f.. Obtuining a Distyi&u:ion‘with Arbitrary Mean

and Standard Dzviation from a Base Distribution

£
4.1 .introduction
From the description of the data source it is clear that a unigue

set of constants is required for generating each distribution. In

simulation work normally only a few basic types of distributiohs

(e.q. Normal, Poisson, Binomial) are required. These basic types of |,
distribution are used repeatedly. Thus several distributions of a
single>type (e.g. normal distribution) may be required with different
means, and sfandard deviations. |If a separate set of constants is '
used for each mean and standard deviation, a large amount of memory
space would be required. An alternative approach is to use a single
set of constants for each type of distribution only and

mathematically manipulate the resultant random numbérs to produce a
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new set of numbers with ~ specified standard deviation and mean.
The term '"base di-.ribution' is used here to denote the distribution

produced 'y the set of constants. The mean and standard deviation

r” the base distribution is chosen to accurately define the required

type of distribution, and the manipulations described bhelow are
used to produce the required mean and standard doviation.

4.4.2 Description of the Method used for Changing the Mean‘

and Standard Deviation of a Distribution

T+e method used depends on the following manipulation of the
expressions for the mean and standurd deviation of a discfete
distribution.

The mean of a discrete distribution is given by

1 n
u = , ,;ii a; (1)

when y = mean of the distribution
n = No. of samples taken

. @y = Value of sample 1.

Kdding a constant b to each side of equation \1) gives
(a, + b)
g

e

S 1
p+b -

Multiplying equation (1) by a constant c gives

(1b)

ca,
1 (

=

.1
cu n;
|

T

~
U T S O
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The standard deviation of a discrete distribution Is given by

n
o"‘*’,;‘; Z(ai-u)z (2)
b
where | " o is the standard deviation

n is the number of sample
a; Is the value of sample i

u is the mean of the distribution

From (1a) and (2) it can be seen that the standard deviation is not
changed if a constant b is added to each sample a;

Multiplying equation (2) by a constant c gives

- en)? (2b)

From the above results, it is clear the mean and standard deviation

of & base distribution can be changed by single arithmetic manipula-

tions of each sample in the distribution. The constants are

calculated from equations (3) and (4) below

= (3)
” .
b =y - cu
ey - Sl_ (4)
Hy o

where ¢ s the multiplying constant
b is the additive constant
p is the base distribution mean
0 is the base distribution standard devfatioﬁ
My is the rgquired mean

9, 1s the required standard deviation

i o T
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b.4.3  Conclusion

In the present simulator a set of constants is calculated for
each type of distribution using the algorithm of Walker 26. These
constants providé the definition of the base distributions and are
1§aded into the computer memory as part of the simulation program.

By suitabjy programming the simulation rougines the simulator user
can be provided with a facility for choosing the type of distribution

and specify the mean and standard deviation at run time.

4.5 A Specialised Traffic Data Source

4.5.1 Introduction

One of the most important requirements of a traffic simulator is
a traffic data source which can accurately model the arrival of
vehicles at the periphery of a network. Adams 28 has shown that the
number of vehicles arriving at an isolated intersection in.a given

time follows a Poissonian distribution. A binary representation can

"be used with a '"1" corresponding to a vehicle arrival. Thus any data

source giving a binary sequence of cnes and zeros of the required
distribution and probability can be used.

The Poissonian distribution is given by 29:

=aT ;
pla) = e (5)

where ¢(x) = the probability of x occurrances of an event in time T
o ==probabifity of an even occuvring

=

= average humber of events per unit time.

Equation (5) can be rewritten in terms of time as:
' be ¥t 0
p(t) = ,, ‘ (6)
0 t<0

where ¢(t) is the probability that the time between two successive

events will be t.
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If the number of zeros between two successive ones in a binary
sequence is defined as the gap length (G) equation (6) can be

rewritten as

txe.o‘i i20 ,
A(G=i) = 9 L <0 , (7)

The above negative exponential distribution is difficult to generate
but. it can be approximated by an easily generated geometric

distribution of the form:
o(e=1) = a(1-a)’! (8)
Cif o is smald, ‘ E
This is shown by the comparative graphs (Figs. 4.3 and 4.4) of

equations 7 and 8 for different values of a and in the subsequent

tests of the generator (See 4.5.3(b)).

The basic epoch of the simulator was chosen to be 1/3 seconds

~which corresponds to 5,56 m at 60 k.p.h. This is approximately the i

length of an average car so good positional accuracy can be achieved

with the simulator. This cholce also ensures that for flow rates
below saturation flow ( 1300 vehicles per hour) the probability of a i
vehicle arriving is sufficiently small for the geometric distribution

to be a good approximation to the negative exponential.

The length of the epoch is the same as that used by Green 1 for

a hardware simulator. Micro model simulations 1. usually use 1 - : ?
second as the baslc‘epoch time as the modelling Is more. accurate and
the effective simulation speed is increased by using a longer time
‘between model updates.

b.5.2 Basic System Design

Hardware generators with a geometric frequency distribution were

3

designed by Redshaw °° and Robinson ' for use with the UMIST :

simulator.  Two maximal length chaincode generators were cross coupled

~

b
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‘AND gate to obtain the final output., The probability of a 1 at the ' ;

~calculating the probzbility.  Although several independent outputs

exercised in the selection of the pickoff pointé Lo avoid correlation
32 o

with half adders to produce several independant outputs. The
probability of a 1 occurring is 0,5 for each of these outputs., If

N of these outputs are connected to an AND gate the probabiiity of a

1 occurring at' the output Is O,SN. Thus a coarse control of
probability could be obtained. Further fine control was proevided

by deriving a number with F bits from the chaihcode generators and
comparing this number with a manually programmed fixed number»f. I f |
the generétéd number is less than or equal‘to the fixed number a 1 is

produced at the output of the comparator, The outputs of the first

AND‘gaté and the output of the comparator are then fed into another

f +,1)

OUtPUf is (0:5)N ( F
2

The basic sysiem is illustrated in Fig. 4.5. This system cannot

be prOQrémmed easily because of the relatively complicated formula for

can be obtained from the two chaincode generators, care must be

between the outputs °¢.
An alternative approach is shown in Fig. 4,6. An N bit uniformly
distributed binary number is generated and impared with the programmable

fixed number F. | f the random number §s less than the fixed number

-

a1 is produced at the output. The probability of a 1 is iﬁ. This

system is much simpler than the first method and more easily programmed.

By choosing a large value for N, an almost stepless control of

probabillty is possible,  This méthod can be used for éoFtWare

generators but the time to generate the uniform random humber is of

the order of 230 s,
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The system used for the hardware generator is shown in Fig. b.7. o : ;wfﬁ

Sixteen independent channels are provided, but only one random'number
generator and comparator is used. A twelve bit random number

generator Qés'chosen giving the smallest increment in flow rate of .

2,64 vehicles per hour (V.P.H.). = Ten b{ts woujd have given sufficient i
accuracy (10,5 V.P.H.), but the additianal aécUracy could be obtained
‘at,little extra cost as the integrated circuit packages‘used fbr the
memory and comparator each contained four bits.

Sixteen f}xed numbers of 12 bits each specify the flow‘rate in

each channel and are programmed into a memory. On applying a clock

b e b e e

pulse ¢t the input, the internal clock sends out 16 pulses to the
randori humber generator, édaress counter and output shift register. - _‘.'
The address counter addresses a new word in the memor§ every time it
is clocked.  Thus 16 random numbers and 16 fixed numbers are applied
'Sequentiaily to the two inputs of the comparator.  The output of the
comparator‘is fed into a shift regis&er which stores the 16 channel

result.

The system described above is suitable for simufating singl:
intersections or for use with a hardware simulator. For .multiple

intersections it complicates the software design and is not particularly

-‘.m”

fast as the memories have to be reprogrammed for each intersection.

Thus the full facilities of the geherator were not used. The method

adopted was to read the uniform random number from the generator and

per form the comparison in the computer resulting in only a minimal loss j ’ \
|

in speed (approximately 4 ps). The desigh of the random number

generator is given below and the remaining design is given In

Appendix §.
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Figure b.7.  System used for the Generator
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h.5,3 Design of the Random Number Cenerator

A method widely used for generating random numbers is to connect
a shift register with feedback. The generalised circuit is shown in ;
Fig. 4.8,  1f the logic network used Is a modulo 2 adder (otherwise ; : é
knéWn as an EXCLUSIVE OR gate) a linear chain code is produced (Fig. : Ll
h.g), A binary chain che is "a sequence of 2" or fewer bits
arranged such that a pattern of n adjacent digits locates the pqsition

of those digits uniquely'. i

LOGIC

Figure 4.8. Generalised Feedback Shift Regfster

P S : 3

MODULO 2 ADDER

‘Flgure 4.9.  Linear Feedback Shift Reglister
‘By sultable connection of the modulo 2 adders a prime chain code
- of maximal length Is produced. The number of ways of choosing n
binary digits is 2", however the pattern containing all zeros cannot
occur as it is self perpetuating,  Thus a maximal length chain code

has 2" - | states and a total of 2""‘ ones and Z”Hi -1 zeros,  Fot a

)

< omes et




large value of n the frequency of cccurrence of ones and zeros can be
_j b considered equél. It would appear that an n bit (or longer) feedback

shift register would be suitable for use as an n bit random number

_generator as each number in the set (1,2") occurs only once.
Pratt 33 has shown however that there is large serial correlation
between successive numbers.  This correlation can be avoided if the

shi ft register is clocked n or more times so that all the bits of the

i

i A . |

% SRR . “previous number are removed and a completely new number is contained
LR in the register. If the number of clock periods between two generated o

numbers and the sequence length (2" = 1) are relatively prime the

sequence length is unchanged by this technique. This method was

R L it i s g seviorries R

chosen In preference to the two cross coupled shift registers used by

Walker 26 as it is simple to design, implement and has good statistical | W

B i i e

properties without having to select the pickoff points.
The integer n was chosen to be 23 which is prime and hence a

maximalh;ength sequence (m-sequence) would be produced. The sequence

o s ache e M oeees 0 "

length is approximately 8 million which in the case of a single

UL

intersection would be equivalent to about 32 days of simulated traffic | |

before the sequence repeats itself.  The number of clock pulses

il

between numbers was chosen emplrically to be 24 as this configuration

has less serial correlation (see 4.6.2b) than 23 pulses ‘did,

Clocking the register N times between successive numbers is
i

- - : equivalent to jump?ng N states in the state diagram. Thus it is not

G ‘ difficult to arrange the feedback fn such a manner so as to produce

[ | _ this effact with a single clock pulse.
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Figure 4.10.  Generalised Linear Feedback Shift Register

For any feedback shift register there exists a characteristic

~polynomial. . For the shift register in Fig. 4.10 it can be written

as

- X, 2 Py
) = T T L G (9)

where the weighting factor Cs =0o0r1,

“and x' s the ith bit in the shift register.

_ For a m sequence to be produced it is necessary that f(x) be
irreducible.  Reference to the table of frreduoibleipolynomials

modulo 2 by Watson 3k gives the folowing polynomial for n =.23.

-
flx) =1+« x7 4+ x23 (10)

The complementary polyromial
R =1+ x4 K23 (1)

is also prime and it allows a faster hardware implementation of the.

genérator, Using Polynomial 7 there are 2 levels of modulo 2 adders

instead of 6 if polynomial 6 was used, Rigorous methods have been
“ormulated for the design of a feedback shift register which shifts
states 35, but an intuative approch is far simpler. Representing

the state of bit 1 after 24 clock putses by I', it Is clear that the

i, R TR Ko T
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new value 23' of bit 23 is obtained by medulo 2 addition of bit 22
and.bit 18, Similarly 21' =21 @ 17 etc. This process is
most easily per.formed by drawing a diagram as in Fig. 4.11 which
shows the connections used. |

A requirement of the generator was that it could be reset to
some initial condition. A starting poiné of all 1's was chosen.
This could be achieved by shifting a '1' serially into the register
but 23 clock pulses are required. By using 23 cascaded flip-flops
with clear inputs tHe resetting could be achieved by a single pulse.
This requires that the Q outputs of the flip-flops be used and the
daté entering the flip-flops must be inverted. The data is inverted
by using EXCLUSIVE NOR gates. These gates are not standard but the
. funcfion can be implemented by using EXCLUSIVE OR gates and inverfing

one of the inputs. The method used is illustrated in Fig. 4.12.
OUTPUTS

| Clock
- | — | - |
Clock qf Clock g Clock Q Clock g
b P 1o b
| etock ] Clock ] | Cloc‘kQ‘l Ilock 9

© ©® ©

Figure 4,12, Design of the Feedback Shift Register,
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k.6 Statistical Tests on the Specialised Traffic Generator

4.6.1 Introduction

The accurqdy and trustworthiness of any simulation is only as
good as the data sourcé used,an extensive testing of the data source
is necessary, The data source must closeiy model the situation
being studied without introducing characteristics of its own., A
large number of»tests have been used to test the statistical prdpertieé
of random numbers, e.g. frequency, runs, bunching, Gruenberger dz,
gap, seriaf autocorfclation and crosscorrelation tests. Walker 26
pointed out that it is not necessary for a data source to satisfy all
these tests, but should rather pass those tests which indicate that it

is suitable for the require& application. - The tests considered

_ Important for a traffic data source are frequency test, gap test, and

serial, auto and cross correlation tests.
The uniform random number generator was first tested as the

properties of the individual output channels are largely determined

by its performance. These tests were not as extensive as those on

the final output as they were only required to Indicate the suitability

of the first genesrator. The tests on the final output were

performed using the hardware comparison and were therefore limited to
16 channelé. HoweQer, since the uniform random number generator was
shown to have good statistical properties, and a long sequence length,
it Is clear that an extensioh of the system to more channels will

not affect the statistical properties of the individual channels.

k.6.2 Statistieal Tests on the Random Number Generator (RDI)

(a)  Frequency Test

The frequency test compares the number of occurrences of each
number or group of numbers (class) in a set with the theoretical

number of océurrences. The Chi-square ''goodness of fit' test is

< e

o s i, e

o o ot e ¢

Yl
[

e s

1 bt

n,
N

1]
i

i

i



b+ R A <

PN

- 78 -

used for the comparison., The Chi-square value is computed with

the following expression:

, o (0, - ) .
i=1 i : .
where ~ n = number of frequency classes

'Oi = observed frequency of class |

E; = expected frequency of class i

It is impossible (o test the 12 bit number directly as there would be

Lo96 freqdency classes. The approach used was to test U4 adjacent

bits at a time. One thousand consecutive blocks of 320 samples were

tested and their X2 values computed. ~ The number of samples in each

)

block was chosen so as to produce on average 20 occurrences in each

class as suggested by Kendall 36. Choosing 5% levels of éignificanCe
g Y

should result in 100 rejections of the null hypothesis, i.e. 50

, ; 2 .
05° The values of X ‘95 and

37,

rejéctions below Xz. and 50 above Xz.

95
X2.05 can be found in table 2 of Paradine and Rivett

for 15 degrees of freedom Xz. 5 = 7,261 and X2, = 24,996.

9 05
The generator was tested with a computef program by Walker 26
and a summary of the results is given in Table A6.1,  The test was

considered to be satisfactory.

(b)  Serial Correlation Test .

The serial correlation tallies the occurrence of each number
following a given number. |If numbers are statistically independent

the probability of the number N] occurring after the given number N

has occurred is simply, the probability of the number Ny oceurring,

P(N,).  Thus the expected distribution is the same as that for the

frequency test. Again the 12 bit word was divided into three words

In this case
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of four bits.  Fiur hundred consecutive blocks of 320 samples Qere
tested. The limits of the X2 value are the same as in 3.2.1 and 40
r;jections of the null hypothesis are expected. The results in
Tables Ab6.2 show that on average this is true, and the test was
considered to be satisfactory.

(c) " Autocorrelation Test

The normalised autocorrelation coefficient C(r) is given by

v (An ) 5)'(An+r - a)

C(r) = & v (13)
o=l
where v = the number of samples used

A_ = the nth number in the sequences
a = the mean value of the sequence

T == the delay between the reference and
the delayed sequences.

The value of‘C(r) is the unity for zero delay and should be close
to zero for all other delays if the sequential numbefs are
statistically independent. The correlation coefficients should
also be normally distributed about a mean value of zero. To teﬁt
this hypothesis, 100 coefficients are computed and are divided into §
equal frequency ¢lasses giving on average 20 occurrences in each class,
The mean and standard deviation of the coefficients is calculated and
are used to calculate the expected frequency distribution, thus there
are unly 2 degrees of freedom in the Chi-square test.

The 12 bit word was rot tested directly as double precision ‘
multiplication would have been required.  The word was therefore
split into the four most significant bits and the remaining elght and
the two portions of the word were tested separately,

The coefflcients were computed for 20 consecutive blocks of 320

i e s e i E 8
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numbers using a program lry Walker Zb. Using 5% ievels‘of
significance 2 rejections of the null hypothesis are expected. The

results of the test are shown in Tables A6.3 ~‘A6.h are considered

tc be satisfactory.

4.6.3 Statistical Tests on the Geometrical Distribution

(a) Frequency Test

Comprehensive frequency tests were performed, each channel being
tested at diffefent flow rates varying from 100 t6‘1300 V.P.H. in

steps of 100 V.P.H. In each case 100 consecutive blocks were tested.

v

~ The number of samples used is computed each time so that the expected

¥

number of occurrences in the two classes is at least 20, Ten - |
rejections of the null hypothesis are expected in each case as 5%
levels of significance Weré used.  The number of Upper bound failurés
are on average, as expected but u.he number of lower bound failures is
nearly twice the expected value. As there are only two frequency
classes and the expected frequency is an inﬁeger an examination of

equation 12 shows that there is a high probability of the Chi-square ' :

result being zero, giving a lower bound failure. The results
obtained are shown in Tables A6.5 and A6.6 and the test was con-

sidered satisfactory.  The computer program used is shown ih

Appendix 7.

(b)  Gap Test
The gap test is used to determine whether the lengths of the gaps

(1.e. number of zeros) between arrivals (ones) conform to the required

distribution. It was shown in 4.5.1 that the required distribution

of the gaps is a negative exponential. ‘
The probability of a gap of length | is given by:

}\(G . i) me"di

m..,;-»yyﬁ

Foe o e
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The probability of occurrences of gaps in the range (0,b) is:

b . .

AM0<Geb) = 1§ ae *' (k)
" i=0 ‘
= ol +e %+ e~2a + .. .+ e-ba)

1 - ealb+ 1) . |

A(0<G<b) = ( — ) (15)

1 =-e

To test the generator the expected distribution was divided into
10 frequency classes each havingtequal probability. Chi-square
testing was used to compare the actual distribution with the
theoretical distribution, ‘ '
As in ﬁhe frequency test each channel was tested at different
flow rates. In all cases 40 consecutive blocks of 200 gaps (i.e: 201
arrivals) were used giving én average of 20 occurrences in each class.
Using‘S% significance levels, 4 rejections of the aull hypothesis are
anticipated,  Reference to the results given in Tables A6.7 and 4.8
~shows that the distri® ,fén conforms to the required distribution for
flow rates up to 1160 V.P.H,  This was expected as the approxlmation
discussed in section 4.5.1 does not hold for high values of probabllutles.
The test was considered satisfactory. The program used for this
test is shown in Appendix 8.

(¢) Serial Correlation Test

Serial correlation was tested under the same conditions as for the
frequency test, l.e. 100 consecutive blocks and the number of samples
adjusted to give at least 20 occurrences in each class. The serial

correlation was tested for numbers following a one and for numbers

following a zero.  The results are shown in Tables A6.9 to A6.12

Again, for numbers following a one the results are satisfactory. In the

case of numbers followlng a zero more upper bound failures occurred
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than anticipated. This could be due to the fact that a shorter
length of the sequence than in the first case is tested. The
program used is shown in Appendix 7.

(d) Autocorrelation Test

The method used in 4.6.7(c) for testing cannot bevapplied to a
binary sequence of ones and zeros as the coefficients produced by
equation 13 are not normally distributed about the mean. Also the
results are difficult to interpret and it is impossiblie to say
whether a lérge’cgefficient occurred by chance or because of signifi=
cant correlation.

The equation used here is of the form:

vV
Cir) =z (A).(A
n=1 '

) (16)

The product (An.An + *) can only take the values 0 or 1.  If the

probability that An=4 is p;@t can be shown that the probability that
the proddct term (An.An+T)=ﬂ is p2. Denoting this product term by
Xn, equation (16) can be written:

Vv

Clt) = ::l X, (17)

where $(x, =1)=p and ¢(X =0) = (1 -p) =q

Equation (17) is the sum of independent Berpoulli random

variates and the sum random variable C(tr) has the binomial probability

distribution: 38

o) = k| = () P g K

' - ) ¥
TR P (18)

From the aforementioned equation the values of the lower and

upper limits of K can be calculated so that on average, 10% of the
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coefficients will be less than the lower 1imit and 10% will exceed
the upper 1imi:, In addition the expected mean and standard
deviation of the coefficients can be calculated by the following

formul ae 37:

mean = \p

Standard deviation = \Vpg

The above test was Implemented in a'COmpute; program shown in
Appendix 9. A larée number of samples were taken (Vf= 10 000) as
in the case of low flow rates the probability is extremely shal).
Coefficlents Were evaluated for the first 100 delays.  Each channel
was tested with flow rates varying between 200 and 1300 V.P.H. in
steps of 100 V.P.H, and the results are shown in Appendix 10.  The
results thch were considered failures in terms of too many
coefficients in the upper ten percentile are underlined.
Examination of these results show fhat the standard deviation ih these
cases is less than the expected value and there are far fewer
coefficients in the lower 10 percentile than expected.  The mean in
these cases is higherithan expected.  This seems t« indicate that the
actual distribution is just shifted from the expected positions by a
small amount. This would be the case if the actual probability was
higher than expected. An examination of the largest coefficient.
confirm thet there is no significant correlation in these cases.

(e) Crosscorrelation Test

In any system where several channels are derived from a single
source, it is Important that no correlation exists between the
different channels. The method of testing ts simiiar to the method

used for autocorrelation except that 2 sequences are used.

The equation used is:
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S C(r) = EI a - bn+T (19)
n= ‘

Where a is the value of the nth element of sequence and bn+ is
the value of the n+t th element of sequence b.

The probability p used in the expressions for calculating the

expected distribution is the combined probability p,Pp, where p_ and

P, are the probability that an=4 and bn=4 respectively.  Every
combination of channzls was tested for flow rates varying between 290
and 1200 V.P.H., in steps of 200 V.P,H. and examples of the resuits

are shown in Appendix 3.  The large number of lower 10% failures in
the case of very low flow rates is due to the small numbér of
occurrences of f‘s. Tke comments gj?en in the discussion of the
results for the autocorrelation cest apply in this case as wel] and the
various channels are conéidered to be shfficiently statistically

independent,

4.7 Conclusion

Two hiardware data sources have been described. |t has been
shown that both sources satisfy the requirements for‘traffic .
modelling.  The use of combined hardware and software techniques
is winsidered to provide the best combination of flexibility, high
speed and low cost.

The data sources aré used by the simulation routines described

in Chapter 5&.
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CHAPTER &

SUBROUTINES FOR SIMULATING TRAFFIC

5.1 Introduction

This chapter descriw.s simulation routines, which, used with FASP,
form the basis of a traffin simulator. The routines are designed

to simulate a road network commonly encountered in the centre of large
cities and not arterial road networks.

The road network is considered to consist of links and inter-
sections. A link *s a road which connécts one intersection‘to another.
Thé intersections are four leg, light controlled intersections. in
the present work, fixed time control was used but ptovision has been
made for the routine to be modified for dynamic control policies. A

method of entering vehicles into the network is required and a third

~element has been provided.  This element can be considered to be a
_ soufce of vehicles feeding into a link, The three elements, streets,

intersections and entry streets have been ramed LINK, TLIGHT and ELINK

respectively,
‘The technique of dividing the network into elements and some of
the modelling of the elemnts is an adaptation of the work done at

UMIST 8’9’10’11’12’13. The major differences being In the lumping of

several elements together to form a composite element,  For example,

the intersection element consists of queues, signal timing and vehicle
extraction control.
The criteria in designing these simulation routines were: ease of

network definition; ease of run time data entry; high speed; flexibility

#
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“and economical utilisation of computer memory.  Ease of definition of
the network and data entry is simplified by the use of composite
elements and is. also one of the facilities provided by the FASP
executive. High speed is obtai;ed by using efficient assembler
language programming and macro modelling. High run time speed is
also achieved by using the facility provided by FASP to preprocess
data, when it is eﬁtered, into the form most convenient the acﬁual
simulation section of the routine. |

Two output routines are provided which print the queue leﬁgths at
'infersections. One of these routines is designed for interactive
simulation and the other writes the Information onto disk for later
formatting and printing.

The routines are economical in the use of memory and a netwoék

- consisting of 40 intersections with 64 entry links, .0 1inks and 40

output roﬁtinez of both type can be simulated Ey a computer with 16K
words of memory.

The average real time to simulation time ratio is approximately

200 : 1 per intersection (see Chapter 6).

5.2 Generui Simulation Routine Layout

A consistent structure of the routines has been adopfed. Each
routine consists o7 three subsec.’ The first subsection inrar=-
prets the network definition stu .4 . into the required controi
program sequence.

) The second section preprocesses the run time data and stores it
in a form convenient to the simulation section.

The simulation section is the last section and is a subroutine
which is called by the control program generated by the first subsection.

The genera: -f control program is of.the following general form

(see Chapter 3),
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JUMP TO SIMUt ATION SUBROUTINE 1
PARAMETER 1
PARAMETER 2
[ .
1
|
PARAMETER N

The simulation subroutine returns to the statements following
PARAMETER N (which would be the start of the next subroutine call
sequence) .

The actual control program sequence generated by each simulation

subroutine can be found by referring to the program listings in

Appendix 12,

5.3 Link Simulation Routine

5.3.1 Introduction

The link routine models a street connecting one inte section to
another.  The 1ink routine accepts vehicles which are discharged from
an intersectior or from another link or entry link., The vehicles are
rahdomly assighed to a lare according to a user specified ptroportion.
A random travell{ng time, sampled from a user defined distribution is
assigned to each vehicle and the vehicle is placed in the appropriate
position in the street. The positions of all the vehiclss in the
street are updated every epoch.

A link is unidirectional i.e. two links are required to simulate
a two way road.  Each link may have up to five independent lanes.

5.3.2 Modelling of Streets

The method of modelling streets |s based on the shift register

"

technique used by Green in a hardware simulator. A vehicle is

represented by a binary one in the shift register. Each epoch the

register is shifted once. Thus in a single operation, the position
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of ali the vehicles in the street are updated. This approach was used

in preference to the circular file technique used by Grigg and
Hartley 8 in a software simulator as it is easily implemented in

Assembly Language, fast and requires less storage.

The choice of shift register length is a compromise between

minimising data storage requirements and representation of the longest

street which may be simulated. A street length was chosen so that it

would cater for all but the longest str: .s likeTy to be encountered
in city network. If a longer street length is required, it may be
‘simulated by joining several links together to simulate the required
length.

The length of the shift register for each lane was chosen to be
64 bits. This giveswa travelling time of 21 1/3 seconds, using the
basic epoch of 1/3 sec.  This corresponds to a length of 356 m at
60 kph. |

The shift register is constructed using four computer words of
16 bits. The words are’'shifted individually by one position for
every epoch simulated, Use is made of the carry bit facility of
the NOVA computer to 1ink the words together as shown in Fig. 5.1,

5.3.3 Allocation of Vehicles to Lanes

The LINK routine examines the output uf the element feeding it
every epoch.  This output can be a single vehicle or a queue of
vehicles in the case of an Intersection element. Veh!cles are
removed from this queue and randomly allocated a lane. Associated

with each lane i is a fixed number FNi which is related to the

proportion of vehicles to be assigned to that lane. A 12 bit uniformly

distributed random number is read in from the hardware random number
generator and is compared with the fixed numbers. The vehicle is

then assigned to the highest numbered lane whose fixed number is
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distributed random number in the range 1 - 100 and the percentage of

greater than the random number. For example consider a uniformly d

.vehicles to be assigned to lanes 1, 2 and 3 to be 20, 60 and 20 per
cent respectively. The fixed numbers would then be 20, 80 and 100.
Thus, if the generated number was less than 20 the vehicle would be
assigned to lane 1. If the number was between 20 and 80 the vekicle

“would be assigned to lanz 2 and so on.

For the case of a 12 bit binary random number, the fixed number
for lane i is calculated using the following formula:

PN, = 5FR, + 100 x 2'% 4 BN, (20)

where %FRi'is the % of vehicles to be assigned to lane i
and FNi.y Is the fixed number for the previous lane.

Note FN0=O

The method of lane assignment effectively simulates lane
changing, as a vehicle entering a LINK may exit via any of the lanes,

5.3.4  Allocation of Travelling Times

The hardware data source described in Chapter 4 is used to
generate travelling times. Use Is made of the results of 4.4.1 to
enable the distribut’un, mean and standard deviation of the travelling
times to be specified by the user. Any distribution that has been
defined by a set of constants in the computer memory may ke used. A
6 bit random number is used to give 64 possible travelling times.  This
choice is related to the length of the street.  The véhicle is placed
in a position in the street proportional to its travelling time.

This is done by sétting the appropriate bit in the appropriate word.
If the position is already occu.ied, an attempt is made to place the
vehicle in the preceedihg position which corresponds to increasing its

travelling time by one epoch.  If all the preceeding positions are
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occupied, the vehicle is placed in a '"blocked queue' and an-attempt to
discharge the vehicle will be made during the next epoch. This

statistically allows overtaking, caters for the forming of‘platoons

" within the street and takes saturation of the street into account.

The allocation of travelling times is fast due to the speed of
the random number generator and a table lookup method which is used
for sétting the appropriate bit In the street words (see LINK Listing,
Appendix 12). |

5.3.5 Use of the LINK Routine

The network definition statement for the LINK routine is

LINK, NOT, INPUT ELEMENT, No2, [LEG NOJ
NOt1 is the number identifying the particular link in the network.
INPUT ELEMEHT,‘NOZ identifies the element in the traffic network
wnich feeds into, the LINK.  LEG NO. is an optional parameter which is
used to identify which leg of an intersection is the input element.

This statement results in éppropriate statements being written
into‘the‘cbntro] program to call the LINK simulatlon.subroutine when
the simulation is run. .

The run time data statement is of the following form i

LINK, NO, DIST. NAME, MEANX100, STANDARD DEVx100, %FLOW LANE 1,

FLOW LANE 2, .+ + . . % FLOW LANE 5)

DIST NAME is the name given to a simulation routine which con-
sists of 6k éonstants required to generate a particular type of
distribution (base distribution). Because integer representation is
used throughout in FASP, the mean and standard deviations are multiplied
by 100 when they are specified in the data statement. This means that
they can be speclified to an acecuracy of 2 decimal places. The flow

rate for each lane is specified as a percentage of the total flow 1.
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the 1ink\ If less than 5 lanes are used it Is not nécessary to

 specify the percgntage flow in the unused lanes as the flow rates

will automaticélly be set to zero,

The run cfme data statement is processed by a subroutine labelled
L1 in the LINK simulation routine listing (Appendix 12).  This sub-
routinevcalculates constanﬁs to be used to convert the mean and
standard deviation of the base distribution to the specified values.
The fixed numbers aré also calculated and are stored to be used by
the simulation segmentf

5.3.6  Stcrage Requirements

Each LINK defined in the network requires 8 conspaht‘andlzs
initial storage locat{ons. Four additional storage words are required
for the control program staéements: The simulation routine is 192
words long.

Flow charts for the data statement conversion subroutine (L1) and

the actual simulation sedment (LINK) are given in Fig. 5.2 and Fig. 5.3

respectively.

v

5.4 Entry Link Simulation Routine

5.4.1  Introduction *

The simulatisn routine for modelling an entry street has been
named ELINK.  The function of this routine Is to generate vehicles
at a specifled Flow rate and step them progressively down a street.

At the end of the street the vehicles are available for processing by

other simulation routines,

The ELINK routine provides for up to-5 lanes.  Each lare is
Independent of the others. |f less than 5 lanes are used the addltional
lanes are not processed so that the speed of simulatlon ts a lihear

function of the number of lanes used.

.
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5.4,2 Vehicle Generation

Vehicles are generated with a Poissonian distribution.  This is
achieved by using the geometric approximation to the Poissonian
distributioﬁ (see Chapter 4).

A 12 bit uniformly distributed randem number read in from the
hardware random number generator is compared with a fixed number.

If the generated number is less than the fixed number, a vehicle is
generated, The fixed numbers for each lane is célculated from the

flow rate with the folloving formula:

FRC = FR + {3500 x 3) x 212 (21)
= FR - X 4096/10800

where FRC is the flow rate constant

FR is the flow rate in vehicles/hour.

5.4.3 Modelling of Streets

‘The street is modelled in the same manner as for the LINK
routine.  This means other simulation elements which are designed to

interface with the LINK routine (e.g., TLIGHT routine) interface with the

ELINK routine as the data areas are identical.

5.4.4  Use of the ELINK Routine

The network definition statement for the ELINK routine is
EL INK, NO '
NO is the number identifying the partiéular entry link in the network.
This statement results in appropriate statements being written
into thé control program to cal!l the ELINK simulation‘;ubroutine
when the simulation is run.
“he run time data statement is of the foll.wing form:
ELINK, NO, Flow rate lane 1, flow rate lane 2, . . . ., -low rate

lane &
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The flow rates are specified in vehicles/hour. If less than 5
lanes are being simulated, the flow rates of the lanes not used may

‘be omitted and will be automatically set to zero. If more than 5

flow rates are specified, ERROR 20 will be printed out and the
extra flow rates will be Ignored.

The data statement is processed by a subroutine labelled ELI in
the ELINK sinulation routine listing (Appendix 12). The subroutine
converts the flow ratés into flow rate constants to be used by the
ELINK simulation segment. The flow chart for EL1 is given in
Fig. S‘H. |

5.4.5 Storage Requirements

@

Each ELINK routine in the network requires & constant storage and
25 Initial storage locations. Three additional locations are required
for the control program statements.  The ELINK simulation subrot'tine

is 88 words long. The flow chart of the actual simulation segment

* (ELINY) Is given in Fig. 5.5.

5.5 TLIGHT Simulation Subroutine

5.5.1 Introduction

The intersection routine, named‘“TLlGHT” models a fou; leg inter-
section with up to 5 lanes per approach. Vehicles from the outputs
of the ELINK or LINK routines are pl ced in quedes by the routine,
Vehicles are extracted randomly from the queues,as required by the
signal condltions, at the user specified saturation rate of the intep-
section, A Poissonian distribution is used. The technique useu for
geherating this distribution is the same as that useq for generating
vehicles in the ELINK routine (see 5.4.2).
Once a vehicle is discharged it is assigned a direction, i.e.

straight, left or right turning. The direction is randomly assigned
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according to user specified probabilities. This is done by using

the same technique as is used in the LINK routine for assigning

vehicle# to lanes (see 5.3.3). If a vehicle has been assigned a

straight on or ieft turning direction, it is immediately put into

the appropriate output queue and the input queue is decremented by ohe.
.The above modé\ling of intersections is based on the techniques

" for a hardware simulator and is therefore not

used by Green
described in great detall. In the present work, an attempt was made

to model right turning situations and signal light changes more

~accurately.

5.5.2 Simulation of Right Turning Vehicles

In real- traffic situations a vehicle may only turn if there is a
sufficient gap in the opposing stream of traffic enabling it to turn
safely. This gap, often called the acceptance gap is a fuﬁction of
driver behaviour, speed of the vehicle and time gap in the opposing
traffic stream.

The hardware simulator of Green used a constant minimum ac~eptance
gap in determining whether a vehicle may turi. Clearly this over-
simplification results in unrealistic simulation of turning traffic,

| In the pre{ént work the acceptance Qap is sampled from a random
distribution. The type, mean and standard deviation of this dis~
tribution can be specified by the user in a similar manner to thatr
used for specifying travelling times in the LINK routine (see 5.3.4).

Once a vehicle has been assigned a right turning direction, thé
opposing queues are checked. If they are nét empty the vehicle cannot
turn. The vehicle is then returned to its queue and the queue is

marked with a flag‘to indicate that it is "blocked", i.e. the Jeading

“vehicle is a right turner. If a queue is blocked, vehicles cannot
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‘be discharged from the queue until the leading vehicle has been per-
mitted to turn right.

| If the upposing queues are empty, a random gap acceptance time is
assigned to the vehicle. The opposing lanes are then inspected to
determine whether a sufficient gap exists in the opposing traffic to
permit the vehicle to turn. Testing lanes for a sufficient gap is
facilitated by the arrangement of vehicles in the street. The
vehicles are entered into the least significant bit position of the
‘street word and are successively moved to the most significant
pésition bv‘*he LINK or ELINK routines.  Thus the magnitude of
street wo, ‘a function of the positicn of the leading vehfcle in the
street word .- To detérmfne whether a sufficient gép exists,;it is
only necessary to test if the appropriate Tane word has a numerical
value less than the gap time word. . If insufficient gap length is
detected in any of the lanes, the remaining lanes are not tested and
the blocked dueue'flag is set. This, coupled with the speed of the
random number generator, results in a fast implementation of the right
turning function.

In the work by Green "

y the amber period was regarded as dead
time, {.e. no vehicles were permitted to be discharged during this
time.  This does not exactly correspond with real situations.

Al though iﬁ real situation some vehicles do proceed straight on or
turn left during this period, the number that do so are insignificant
compared to the number that do so during the green period. Under
saturated conditions however, the number of vehicles that turn right
duri-  .he amber period is large compared with the green peiriod. Thus
M the present work,right turns are allowed at the saturation rate

during the amber period.  This has the additional advantage that a

right turning filter phase may be simulated by a suitable choice of
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of the amber period.

5.5.3 Signal Cycle

The signal cycle used is fixed time, two phase. Each phase

Is split intc three periods - green, amber and dead. During the
dead period, no vehicius are discharged.  This is provided to
simulate intersections which havé a perlod during which the lights of
all legs are red. When the lights of one phase are amber or green
the iights of the second phase are red.

In addition to specifying the lengths'of the periods for each

phase, the user may specify an offset period in order to synchronize

TR

the phases of linked intersections, During the offset period
the lights are held in the first phase state. @+ the end of this
period the normal green period of the first phuse (which is the

starting period for all intersections) is started.

The 4 legs of the intersection are numbered for reference purposes

The‘legs are numbered in a clockwise direction as shown in Fig. 5.6.

e 3

Figure 5.6.  Numbering of the Legs of an Intersection
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The two phases menticned above refer to the signal lfghts for legs 1
and 3 and 2 and 4 respectively. The first phase refers to legs
1 and 3.

A single computer word is used to'denote the state of the signal
lights and the representation of the various states are shown in
Table 1. A single period counter is used and ot the end of a period
the counter is reset and the signal word is updated to represent the
new state. - Changing periods is accomplished by shifting the signal
word one position to the left, Phase chénging is achieved by
complementing the most significant bit (bit 0) of the word. The

representation uUses a minimum of storage and facilitates ~hecking and

updating the signal periods.

Table 1.
Signal word (octal) State
0 ~ green phase 1~3
1 amber phase 1-3
2 «ead phase 1-3 .
100000 green phase 2-4
100001 amber phas 2=
100002 dead phase 2-4

The TLIGHT routine has been designed to facilitate changing of
the signalling. The signalling is performed by the routine labelled
UPSIG in the listing, Different control policieé'may be simulated |
by changing thic routine,

5.5.4  Use of the TLIGHT Routine

The network definition statement for the TLIGHT routine is.

#
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TLIGHT, NO, INPUT ELEMENT FOR LEG T, NO, INPUT ELEMENT FOR LEG 2,

NO, . . . . . . . INPUT ELEMENT FOR LEG %, NO.

INPUT ELEMENT iz the name of the routine that provides the input
to each leg of the intersection, e.g. ELINK or LINK.

Six data statements are provided for the TLIGHT routine.  The

first four are similar and provide the turning data for each leg of

the intersection.  The fifth contains traffic light turning inforration

and the last gives infu. =ation pertaining to the distribution of the
acceptance gaps for right turning vehicles. Each statement is
independent and can be changed at any time without affecting the data
previously specified by the others.

~The data statement for each leg is as follows:

TLIGHT, NO, LEG NO, Saturation flow rate, % left lane 1, % right lane 2

e« v e v o« s & left lane 5, % right lane 5.

The saturation flow rate is the maximum flew rate the intersection

can handle per lane. It is determined by factors such as the width
of the lane, gradient and geometry of the intersection. The
percentage of turning Vehicleé per lane must be specified in pairs as
shown for every lane that 1s used. | The percentage flow rates for
unused lanes nced not be specified.

The traffic 1ight setting data statement is as follows:
TLIGHT, NO, 5, OFFSET, GREEN PHASE 1-3, AMBER 1-3, DEAD 1-3, GREEN 2-4,
AMBER 2-4, DEAD 2-b.

OFFSET Is the delay before starting the cycle used to synchronize

linked intersections. : !

Phase 1-3 Is specified first by the lengths of the periods of

green, amber and dead.  This Is then repeated for phase 2%4., The

slgnal cycls {s executed In the order glven aboye and all periods

are specified in seconds.
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The distribution used for the acceptaice gaps is specified by:
TLIGHT, NO,JG, D!STR!BUTIOPJ NAME, MEANXx100, STANDARD DEVIATIONx100.
DISTRIBUTION NAME Is the name given to the set of constants used

to generate the base distribution. The mean and standard deviation

- of the requlred distribution are specified In seconds.

5.5.5 lStorage‘Requirements

’Each TLIGHT requires 54 cohstant, and 27 initial storage words.
The control program generated requires 6 wordﬁ. The TLIGHT simulation
routine is‘h61 words long. ‘Flow charts for the data and simulation

subroutines are given in Figs. 5.7 and 5.8 respectively.

5.6 Qutput Routlnes

Two output routines are provided which print the queue lengtns

¥

at intersections. The number of epochs before commencing the print

tan be specified so that printing will only start after the network
has been filled with vehicles. The number of epochs between
successiVe prints  can also be specified. The first output routine
called UPRINT'' prints out the queue lengths of intersections at run

¥,

time. It is meant to give an immediate picture of an intersection

at run time and Is meant for intetactive working. If moFe than one

PRINT s specified, the queue lengéhg of different intersections will
be interspersed with one another. Each 1ine printed gives the epoch
number and the number of the intersection foliowed by the queue lengths.
The second output routine is called "WRITE" and the queue léngths
are hot printed at run time brt are written onto disk.  This
informatfon can then be processed further or printed at the end of the
run usling the COPY routine.  This routine sorts the data according to
Intersection number ‘and prints a heading and the queue lengths at the

specified epochs. Each. intersection is printed on a new page and
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every page has a heading. The WRITE and CCPY routines are used to
provide tabulated final results for record and presentation purposes.

. o 5.6.1  PRINT Routine

" The definition statement for the PRINT routine tis
PRINT, NO, TLIGHT, NO

The first NO parameter is the referenice number for the print

statement. The second number is the number of the intersection
whose queue lengths must be printed. The data statement is
PRINT, NO, NO OF EPOCHS BEFORE FIRST PRINT, Nd OF EPOCHS BETWEEN
~ PRINTS, ‘ |
The data susroutire stores this information in the cqnstaht storace
area for latar use by the simulation subroutine.
| Each print requires 3 constant storage, 2 initial Storgge words.
The constant storage words are used for storing the TLIGHT NO, and
the data specifizd by the data statement. The initial storage words
| are used for a counter and a flag which indicates whether the !
»,init%alisation period before printing starts, is over. The
' subroutine call requires 4 woras and the FRINT user routine is 84
words long.  The flow chart of PRINT is g}ven in ng. 5.9.

5.6.2 WRITE Routine

‘

The structure, storage and execution of the WRITE routine is ths
same as for PRINT with the exception that data is written onto disk
rather than being printed on the console. The definition and data
Statements are the same and produce the same results.  The word
WRITE is used in place of PRINT.

The WRITE routi-e requires two other routines to operate correctly.

1 The first is calied IFILE which opens a disk file called ///TRDAT/
on witich the wata will be written. The program statement |FILE must

wppear in the initial segment of the program. The second routine

L]
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called CFILE writes an end of file mark on the file ///TRDAT/ and
closes it. . The program statement CFILE must only appeér‘fn the
TERMINAL segment of the program. The routines IFILE and CFILE

use no storage and have no data routines.

5.6.3 COPY Routine
The COPY routine uses the data written onto disk by the WRITE .
routine to produce tables of queue lengths at intersectiong. The
“data on disk Is read once to compile a table of intersection numbers
that are to be printed. Using this table the data is re-read and
the data for each intersection is printed in the order specified by
the table. Each intersection is printed on a new page with a heading
ihserted at the top of fhe,page. If the data for an intefsection
requires more than one page, a new page with a heading is started.
COPY uses no storage and can be executed either from the kay=
board or can be includazd in the TERMINAL segment of the program.
The flow éhart.is given in Fig. 5.10. The simulation routine containing
WR!TE, IFILE, CFILE and COPY and a 264 word disk buffer requires

674 words of memory.

5,7 initialisation Routine

In most simulations it is necessary to be able to change a
parameter and rerun the simulation with the same Input data. This
cah be dorie in this simulator by always reseéting the hardware
random number generators to an initial state. A routine called
IGEN has been provided to accomplish this.

IGEN resets both generations to their starting position (all 1's
in both cases) and then shifts the generators from this starting

position by a numbetr of pulses specified by the user. In addition

the generator of Walker 26 is set up into a mode which uses the computer
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memory for ;torage of the required constants. The definition
statement: ’ .. .
IGEN
should only appear in the INITIAL segment of the program.

The data statement
IGEN, NO OF PULSES
specifies the number of pulses the generators must be shifted from

their‘starting positions. IGEN uses no storage and is 34 words long.

5.8 Constants for Arbitrary Distributions

The genefator'used for generating random travelling times and
acceptance gaps requires a set of constants to generate éach‘type of
distribution: In order to allow new distributions to be added
eagily, and to retain the continuity of the FASP system, these

constarits are arranced in.a format similar to a user routine. This

permits the user to add or delete distributions easily and allows

the distribution to be referred by name.

The constants are calculated using an algorithm of Walker 24

from the relative frequencies of each number. The present traffic

routines accept random numbers in ihe range of 0-63 (i.e. 6 bits).

The standard deviation and mean of the base distribution must be

chosen carefully so that thé distribution is fully des¢ribed by the
relative frequencies of the set of numbets (0,63). '~ For example in the
case of the hormal distribution;a mean of 32 and standard deviation

of 8 was chosen which resulted In the smaliest relative frequency be{ng
2% 10'53 Thus the talls of the distribution were i{ncluded and well
defined. There are no restrictions on the choice of mean and standard
deviation constants b and ¢ that are referred to in 4.4.2,

A program called DIST has been provided to caleculate the constants

from the relative frequencies. The program outputs the constants onto
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disk in the format of a user routine source program which can then be
assemhbied directly with no further user intervention. If all
relative frequencles of the distribution can be represented by a

mathematical equation, a BASIC program called DISTB can be used to

 calculate the relative frequencies and punch them onto paper tape in

a format acceptable to the DIST program. If the relative
frequencies are arbitrary they must be entered manually from the

keyboard.  The listings of DIST and DISTB are given in Appendix 1h,

5.9 Addition of New or Alternative Subroutines

The routines described are not meant to provide the last word in
traffic simulation.  Rather, they illustrate the principles used in

simulating traffic using the FASP executive and are intended as the

- basis for future work.

The general format for writing simulation subroutines is given in
Chapter 3. If new subroutines are required to work in conjunction
with existing routines attention should be paid to the data storage
arrangements used by the present routines.  Inter subroutine

communication Is provided via the storage handling facility of FASP

“and new routines should be designed so that thelr storage areas are

compatible with the existing routines.  Storage maps for the ELINK,
LINK and TLIGHT-routines are given in Appendix 9. |

If subroutines are added?the traffic simulation system must be
reconfigured. This involves Tinking all the subroutine modules and
the FASP system modules together. This précess Is explained in

Appendix 3.
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Before a simulator can be used it is Important to check the validity

. theoretical results certain assumptions had to be made concerning the

that the simulator is operating correctly. It does not prove that

the simulator is accurately modelling real traffic. Thus the use of
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CHAPTER 6

TESTS AND VALIDATION OF THE. SIMULATION ROUTINES

6.1 Introduction

and accuracy of the assumptions made in formulating the model. This
is often a formidgble task as simulations are usually used to model
highly complex situations. Validation is also complicated by the

fact that while a simulation model nay accurately simulate a given

situation, it may be totally useless for many others.
Two methods are usually employed in testing traffi¢ simulators.

A theoretical approach may be used to compare simulation results with

results obtained from existing traffic simulators or statistical theory.

An example of this approach is the method used by Green 1 to test the

simulation of arrival and discharge of vehicles at an intersection.
This situation is a deterministic queueing problem and can be described ;

by the Polluczek-Khintchine formula'39‘ For the evaluation of the

frequency distribution of arriving vehicles and the rate of discharge

of vehicles.  Since these assumptions are the same as those made in R A

formulating the simularion model, this type of test can only verify

theoretical verification ts of limited value as it can only be

applied to isolated, Idealised cases for which theory exists and does

not necessarily guarantee correspondence with real life situations.
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A second and more reliable approach is to select a representative
real life traffic network, simulate it and compare the results with
the real life situation. This approach was used by Bruggerman et al.
andiis very clearly described in the literature. It was used to
calibrate, validate and test the sensitivity of the UTCS micro traffic
model. A large amount of data needs to be gathered for this approach
and in the example aerial and roof-top photography was used In
addition to the normal manual methods of counting traffic.  This
method is by far the most satisfactorY but is extremely costly,
tedious and time consuming. The traffic network must be carefully %]
chosen so that it contains most of the features normally encountered
in road networks.

An alternative to the above approaches is to validate a new
simulation model by comparing it to another simulation model which
has been previcusly validated. This however, relies on the integrity

of the‘first simulation.

e, S

For the validation of the simulator described in this

dissertation, the first approach was rejected as only small eléments
of thé model could be checked rather than the operation of the complete
~network. In addition this approach would only verify that the soft-
‘ware is correct but would say nothing about the assumptions made in
formulating the model.  The second approach is .7e most sultable,
however, it Is completely beyond the scope of this work. It should
be considered seriously for future work. The alternativé approach of
comparison was considered to be the most suitable for this work but
unfortunately sufficient input and output data from other simulators
could not be found I1h the literature. Thus no attempt was made to
rigorously validate the model. Instead the elements of the simulator

were checked for correct software operation and a fictitlous network
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consisting of four linked intersections was simulated. This

demonstrates the use of the simulator and was used for estimates of run

time. It must be utressed that this does not constitute a validation
of the simulator and extensive work must be carried out before it can
be said that traffic is being accurately modelled.

6.2 Tests on the Software Routines

6.2.1 Introduction

Various tests were performed on the traffic subroutines to check
‘that they were operating correctly. This was facilitated by the use
of a standard Debug program i which allowed the flow of the rbutines
to 'be monitared and permitted examination of locations in core.
In certain cases a quasi statistical approach was used in which flow
rates were specified and‘the routine was run for a known humber of
epochs. The outputs of the various routines were then examined
to assertain whether they contained values in an expected range.

6.2.2 Tests on the ELINK Routine

The ELINK routine is relaﬁivaly simple and therefore eaﬁy to test.

Preliminary testing was performed on the data routine to confirm that
the flow rate constants were being calculated correctly.  The program

was then run with various flow rates and the initial core storage was

" examined after every epoch to verify that vehicles were being

generated and then stepped down the street.  After these tests were
satisfactory a simulation program was written to simulate a single

entry lirnk feeding into one arm of a traffic 1ight,

The traffic 1ight was programmed so that the signal facing the
link was red. The simulation was run for 1000 epochs and the queue
lengths were then examined. The queue lengths were fdund to be

close to the value which was calculated from the flow rates in each

¥
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