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ABSTRACT

Simu la t ion  h*.s j ' .^yed a v i t a l  r o le  in so lv ing  problems which are 

i n t r a c t i b l e  o r  -.hich are too complex to  be solved mathematical 1y .

As road t r a f f i c  is  such a problem t r a f f i c  s im u la to rs  have become 

in va lu ab le  design too ls  f o r  the t r a f f i c  eng ineer .

Software and hardware t r a f f i c  s im u la to rs  have p r o l i f e r a t e d .

Most so f tw a re  s im u la to rs  have the  disadvantages o f  low s im u la t ion  

speed and re q u i re  la rge  computers r e s u l t i n g  in a high s im u la t ion  cos t .  

On the other,  hand hardware s im u la to rs  have high speed p o te n t ia l  but  

a re  i n f l e x i b l e  and c o s t l y  to  develop and c o n s t ru c t .

Advances in the f i e l d  o f  mini computers have made a hybr id  

so f tw a re “ hardware s im u la to r  p o s s ib le .  Using t h i s  techn ique i t  is 

p os s ib le  to design a s im u la to r  which has a r e l a t i v e l y  h igh speed, 

f l e x i b i l i t y  and moderate cos t .

This d i s s e r t a t i o n  descr ibes  a t r a f f i c  s im u la to r  which comprises 

a NOVA 1200 mini  computer, p e r ip he ra ls  and two hardware random number 

generators  which are used as data sources.

A la rg e  p ropo r t ion  o f  t h i s  d i s s e r t a t i o n  is the design o f  a 

s im u la t io n  execu t ive .  The execu t ive  provides f a c i l i t i e s  f o r  d e f in in g  

the t r a f f i c  network,  en te r ing  run t ime data and prov ides the s im u la to r  

user  w i th  i n t e r a c t i v e  c on t ro l  over the s im u la t io n .  The execu t ive  

f u r t h e r  prov ides a framework f o r  s im u la t ion  rou t ine s .  The rou t ines  

per form the I n te r p r e t a t i o n  o f  the network d e f i n i t i o n ,  data 

entered by the user and the ac tua l  mode l l ing  o f  t r a f f i c .  Routines 

f o r  s im u la t ing  d i f f e r e n t  t r a f f i c  elements are e a s i l y  added due to the 

modular design o f  the execu t ive .  In the present  work rou t ines  have



been designed to  s im u la te  i n te r s e c t io n s  w i t h  f i x e d  t ime c o n t r o l ,  

s t r e e t s  and e n t r y  s t r e e t s .  A d d i t io n a l  rou t ines  are provided f o r  

p r i n t i n g  a t  the queue lengths a t  i n te r s e c t io n s .

Two hardware data sources are descr ibed.  The f i r s t ,  designed by 

Walker,  is used f o r  generat ing t r a v e l l i n g  t imes and gap acceptance t imes 

which may have a r b i t r a r y  f requency d i s t r i b u t i o n s .  The second is  a 

genera to r  which produces s ix teen  independent ou tpu ts  w i th  a Poissonian 

d i s t r i b u t i o n .  I t  is used f o r  genera t ing  veh ic les  and ass ign ing 

veh ic les  to  lanes.

The s im u la to r  descr ibed can model a t r a f f i c  network o f  up to 

f o r t y  i n te r s e c t io n s  each having up to  f i v e  lanes per approach. A

computer w i th  o n ly  16K words o f  memory is used. The speed o f  Simula-^ 

t i o n  is approximate ly  200 times f a s te r  than real t ime per t y p ic a l  

I n te r s e c t io n .
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CHAPTER 1 

AN INTRODUCTION TO TRAFFIC SIMULATION

1.1 General

Road t r a f f i c  congest ion is a problem in la rge  c i t i e s  throughout  the 

w o r ld .  Delays to  veh ic les  are c o s t l y  to  commence and in d u s t ry  in 

terms o f  l o s t  t ime and p r o d u c t i v i t y .  Studies o f  t r a f f i c  behaviour 

must be made to  improve road network design and t r a f f i c  con t ro l  

p o l i c i e s ,  so as to  minimise delays and improve t r a f f i c  f low .  Road 

t r a f f i c  is  a complex phenomena and a r i g i d  mathematical  approach 

cannot be app l ied  except in a few simple and id e a l iz e d  cases.

S imu la t ion  techniques are u s u a l l y  used.

S imu la t ion  ,<f t r a f f i c  invo lves  c, .number o f  separate ope ra t ions .

The f i r s t  ope ra t ion  is  to  d e f in e  the geometr ica l  la you t  o f  the 

t r a f f i c  network. The method o f  d e f in in g  the network is  dependent on 

the type o f  s im u la to r  used. In the case o f  a sof tware s im u la t ion  

(see 1 . 2) ,  i t  may take the form o f  data punched on cards in some s p e c i f i c  

format  o r  in an i n t e r a c t i v e  quest ion  and answer manner. Hardware 

s im u la t ions  (see 1. 3) use a patch panel to  de f ine  the network.

In the second phase, data must be entered in to  the s im u la to r .

Th is  data provides in fo rm at ion  as to the f low  ra te s ,  speed and o the r  

Vehicle,  parameters, as we l l  as t im ing  data f o r  s ig n a l i z e d  in te r s e c t io n s .

The t h i r d  phase invo lves the ac tua l  model 11n g 'o f  t r a f f i c .  D i g i t a l  

process ing is  used to s im u la te  t r a f f i c  events and i n t e r a c t io n s  which 

can be broken down to  lo g ic a l  dec is io ns .  Al though t r a f f i c  f lo w  is a 

cont inuous phenomenon, i t  may be d i g i t a l l y  s imulated by use o f  t ime
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s l i c i n g  techn iques. Small t ime increments c a l l e d  epochs are used and 

the model is  updated every epoch. I f  a small enough increment o f  

t ime is  used, the s im u la t ion  can be regarded as cont inuous. Random 

number genera t ion  is  used e x te n s iv e ly  in the mode l l ing  phase to  enable 

dec is ions  to  be made on a s t a t i s t i c a l  basis as t r a f f i c  is  e s s e n t i a l l y  

a s t o c h a s t i c  phenomenon.

The f i n a l  phase, which may take place c o n c u r re n t l y  w i th  the 

t h i r d ,  is  the rep resen ta t ion  o f  the r e s u l t s  o f  the s im u la t io n .  This 

could be in the form o f  p r in te d  r e s u l t s  o r a  graph ica l  rep resen ta t ion .

Two broad ca tegor ies  o f  t r a f f i c  mode l l ing  have been used to  date -  

macro and micro mode l l ing .  In a micro model every v e h ic le  in the 

system is  unique and i t s  speed, p o s i t i o n ,  d e s t in a t i o n  and type is  

known at  each in s ta n t .  I t  is  thus poss ib le  t o  f o l l o w  an in d iv id u a l  

v e h i c le  from the t ime i t  en ters  the system to the  t ime i t  is 

d ischa rged . Veh ic le  dynamics l i k e  a c c e le ra t io n  and 

are  r i g i d l y  model led.  Examples o f  t h i s  technique can, be found in 

the  l i t e r a t u r e   ̂ m » 3 , 5  ̂ (.|ie most s o p h is t ic a te d  being the UTCS I 

Network s im u la t ion  model Micro model l ing prov ides r e s u l t s  which

c lo s e l y  approximate real l i f e  t r a f f i c  provided grea t  care is  taken in 

ga the r ing  data and in v a l i d a t i n g  the model. Micro mode l l i ng  requ i res  

a la rge  computer due to the la rge  amount o f  s torage needed. The speed 

o f  s im u la t ion  is  low due to  the number o f  c a l c u la t i o n s  and dec is ions  

t o  be made in updat ing the model.

Macro model l ing is based on the assumption t h a t  veh ic le s  can be

t rea ted  as i f  they are I d e n t i c a l .  Ind iv idua l  veh ic les  cannot be

d is t i n g u is h e d  and v e h ic le  dynamics are model led using a s t a t i s t i c a l
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approach. Research ’ has shown th a t  t h i s  assumption i s  v a l i d  

under near s a tu ra t io n  cond i t ions  and up to  twenty percent heavy veh ic les  

I f  ’ Iv tx u; - i r k  have l i t t l e  e f f e c t  on the t r a f f i c  f low .  Less com-



prehensive data  needs to be gathered f o r  macro mode l l ing  than f o r  

m icro mode l l ing  but the r e s u l t s  o f  the s im u la t io n  can o n ly  be used 

f o r  comparat ive t e s t i n g  ra th e r  than f o r  o b ta in in g  accurate 

p r e d i c t i o n s  o f  t r a f f i c  below. Macro mode l l ing  requ i res  r e l a t i v e l y  

l i t t l e  s torage c apa c i t y  as ex tens ive  data is  not  requ i red  f o r  each 

v e h i c le .  Less computat ion is  requi red, f o r  mode l l ing  the t r a f f i c  so 

t h a t  high s im u la t io n  speeds can be ob ta ined .

1 ,1 ,2  Des irab le  Features o f  a T r a f f i c  Simulator-

(a) Low Cost o f  S imula t ions

S imu la t ion  is  o f t e n  used as an i n t e r a c t i v e  design too l  using a 

t r i a l  and e r r o r  approach. This im p l ies  th a t  a la rge  number o f  

s im u la t io n  runs may be required to  a r r i v e  a t  the f i n a l  design.

Thus the cost o f  des ign is  dependent on the cost  o f  a s im u la t ion  

run. This c u , t  is re la te d  to the speed o f  s im u la t io n  and the 

i n i t i a l  c a p i t a l  cost  o r  renta l  o f  the s im u la to r .

(b) High speed o f  S imu la t ions

Apart  from the f a c t  t h a t  speed and cost are i n t e r r e l a t e d ,  high 

speed o f  s im u la t io n  is  d e s i ra b le  from the use r 's  p o in t  o f  v iew. 

Since the s im u la to r  may be used f o r  i n t e r a c t i v e  design i t  is  

impor tant  t h a t  r e s u l t s  are presented to  the user as q u i c k l y  as 

poss ib le .

(c) Easy to  Use

The s im u la t io n  system must be easy to  use and must not  requ i re
v*- vv 9 / ■f r t i t v *

Spec ia l ised  t r a i n i n g  o r  knowledge. Input and ou tpu t  to^ the 

system must be in terms and u n i t s  meaningful to  the end user.

(d) Comprehensive Basic Simula t ion System

A powerful system Is requ ired so th a t  most common t r a f f i c  networks 

can be model led.  This Impl ies th a t  m u l t i p l e  i n t e r s e c t i o n  n e t ­

works and dynamic c o n t ro l  p o l i c i e s  should be catered f o r  in the 

bas ic  system.
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(e) Ease o f  Development

The s im u la t ion  system must be modular so th a t  a d d i t i o n a l  

fea tu res  may be e a s i l y  added w i th o u t  major m o d i f i c a t io n s  to the 

system.

The o b je c t i v e  o f  the present work was to  design a cost  e f f e c t i v e  

s im u la to r  f o r  i n t e r a c t i v e  design w i th  fea tu re s  as descr ibed above.

1.2 Software Simulators

The term software s im u la to r  is  used to  descr ibe  a computer

program th a t  models t r a f f i c  c ond i t ion s .  I t  is the most w id e ly  used

s im u la t io n  technique and macro and micro mode l l ing  can be used.

Large computer systems are usua l l y  requ i red  and networks o f  up to  200

in te r s e c t io n s  can be s imu la ted .  An except ion is  the model o f

B e i l l y  ***■’ which is a micro model using a mini  computer. However,

Only l i m i t e d  s ize  networks can be s im u la ted .  This model had a low

s im u la t io n  speed ( s im u la t ion  t ime equals rea l  t ime '*). A recent 

8 9
t rend  * is  to  use la rge  t ime-shared computers f o r  i n t e r a c t i v e  

s im u la t io n s .  By using a bureau system many can have access to  a 

s im u la to r  w i th o u t  in c u r r i n g  the c a p i ta l  cost  o f  a la rge  computer.

Time shar ing ,  however, is  not we l l  su i ted  to a p p l i c a t i o n s  which 

in vo lve  a great  deal o f  c a l c u la t i o n  and data processing as in the 

case o f  s im u la t io n .  in a t ime-shared system each user is o n l y  a l lo c a te d  

a f r a c t i o n  o f  the a v a i l a b le  cen t ra l  processor (C.P.U.)  t ime.  Thus 

Whi le  a s im u la t ion  may req u i re  o n ly  ten minutes o f  C.P.U. t im e ,  the 

user may have to  w a i t  cons ide rab ly  longer than th a t  f o r  the s im u la t ion  

to run. i n t e r a c t i v e  s im u la t ion  using t h i s  type o f  system is  tedious  

and t ime consuming.

One o f  the most impor tant  cons ide ra t ions  in the design o f  a s o f t ­

ware s im u la to r  is  the cho ice o f  programming language. A p r o l i f e r a t i o n
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o f  s c i e n t i f i c a l l y  o r ie n ta te d  high leve l  languages e x i s t ,  e .g .

FORTRAN, ALGOL, PLl and BASIC. These are general  purpose languages 

and are a v a i l a b le  f o r  many d i f f e r e n t  makes o f  computers, They are 

a t t r a c t i v e  choices as they are l a r g e ly  machine independent,  w id e ly  

known and easy to  use. In a d d i t io n  to  the above there  are 

s im u la t io n  o r ie n te d  languages such as GPSS, GASP, SIMULA and SIMSCRIPT. 

These languages are not as u n i v e r s a l l y  a v a i l a b le  as the general  purpose 

languages but are more s im u la t io n  o r ie n ta te d  which reduces the 

programming e f f o r t .  Most o f  the t r a f f i c  s im u la to rs  in the 

l i t e r a t u r e  use FORTRAN o r  one o f  the s im u la t ion  languages

A common f a i l i n g  o f  these s im u la to rs  is  a low real  t ime to  s im u la t io n  

t im e  r a t i o .  This is  due to  the g e n e r a l i t y  o f  these languages which 

r e s u l t s  in r e l a t i v e l y  i n e f f i c i e n t  code being generated f o r  the p a r t i c u l a r  

problem. In a d d i t io n  most o f  these languages do not permit  very  

bas ic  machine ope ra t ions  such as b i t  and byte man ipu la t ions  which can 

be very  useful  when s im u la t in g  t r a f f i c .

Software s im u la to rs  are f l e x i b l e  and s im u la t ion  systems can be 

r e l a t i v e l y  e a s i l y  mod if ied  to c a te r  f o r  d i f f e r e n t  t r a f f i c  s i t u a t i o n s .

The computat ional  power o f  a computer is  usefu l  in mode l l ing  dynamic 

c o n t ro l  p o l i c i e s .

The major disadvantages o f  so f tware  s im u la t ions  is  the high cos t  

o f  s im u la t io n .  The cost o f  s im u la t io n  can be reduced i f  i t  i s  

pos s ib le  to increase the speed o f  s im u la t io n  w i th o u t  having to inves t  

in more computer power. One o f  the aims o f  the present work was to  

reduce the cost  o f  s im u la t io n  by t h i s  techn ique.

1.3 Hardware Simulat ions

Hardware s im u la to rs  are spec ia l  purpose computers which model 

t r a f f i c  s i t u a t i o n s .  Advances in computer technology have made the 

heardware s im u la to r  an u n a t t r a c t i v e  a l t e r n a t i v e  to  so f tware ,  however,



6

the former i s  s t i l l  o f  h i s t o r i c a l  i n t e r e s t .

in 1961, the U n iv e r s i t y  o f  Manchester I n s t i t u t e  o f  Science and

Technology (UMIST), s ta r te d  to develop a hardware t r a f f i c  s im u la to r  10»11.

At t h a t  t ime the hardware approach was a t t r a c t i v e  due to  the  high cost

and slow execut ion speeds o f  a v a i l a b le  computers.  The i n i t i a l

system 10,11 could s im u la te  a s in g le  i n t e r s e c t i o n  w i th  f i x e d  t ime

t r a f f i c  s ig na ls  at  a speed o f  f i f t y  t imes real  t im e,  which was f a r  in

excess o f  a v a i l a b le  so f tware  s im u la to r  speeds, The system was

expanded by adding core memories and m u l t i p l e x i n g  the bas ic  s im u la to r

so t h a t  up to  s ix teen  l inked  i n te r s e c t io n s  could be simulated 12.

In o rd e r  to s im u la te  dynamic con t ro l  p o l i c i e s  a computer was in te r faced  

13
to  the  model , Al though t h i s  arrangement provided most o f  the 

f a c i l i t i e s  requ i re d ,  the speed o f  s im u la t ion  was reduced due to the t ime 

requ ired f o r  t r a n s f e r r i n g  data between the memory, the computer and the 

s im u la to r .  In a d d i t i o n ,  dur ing t h i s  t im e ,  computer execu t ion  speeds 

increased and p r ices  dropped d ra m a t i c a l l y  r e s u l t i n g  in the hardware 

s im u la to r  becoming an u n a t t r a c t i v e  a l t e r n a t i v e  to  so f tware  s im u la to rs .

The hardware s im u la to r  is  o f  i n t e r e s t ,  however, as i t  demonstrated 

tha t  r e l a t i v e l y  s imple hardware lo g ic  can e f f e c t i v e l y  model c e r ta in  

t r a f f i c  phenomena. This is e s p e c ia l l y  t r u e  in the case o f  a macro

model. Funct ions which are e s p e c ia l l y  s u i t a b le  f o r  h dware implemen­

t a t i o n  inc lude the mode l l ing  o f  veh ic les  moving a>c>ng a s t r e e t  * as 

wel l  as v e h ic le  and data genera t ion .  A s h i f t  e , . s t e r  is e f f e c t i v e  in 

mode l l ing  a s t r e e t  as the p o s i t i o n s  o f  a l l  the ve h ic le s  in the s t r e e t  

can be updated w i th  a s in g le  s h i f t  ope ra t ion .  Hardware random number 

generato rs  can be used f o r  v eh ic le  and data genera t ion  and are 

in h e re n t l y  f a s t e r  than s i m i l a r  sof tware implemented g e n e ra to rs ,
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1 *4 System Design Phi losophy i.n Present Work

The design o f  a s im u la to r  is governed by the th ree  bas ic  con­

s id e ra t i o n s  g iven below. In a d d i t i o n ,  t h i s  work was cont ra ined by 

the a v a i l a b le  computer and p e r ip h e ra ls  (see F ig .  1 .1 ) .

(a) Type o f  s im u la to r

Hardware and sof tware s im u la t ions  were reviewed. i t  is 

apparent t h a t  both types have inherent  l i m i t a t i o n s .  The hardware 

approach was re jec ted  due to  high  i n i t i a l  c o s t ,  development e f f o r t  

and i n f l e x i b i l i t y .  In a d d i t i o n  i t  is d i f f i c u l t  to  use f o r  s im u la t in g  

m u l t i p l e  i n te r s e c t io n s  and dynamic c on t ro l  p o l i c i e s .  The sof tware 

approach u s u a l l y  r e s u l t s  in a poor s im u la t io n  to  real t ime r a t i o  and 

s im u la t ions  are c o s t l y .

I f  the speed o f  a so f tware  s im u la to r  could be improved, a power­

f u l  s im u la to r  would r e s u l t .  This can be achieved by improving the 

so f tware  (see 1 . 4 ( c ) ) ,  and implement ing some o f  the s im u la t ion  in hard­

ware. An examinat ion o f  the ope ra t ions  which are requ i red f o r  t r a f f i c  

s im u la t i o n ,  showed th a t  the s lowest s in g le  ope ra t ion  in Software is 

the genera t ion  o f  random numbers. The work on hardware s im u la to rs  

Showed t h a t  t h i s  ope ra t ion  is  f a s t  and e a s i l y  implemented in hardware. 

While o th e r  f u n c t io n s  may be implemented in hardware i t  was found th a t  

the increase in o v e ra l l  speed would be n e g l i g i b l e .

Thus the bas ic  choice o f  s im u la to r  cons is ts  o f  a computer w i th  a

per iphera l  hardware random number genera to r .  This r e s u l t s  in a

s im u la to r  which has the f l e x i b i l i t y  o f  so f tware  w h i l s t  having a high 

s im u la t io n  speed.

(b) Type o f  Computer

The choice o f  the type o f  Computer i s ,  to  a la rge  e x te n t ,  con­

s t  ra ined by the requirement t h a t  a spec ia l  purpose per iphera l  is  used.

In a d d i t i o n ,  s ince  t ime shar ing  and batch ope ra t ion  are unsu i tab le  f o r



I n t e r a c t i v e  ope ra t ion ,  a ded icated computer is  requ i red .  These two 

fa c to r s  r u le  ou t  the ute o f  a la rge  mainframe computer, as i n te r f a c in g  

p e r ip h e r a ls ,  i s  compl icated and the c a p i ta l  cost  is  too high.

A Data General Corpora t ion NOVA 1200 mini computer was a v a i l a b le  

f o r  t h i s  work and was found to  be s u i t a b le .

The low c a p i t a l  cost  and s ’ mple in t e r f a c in g  requirement makes 

m in i  computers ideal  f o r  use as dedicated i n t e r a c t i v e  t r a f f i c  s im u la to rs ,

(c )  Programming Language

Various programming languages were reviewed in 1.3.  Of the high 

le v e l  languages FORTRAN and BASIC are a v a i l a b le  f o r  the computer used. 

None o f  the spec ia l  s im u la t io n  languages are a v a i l a b le .  Of the 

above two, o n ly  FORTRAN can be considered as BASIC is  an i n t e r p r e t i v e  

language and i s  slow in execu t ion .  Al though the e f f i c i e n c y  o f  modern 

FORTRAN compi le rs  is  r e l a t i v e l y  h igh ,  t h i s  language was not used as 

i t  i s  i n e f f i c i e n t  in core u t i l i s a t i o n  f o r  t h i s  s p e c i f i c  a p p l i c a t i o n ,  

in a d d i t i o n ,  the hardware t r a f f i c  s im u la to r  has shown th a t  bas ic 

machine o pe ra t ions ,  which are no., a v a i l a b le  In FORTRAN, are useful  in 

s im u la t in g  t r a f f i c .  These inc lude b i t  m an ip u la t ion ,  l o g ic a l  

ope ra t ions  such as AND and OR, and b i t  s h i f t i n g .  Thus the program 

f o r  the present S imu la tor  was w r i t t e n  , 40VA Assembly Language which 

resu l ted  in a high speed s im u la to r ,  r e q u i r i n g  less than 16K words o f  

memory (see Chapter 4 ) .

The type o f  mode l l ing  used, i . e .  macro o r  micro m ode l l ing ,  Is 

a lso  in f luenced by the choice o f  computer. Micro mode l l ing  was 

re jec ted  as f t  requ i res  a la rge  amount o f  computer memory, is slow In 

execut ion and requ i res  ex tens ive  data ga the r ing  and c a l i b r a t i o n .  The 

a d d i t io n a l  accuracy o f  micro mode l l ing  is unnecessary f o r  comparat ive 

t e s t i n g  o f  con t ro l  p o l i c i e s ,  and Is not requ i red i f  genera l i zed con t ro l  

s t r a te g ie s  are to  be in v e s t ig a te d .
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There are  two disadvantages in us ing  / ' i  assembly language f o r  

programming a s im u la to r .  An unavoidable problem is  th a t  the program 

Is not  machine independent.  This  is  not so se r io u s ,  however, s ince  

a ded icated computer is  used and the pe r iphe ra l  hardware generators 

a re  a lso  machine dependent.  The second drawback o f  the language, is 

t h a t  a s p e c i a l i s t  programmer is  requ i red .  In t h i s  work an e f f o r t  has 

been made to  minimise the e f f e c t s  o f  t h i s  disadvantage.  The program 

has been w r i t t e n  in such a way t h a t  the end user o f  the s im u la to r  does 

not  requ i re  a knowledge o f  computer programming. The d e f i n i t i o n  o f  

the  network and data f o r  the model are entered in a f re e  format In 

terms which are f a m i l i a r  to the user.  The task  o f  the s p e c i a l i s t  

programmer has a lso  been eased by the use o f  a s im u la t ion  execu t ive  

which is p a r t  o f  t h i s  work. The execu t ive  a l lows in d iv id u a l  t r a f f i c  

element subrou t ines  to  be added o r  de le ted w i th o u t  e f f e c t i n g  the 

ope ra t ion  o f  the. system. The programming o f  these rou t ine s  is 

f a c i l i t a t e d  by the execu t ive  per form ing ro u t in e  tasks such as data 

conversion and input ou tp u t .

The o v e r a l l  c o n f ig u ra t io n  o f  the system is  shown in Fig* 1*1.

I t  is  b a s i c a l l y  a program development system and the o n l y  essen t ia l  

pe r ip h e ra ls  requ ired f o r  s im u l a t i o n , are the hardware random number 

genera to rs ,  d i s k  and k e y b o a rd -p r in te r .  A g raph ic  d i s p la y  te rm ina l  

was not a v a i l a b le  but would be a useful  a d d i t i o n  to  the system.

1 *5 Review o f  Present Work

The p o te n t ia l  advantages o f  a hyb r id  sof tware and hardware t r a f f i c

s im u la to r  have been descr ibed.  The work t h a t  fo l l o w s  shows tha t

i n t e r a c t i v e  s im u la t ion  is provided f o -  and the s im u la t ion  is  easy to 

-use* The cos t  o f  s im u la t ion  is low as an Inexpensive minicomputer Is

used. The average rea l  t ime to s im u la t ion  t ime r a t i o  is 200 per
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i n t e r s e c t i o n ,  compared w i t h  1 -  18 f o r  comparable s im u la t ions  found 

in  the a tu re

A ma, t  p o r t i o n  o f  the present work was the design o f  a s im u la t ion  

ex ec u t i v e .  The execu t ive  is  modular and g e n e ra l , and can be used 

f o r  s im u la t in g  systems o th e r  than t r a f f i c .  The execu t ive  prov ides  

f a c i l i t i e s  f o r  the user to  e a s i l y  d e f in e  the network,  en te r  data 

and run the s im u la t i o n .  The execu t ive  is  used p r i m a r i l y  f o r  

b u i l d i n g  up a unique program from the d e f i n i t i o n  statements entered 

by the  user.  The program is  const ruc ted by l i n k i n g  a number o f  

s im u la t i o n  subrou t ines  toge the r  in the c o r r e c t  sequence. The 

s im u la t io n  subrou t ines  are not par t  o f  the  execu t ive  and any type o f  

s im u la to r  can be cons t ruc ted  by adding s u i t a b le  rou t ine s  to th'S 

execu t ive .

th e  d e s c r i p t i o n  o f  the execu t ive  has been d iv ided  i n to  two 

chap te rs .  Th is  unorthodox approach was used so as t o  ca te r  f o r  

two d i s t i n c t  types o f  users. The f i r s t  group is the t r a f f i c  engineer 

who Wishes to .use  the execu t ive  and the  s im u la t io n  rou t ine s  descr ibed 

in  Chapter 5 f o r  s im u la t in g  t r a f f i c  problems. This user does not 

need to  be a computer s p e c i a l i s t  and the d e s c r ip t i o n  provided in 

Chapter 2 is an o u t l i n e  o f  the basic concept,  des ign ,  and ope ra t io n  o f  

the execu t i ve .  This  d e s c r i p t i o n  is  s u f f i c i e n t  to  enable a s im u la t ion

system Which has been con f igured  w i th  the execu t ive  to be used.

Chapter 3 is  intended f o r  the computer s p e c i a l i s t  who wishes to  

expand the present system o r  w r i t e  s im u la t io n  rou t ine s  f o r  d i f f e r e n t  

problems. D e ta i l s  o f  how s im u la t ion  ro u t in e s  must be w r i t t e n  are 

p rov ided,  I t  Is assumed t h a t  the reader o f  t h i s  chapter has a

knowledge o f  the Nova Assembly Language. D e ta i l s  o f  how to load the

present  s im u la to r ,  generate a new s im u la to r  and console procedures 

are given in the appendices,
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The h igh speed o f  the s im u la to r  was p a r t l y  due to ^he use o f  

hardware data  sources. A spec ia l  data  source was a v a i l a b le  in the 

Department o f  E l e c t r i c a l  Engineer ing and was used f o r  genera t ing  random 

numbers w i th  a r b i t r a r y  f requency d i s t r i b u t i o n s .  A second genera to r  was 

designed and const ruc ted f o r  genera t ing  the spec ia l  case o f  the 

Poisson d i s t r i b u t i o n .  This genera to r  produces s ix teen  independent 

ou tpu ts  in less t ime than is  requ i red to  execute a s in g le  computer 

i n s t r u c t i o n *  A f u l l  d e s c r ip t i o n  o f  t h i s  genera to r ,  as we l l  as an 

o u t l i n e  o f  the f i r s t  generato r  is given in Chapter 4.

Chapter 5 descr ibes  s im u la t ion  rou t ines  which form, in c on junc t ion  

w i t h  the execu t i ve ,  a bas ic  t r a f f i c  s im u la to r .  Using these r o u t i n e s , 

a network commonly encountered in c i t i e s  may be s imu la ted .  The 

ro u t in e s  prov ide  f a c i l i t i e s  f o r  s im u la t in g  s t r e e t s ,  e n t r y  s t r e e ts  and 

in t e r s e c t i o n s  and are  intended as a basis f o r  f u t u r e  work.

Tests on the s im u la t ion  ro u t in e s  are given in Chapter 6 and

v a l i d a t i o n  o f  the s im u la to r  is discussed. The use o f  the s im u la to r

is  i l l u s t r a t e d  by a s im u la t ion  o f  a network c on ta in in g  fo u r  i n t e r ­

sec t ion s ,  This network was a lso  used f o r  determin ing  the speed o f

s im u la t io n *  Comments on the present work and suggest ions f o r  f u tu re

work are g iven In Chapter 7,
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CHAPTER 2 

A FLEXIBLE SIMULATION EXECUTIVE

2.1 In t ro d u c t io n

A s im u la t io n  program can be d iv ided  in to  two d i s t i n c t  but  i n t e r ­

r e la te d  Sect ions -  the execu t ive  and the s im u la t ion  rou t ine s .

The execu t ive  is  the c o n t r o l l i n g  segment o f  the program, I t  

p rov ides f a c i l i t i e s  f o r  d e f in in g  the t r a f f i c  network,  e n te r in g  data 

and superv ises the running o f  the s im u la t io n ,  The o v e r a l l  ope ra t ion  

o f  a s im u la to r  is  de f ined l a r g e l y  by the des ign o f  the execu t ive .  The 

ease o f  ope ra t ion  from the users po in t  o f  v iew,  speed o f  s im u la t io n  and 

format  o f  the s im u la t ion  rou t ines  are r e la te d  to  the design o f  the 

execu t i ve .  Thus in the present work a la rge  amount o f  e f f o r t  was 

devoted to  the execu t ive  program.

In the case o f  a s im u la t ion  program which is w r i t t e n  in Assembler 

language, the execu t ive  should be designed to  f a c i l i t a t e  programming 

o f  the s im u la t io n  ro u t in e s .  This can be achieved by programming the 

execu t ive  to perform c e r t a in  r o u t in e  func t ions  such as i n p u t ,  o u t p u t , 

number conversions and in t e r r u p t  s e r v i c i n g ,  Thus these r e p e t i t i v e  

tasks do not have to  be coded In the s im u la t ion  r o u t in e s ,  r e l i e v in g  

the programmer o f  cons iderab le  e f f o r t .  These f a c i l i t i e s  minimise the 

disadvantage o f  using an Assembler language.

2.2 Requirements o f  a S imu la t ion  Execut ive

The requirements f o r  a t r a f f i c  s im u la t ion  execu t ive  are given 

below.
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( i ) M in im isa t ion  o f  programmer's e f f o r t

A f u n c t io n  o f  any execu t ive  is to  r e l i e v e  the s im u la t ion  

r o u t in e  programmer from w r i t i n g  code f o r  ro u t in e  

r e p e t i t i v e  tasks .  This is p a r t i c u l a r l y  importan t when 

a p p l i c a t i o n  programming is  done in Assembler language.

The execu t ive  should ra is e  the leve l  o f  the normal 

Assembly lanugage to  a type o f  macro assembly language. * 

Macros are def ined in the  execu t ive  to perform r o u t in e  

tasks .  The a p p l i c a t i o n  program s imply  c a l l s  the

app rop r ia te  macro w i th  a s u i t a b le  i n s t r u c t i o n  and the  task

is  performed by the execu t ive .

($ i ) I n t rodu c t ion  o f  minimal core overhead

The execu t ive  should r equ i re  as l i t t l e  memory as poss ib le  

so as not to s i g n i f i c a n t l y  reduce the memory space a v a i l a b le  

to  the user program,

( i i I ) Simple d e f i n i t i o n  o f  the network

The execu t ive  should p rov ide  f a c i l i t i e s  to .enab le  a t r a f f i c  

engineer to s p e c i f y  the 1ayout o f  the network he is  s tudy ing .  

I t  should not be necessary f o r  the s im u la to r  user to  be a 

computer s p e c i a l i s t .  The method o f  s p e c i f y in g  the network 

should be in terms re le v a n t  and meaningful  to the end user,

( i v )  Provide fas t  i n t e r p r e t a t i o n  or  com p i la t ion  o f  the network

d e f i n i  t ion

The execu t ive  should be able to t r a n s l a t e  the symbol ic 

represen ta t ion  o f  the network In to  a program f o r  s im u la t in g  

the network. The t r a n s l a t i o n  should be f a s t  so as not to 

in troduce a n o t ic e a b le  delay to the end user.  I f  a compi ler  

is  used, i t  should be ab le  to  perform th i s  ope ra t ion  w i th
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o n l y  one scan o f  the input data so th a t  the network d e f i n i t i o n  

may be entered d i r e c t l y  f rom the keyboard.

(v)  F le x ib l e  Compi l e r

The I n t e r p r e t e r  o r  compi le r  must be f l e x i b l e  so t h a t  the 

system programmer can s p e c i fy  the format o f  the network 

d e f i n i t i o n  statements and c on t ro l  the i n t e r p r e t a t i o n  o f  these 

s ta tements .  In o the r  words the ope ra t ion  o f  the compi ler  

must be under con t ro l  o f  the s im u la t ion  rou t ines  so as not 

to  l i m i t  the scope o f  the execu t ive  o r  place c o n s t ra in ts  

on the s im u la t io n  rou t ine s .

( v i ) Modular o rg a n is a t io n

The whole s im u la t io n  system must be modular so th a t  

a d d i t i o n a l  fea tu res  can be e a s i l y  added. The a d d i t i o n  o r  

d e l e t i o n  o f  network elements should not  a f f e c t  the ope ra t ion  

o f  o t h e r  elements.

( v i i )  Simple data en t r y

Run t ime data f o r  the model should be e a s i l y  entered. This  

requ i res  tha t  a f r e e  format be used. The i n t e r p r e t a t i o n  and 

man ipu la t ion  o f  t h i s  data should be under c on t ro l  o f  the 

s im u la t io n  r o u t in e  to  which t h i s  data is  re leva n t *  Er ror  

checking f a c i l i t i e s  and e d i t i n g  should be provided to minimise 

the e f f e c t s  o f  inaccura te  data e n t r y .

( i x )  i n t e r a c t i v e  ope ra t ion

As s im u la t io n  is  o f te n  used f o r  t r i a l  and e r r o r  des ign,  

i n t e r a c t i v e  ope ra t ion  is impor tan t ,  F a c i l i t i e s  should be 

a v a i l a b le  to  the designer to run a s im u la t i o n ,  eva lua te  the 

r e s u l t s ,  change a parameter and rerun.  This a lso imp l ies  

t h a t  the speed o f  s im u la t ion  must be high*

/
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(x) Communication between s im u la t io n  rou t ines

. . I
In t r a f f i c  s im u la t io n  i t  is  importan t f o r  var ious  rou t ine s

to  communicate w i th  one ano ther .  For example, an i n t e r ­

sec t ion  element must be ab le  to  examine a s t r e e t  element to  

see i f  c o n d i t io n s  in the s t r e e t  a l lo w  veh ic les  queued a t  

the i n t e r s e c t i o n  to  tu rn  r i g h t .  This f a c i l i t y  can be 

provided by using a common data b lock  ( i . e .  data th a t  is 

shared between ro u t in e s )  o r  by p ro v id in g  f a c i l i t i e s  in the 

execu t ive  f o r  one ro u t in e  t o  gain access to  another r o u t i n e ' s  

s torage.

2.3 Design o f  a S imu la t ion  Execut ive

2.3.1 General

A s im u la t ion  o r ie n te d  execu t ive  c a l le d  FASP ( F le x ib le  Assembler 

S imula t ion Package) was designed to meet the c r i t e r i a  l i s t e d  in 2 . 2 . 

Al though p r im a r i l y  intended f o r  use in t r a f f i c  s im u la t io n  a p p l i c a t i o n s ,  

the f l e x i b l e ,  modular s t r u c t u r e  o f  FASP makes i t  s u i t a b le  f o r  s im u la t in g  

any d i s c re te  s t o c h a s t i c  system provided a p p ro p r ia te  s im u la t ion  sub­

rou t ine s  are added.

The design o f  FASP, as f a r  as i t  a f f e c t s  the  user o f  the t r a f f i c  

s im u la t io n  program, w i l l  be descr ibed below. The d e t a i l e d  d e s c r ip t i o n  

o f  . -?w s im u la t ion  rou t ines  are w r i t t e n  and In te r faced  w i th  FASP and 

a d e s c r ip t i o n  o f  the macro f a c i l i t i e s  o f  FASP are descr ibed in 

Chapter 3.

2 .3 .2  D e f i n i t i o n  o f  the Network

A fundamental segment o f  a s im u la t io n  execu t ive  is the con t ro l  

program. This is a program th a t  l i n k s  the va r ious  s im u la t ion  rou t ine s  

toge the r  in such a way as to  s im u la te  the des i red  network.  The 

design o f  the c on t ro l  program de te rm ines , i n t e r a l i a ,  the  way a n e t ­
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work must be s p e c i f i e d ;  how s im u la t ion  rou t ines  may be added o r  

de le ted  from the system; and how data is s to red .  I t  a lso  a f f e c t s  

the speed o f  s im u la t io n .  Most s im u la t ion  programs use a modular sub­

r o u t in e  s t r u c t u r e  in which each t r a f f i c  element e .g .  v e h ic le  

g e n e ra t io n ,  v e h ic le  movement and v e h ic le  d ischarge ,  is  a separate 

sub rou t ine .  D i f f e r e n t  methods o f  l i n k i n g  these subrou t ines  toge the r  

have been used.

A common type o f  c on t ro l  program c a l l s  each o f  the var ious  sub­

ro u t in e s  in t u r n .  Each subrou t ine  is  entered once per epoch and a l l  

the veh ic le s  in the p a r t i c u l a r  s i t u a t i o n  are processed. For example, 

a l l  v e h ic le s  are generated a t  the same t ime f o r  a l l  input  s t r e e ts  in 

the network,* The UTCS 1 s im u la t ion  program  ̂ uses t h i s  technique and 

a s i m p l i f i e d  f low  diagram o f  the con t ro l  program is shown in F ig .  2.1 .  

Th is  method is  e f f i c i e n t  as each subrou t ine  is  entered o n ly  once, 

r e s u l t i n g  in minimal t ime lo s t  and subrou t ine  c a l l s  and in subrou t ine  

i n i t i a l i s a t i o n .  The disadvantages o f  t h i s  system are t h a t  a s t r i c t  

numbering system f o r  var ious  t r a f f i c  elements is  requ i red  o r  an 

e la b o ra te  method o f  i n t e r p r e t i n g  the network d e f i n i t i o n  data must be 

p rov ided,  A common data area is  used f o r  t h i s  method and t h i s  data 

must be scanned by each subrou t ine .  This invo lves a cons iderab le  

Wastage o f  t ime as subrout ines must scan a l l  data ra th e r  than j u s t  the 

data which Is re levan t  to them. The a d d i t io n  or  d e le t io n  o f  a 

t r a f f i c  element requ i res  t h a t  the con t ro l  program be modif ied  so th a t  a 

s t r i c t l y  modular approach cannot be used,

An a l t e r n a t i v e  method was used by Bei l  by ^  f o r  a micro model 

which was run on a small computer, In t h i s  method each word o f  

computer memory corresponds fo a sec t ion  o f  roadway, The p o s i t i o n  

o f  a v e h i c le  is ind ica ted  by the v e h i c l e ' s  parameters (e .g .  speed, 

a c c e le r a t i o n ,  d e s t i n a t i o n )  being stored In the word memory cor responding
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F igu re  2 . 1 * Flow Diagram o f  Control  Program used by UTCS 1 Program
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to  i t s  p o s i t i o n  in the road. In o rder  to  reduce the scan t ime o f

the road, the r.stwork d e f i n i t i o n  was made pa r t  o f  the c o n t ro l  program.

The c on t ro l  program is  shown in Fig .  2 .2 .  The bas ic  ope ra t ion  o f  the 

program is as f o l l o w s :  The computer " s t e p s "  along the road by execu t ing  

a s e r ie s  o f  dummy i n s t r u c t i o n s  (no-ops) u n t i l  a jump I n s t r u c t i o n  

( i n d i c a t i n g  the presence o f  a v e h ic le )  is encountered. The jump 

i n s t r u c t i o n  po in ts  to  a subrou t ine  which updates the veh ic le s  

parameters and p o s i t i o n .  This subrou t ine  a lso moves the jump 

i n s t r u c t i o n  t o  a new lo c a t i o n  to  in d ic a te  the change in p o s i t i o n  o f  

the v e h i c le .  This procedure is  repeated f o r  a l l  the roads in the 

network and f o r  every epoch in t ime.  Thus the con t ro l  program is  in 

e f f e c t  a d i r e c t  rep resen ta t ion  o f  the geometry o f  the network,  This

method is  f a s t  as no scanning o f  data needs to be performed.

An adap ta t ion  o f  the above approach is used in the presen t work.

Since a macro model is  used i t  Is not necessary f o r  the c o n t ro l  program

to  model the  d e ta i le d  geometry o f  each s t r e e t  in the road network.

The network is model led by a c o l l e c t i o n  o f  s im u la t ion  rou t ine s  which
* .

model lumped t r a f f i c  elements such as s t r e e ts  and i n t e r s e c t io n s .  The 

c o n t ro l  program is used on ly  to  c a l l  the s im u la t ion  subrout ines and 

pass requ i red parameters to  the  subrou t ines  in an order  def ined by the 

layou t  o f  the network. A genera l i sed format o f  a con t ro l  program is 

shown in Fig.  2.3,  As an example cons ider  a network shown in F ig ,  2 .4 ,  

c o n s is t i n g  o f  an en t r y  s t r e e t  feed ing  one leg o f  an i n t e r s e c t i o n ,  Two 

s im u la t ion  elements are needed. These are c a l l e d  subrou t ine  ELiNK 

( f o r  en t r y  s t r e e t )  and subrou t ine  TLIGHT ( f o r  i n te r s e c t io n )  

r e s p e c t i v e l y .  The bas ic  con t ro l  program layou t  Is aS shown In 

Fig. 2.5* Subrout ine ELINK Is f i r s t  entered to generate v e h ic le s  and 

move them down the s t r e e t ,  The parameter f o l l o w in g  the jump to 

sub rou t ine  i n s t r u c t i o n  conta ins  the address o f  the data  f o r  the
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Figure 2 . 2 . Control  Program used by Be i l  by.
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F igure 2 . 3 . Control  Program used in Present Work-
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F igure  2 . 5 , Control  Program f o r  Network given in Figure 2 .4 .
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s p e c i f i e d  e n t r y  l i n k #  On e x i t  from the EL INK sub rou t ine ,  the i n t e r ­

sec t ion  r o u t in e  is en te red.  Two parameters are requ i red  here;  

the  address o f  the data f o r  the in te r s e c t io n  ro u t in e  and the address 

o f  the ou tpu t  o f  the EL INK r o u t in e .  This ou tpu t  in d ica tes  whether a 

v e h i c l e  has been discharged from the s t r e e t  In to  the i n t e r s e c t i o n .

In the case o f  a general  network con ta in ing  several  elements 

such as s t re e ts  and i n te r s e c t io n s  the c on t ro l  program w i l l  cons is t  o f  

a number o f  c a l l s  to  each subrou t ine .  The number o f  c a l l s  

correspond to  the number o f  t imes an element appears in the  network.

For each c a l l  a unique data address is  given.  Thus each element in 

the  network has a dedicated b lock  o f  data and can, i f  requ i red ,  

access another e lements 'da ta  as in the case of* the TLiGHT ro u t in e  

(See 5 .5 ) .

2 .3 .3  System Oper a t i o n

The system operate!? in  two d i s t i n c t  modes -  'Program' and 'R un ' .

The program mode is  used to  set  up the con t ro l  program to  correspond 

to  the network being s imu la ted .  The run mode is  used f o r  en te r in g  

run t ime data and f o r  running the s im u la t io n .  The two ope ra t ions  

which aTo p a r t  o f  the run mode are descr ibed sepa ra te ly  f o r  c l a r i t y .

The program mode shown in F ig .  2.6 is  i n i t i a t e d  when the 

s im u la t io n  system is  loaded (see Appendix 1)» o r  when a s p e c i f i c  

execu t ive  command ( /P) is given (see 2 .4 . 3 ) .  A spec ia l  r ou t ine  in 

FASP ca l led  the compi le r  is then entered.  The compi le r  accepts 

network d e f i n i t i o n  statements from e i t h e r  the conso le (see Appendix 2) 

o r  from a f i l e  s tored on d i s k .  I f  the statements are to  be read 

from d i s k ,  the user types a load command fo l lowed by the a p p ro p r ia te  f i l e  

name (see 2 . 4 . 4 ) .  The compi le r  ope ra t ion  is una ffec ted  by the source 

o f  the statements ^console o r  d i s k ) .  The compi le r  examines the input  

stream and the statements are complied as soon as they are entered.
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The compi ler  f i r s t  checks i f  the statement entered is  a system 

c on t ro l  s ta tem en t , such as the end ( /E) statement (see 2 . 4 . 3 ) ,  and 

ac ts  on i t  immediately.  I f  i t  is  n o t , the compi ler  c a l l s  a ro u t in e

in  u t i l i t y  subrou t ine  l i b r a r y  o f  FASP which scans through the 

s im u la t ion  r o u t i n e ' s  names. I f  the f i r s t  word o f  the statement 

does not match any o f  the s im u la t ion  ro u t in e  names an e r r o r  

message is p r in t e d  and the statement is ignored. I f  a match is  

found the app ro p r ia te  s im u la t io n  r o u t in e  compi le r  segment is en te red , 

The compi le r  segment o b ta ins  the parameters ( i f  any) f rom the 

d e f i n i t i o n  statement by c a l l i n g  app ro p r ia te  rou t ines  in the u t i l i t y  

sub rou t ine  package. From the parameters, the s im u la t ion  r o u t in e  

compi ler  b u i ld s  up a sec t ion  o f  the c on t ro l  program which is  then 

w r i t t e n  to  the con t ro l  program memory area by another u t i l i t y  sub­

r o u t in e .  The above process is  repeated f o r  each statement entered 

u n t i l  an end statement is  encountered. A f lo w  char t  o f  t h i s  

process is given in F ig .  2 ,7 .

The FASP compi ler  does not have any con t ro l  over the t r a n s ­

l a t i o n  o f  the d e f i n i t i o n  s tatements.  The main fu n c t io n  o f  the FASP 

Compi ler  is  to  accept the d e f i n i t i o n  statements and then pass them 

t_ the requ ired s im u la t ion  ro u t in e s ,  The FASP compi ler  a lso  checks 

th a t  the number o f  parameters given in the statement corresponds to  

the number requ i red  by the s im u la t ion  r o u t in e .  I f  the re  Is a 

d i f f e r e n c e  in the number o f  parameters an e r r o r  message iV p r in t e d  

and the statement is Ignored.

The t r a n s l a t i o n  o f  the d e f i n i t i o n  statement in to  a sec t ion  o f  

c o n t ro l  program is  a f u n c t io n  o f  the user supp l ied  s im u la t io n  r o u t in e  

(see 3 -3 . 2 ) .  This requirement 2 , 2 ( v i ) th a t  a l l  compi lers be 

f l e x i b l e ,  is  s a t i s f i e d .
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The end statement C/E) term inates the program mode and the run 

mode is  s t a r t e d .  The procedure f o r  run t ime data e n t r y  is  s im i l a r  to 

the procedure used f o r  network d e f i n i t i o n .  Again the data may be 

entered from the console o r  from d is k .  A d iagramat ic  repre e n ta t io n  

o f  the process is  given in Fig .  2.8 and a f l o w  char t  is  g iven in 

F ig .  2,9• The run t im e execu t ive  f i r s t  checks i f  the statement is

a command and processes i t  (see 2 . 4 . 3 ) .  I f  not  an execu t ive  command, 

the s im u la t io n  ro u t in e  names are scanned f o r  d >tch w i t h  the f i r s t  

word o f  the s ta tem en t . I f  no match is found an e r ro r  message is  

p r in t e d .  I f  a match i s  found the a p p ro p r ia te  s im u la t ion  r o u t in e  data 

segment is  e n te re d . The data segment uses rou t ines  in the u t i l i t y  

subrou t ine  l i b r a r y  to  access the parameters in the statement.  The 

data segment processes the parameters, i f  necessary,  and s to res  the 

r e s u l t s  in the data area. A re tu rn  to  the execu t ive  is then made 

and the  nex t statement is  processed. Again the user suppl ied  

s im u la t ion  r o u t in e  has f u l l  con t ro l  over the i n t e r p r e t a t i o n ,  

preprossess ing and s torage o f  the parameters in the data statement 

(see 3 -3 - 2) ,

When a run command is  given (see 2 ,4*3)  the execu t ive  t ra n s fe r s  

execut ion to  the con t ro l  program which was b u i l t  up in the program 

mode. The i n t e r a c t i o n  o f  the  var ious  par ts  o f  the system is  shown 

in Fig.  2.10 . Gener con t ro l  program c a l l s  r v i u l a t i o n

rou t ines  in a requi red ■ t The s im u la t ion  rou t ines  rece ive  or

send data to  the p e r ip h e r a ls ,  i . e .  hardware random number genera to r ,  

p r i n t e r  and d is k .  The c on t ro l  program and the s im u la t ion  rou t ines  

use and' modify run t ime data,  r  r t  o f  the c on t ro l  program is a

loop which is  a u to m a t ic a l l y  generated by the compi ler .  The number o f  

t imes t h i s  loop is repeated is s p e c i f ie d  by the user when the run 

comri rd is  issued. On complet ion o f  the requ i red  number o f  loops,
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c o n t ro l  is  t r a n s fe r re d  back to  the execu t ive  and more data o r  commands 

may be issued by the  use r , FASP has an i n t e r r u p t  s e rv ice  ro u t in e  

so t h a t  the d i s k  and console can opera te  under i n t e r r u p t  c o n t r o l .

Disk in pu t -o u tp u t  and p r i n t e r  ou tpu t  is  bu f fered and the b u f f e rs  

a re  read and w r i t t e n  under c on t ro l  o f  the in t e r r u p t  s e rv ic e  r o u t in e .  

Th is  means th a t  the program does not  have to  w a i t  f o r  these devices 

t o  become ready and can cont inue execu t ing ,  The i n t e r r u p t  s e rv ic e  

r o u t in e  a lso  al lows the user to  h a l t  a program before i t  has f i n i s h e d  

execu t ing  and re tu rn  the con t ro l  to  the run t ime execu t ive .  Data 

may then be entered and program execut ion may be cont inued.

2 .3 .4  Storage A )1ocat  ion

One o f ' t h e  fea tu res  o f  FASP is  the a l l o c a t i o n  and management o f  

data storage.  This s i m p l i f i e s  the programming o f  s im u la t io n  

ro u t in e s .

FASP has two types o f  s torage areas, The f i r s t  is  ca l led  

"Cons tan t"  storage and the FASP execu t ive  cannot modify data in t h i s  

area.  This area is  used f o r  s t o r i n g  constants  such as t r a f f i c  f l o w  

ra te s  and s igna l  t im ing  data.

The second type o f  s torage area c a l le d  " I n i t i a l "  is  provided 

s p e c i a l l y  f o r  t r a f f i c  s im u la t io n .  The data in t h i s  area can be 

I n i t i a l i z e d  to  zero.  The s im u la t io n  rou t ines  can use t h i s  area o f  

s torage f o r  S t ree ts  and queues which need to  be emptied before  a 

s im u la t ion  run is s ta r ted  o r  r e s ta r t e d ,  This data area Is o n ly  

i n i t i a l i s e d  when the i n i t i a l  command (see 2 .4 .3 )  is g iven,  Thus 

the dser has con t ro l  over whether the network is  to  be emptied o f  

Veh ic les  before a rerun Of the s im u la t io n .
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2.4 Use o f  FASP

2.4.1 Network D e f i n i t i o n  and Run Time Data Statements

The network d e f i n i t i o n  statements and run t ime data statements

format  is  l a r g e l y  a f u n c t io n  o f  the programming o f  the s im u la t io n

r o u t in e s .  However the general Format o f  these statements is

de f ined  by FASP. The general  form is as f o l l o w s :

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

The NAME is  a name given to  the s im u la t io n  r o u t in e  element and

i d e n t i f i e s  the s im u la t ion  ro u t in e  to  which the statement r e fe r s .

NAME must appear e x a c t l y  as i t  i s  def ined in the s im u la t ion  ro u t in e

and must appear before  the f i r s t  comma.

NUMBER is  ah o p t io n a l  parameter and is  used when several  elements

o f  the  same type  appear in the network.  For example a network can

c o n s is t  o f  many s t r e e ts .  I f  the  s im u la t ion  ro u t in e  f o r  m ode l l ing

s tv f .e ts  is c a l le d  LINK the  d i f f e r e n t  s t r e e ts  would be a l lo c a te d

numbers so th a t  one can be d i f f e r e n t i a t e d  from another.  The statement

LINK, 3» . would r e fe r  to  s t r e e t  number th ree ,  and the data
.

elements entered would p e r t a in  to th a t  s t r e e t .

DATA ELEMENT is a number, a lp lanum er ic  s t r i n g  o r  another NAME 

which is  to be passed to the s im u la t ion  ro u t in e .  The number o f  

data elements in a statement depends on the s im u la t ion  r o u t in e .

Carr iage re tu rn  must be entered a f t e r  the l a s t  data element.

FASP checks each statement to '  see tha t  the number o f  data 

elements in the statement correspond to the number o f  data elements 

requ i red  by the p a r t i c u l a r  s im u la t ion  r o u t in e .  The type o f  data 

element (NAME, number o r  s t r i n g )  is  a lso checked f o r  correspondence.

FASP a lso  prov ides f a c i l i t i e s  f o r  the s im u la t ion  rou t ine s  to  request 

a v a r i a b le  number o f  data elements (see 3 . 2 . 1 ) .  The comma which Is

<
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used as a d e l i m i t e r  between data elements can be replaced by a semi­

colon to  in d ic a te  op t ions  to  the s im u la t io n  r o u t in e  i f  the s im u la t ion  

r o u t in e  is  programmed to  expect i t .

FASP places few r e s t r i c t i o n s  on the format  o f  the statements.

By c a re fu l  choice o f  the NAMK and sequence o f  the data  elements the 

programmer o f  s im u la t io n  rou t ines  can ensure tha t  the statement is 

meaningful  to  the user o f  the s im u la t ion  system. Examples o f  

statements f o r  t r a f f i c  s im u la t ion  are given in Chapter *>.

2 .4 .2  Control  Program S t ruc tu re

The c o n t ro l  program Is b u i l t  up from the network d e f i n i t i o n  

statements .  Thus the network d e f i n i t i o n  statements can be considered 

as a symbol ic rep resen ta t ion  Of the s im u la t io n  program. In a 

s im u la t io n  program i t  is  des i ra b le  to have th ree  phases. The f i r s t  

phase is used f o r  i n i t i a l i z i n g  v a r i a b le s ,  r e s e t t i n g  p e r ip h e ra ls  and 

opening f i l e s .  The next phase is the ac tua l  s im u la t ion  phase.

The l a s t  phase is  used f o r  c lo s in g  f i l e s ,  and p r i n t i n g  f i n a l  r e s u l t s .

FASP prov ides f a c i l i t i e s  f o r  segmenting a s im u la t io n  con t ro i
-

program in to  the  three phases and a l lo w in g  the user c on t ro l  over  the

var ious  phases. The program is segmented in to  the phases by using

the keywords. INITIAL, DYNAMIC, and TERMINAL as shown in F ig .  2.11.

The INITIAL phase comprises a l l  the statements which appear 

between the words INITIAL and DYNAMIC. These statements are 

executed when an i n i t i a l i s e  command is g iven .  The statements are 

executed once Only and con t ro l  re tu rns  to  the FASP execu t ive  a l low ing  

the user to issue a f u r t h e r  command.

The dynamic phase comprises a l l  the statements between the words

DYNAMIC and TERMINAL. FASP sets up a program loop so tha t  these

statements can be executed repeated ly .
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Each execut ion o f  the loop represents  one epoch o f  s im u la t io n .

The number o f  t imes the statements in the loop must be executed 

(o r  number o f  epochs to  be simula ted)  is s p e c i f i e d  by the user when 

the run command is  g iven .  On complet ion o f  the s p e c i f i e d  number o f  

loops t i e  TERMINAL sec t ion  is  executed.

The statements which appear between the words TERMINAL and the 

end statement are executed o n l y  once a t  the end o f  a s im u la t ion  

run,  A f t e r  the TERMINAL phase is  completed con t ro l  is  re tu rned to  

the  FASR execu t ive .

The th ree  keywords INITIAL, DYNAMIC and TERMINAL must appear in 

the  given o rde r  f o r  the FASR system to opera te c o r r e c t l y .

2*4.3 Execut ive Commands

FASP has several  commands to  con t ro l  the running o f  a program. 

Commands cons is t  o f  a /  fo l lowed by an a lp h a b e t i c  code. The i r  ac t ion s  

are as f o l l o w s :

/E This in d ic a te s  the end o f  a user program and term inates

the  program MODE o f  FASP, FASP then en ters  the run mode. 

This  command is undef ined In the RUN mode.

/ I  I n i t i a l i s e s  a l l  i n i t i a l  s torage to  zero and executes the

i n i t i a l  Segment o f  the program,

ZR Runs the user program, The console types NO OF RUNS and

the user en ters  the number o f  t imes he wants the DYNAMIC 

segment o f  the program to be repeated,

/P Returns FASP to the  Program mode so th a t  another program

may be entered.  Note:  The prev ious Control  program in 

memory is  d e s t royed ,

ZC Continues execut ion o f  program which was in te r ru p te d  by

the user (see be low ) ,
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ESC A program t h a t  is  execut ing may be in te r ru p te d  by pressing

the  ESCAPE key. At the end o f  the c u r re n t  epoch the 

program h a l t s  and 'STOP AFTER N RUNS' is  p r in t e d .  Control  

i s  t r a n s fe r re d  to the execu t i ve ,  and data may be entered*  

o r  another command may be g iven .

2 .4 .4  DDOS 1.6 D isk Support

The present, ve rs ion  o f  FASP is  con f igu red  w i th  support  f o r  the 

Decis ion Disk Operat ing System ^ T h e  d i s k  support  provides 

f a c i l i t i e s  f o r  the user to s to re  network d e f i n i t i o n  statements and 

run t ime data on d i s k .  These can be subsequent ly read from the 

d i s k  and the s im u la t io n  can be rerun.  Data is  stored on d i s k  in 

ASCII code so t h a t  the data can be ed i ted  w i th  the standard Data 

General E d i to r  .

Various commands are provided so th a t  the user can s to re  data 

Which is subsequent ly  entered from the conso le ,  on the d i s k  and 

read i t  back a t  a l a t e r  stage. The commands can be entered when­

ever  the FASP system is  expec t ing  data from the user.

The Commands conform to the standard format f o r  statements 

(see 2 . 4 , 1 ) .

Disk Commands 

SAVE, FILENAME [ J

Th is  Command creates  a f i l e  c a l l e d  FILENAME and a l l  subsequent data 

typed on the console is  w r i t t e n  to d i s k ,  The same mode is term inated 

by an execu t ive  command ( i . e .  any c a l l  preceded by the character  

" / " ) •  FILENAME must be a name tha t  does not a l ready  e x i s t  on the 

d i s k  o r  an e r r o r  message w i l l  r e s u l t .  I f  the op t io na l  comma is 

presen t* the f i l e  "FILENAME" must e x i s t  and a l l  ubsequent data 

typed w i l l  be appended to the e x i s t i n g  f i l e ,
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*

PET, FILENAME^,]

This command reads a d i s k  f i l e  and t r e a t s  the data  as i f  i t  had been 

entered from the conso le.  I f  the o p t io n a l  comma is  present the 

data  read in i t  i s  not  p r in te d  on the conso le.

KILL, FILENAME

This de le tes  the f i l e  c a l le d  FILENAME from the d i s k .

BYE

Returns con t ro l  to  the DDOS ope ra t ing  system.

2 .4 .5  E r ro r  Messages .

E r ro r  messages are p r in t e d  in a standard format s i m i l a r  to t h a t  

o f  BASIC. The format i s :  ,

ERROR N.

N is  the e r r o r  number and is in the range o f  1 -  99, E r ro r  numbers 

in the range 1-19 are system e r ro rs  and the remainder may be used 

by the programmer f o r  e r ro rs  which may occur  in s im u la t ion  rou t ine s ,  

Cer ta in  e r ro rs  (example memory ove r f low )  are f a t a l  to  the system and 

re q u i re  th a t  the source o f  e r r o r  be cor rec ted  and the system must be 

re loaded , A l l  o the r  e r ro rs  mere ly r e s u l t  in the ope ra t ion  in which 

the e r r o r  occur red to  be ignored, A l i s t  o f  e r r o r  messages and t h e i r  

meanings is  given in Appendix 3,

2 ,5  Surnna ry

The FASP execu t ive  orov ides f a c i l i t i e s  f o r  the user to  e a s i l y  

s im u la te  a t r a f f i c  network once the s im u la t ion  rou t ines  have been 

p ro v id e d , FASP prov ides the user w i th  a means o f  d e f in in g  the 

ne tw o rk ,en te r ing  run t ime data and running the simul , t I  o n .

FASP is f l e x i b l e  In tha t  the programmer o f  the s im u la t ion  rou t ines  

has con t ro l  over the format arid i n t e r p r e t a t i o n  o f  user statements and 

can thus t a i l o r  the system to meet h is  requirements.
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CHAPTER 3 

* DETAILED structure of fasp

3•1 In t ro d u c t io n

The concepts and o v e r a l l  view o f  FASP v/as given in the prev ious 

chap te r .  In o rder  to  modify the system o r  to add s im u la t ion  r o u t i n e s , 

e more d e t a i l e d  d e s c r ip t i o n  is  r e q u i r e d . ’

. The i n t e r f a c in g  requirements f o r  s im u la t io n  rou t ines  is exp la ined

in t h i s  chap te r .  Since s im u la t ion  rou t ines  are w r i t t e n  in Nova

'  17Assembly Language, a knowledge o f  the Nova Extended Assembler is

requ i red  f o r  a complete understanding o f  t h i s  chapter .

The programming o f  s im u la t io n  rou t ines  is made e as ie r  by var ious

rou t ine s  contained in FASP. These rou t ines  perform inpUt-outpu

storage manipu la t ion  and code convers ions . Thu use o f  these rou t ines

Is f i r s t  descr ibed and then the la you t  o f  the s im u la t ion  rou t ines  is

g iven .  Al though probably  not  requ i red  f o r  t r a f f i c  s im u la t io n ,  a

d e s c r ip t i o n  on how to  w r i t e  i n t e r r u p t  se rv ice  rou t ines  is  given f o r

completeness.

The modular s t r u c t u r e  o f  FASP, and the use o f  pseudo in s t r u c t i o n s  

is  s i m i l a r  to  the approach used by Gordon fo r  extending the Data 

General BASIC language

3.2  Pseudo I n s t r u c t io n s

The u t i l i t y  rou t ines  which are def ined in FASP are Intended to 

c rea te  a more powerful o r  h igher  level  Assembly Language f o r  programming 

o f  s im u la t ion  rou t ines .  The u t i l i t y  rou t ines  have been given 

symbol ic  names which e f f e c t i v e l y  Increase the I n s t r u c t i o n  set  o f  the
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Nova Assembler. The symbol ic names are t ra n s la te d  by the Assembler 

and Loader i n to  Jump' to  Subrout ine in s t r u c t i o n s .  Since FASP and 

the s im u la t ion  rou t ine s  are re loca teab le  and are assembled sepa ra te ly  

some means o f  l i n k i n g  the two toge ther  is requ i red .  This is  done 

by using the f a c i l i t i e s  o f  the Nova Extended Assembler. The 

symbol ic  names o f  the rou t ines  are def ined In FASP to  be Entry  po in ts  

(.ENT) and in the s im u la t ion  rou t ines  t o  be ex te rna l  references 

( .EXTN). This i n s t r u c t s  the assembler t h a t  symbols 

which are def ined as ex te rna l  references are to be resolved a t  load 

t ime.  This is i l l u s t r a t e d  by the  fo l l o w in g  example o f  FASP and 

s im u la t io n  ro u t in e  cod ing.

FASP

.ENT GET ; de f ine  e n t r y  po in t

GET.“  JSft @.GET ; de f ine  pseudo i n s t r u c t i o n

•GET: GET1 ; i n d i r e c t  address

GET1: . . . .  j subrou t ine  f o r  execut ing

pseudo i n s t r u c t i o n

Simula t ion Routine 

•EXTN GET ; de f ine  ex te rna l  reference

; s im u la t io n  ro u t in e  coding

GET ; pseudo i n s t r u c t i o n

; loads as J j , l  @ .GET

The pseudo i n s t r u c t i o n  GET above is  t r a n s la te d  by the r e lo c a t in g  

loader  ^ in to  a JSR GET i n s t r u c t i o n .  The symbol @ in the 

i n s t r u c t i o n  denotes i n d i r e c t  addressing and is  used because o n ly  256 

words o f  memory cart be d i r e c t l y  addressed in the NOVA.
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A l l  the pseudo i n s t r u c t i o n s  use the above fo rmat.  Some Of the 

pseudo in s t r u c t i o n s  requ i re  c e r ta in  parameters. Those parameters are 

passed to  the rou t ine  in FASP v ia  the accumulators AC0 to  AC3. 

Parameters are a lso passed back to  the s im u la t io n  r o u t in e  v ia  the 

accumulators as i l l u s t r a t e d  below.

LDA 0,PARM1 ; LOAD PARAMETER 1

LDA 1.PARM2 ; LOAD PARAMETER 2

LDA 2 , PARM3 ; LOAD PARAMETER 3

GET ; PSEUDO INSTRUCTION

; EXECUTION RESUMES

; HERE AFTER EXECUTING THE

; PSEUDO INSTRUCTION

; WITH RETURN PARAMETERS IN

; ACCUMULATORS.

The pseudo I n s t r u c t io n s  are d iv ided  In to  4 main c lasses ,  i . e .  

i n p u t ,  o u tp u t ,  FASP con t ro l  and miscel laneous.

3.2 .1  Input Pseudo In s t r u c t io n s

FASP has an Input rou t ine  wh irh  reads network d e f i n i t i o n  s t a t e ­

ments o f  run t ime data from the console o r  d isk  in to  a b u f f e r .  Input 

pseudo i n s t r u c t i o n s  are provided so t h a t  s im u la t io n  rou t ines  may e x t r a c t  

parameters from the b u f f e r .  Code conversion (e .g .  ASCII decimal to  

b in a ry )  is a lso  performed as requ i red .  The parameters are ex t ra c ted  

s e q u e n t i a l l y  from the beg inn ing o f  the b u f f e r .  Thus the f i r s t  pseudo 

i n s t r u c t i o n  re fe rs  to  the f i r s t  parameter,  the second i n s t r u c t i o n  to  

the second parameter and so on. The general  form o f  the data or  

d e f i n i t i o n  statement was given in 2 .4 ,1 .  Parameters are separated 

from one another by break characters  which may be e i t h e r  a comma, a 

semi-colon  or  a ca r r iage  re tu rn .  The semi-colon may be used to  denote 

c e r t a in  op t ions  to  the s im u la t io n  ro u t in e .  Whenever a parameter Is
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ex t ra c ted  from the b u f f e r ,  the type o f  break cha rac te r  f o l l o w in g  the

parameter is in d ica ted  by a code va lue which .is placed in AC3. The

code may then be tes ted by the s im u la t io n  r o u t in e  and a p p ro p r ia te  

a c t io n  taken. This f e a tu re  may be used to  t e s t  f o r  the end o f  a 

statement i f  a v a r ia b le  leng th  parameter l i s t  is  requ i red .  The codes 

re turned in AC) are as f o l l o w s :

AC) “  1 Break cha rac te r  was a semi colon

AC) — 0 Break charac te r  was a comma

AC) ==-1 Last parameter in l i s t .

Before FASP t r a n s fe r s  execut ion to  a s im u la t io n  r o u t in e  a f t e r  a 

a or  d e f i n i t i o n  statement,  a GETAD pseudo i n s t r u c t i o n  is  a u to m a t ic a l l y  

execu ted. The accumulators are loaded w i th  data as below. Thus the 

f i r s t  pseudo i n s t r u c t i o n  issued by the s im u la t ion  r o u t in e  w i l l  r e f e r

to  the f i r s t  parameter a f t e r  the r o u t in e  name and number.

The a v a i la b le  input pseudo i n s t r u c t i o n s  are as f o l l o w s :

GETAD Get the addresses o f  a s im u la t io n  r o u t in e  g iven a ro u t in e

name and a number i f  necessary.

On complet ion o f  the i n s t r u c t i o n

AC0 =  address o f  the constant  s torage area f o r  the ro u t in e

AC 1 — address o f  the i n i t i a l  s torage area f o r  the ro u t in e

AC2 =  Address o f  1st  word o f  the r o u t in e  f o l l o w in g  the

ro u t in e  name 

AC) 6=6 Number o f  the ro u t in e  

GET Convert the ASCII s in g le  p re c is io n  decimal number in the

b u f f e r  to a two 's  complement b ina ry  number 

On complet ion 

AC0 “  b ina ry  number 

AC1,AC2 unchanged 

AC) '== break code
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GETAS Fetch an ASCII s t r i n g  from the b u f fe r  and s to re  i t  s t a r t i n g

a t  an address s p e c i f i e d  by AC#. The bytes are packed 

from l e f t  to  r i g h t  in the word and the s t r i n g  is  term inated 

by a n u l l  byte o r  word.

On complet ion

AC0 “ S t r i n g  s t a r t i n g  address 

AC1 == Length o f  s t r i n g  (words)

AC2 == Unchanged 

AC3 — Break code 

GETBR Return the l a s t  used break code in AC).

GEtC Get a c ha rac te r  d i r e c t  from the console (not b u f f e r ) ;

This is  not  normal ly  used by s im u la t io n  rou t ine s .

On complet ion

AC# =  7 b i t  ASCII charac te r  in lower byte o f  the 

accumulator word 

AC1,AC2,AC3 "= unchanged

3 .2 .2  Output Pseudo In s t r u c t io n s
* '

Output pseudo i n s t r u c t i o n s  are used to  p r i n t  messages o r  numbers 

on the co nso le . In a l l  cases the cons tants  o f  the accumulators are 

una l te red  f o l l o w in g  the i n s t r u c t i o n .  The f o l l o w in g  pseudo i n s t r u c t i o n s  

are a v a l l a b le :

PUTC P r in t  the ASCI I cha rac te r  conta ined in AC# on the console.

The charac te r  must be in the lower by te  o f  the accumulator.  

PUT Convert the b inary  number in AC0 to ASCII decimal and

p r i n t  I t  on the console. The word f o l l o w in g  the pseudo 

i n s t r u c t i o n  must conta in  a number In the range 1 -  5 , to 

I n d ic a te  the number o f  decimal d i g i t s  to  be p r in t e d .

Leading zeros are suppressed and a number tha t  cannot be 

represented by the format s p e c i f i e d  Is p r in t e d  as 0 0 0
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CRLF p r i n t  a c a r r i a g e  re tu rn  and l i n e  feed on the console.

MES P r in t  a t e x t  s t r i n g  on the conso le.  The s t r i n g  must

f o l l o w  the i n s t r u c t i o n  MES and two ASCII characters  must be 

s tored per word. The charac te rs  must be l e f t  j u s t i f i e d  

in the word (.TXTM 1 fo rmat ) .

ERROR P r i n t  an e r r o r  message on the conso le .  The word f o l l o w in g

the pseudo i n s t r u c t i o n  niust con ta in  the e r r o r  number.

The message is p r in te d  w i t h  the f o l l o w in g  format .

ERROR NN

A f t e r  p r i n t i n g  the e r r o r  message, c on t ro l  is passed to the 

execu t i ve .  E r ro r  numbers 1 to 19 are reserved f o r  system 

usage and numbers 20 -  99 are a v a i l a b le  f o r  s im u la t ion  

ro u t in e  e r r o r  messages.

3-2 .3  FASP Control  Pseudo I n s t r u c t io n s

The FASP con t ro l  pseudo func t ions  are inc luded here f o r  complete­

ness but are re fe r re d  to  l a t e r  in the sec t ions  on s im u la t ion  and

I n t e r r u p t  s e rv ic e  rou t ine s .  The f o l l o w in g  I n s t r u c t io n s  are a v a i l a b le
-

RETURN This must be the l a s t  i n s t r u c t i o n  in a data segment o f  a

s im u la t io n  subrou t ine ,  I t  checks th a t  a l l  the parameters 

In the data statement have been used and re tu rns  con t ro l  

to  the execu t ive  enab l ing  more commands o r  data to  be 

en tered,

NoNE This Is not an i n s t r u c t i o n  but an i n d i r e c t  address.  I t

po in ts  to a rou t ine  which w i l l  p r i n t  an e r r o r  message 

(ERROR 6) .  I t  IS used f o r  s im u la t io n  rou t ines  th a t  

have no data segments (see 3 . 3 -2 ),

PUTP W r i te  i n s t r u c t io n s  in to  the con t ro l  program. This is  used

in the program segment o f  a s im u la t ion  ro u t in e .  The 

program segment is entered when a network d e f i n i t i o n  s t a te -
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ment is  entered on the co n s o l . The program segment bu i ld s  

up the app ro p r ia te  NOVA Assembly I n s t r u c t io n s  to  be w r i t t e n  

i n to  the c o n t ro l  program and s tores them s t a r t i n g  from 

the second word f o l l o w in g  the pseudo i n s t r u c t i o n s  PUTR.

The word immediately f o l l o w in g  PUTP must con ta in  the 

address o f  the l a s t  i n s t r u c t i o n  to be w r i t t e n  i n to  the 

c o n t ro l  program. Since the i n s t r u c t io n s  f o l l o w in g  the 

Pseudo i n s t r u c t i o n s  are moved to a d i f f e r e n t  p a r t  o f  

memory, they must be un located,  i . e .  they must be able 

t o  execute anywhere in memory.

Thus i n d i r e c t ,  o r  d i r e c t  addressing o f  page zero must be 

used f o r  these in s t r u c t i o n s .  A f t e r  the pseudo i n s t r u c t i o n  

' I s  executed c on t ro l  is  t r a n s fe r r e d  to FASP. PUTP is 

the l a s t  execu tab le  i n s t r u c t i o n  in the program segment.

TRAP This pesudo i n s t r u c t i o n  is r a r e l y  used and is  o n l y  used

by some in t e r r u p t  s e rv ic e  rou t ine s .  I t  is  used by 

i n t e r r u p t  s e rv ic e  rou t ines  which use any o f  the o the r  

pseudo i n s t r u c t i o n s .  These cannot be used w i th o u t  f i r s t  

us ing TRAP as they are non r e -e n t r a n t .  TRAP Is the on ly  

r e -e n t ra n t  pseudo i n s t r u c t i o n s  and is r e -e n t ra n t  up t o  8 

l e v e ls ,

TRAP dismisses the i n t e r r u p t  and s im u la t ion  cont inues t i l l  

, the c u r re n t  epoch has been s imula ted.  The s e rv ic e  r o u t in e  

is  re -en te red w i th  i n t e r r u p t s  o f f  and the i n s t r u c t i o n  

f o l l o w in g  TRAP is executed. A f t e r  the TRAP i n s t r u c t i o n  the 

s e rv ic e  ro u t in e  may use any o f  the pseudo i n s t r u c t i o n s .  The 

s e rv ice  ro u t in e  must end w i th  a JMP 0,3 I n s t r u c t i o n .

3 ‘ 2.4 Ml seel Ianeous Pseudo In s t r u c t  ions

These pseudo i n s t r u c t io n s  are Included to s i m p l i f y  programming o f  

s im u la t ion  o f  t r a f f i c  elements.
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The f o l l o w in g  i n s t r u c t io n s  are a v a i l a b le .

MULTIPLY M u l t i p l i e s  2 s in g le  p re c is io n  unsigned b inary

numbers to  produce a double p re c is io n  unsigned b inary  

number.

A t h i r d  number is  added to  the resul t . .

On e n t r y :

AC0 =  number to  be added to  r e s u l t  (C)

AC! =  mill t i p i  ican t  (A)

AC2 ”  m u l t i  pi Ie r  (B)

On comple t ion:

AC# ^  product (A x B + C) low o rder  word 

AC1 — product (A x B + C) high  o rder  word 

N.B. No o v e r f lo w  checking is  per formed.

DIVIDE D iv ide  a double p re c is io n  unsigned b ina ry  number by a

S ing le  p re c is io n  b ina ry  number to produce a s in g le  

p re c is io n  b ina ry  q u o t ie n t  and remainder.

On e n t r y ; .
AC# == d iv idend (low o rd e r  word)

AC1 “  d iv idend (high o rder  word)

AC2 — d i v l s o r  

On complet ion 

AC# — quo t Ie n t  

AC I 03 remainder

N.B. No under f low-check ing is  performed.

3.3 Simula t ion Routines 

3 • 3•1 In t roduc t  ion

Simula t ion rou t ines  are programmed in Nova Assembly Language and 

pseudo in s t r u c t i o n s .  The rou t ines  must be re loca teab le .
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A genera l i zed s im u la t ion  ro u t in e  has three en t r y  po in ts  which 

correspond to  three separate segments o f  the r o u t in e ,  i . e .  program, 

data and s im u la t ion  segments. The program segment is entered when a 

network d e f i n i t i o n  statement is entered and is  used to w r i t e  a sec t ion  

o f  the c on t ro l  program. The data statement may be used to  manipula te 

parameters entered in a data statement <:id s to re  them f o r  l a t e r  use by 

the s im u la t io n  segment. The s im u la t ion  segment is the ac tual  

s im u la t io n  subrou t ine  which is c a l le d  by an i n s t r u c t i o n  in the con t ro l  

program.

3.3*2 Example o f  a Simula t ion Routine

The o rg a n is a t io n  and s t r u c tu r e  o f  a s im u la t ion  r o u t in e  is  best 

exp la ined by the  use o f  the EL INK subrou t ine  as an example. The 

ELINK r o u t in e  models an en t r y  s t r e e t  by genera t ing  veh ic les  randomly 

w i t h  a user s p e c i f i e d  p r o b a b i l i t y  and s tepp ing the veh ic les  p rog res s iv e ly  

down the s t r e e t .  A more d e ta i le d  d e s c r ip t i o n  o f  t h i s  r o u t in e  from the 

t r a f f i c  p o in t  o f  view is  given in 5 .4 .  The ro u t in e  w i l l  be 

discussed by r e fe r r i n g  to  page and l i n e  number in the l i s t i n g  given.

The l i s t i n g  has been d iv ided  in to  5 main groups -  comments and' 

assembler pseudo ope ra t ions ,  ro u t in e  header, program segment, data 

setment and the ac tual  s im u la t ion  subrou t ine ,

Page 1, l i n e s  1 to  18 cons is ts  mainly  o f  comments on the ro u t in e  

which are ignored by the assembler. The o n ly  mandatory statements 

are the d e c la ra t io n  o f  a l l  the pseudo in s t r u c t i o n s  as , fKTRN ( l in e s  

12 and 13), Line 17 def ines  an I n d i r e c t  address which is placed in 

page zero.  Th is  i n d i r e c t  address is  used l a t e r  f o r  the c o n t ro l  

program which is generated by the program segment.

Lines 20 to 2$ comprise the header , The header provides the 

in te r f a c e  between the ro u t in e  and the FASP execu t ive  and a s t r i c t  

fo rmat  must be adhered to f o r  co r re c t  ope ra t ion .  The f i r s t  word o f
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the header conta ins  the address o f  the ro u t in e  which in t e r p r e t s  the 

run t ime data statement (see page 2, l i n e  1). I f  no data rou t ine  

is requ i red  the pseudo i n s t r u c t i o n  "NONE*' must be placed here.  The 

second and f o u r th  word ( l i n e s  21 and 23) conta in  the number o f  s torage 

blocks th a t  must be reserved f o r  the s im u la t io n  r o u t in e .  In t h i s  case 

s u f f i c i e n t  Scorage has been provided f o r  64( l00g)  en t ry  l i n k s  in the 

network.  The t h i r d  and f i f t h  words ( l i n e s  22 and 24) de f in e  the 

number o f  constant  and i n i t i a l ! s a b l e  storage lo c a t io n s  to be reserved 

In each s torage b lock  (see 2 . 3 . 4 ) .  In t h i s  case a t o ta l  o f  320 

constant and 1600 I n i t i a l i s a b l e  lo c a t io n s  are reserved f o r  the 

ELINK subrou t ine .

The S ix th  word ( l i n e  25) conta ins the 'address  o f  the l a s t  

I n s t r u c t i o n  p lus one o f  the s im u la t ion  ro u t in e ,  This  is  used by 

FASP as a p o in te r  to  the next s im u la t ion  ro u t in e .  The pseudo 

ope ra t ion  in l i n e  26 is  an i n s t r u c t i o n  to  the assembler to  pack the 

ASCI! bytes o f  subsequent t e x t  data from the l e f t  to  r i g h t  in the 

computer memory words.

The seventh word o f  the header ( l i n e  27) conta ins  the f i r s t  two 

characters  o f  the r o u t in e  name. The ro u t in e  name is  the name used 

In network d e f i n i t i o n  and data statements to  i d e n t i f y  the p a r t i c u l a r  

s im u la t ion  ro u t in e .  There Is no r e s t r i c t i o n  on the length  o f  the 

name.

The program segment Immediately f o l l o w s  the end o f  the name 

( l i n e  31).  When a network d e f i n i t i o n  statement is  entered w i th  the 

ro u t in e  name "ELINK",  execut ion Is t r a n s fe r re d  to the program segment. 

Before execut ion is t r a n s fe r r e d ,  a GETAD pseudo i n s t r u c t i o n  is issued 

by FASP and she accumulators are loaded w i th  the re levan t  data (see 

3 ,2 . 1 ) .  In the example, the in s t r u c t i o n s  in l i n e s  32 and 33 s to re  

the addresses o f  the constant and I n i t i a l I z a b l e  data areas f o r  the 

referenced ro u t in e  and rou t ine  number In lo ca t ions  EL2 and EL3
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r e s p e c t i v e l y .  This in e f f e c t  comprises the i n t e r p r e t a t i o n  o f  the data 

statement in to  a sec t ion  o f  con t ro l  programs. The pseudo i n s t r u c t i o n  

PUTP w r i t e s  the subrou t ine  c a l l  . ( l ines 36 to  38) i n to  the con t ro l  

program area. The word fo l l o w in g  PUTP is  the address o f  the l a s t  

l o c a t i o n  which is  to  be w r i t t e n  in the c on t ro l  program area.

The run t ime data segment is l i s t e d  on page 2 . When a Jata s t a t e ­

ment is  entered from the conso le ,  a GETAD pseudo i n s t r u c t i o n  is 

executed by FASP and e x e c ‘ \ !on  cont inues from l i n e  3 . L ine 3 

Stores the address o f  the constant  s to rage block f o r  l a t e r  use.

Loop constants are set  up in l i n e s  4 and 5* The GET pseudo i n ­

s t r u c t i o n  gets the f i r s t  parameter ( i n  t h i s  case a f low  ra te )  in the 

data  statement f rom the in pu t  b u f f e r  and converts  the  decimal va lue to 

b ina ry .  L ines 7 ™ 16 manipula te the data i n t c  a form most s u i t a b le  

f o r  the s im u la t ion  ro u t in e  (see 5 .4 . 2 ) and s tores  i t  in the b u f f e r .

The loop count is  incremented and the pseudo i n s t r u c t i o n  GETBR 

examines the b i c i k  charac te r  in the d e f i n i t i o n  statement.  I f  the 

break charac te r  is a ca r r ia g e  r e tu rn ,  the remaining lanes '  f l o w  ra te  

cons tants  are zeroed and the pseudo i n s t r u c t i o n  RETURN In l i n e "25 

t r a n s fe r s  execut ion back to  FASP.

I f  the break charac te r  was not a ca r r ia g e  r e t u r n , a check is made

to  see i f  more than 5 p a r a , - t e r s  are s p e c i f i e d  ( l i n e s  31 -  34) .

I f  not  the above process is  repeated f o r  a l l  the parameters s p e c i f i e d  

in the data statement.  I f  more than 5 parameters are s p e c i f i e d ,  

the ERROR pseudo I n s t r u c t i o n  ( l i n e  35-36) is executed and ERROR 20 is 

p r in t e d .

The actua l  s im u la t ion  segment is given on page 2,  l i n e  44 to

l i n e  22 , page 3* When the s im u la t io n  program Is run and the sec t ion

c f  the con t ro l  program generated by the program segment Is executed, 

a jump' to  subrou t ine  EL INK is  mode using  the i n d i r e c t  address
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PAGE '1 
87/84/^5 

1 
2
3
4
5 
■6 
? '

S
9

10
11
12
12
14
15
16
17
18 

JLS.

0 80>? 0 -  8 O0 06 4'

20
21
22
23
24
25 
26’
27
28 
25

00080'800020 
80001'000100 
00002 '

00002 : '

00004'
00805'

.TITL ELINK ' '

; ENTRY ulNK OF UP TO 5 LANES 
) CALLING SEQUENCE:

; PRQGP^M:-' 
t EL INK.. NO.

; DATA;-
; EL INK. NO. , FLOW RATE 1, FLOMPATE 2,.   FLOW RATE

,EXTN PUTP, GET,RETURN,GETS?.MULTIPLY 
.EXTN DIVIDE,ERROR 
. HEAD DELINK ROUTINEf

. 2REL 
. BLINK: EL INK

f r
31
32
33
34
35
36
37
2 3

80006 '

80007'
80810'

000005
800108
0 0 0 0 :1
000131'000001
042514
044:16
045400

ELI 
100 
5 
180 
25.
NEXTE 
. TXTM 
. TXT

; ADD OF DATA ROUTINE 
> 64 ELIMKS
; CONST STORAGE REQUIRED
i INITIAL STORAGE REQUIRED
; POINTER TO NEXT ROUTINE

1 } LEFT TO RIGHT PACKING
*EL1NK* . NAME OF ROUTINE

08811'
00012'

00013'
00014'
80015'
00016'
00017'

040405 
04440: 
177777 
000017' 
006000- 
v00001 
000801

PROGRAM AREA 
STA 8, EL2

EL2:
EL3:

SIR 
PUTP 
ELF 
JSR 
. BLK 
. BLK

1, ELS
,t CONST ADD 
j INITIAL ADD

WRITE PROG

0. EL INK
1
1



PfiGE 2 
07/94/75 
1 
2
3 00020'04077':4 06021'102400
5 00022"0407*5
6 00023"17777?
7 00924"1O5000
8 00025"102400
9 00025"020434
10 0O027"17777?
11 00020"O30421
12 90031"177777
13 03022" 02,0754
14 00033"024764
15 00034"122000
15 09025"041900
17 ■ 00826’0i0T6i 
IS 00037"177777 
19 O0040"174014
23 00041"000412
21 00042"02475522 00043"02O420
23 00044"176400
24 00045"122415
25 00345"177777
26 0 51400
27 WalO" 125400
28 00051"055000
29 80052"0OO773 
38
31 00053"020410
32 00054"024^43 
33. 0O055" 122414
34 90055"0O0745
35 00057"177777
36 00050"008024
3738 00051"025060
39 00362"01000048 00063"OOOOO;
41 --- ----------
4243
44 00054"05d7%? 
-45 00065"10248046 00065"021400
47 OOO67"113000
48 00O7O"025OOO
49
50
51
52
53
54
55
56
s;
58

.000/1' 125005 
00072/000432 
o a 0 - 3 '0 7 1 ,  70 
00074"146020
00075"126560
0007' L401
08u?7"115000
OOiOO"177120 

57 OO101"173000
80102"125200

ELI;

EL5:

EL 6:

CIOS:
S10K.

SLINK

- 4g
KELTNK ROUTINE-**

J DATA ROUTINE
STB 8, EL2
SUB 0,0
STB 9, EL3
GET ;
MOV 0,1 ;
SUB 0, 0
LOR 2, C10K >
MULTIPLY
LOR 2,0108
DIVIDE
LOB 2, EL2
LOB 1, EL3 :>
• ADD 1,2
STB 0, 0, 2
ISZ EL3 . }
GETBR t
COM# 3, 3, SZR iJMP EL6 i
LOB 1, ELS yLOB 0, C5
SUB 3,3
SUB# 1, 0, SNR ;
RETURN iINC 2,2
INC 1,1'
STB 3,8,2
JMP EL5
LOB 0, C5 ,
LOB 1, EL 3
SUB# 1, 0, SZR
JMP EL 1+3 y
ERROR
20. i

18800. 
10000 

J 5 _ _ __

ACTUAL USER SUE PCI.
STB 3, ELSSUB 0, 0
LOB 2, 0,3 j
ADO 8,2 .!
LOB 1, 0, 2 ;MOV 1,1,SNR j
JMP EL7 }DIBR 2,70 .!
ADCZ 2,1 i
SUBCL 1,1
LOB 2,1,3 tMOV 0,3
AODZL 3,3 yADD 3/2MOVR 1,1

COUNTER
GET FLOW RATE
SET UP ACS FOR MULTIPLY
2T12

DISPLACEMENT

5-ORE FLOW RATE CONSTANT 
BUMP DISPLACEMENT 
GET BREAK CODE 
TEST FOR OR <-!>
NO,CONTINUE
ZERO REMAINING LANES

FINISHED ? 
YES

CHECK FOR MORE THAN 5

NO

MORE 1‘BAN 5 LANES

PARMI

GET CONSTANT ADD 
ADD IN DISPLACEMENT 
GET FLOW FATE 
15 IT ZERO ?
YES , NEXT LANE 
GET RANDOM NO

GET INITIAL ADD
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PAGE 3 
07/04/75 
1, 00102/02500:

00104''125100 
0 0105 /  0i450 05 
001Ot'" 02500S 
00107'" 125100 
00110'045006

DELINK ROUTINE*

2
3
4
5
6
7
8 
.9
10
11
12
13
14
15 
IE
17
18
19
20 
21 
22 
22
24
25
26

00111'025007 
00112'1251O& 
00112/045007 
60114-'025616 
06115'125100 
0311.6' 045018 
60117'1265E0 
00120*'03467600121*'031401 
00122'" 113800 
0 6 1 2 3 /9 4 *0 0 0  
03124 *"101408 
00125"'0207:6 
00126'" 112415 
00127'001402 
00120'O08736

000121'

EL7:

IDA 
MOVL 
STA 
IDA 
MOVL 
STA 
LDA 
HOVL 
.STA 
LDA 
MOVL 
STA 
SUBCL 
LDA 
LDA 
ADD 
STA 
INC 
LDA ' 
SUB# 
JMP 
JMP

NEXTE= 
. END

1, 5, 2 
1,1 
1, 5, 2 
1, 6,2 1,1 
1, 6, 2 
.1, 7, 2 
i ,  1
1.7.2
1 . 1 0 . 2
1,1
1, 10,2
1,1
3, EL 2 
2,1,3 
0,2  
1, 0,2 
0,0 
2,05 
0, 2, SNR 
2,2
ELINK+2

J GET 1ST LENGTH OF LANE 
; SHIFT 

STORE 
* NEXT LENGTH

; SAVE GARRY 

; INITIAL ADD
J STORE OUTPUT 
; BUMP COUNTER
.= FINISHED ?

YES RETURN 
," CONTINUE
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.ELINK (page 1, l i n e  17)-  The address o f  the constant end 

i n i t i a l i z a b l e  data s to rage areas are loaded by the i n s t r u c t io n s  in 

l i n e  46 and 48. Veh ic les  are randomly generated and s h i f t e d  one 

p o s i t i o n  down the s t r e e t  (see 5 .4 ) .  On complet ion a re tu rn  to  

the con t ro l  p-vgiVim is  made by the i n s t r u c t i o n s  on page 3 l i n e  21 and 

the next s im u la t io n  subrou t ine  is  then c a l le d  in a s i m i l a r  fash ion .

3.4 I n te r r u p t  Serv ice Routines

Users may w r i t e  rou t ine s  to s e rv ice  spec ia l  devices th a t  they 

may have in t h e i r  system. The master i n t e r r u p t  ro u t in e  in FASP 

i d e n t i f i e s  a l l  i n t e r r u p t s  and t r a n s fe r s  con t ro l  to  the s e rv ice  r o u t in e  

On e n t r y  to  the s e rv ic e  ro u t in e  I n te r r u p t s  are on but devices 

have been masked ou t  according  to  the user supp l ied  mask which is 

i n c l u s i v e l y  ORed w i th  the c u r ren t  mask. Thus h igher  p r i o r i t y  

dev ices may i n t e r r u p t  w h i le  a device is being serv iced .  The user 

se rv ice  rou t ines  may use a l l  accumulations w i th o u t  saving them but 

must not use any pseudo func t ions  unless TRAP has been used (see

3 . 2 . 3 ) .  .

The layou t  o f  se rv ice  rou t ines  is as f o l l o w s :

WORD FUNCTION

1 Device code

2 . Mask to  be used w h i l e  . s e rv i c in g  device

3 P o in te r  to  next ro u t in e

4 S ta r t  o f  s e rv ic e  ro u t in e .

The s e rv ic e  r o u t in e  may be e x i te d  from by e i t h e r  a JMP 0,3 i f  AC3 

has not been destroyed o r  by a JMP @ INTR. I f  the second re tu rn  *s 

used, I NTR must be dec lared as ah ex te rna l  d isplacement (. EX'fD)
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3•5 Memory Organ iza t ion  o f  FASP

The memory map o f  a FASP system is  given in F ig .  3 . 1. FASp uses

very  l i t t l e  o f  the f i r s t  256^  words o f  memory (page z e ro !  and 175^

words are a v a i l a b le  f o r  s im u la t io n  r o u t in e  ZREL FASP Is d i v id e d  i n to  

2 programs -  FASP and FASPEND. The f i r s t  is the main program o f  FASP 

and the second is  the i n i t i a l i z a t i o n  area,  d i s k  support  and rou t ines  

to  i n t e r p r e t  the keywords INITIAL, DYNAMIC and TERMINAL (see 2 . 4 . 2 ) .

The core area requ ired f o r  i n t e r r u p t  s e rv ice  ro u t in e s  and 

s im u la t io n  rou t ine s  (A) is v a r ia b le  depends on the memory requirements 

f o r  the rou t ine s  used when the system is  generated. The remaining 

area f o r  data storage and the con t ro l  program ( 6) may be c a lc u la ted  

from expression

B =  M -  (A + 4201) 

where M is the s ize  o f  memory used and a l l  numbers are dec im a l .

3*6 Conclusion

The format f o r  s im u la t ion  and i n t e r r u p t  s e rv ice  rou t ines  has 

been d e s c r i t e d  and the procedure f o r  genera t ing  a FASP sy;tern w i th  the 

rou t ines  is g ’ ven in Appendix 4.

The use o f  the FASP execu t ive  eases the programming e f f o r t  in 

w r i t i n g  a s im u la to r*  This can be seen by r e f e r r i n g  to the s im u la t ion  

rou t ines  descr ibed in Chapter 5. The s im u la t ion  rou t ines  f o r  the  

complete t r a f f i c  s im u la to r  requ ired less than 1500^  words o f  memory.

I t  is hoped tha t  the FASP execu t ive  w i l l  be used in a la rge 

number o f  d i f f e r e n t  areas o f  s im u la t io n  and w i l l  not  be conf ined to  

road t r a f f i c  s tud ies ,
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WORD NUMBER 
OCTAL

0 •
1

2

3

4

10

20

50

121

400

2376

A

(see t e x t )  

1633

. i 
V

B

(See te x t )

UTOP -  3720^ 

UTOP

Bottom o f  Core

In te r r u p t  Handler address 

Program Mode S ta r t  Address 

Run mode s t a r t  address

RESERVED

RESERVED FOR USE 
BY DEBUG PROGRAM

FASP CONSTANTS

FASP ZREL

SIMULATION ROUTINE 
ZREL

FASP

(Main sec t ion  o f  FASP)

USER INTERRUPT 
SERVICE ROUTINES

SIMULATION ROUTINES

FASPEND

( te rm in a t io n  sec t ion  o f  FASP)

CONSTANT DATA STORAGE AREA

INITIAL DATA STORAGE AREA

CONTROL PROGRAM AREA

DD0S
(D isk  Operat ing System) Protec ted

TOP OF CORE 

Figure 3 , 1, Memory Map o f  FASP

area
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CHAPTER 4 

DATA SOURCES FOR A TRAFFIC SIMULATOR

4.1 In t rodu c t ion

A l l  s im u la t ions  o f  s t o c a s t i c  systems r e l y  h e a v i l y  on the use o f  random 

numbers f o r  the data input to  the model, In the p a r t i c u l a r  case o f  

a macro t r a f f i c  mode), the c lose  s t a t i s t i c a l  correspondence between 

the random data sources and the system being model led l a r g e l y  

determines the o v e r a l l  accuracy and v a l i d i t y  o f  the model. Many 

techniques e x i s t  f o r  genera t ing  random numbers In both hardware and 

so f tware .  Software random number generato rs  are a v a i l a b le  as 

standard subrout ines f o r  many computers and are w ide ly  used in 

s im u la to rs  19. These rou t ine s  are u s u a l l y  s u f f i c i e n t l y  accurate fo r  

t r a f f i c  s im u la to rs  but are very slow and cons ide rab ly  degrade the 

speed o f  the s im u la t io n .  Hardware data sources were used in the 

UMIST 1 0 , 1 1 t r a f f i c  s im u la to r  and resu l ted  in high speed data 

genera t ion  (see 4 - 5 .2 ) .  These were ded icated generators  and separate 

generato rs  Were requ i red f o r  generat ing d i f f e r e n t  f requency 

d i s t r i b u t i o n s .  This method is  i n f l e x i b l e  and expensive in terms o f  

hardware cos t .

Many d i f f e r e n t  f requency d i s t r i b u t i o n s  are encountered In the 

d e s c r i p t i o n  o f  t r a f f i c  phenomena, some o f  which can be descr ibed 

mathemat ica l ly ,  o the rs  are t o t a l l y  a r b i t r a r y .  Thus s p e c ia l i s e d ,  

ded icated random number generators  are unsu i tab le  and a h ig h ly  f l e x i b l e  

random number generator  is requ i red .

Two re la ted  spec ia l  types o f  data are  encountered so o f te n  in
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t r a f f i c  work th a t  an a d d i t i o n a l j  f a r  s im p le r  data source is  j u s t i f i e d .  

This  f i r s t  case is the Poisson d i s t r i b u t i o n  which is used f o r  

mode l l ing  veh ic les  a t  the pe r iphe ry  o f  a network.  The second case 

is  the d i v i s i o n  o r  a l l o c a t i o n  o f  veh ic les  to  lanes in s p e c i f i e d  

p ro p o r t io n s .  I t  w i l l  be shown tha t  a geometr ic  d i s t r i b u t i o n  which is 

ve ry  e a s i l y  generated in hardware can be used f o r  both these cases.

4 .2  Requirements on a T r a f f i c  Source

Data sources used f o r  t r a f f i c  s im u la t ions  should have the 

f o l l o w in g  p r o p e r t i e s :

( ) )  Accurate  rep resen ta t ion  o f  the requ i red  d i s t r i b u t i o n

The v a l i d i t y  o f  a s im u la t io n  is l a r g e l y  in f luenced by the 

correspondence'between the data source and the real  l i f e  

s i t u a t i o n .

( i  i ) Fast Operat ion

A la rge  amount o f  data is requ i red  f o r  s im u la t ing  a t r a f f i c  

network and the speed o f  the s im u la t ion  model w i l l  be re la ted  

to  the  speed o f  the data sources (see Chapter 7 ) ,

( i i l )  Good S t a t i s t i c a l  P rope r t ies

The ou tpu t  o f  the data source must pass the usual t e s ts  f o r  

randomness ( f requency t e s t ,  auto nnd s e r i a l  c o r r e l a t i o n  t e s t )  

as any c o r r e la t i o n  o r  d ev ia t ion s  from the requ ired d i s t r i b u t i o n  

w i l l  e f f e c t  the r e l i a b i l i t y  o f  the s im u la t io n .

($v) Repeatable

The data source should be repea tab le  so tha t  re s u l t s  o f  s im u la­

t ions  using d i f f e r e n t  network parameters can be compared under 

id e n t i c a l  input c o n d i t io n s .  This impl ies  the use o f  a pseudo 

random number genera to r  which can be preset  to some a r b i t r a r y  

I n i t i a l  c o n d i t io n s .
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(v) E a s i ly  Programmed

The d i s t r i b u t i o n  and parameters o f  the d i s t r i b u t i o n  should be 

programmable by some means so tha t  they may be e a s i l y  changed.

4.3  A F le x ib le  Pseudo Random Number Generator w i th  A r b i t r a r y  

Frequency D i s t r i b u t i o n

4.3.1 In t ro d u c t io n

Various methods f o r  genera t ing  random numbers w i th  a r b i t r a r y

21 22 23f requency d i s t r i b u t i o n s  are descr ibed in the l i t e r a t u r e  ' * .

The m a jo r i t y  o f  these methods are sof tware o r ie n ta te d  but a few

24 25 26s p e c ia l i s e d  cases have been rea l i s e d  in hardware ’ ■ ’ . In

general these techniques invo lve  the man ipu la t ion  o f  a set  o f

Un i fo rm ly  d i s t r i b u t e d  random numbers to produce the requi red

d i s t r i b u t i o n .  The most common methods use simple dec is ion  making

processes and a lookup t a b le .
27

One approach ‘ uses a la rge lookup t a b le .  A un i fo rm random 

number in the range 0-n (where n is  the leng th  o f  the ta b le )  is 

generated and is  used as an index to  address a number in the tab le .

The addressed number becomes the ou tpu t  number. The r e l a t i v e  

f requency o f  each number in the set o f  ou tpu t  numbers is  p ropo r t ion a l  

t o  the number o f  t imes t h a t  number appears in the t a b le .  This  method 

is  f a s t  as i t  o n ly  requ i res  one dec is ion  process to generate a 

number. The smal les t  r e l a t i v e  f requency o f  a number , >ving the 

system is Inve rse ly  p ro p o r t io n a l  to  the s ize  o f  the tab le  so t h i s  

system is  r a r e l y  used when high accuracy is requ i red .

A second more common approach is a m o d i f i c a t i o n  o f  the above and 

requ i res  less storage c apa c i t y .  A un i form random number is 

compared w i th  a set  o f  b reakpoin ts  stored in a t a b le .  The ou tpu t  

number is dependent on the  range in which the random number l i e s .
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For example, cons ider  a set  o f  random numbers (0 ,9) and a set  o f  o u t ­

put numbers in the range (.0,3)• I f  the requ ired r e l a t i v e  f requenc ies 

o f  the ou tpu t  numbers 0, 1, 2,  3 are 0 ,2 ,  0 ,4 ,  0 ,1 ,  0,3 r e s p e c t i v e l y ,  

the breakpo in ts  would then be 1, 5, 6,  9- Let n be the random 

number generated. I f  0 ^  n £ 1 the ou tpu t  number would be 0.

I f  1 ■< h S 5 the ou tpu t  number would be 1 and so on. Thus f o r  a set

N No f  2 ou tpu t  numbers, o n ly  2 -1 e n t r i e s  are requ i red in the ta b le .

This method is  slow as N dec is ions  on average are requ i red  to

generate each number. ,

An a l t e r n a t i v e  method proposed by Walker requ i res  2̂ *

e n t r i e s  in the tab le  and requ i res  on ly  one dec is ion  to  generate a

number. A hardware generator  using t h i s  technique was used in the

present Work. The generato r  was designed and cons t ruc ted  by Walker

and is  descr ibed below.

4 .3 .2  Basic Desc r ip t ion  o f  the Data* Source 

The method used manipulates numbers produced by a un i form random 

number genera to r  to  produce the f i n a l  ou tpu t  number in one dec is ion  step 

in v o lv in g  on ly  as 'much storage as number o f  ou tpu t  numbers. In t h i s  

case the set o f  un i form random numbers has the same range as the set 

o f  ou tpu t  numbers, The method is  most e a s i l y  exp la ined by the use o f  

an example. Consider the c a s e 'o f  a set  o f  ou tpu t  numbers (0, 1, 2,  3)

 ̂ With a Corresponding s o f  r e l a t i v e  f requenc ies (0 ,1 ,  0,25 , 0 ,3 ,  0 ,35) .  

The se t  o f  un i form random numbers is (0, 1, 2,  3) and the r e l a t i v e  

f requency o f  each number is 0,25 . C le a r l y ,  the number o f  occurrences 

o f  the number zero must be decreased, the number one must emerge 

unchanged, and the occurrences o f  the remaining numbers must be 

increased. Since the sums o f  the r e l a t i v e  f requenc ies o f  the input 

and ou tpu t  sets are equal to u n i t y ,  a system which could convert  a 

f r a c t i o n  o f  the numbers en te r in g  the system as zeros to  a 2 or  a 3
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would produce the requ i red  d i s t r i b u t i o n .  In the example, —  o f  the

zeros must remain unchanged, must be changed to  a 2 and 

10
Yq must be changed to  a 3- In o rder  to  reduce the number o f

1 S
dec is io n  le v e ls  requ i red ,  in p r a c t i c e ,  0 f  the zeros e n te r in g  the

1 0system w i l l  emerge as a 2 and ^  o f  the twos en te r in g  the system 

emerge as a 3• Thus on ly  one leve l  o f  dec is ion  is  requ i red .  This 

dec is io n  is performed by comparing a second random number ( indepen­

dent o f  the input  number) w i t h  a f i x e d  number Which is  assoc ia ted 

w i t h  the input  number. The f i xed  number is  p ro p o r t io n a l  to  the 

p r o b a b i l i t y  o f  the input  number leav ing  the system unchanged. I f  

the  second random number is  less than the f i x e d  number, the input 

number emerges unchanged. Otherwise the a l t e r n a t e  number which is  

assoc ia ted w i th  the input number becomes the ou tpu t  number. Thus 

the  storage ta b le  cons is ts  o f  2 numbers per number in the ou tpu t  se t .  

A diagram o f  the method is given in Fig. 4 .1 ,

The sm a l les t  Increment in r e l a t i v e  f requency tha t  can be obta ined 

w i t h  t h i s  method is  p ro p o r t io n a l  to  the p re c is io n  o f  the f i x e d  

number but can be made ext remely  small by using f l o a t i n g  p o in t  

rep resen ta t ion  f o r  the f ixed  number.

4.3-3  The Hardware Data Source
>

Although the a lgo r i thm  descr ibed above is  I n h e re n t l y  f a s t , s o f t ­

ware implementat ion was not used as the speed is dependent on the 

t ime taken to  generate two un i fo rm random numbers. In the NOVA 

computer the tidie to  generate a un i fo rm random number is  230j i s  o r  the 

equ iva len t  o f  approx imate ly  100 I n s t r u c t io n s  19. in hardware t h i s  

t h i s  ope ra t ion  requ i res  approx imate ly  50 ns. The a lg o r i th m  was 

th e re fo re  implemented in hardware,

In a hardware Implementat ion the most c o s t ' y  s in g le  item is the 

memory for  s t o r i n g  the constants and a separate memory is  requ i red  f o r
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every d i s t r i b u t i o n .  For t r a f f i c  s im u la t io n  a la rge number o f  

d i f f e r e n t  d i s t r i b u t i o n s  may be requ i red  so a la rge  amount o f  memory 

would be needed,. This can however be avoided in the case o f  a hyb r id  

t r a f f i c  s im u la to r  by using the computer memory f o r  s t o r i n g  the var ious 

se ts  o f  cons tan ts .  The generato r  is  then connected to  the d i r e c t  

memory access (DMA) channel o f  the computer which enables very  high 

speed t r a n s f e r  o f  the constants  between the computer memory and the 

pe r ip h e ra l  generator memory (F ig .  A .2) .

Computer Data Source

DMA s
<

Computer
memory

Channel 

, Output

Data Source 
memory

Computer 
Input ou tpu t  Bus

v—r ............... .

■ Data

F igure  4 . 2 . Computer-Data Source Connections

This technique r e s u l t s  in a f a r  less c o s t l y  implementation and 

the number o f  d i f f e r e n t  d i s t r i b u t i o n s  t h a t  can be generated is  on ly  

I M t e d  by the amount o f  a v a i l a b le  computer memory. The loss in 

speed due to  the t ime requ ired to  t r a n s f e r  the  constants  from 

computer to p e r i f e r e s t a l  is  n e g l i g i b l e .

4 .3 .4  S p e c i f i c a t i o n s  o f  the Data Source .

(a) Number o f  b i t s  in ou tpu t  word; V a r ia b le  1 -  8

(b) Number o f  computer i n s t r u c t i o n s  requ i red  to

generate a new number; 2

(c) Amount o f  computer memory requ i red  per d i s t r i b u t i o n :  2^ vcrds
(N = No. o f  b i t s

In  r e s u l t s )

(d) Smal lest  increment in r e l a t i v e  f requency; 10 ^
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4 .3 -5  S t a t i s t i c a l  Tests on the Generator

Deta i led  s t a t i s t i c a l  t e s ts  f o r  randomness were performed on a

18
p ro to type  o f  t h i s  genera to r  and are d e ta i l e d  in  the l i t e r a t u r e  «

These te s ts  inc luded frequency t e s ts  and s e r i a l  and auto and c o r r e la t i o n  

t e s t s .  This genera to r  used f i x e d  po in t  rep resen ta t ion  f o r  the 

f i x e d  numbers and was not as accurate  as the generator  used in the 

presen t work which was a lso  tes ted  In a s i m i l a r  manner - The r e s u l t s  

ob ta ined from these t e s t s  were w i t h i n  expected s t a t i s t i c a l  l i m i t s .

4 .3 .6  Conclus ions

The generato r  descr ibed above is f a s t , f l e x i b l e  and has good 

s t a t i s t i c a l  p ro p e r t i e s .  I t  i s  e a s i l y  programmed using an a lg o r i th m  

by Walker 26"and the r e s u l t s  are  repeatable as hardware random number 

generaors are used. Thus the generator s a t i s f i e s  a l l  the 

requirements f o r  a t r a f f i c  data source.

4 .4  A Method f . . '  Obta in ing a D i s t r U i t t i o n  w i th  A r b i t r a r y  Mean

and Standard Dev ia t ion  f rom a Base D i s t r i b u t i o n
4 ■

4.4.1 i n t r o d u c t i o n

From the d e s c r ip t i o n  o f  the data source i t  is  c le a r  t h a t  a unique 

se t  o f  constants  is  requ i red  f o r  generat ing each d i s t r i b u t i o n .  In 

s im u la t io n  work normal ly  on ly  a few bas ic  types o f  d i s t r i b u t i o n s  

(e .g .  Normal, To  isso n , Binomia l)  are requ i red .  These bas ic  types o f  , 

d i s t r i b u t i o n  are used repea ted ly .  Thus several d i s t r i b u t i o n s  o f  a 

s i n g le  type (e .g .  normal d i s t r i b u t i o n )  may be requ ired w i th  d i f f e r e n t  

means and standard d e v ia t i o n s .  I f  a separate se t  o f  constants  is 

used f o r  each mean and standard d e v i a t i o n , a la rge  amount o f  memory 

space would be requ i red .  An a l t e r n a t i v e  approach is to  use a s in g le  

set  o f  constants f o r  each type o f  d i s t r i b u t i o n  on ly  and 

mathematical 1 y manipulate the re s u l t a n t  random numbers to  produce a



new set o f  numbers w i th  ~ s p e c i f i e d  standard d e v ia t io n  and mean.

The term "base d i s t r i b u t i o n "  is used here to  denote the d i s t r i b u t i o n  

produced the set  o f  cons tan ts .  The mean and standard d e v ia t io n  

r f  the base d i s t r i b u t i o n  is chosen to  a c c u ra te l y  d e f in e  the requ ired 

type o f  d i s t r i b u t i o n ,  and the man ipu la t ions  descr ibed below are 

used t o  produce the requ i red  mean and standard d e v ia t i o n .

I t , 4,2 D esc r ip t ion  o f  the Method used f o r  Changing the Mean 

and Standard Dev ia t ion  o f  a D i s t r i b u t i o n  

T ie  method used depends on the f o l l o w in g  man ipu la t ion  o f  the 

express ions f o r  the mean and standard d e v ia t i o n  o f  a d i s c r e t e

d i s t r i b u t i o n .

The mean o f  a d i s c r e t e  d i s t r i b u t i o n  is  g iven by

U *= " 2  a, ( l )
n i =1

when p =  mean o f  the d i s t r i b u t i o n  

n =  No. o f  samples taken 

. a|  “  Value o f  sample i .

Adding a constant  b to  each side o f  equat ion (1) gives 

i  n
p + b == , ^  S (a. + b)

n i “ 1 1

M u l t i p l y i n g  equat ion ( l )  by a constant  c gives
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The standard d e v ia t io n  o f  a d i s c re te  d i s t r i b u t i o n  is given by

o =  ~  Z (a. -  y ) 2 (2)
n i -1  1

where o i s  the standard d e v ia t io n

n i s  the number o f  sample 

a. is  the va lue o f  sample i 

y Is the mean o f  the d i s t r i b u t i o n

From ( la )  and (2) i t  can be seen th a t  the standard d e v ia t io n  is  not 

changed i f  a constant  b is  added to  each sample a . .

M u l t i p l y i n g  equat ion (2) by a constant c gives

ca -  1  ^ (ca. -  cy ) 2 (2b)
11 m  '

From the above r e s u l t s ,  i t  i s  c le a r  the mean and standard d e v ia t io n  

o f  a base d i s t r i b u t i o n  can be changed by s in g le  a r i t h m e t i c  manipula­

t i o n s  o f  each sample in the d i s t r i b u t i o n -  The constants are 

ca lc u la te d  from equat ions (3) and (4) below

- a

v \
-  cy

where c Is the m u l t i p l y i n g  constant 

b is  the a d d i t i v e  constant

y is the base d i s t r i b u t i o n  mean

o is the base d i s t r i b u t i o n  standard d ev ia t ion

y^ is the requ ired mean

d,j is  the requ i red  standard d e v ia t io n
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4 .4 .3  Conclusion

In the present  s im u la to r  a set  o f  constants  is  ca lc u la te d  fo r  

each type o f  d i s t r i b u t i o n  using the a lg o r i th m  o f  Walker 26. These 

cons tan ts  p rov ide  the d e f i n i t i o n  o f  the base d i s t r i b u t i o n s  and are 

loaded in to  the computer memory as pa r t  o f  the s im u la t ion  program.

By s u i t a b l y  programming the s im u la t ion  rou t ine s  the s im u la to r  user 

can be provided w i th  a f a c i l i t y  f o r  choosing the type o f  d i s t r i b u t i o n

and s p e c i fy  the mean and standard d e v ia t i o n  a t  run t im e.  *

4 .5  A Spec ia l ised  T r a f f i c  Data Source

4.5.1 In t rodu c t ion

One o f  the most impor tant  requirements o f  a t r a f f i c  s im u la to r  is

a t r a f f i c  data  source which can a c c u ra te l y  model the a r r i v a l  o f

28v e h ic le s  at  the per iphery  o f  a network.  Adams has shown th a t  the 

number o f  veh ic les  a r r i v i n g  a t  an i so la ted  in te r s e c t io n  in a given 

t ime fo l lo w s  a Poissonian d i s t r i b u t i o n .  A b inary  rep resen ta t ion  can 

be used w i th  a " 1 "  corresponding to a v e h i c le  a r r i v a l . Thus any data 

source g i v in g  a b ina ry  sequence o f  ones and zeros o f  the requ i red  

d i s t r i b u t i o n  and p r o b a b i l i t y  can be used.

The Poissonian d i s t r i b u t i o n  is given by 2^:

t (x)  -  (5)
-aT

(otT)X
x:

where <f>(x) *=* the p r o b a b i l i t y  o f  x occurrences o f  an event In t ime T 

a — p r o b a b i l i t y  o f  an even occu r r ing  

=* average number o f  events per u n i t  t ime.

Equat ion (5) can be r e w r i t t e n  in terms o f  t ime as:

t iO
t ( t )  “ <{ ( 6 )

[ 0  t <0

where ip(t ) is  the p r o b a b i l i t y  tha t  the t ime between two successive 

events w i l l  be t .
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I f  the number o f  zeros between two successive ones in a b ina ry  

sequence is  def ined as the gap length  (G) equat ion (6 ) can be 

r e w r i t t e n  as

fae~ai i > 0
X ( G - i ) - ^ 0 f < 0  (7 )

The above negat ive  exponent ia l  d i s t r i b u t i o n  is  d i f f i c u l t  to generate 

but i t  can be approximated by an e a s i l y  generated geometr ic 

d i s t r i b u t i o n  o f  the form:

©(CM) =  a ( l  - a ) ' (8 )

i f  a is  smaH .

Th is is  shown by the comparat ive graphs (F igs .  4.3 and 4 .4)  o f  

equat ions 7 and 8 f o r  d i f f e r e n t  values o f  a and in the subsequent 

t e s t s  o f  the genera to r  (See 4 . 5 . 3 ( b ) ) .

The bas ic  epoch o f  the s im u la to r  was chosen to  be 1/3 seconds 

•which corresponds to  5>56 m a t  60 k .p .h .  This is approx imate ly  the 

leng th  o f  an average car so good p o s i t i o n a l  accuracy can be achieved 

w i th  the s im u la to r .  This choice also ensures th a t  f o r  f low  rates 

below s a tu ra t io n  f low  ( 1300 veh ic les  per hour)  the p r o b a b i l i t y  o f  a

v e h i c le  a r r i v i n g  is s u f f i c i e n t l y  small f o r  the geometr ic d i s t r i b u t i o n  

to  be a good approx imat ion to the negat ive  exponen t ia l .

The length  o f  the epoch is  the same as tha t  used by Green 11 f o r  

a hardware s im u la to r .  Micro model s im u la t ions  ^  u s u a l l y  use 1 

second as the basic epoch t ime as the mode l l ing  is more, accurate  and 

the e f f e c t i v e  s im u la t ion  speed is increased by using a longer  t ime 

between model updates.

4 .5 .2  Basic System Design

Hardware generators w i th  a geometr ic f requency d i s t r i b u t i o n  were 

designed by Redshaw and Robinson ^  f o r  use w i th  the UMIST 

s im u la to r .  Two maximal length  chaincode generators  were cross coupled
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w i t h  h a l f  adders to  produce several  independant ou tpu ts .  The 

p r o b a b i l i t y  o f  a 1 o c c u r r in g  is  0,5 f o r  each o f  these o u t p u t s . I f  

N o f  these ou tpu ts  are connected to an AND gate the p r o b a b i l i t y  o f  a 

1 o c c u r r in g  at '  the ou tpu t  is 0 ,5^ .  Thus a coarse con t ro l  o f  

p r o b a b i l i t y  could be ob ta ined .  f u r t h e r  f in e  con t ro l  was provided 

by d e r iv in g  a number w i t h  F b i t s  from the chaincode generato rs  and 

comparing t h i s  number w i t h  a manually programmed f i x e d  number f .  I f  

the generated number is  less than o r  equal to the f i x e d  number a 1 is 

produced at  the ou tpu t  o f  the comparator.  The ou tpu ts  o f  the  f i r s t  

AND gate  end the ou tpu t  o f  the comparator are then fed in to  another 

AND gate to  o b ta in  the f i n a l  o u tp u t ,  The p r o b a b i l i t y  o f  a 1 a t  the

output Is ( 0 ,5 ) n ( i - i - b

/  2 '
The bas ic  system is  I l l u s t r a t e d  in Fig.  4 ,5 .  This system cannot

be programmed e a s i l y  because o f  the r e l a t i v e l y  compl icated formula f o r

c a l c u la t i n g  the p r o b a b i l i t y .  Al though several  independent outputs

can be obta ined from the two chaincode g e n e ra to rs , care must be

exerc ised in the s e le c t i o n  o f  the p i c k o f f  po in ts  to  avoid c o r r e l a t i o n

between the ou tputs

An a l t e r n a t i v e  approach is shown in F ig .  4.6 .  An N b i t  un i fo rm ly

d i s t r i b u t e d  b in a ry  number is generated and tmpared w i th  the programmable

f i x e d  number F. I f  the random number is  less than the f i x e d  number
F

a 1 i s  produced a t  the o u tp u t ,  The p r o b a b i l i t y  o f  a 1 is  ^N. This 

system is  much simp ler  than the f i r s t  method and more e a s i l y  programmed. 

By choosing a la rge  value f o r  N, an almost s tep less c on t ro l  o f  

p r o b a b i l i t y  Is poss ib le ,  This method can be used f o r  sof tware

generators  but the t ime to generate the un i fo rm random number is o f  

the o rde r  o f  230 ps,
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FIG. 4 .5  BASIC BLOCK' DIAGRAM OF REDSHAW GENERATOR
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OUTPUT

FIG. 4.6  BASIC BLOCK DIAGRAM OF SYSTEM USED



70

The system used f o r  the hardware genera to r  is shown in F ig .  4 .7 ,  

S ix teen independent channels are p rov ided,  but on ly  one random number 

genera to r  and comparator is  used. A twelve b i t  random number 

genera to r  was chosen g i v in g  the sma l les t  increment in f low  r a te  o f  

2,64 veh ic le s  per hour . (V .F .H . ) .  Ten b i t s  would have given s u f f i c i e n t  

accuracy (10,5 V .R .H . ) ,  but the a d d i t i o n a l  accuracy could be obta ined 

a t  l i t t l e  ex t ra  cost as the in teg ra ted  c i r c u i t  packages used f o r  the 

memory and comparator each contained fou r  b i t s .

Six teen f i xed  numbers o f  12 b i t s  each s pec i fy  the f low  ra te  in 

each channel and are programmed In to  a memory. On app ly ing  a c lock  

pu lse at  the in pu t ,  the in te rn a l  c lock  sends ou t  16 pulses to  the 

random number genera to r ,  address counter and output  s h i f t  r e g i s t e r .

The address counter addresses a new word in the memory every t ime i t  

Is c locked. Thus 16 random numbers and 16 f i x e d  numbers are  app l ied  

s e q u e n t i a l l y  to  the two inputs o f  the comparator.  The ou tpu t  o f  the 

comparator is  fed in to  a s h i f t  r e g i s t e r  which s tores the 16 channel 

r e s u l t .
' *

The system descr ibed above is  s u i t a b le  f o r  s im u la t in g  s ing !  • 

I n te rs e c t io n s  o r  f o r  use w i th  a hardware s im u la to r ,  For m u l t i p l e  

i n te r s e c t io n s  i t  compl icates the so f tware  design and Is not p a r t i c u l a r l y  

f a s t  as the memories have to be reprogrammed f o r  each i n t e r s e c t i o n ,

Thus the f u l l  f a c i l i t i e s  o f  the genera to r  were not used, The method 

adopted was to  read the un i form random number from the generato r  and 

perform the comparison in the computer r e s u l t i n g  in on ly  a minimal loss 

In speed (approx imately  4 p s ) . The design o f  the random number 

genera to r  is given below and the remaining design is given In 

Appendix 5<
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c lock  l i n e s  
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16 BITS

RANDOM NUMBER

Figure 4 . 7 • System used f o r  the Generator
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**•5*3 Design o f  the Random Number Generator 

A method w id e ly  used f o r  genera t ing  random numbers is to  connect 

a s h i f t  r e g i s t e r  w i th  feedback. The genera l i sed c i r c u i t  is shown in 

F ig .  *1.8 . I f .  the l o g i c  network used is  a modulo 2 adder (o therw ise

known as an EXCLUSIVE OR gate)  a l i n e a r  chain code is produced (F ig .  

*».9). A b ina ry  chain code is "a sequence o f  2n o r  fewer b i t s  

arranged such t h a t  a p a t te rn  o f  n ad jacent  d i g i t s  locates the p o s i t i o n  

o f  those d i g i t s  u n iq u e ly " .  1,2

1 2 3 4 5 6 7 8 9 10

LOGIC

f i g u r e  4 .8 .  General ised Feedback S h i f t  Reg is te r

1 2 3 4 5 6 7 8 9 10

MODULO 2 ADDER

' f i g u r e  4 . 9 . L inear  Feedback S h i f t  Reg is te r

By s u i t a b le  connect ion o f  the modulo 2 adders a prime chain code 

o f  maximal length  is produced. The number o f  ways o f  choosing n 

b ina ry  d i g i t s  is 2n , however the pa t te rn  con ta in in g  a l l  zeros cannot 

occur  as i t  is  s e l f  pe rpe tua t ing .  Thus a maximal length chain code 

has 2n -  1 s ta tes  and a t o t a l  o f  2h " 1 ones and 2i H  -1 zeros.  For a
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la rge  va lue o f  n the f requency o f  occur rence o f  ones and zeros can be

considered e q u a l . I t  would appear t h a t  an n b i t  (o r  longer )  feedback

s h i f t  r e g i s t e r  would be s u i t a b le  f o r  use as an n b i t  random number

genera to r  as each number in the set ( 1 , 2n) occurs on ly  once.

33P r a t t  has shown however t h a t  the re  is  la rge  s e r ia l  c o r r e l a t i o n

between successive numbers. This c o r r e l a t i o n  can be avoided i f  the

s h i f t  r e g i s t e r  is  c locked n o r  more t imes so t h a t  a l l  the b i t s  o f  the

prev ious  number are  removed and a comple te ly  new number is  conta ined

in the r e g i s t e r .  I f  the number o f  c lock  per iods  between two generated

numbers and the sequence length  (2n -  1) are r e l a t i v e l y  prime the

sequence length  Is unchanged by t h i s  techn ique. This method was

chosen in preference to the two cross coupled s h i f t  r e g i s t e r s  used by 
26Walker as i t  Is s imple to  des ign,  implement and has good s t a t i s t i c a l

p ro p e r t ie s  w i th o u t  having to se lec t  the p i c k o f f  p o in t s .

The in te g e r  n was chosen to be 23 which is  prime and hence a 

maximal , ength sequence (m-sequence) would be produced. The sequence

leng th  is  approx im ate ly  8 m i l l i o n  which in the case o f  a s in g le
* *

i n t e r s e c t i o n  would be equ iva len t  to  about 32 days o f  s imu la ted  t r a f f i c  

be fore  the sequence repeats i t s e l f .  The number o f  c lock  pulses 

between numbers was chosen e m p i r i c a l l y  to be 2b as t h i s  c o n f ig u r a t i o n  

has less s e r i a l  c o r r e la t i o n  (see b , 6 . 2b) than 23 pulses d id ,

Clocking the r e g i s t e r  N times between success ive numbers is 

equ iva len t  to  jumping N s ta tes  in the s ta te  diagram. Thus i t  is not 

d i f f i c u l t  to arrange the feedback in such a manner so as to  produce 

t h i s  e f f e c t  w i th  a s in g le  c lo c k  pulse,
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1 2 3 N

X
(c?) ( £ )

X ' /
C l

MODULO 2 ADDER

F igure  4«10. General ised L inear  Feedback S h i f t  Reg is te r

For any feedback s h i f t  r e g i s t e r  there  e x i s t s  a c h a r a c t e r i s t i c  

p o ly n o m ia l . .  For the s h i f t  r e g i s t e r  in Fig.  4.10 i t  can be w r i t t e n  

as

f(x) =  1 + CTX + C2x2+ . . . . . . Cnxn (9)

where the we igh t ing  f a c to r  C. — 0 o r  1,

and X* is  the i t h  b i t  in the s h i f t  r e g i s t e r .

For a m sequence to be produced i t  is  necessary th a t  f ( x )  be 

i r r e d u c i b l e .  Reference to  the ta b le  o f  i r r e d u c i b l e  polynomials 

modulo 2 by Watson ^  gives the f o l l o w in g  polynomial f o r  n =  23.

f ( x )  =  1 + x J + x 23 (10)

The complementary polynomial

f ( x )  =  1 + x 19 + x 23 (11)

is  a lso  prime and i t  a l lows a f a s t e r  hardware implementat ion o f  the .  

genera to r .  Using Polynomial 7 there  are 2 le ve ls  o f  modulo 2 adders 

instead o f  6 i f  polynomial  6 was used, Rigorous methods have been 

fo rmula ted  f o r  the design o f  a feedback s h i f t  r e g i s t e r  which s h i f t s  

s ta tes  3^> but an i n t u a t i v e  approch is f a r  s im p le r ,  Represent ing

the s ta te  o f  b i t  1 a f t e r  24 c lock  pulses by 11, I t  is  c le a r  t h a t  the
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new va lue 231 o f  b i t  23 is  obta ined by modulo 2 a d d i t i o n  o f  b i t  22 

and b i t  18. S i m i l a r l y  21' — 21 ©  17 e t c .  This process is 

most e a s i l y  performed by drawing a diagram as in Fig.  4.11 which 

shows the connect ions used.

A requirement o f  the genera to r  was t h a t  i t  could be reset  to 

some i n i t i a l  c o n d i t io n .  A s t a r t i n g  po in t  o f  a l l  11s was chosen.

Th is  cou ld  be achieved by s h i f t i n g  a ' I *  s e r i a l l y  i n to  the r e g i s t e r  

but 23 c lock  pulses are requ i red .  By using 23 cascaded f l i p - f l o p s  

w i t h  c le a r  inputs  the re s e t t i n g  could be achieved by a s in g le  pulse.  

Th is  requ i res  t h a t  the Q outputs  o f  the f l i p - f l o p s  be used and the 

data e n te r in g  the f l i p - f l o p s  must be Inve r ted .  The data is inver ted  

by using EXCLUSIVE NOR g a te s . These gates are not standard but the

. f u n c t io n  can be implemented by using EXCLUSIVE OR gates and in v e r t i n g

one o f  the inpu ts .  The method used is  i l l u s t r a t e d  In Fig.  4.12 .

OUTPUTS

Clock

Clock Q Clock QClock Q Clock Q

(•*)

Clock 0Clock Clock

F igure 4.12.  Design o f  the Feedback S h i f t  Reg is te r .
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4.6  S t a t i s t i c a l  Tests on the Spec ia l ised  T r a f f i c  Generator

4.6 .1  in t r o d u c t io n

The accuracy and t ru s tw o r th in e s s  o f  any s im u la t ion  is  o n l y  as

good as the data source used,an ex tens ive  t e s t i n g  o f  the data source

is  necessary.  The data source must c lo s e ly  model the s i t u a t i o n

being s tud ied  w i th o u t  in t roduc ing  c h a ra c te r i s t i c ' s  o f  i t s  own. A

la rge  number o f  te s ts  have been used to t e s t  the s t a t i s t i c a l  p ro p e r t ie s

2o f  random numbers, e .g .  f requency,  ru n s , bunching, Gruenberger d , 

gap, s e r i a l  a u to c o r r e la t i o n  and c r o s s c o r re la t i o n  t e s t s .  Walker 

po in ted  ou t  tha t  i t  is not necessary f o r  a data source to  s a t i s f y  a l l  

these t e s t s ,  but should ra th e r  pass those te s ts  Which in d ic a te  th a t  i t  • 

i s  s u i t a b le  f o r  the requ i red a p p l i c a t i o n .  The te s ts  considered 

impor tan t  f o r  a t r a f f i c  data source are f requency t e s t , gap t e s t ,  and 

s e r i a l , auto and cross C o r re la t i o n  t e s t s .

The un i fo rm  random number genera to r  was f i r s t  tes ted as the 

p ro p e r t ie s  o f  the in d iv id u a l  ou tpu t  channels are la r g e l y  determined 

by i t s  performance, These te s ts  were not  as ex tens ive  as those on 

the f i n a l  ou tpu t  as they were o n l y  requ i red  to in d ic a te  the s u i t a b i l i t y  

o f  the f i r s t  genera to r .  The tes ts  on the f i n a l  ou tpu t  were 

performed using the hardware comparison and were th e re fo re  l i m i t e d  to 

16 channels.  However, s ince the un i form random number generator  was 

shown to  have good s t a t i s t i c a l  p r o p e r t i e s ,  and a long sequence leng th ,  

i t  Is c le a r  t h a t  an ex tens ion o f  the system to  more channels w i l l  

not  a f f e c t  the s t a t i s t i c a l  p ro p e r t ie s  o f  the in d iv id u a l  channels.

4 .6 .2  S t a t i s t i c a l  Tests on the Random Number Generator (RDI)

(a) Frequency Test

The frequency t e s t  compares the number o f  occurrences o f  each 

number o r  group o f  numbers (c lass )  in a set  w i th  the t h e o r e t i c a l  

number o f  occur rences , The Chi-square "goodness o f  f i t "  t e s t  is
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used f o r  the comparison. The Chi-square value is  computed w i th  

the f o l l o w in g  express ion:

X2 -  "  ( U )
' i~ i  Ei .

where n =  number o f  f requency c lasses 

0. =  observed frequency o f  c lass  i

Ej =  expected frequency o f  c lass  i

I t  i s  impossib le  do t e s t  the 12 b i t  number d i r e c t l y  as the re  would be 

4096 frequency c lasses . The approach used was to t e s t  4 ad jacent  

b i t s  a t  a t im e.  One thousand consecut ive  blocks o f  320 samples were
n

t e s te d  and t h e i r  X values computed. The number o f  samples in each 

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

c lass as suggested by Kendall . Choosing 5% le v e ls  o f  s i g n i f i c a n c e

should r e s u l t  in 100 r e je c t io n s  o f  the n u l l  hypo thes is ,  i . e .  50

? o 2
r e je c t io n s  below X and 50 above X . q^ .  The values o f  X and

X ^ .n f  can be found in t a b le  2 o f  Paradine and R iv e t t  ^ . In t h i s  case 
05

f o r  15 degrees o f  freedom X2 . ^  “  7,261 and X ^ , ^  — 24,996.
26

The generator was tes ted  w i th  a computer program by Walker 

and a summary o f  the r e s u l t s  is given in Table A6.1,  The t e s t  was 

considered to  be s a t i s f a c t o r y .

(b) Ser ia l  C o r re la t i o n  Test 

The s e r i a l  c o r r e la t i o n  t a l l i e s  the occur rence o f  each number 

f o l l o w in g  a given number. I f  numbers are s t a t i s t i c a l l y  independent 

the p r o b a b i l i t y  o f  the number occu r r ing  a f t e r  the given number N 

has occur red is  s imply ,  the p r o b a b i l i t y  o f  the number Nj o c c u r r i n g , 

P (N j ) .  Thus the expected d i s t r i b u t i o n  is the same as tha t  f o r  the 

f requency t e s t . Again the 12 b i t  word was d iv ide d  In to  three words
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o f  fo u r  b i t s .  Fvur hundred consecut ive  blocks o f  320 samples were 

tes ted .  The l i m i t s  o f  the X value are the same as in 3.2.1 and 1*0 

r e je c t io n s  o f  the n u l l  hypothes is  are expected. The re s u l t s  in 

Tables A6.2 show th a t  on average t h i s  is t r u e ,  and the t e s t  was 

considered to  be s a t i s f a c t o r y .

(c)  ' A u to c o r re la t i o n  Test

The normal ised a u t o c o r r e la t i o n  c o e f f i c i e n t  C(t ) is  g iven by

. „ „

Z (A -  5 ) 2 '
n=l

where v — the number o f  samples used

Afi =  the nth number in the sequences

a =  the mean value o f  the sequence

t  ” = the de lay  between the re fe rence and

the delayed sequences.

The va lue o f  C(t ) is  the u n i t y  f o r  zero delay and should be c lose  

to  zero  f o r  a l l  o th e r  delays I f  the sequent ia l  numbers are 

s t a t i s t i c a l l y  independent.  The c o r r e l a t i o n  c o e f f i c i e n t s  should 

a lso  be normal ly  d i s t r i b u t e d  about a mean value o f  zero,  To t e s t  

t h i s  hypo thes is ,  100 c o e f f i c i e n t s  are computed and are d iv ide d  in to  5 

equal f requency classes g i v in g  on average 20 occurrences in each c lass .  

The mean and standard d e v ia t io n  o f  the c o e f f i c i e n t s  is c a lc u la te d  and 

are  used to c a l c u la te  the expected frequency d i s t r i b u t i o n ,  thus there  

are o n l y  2 degrees o f  freedom In the Chi-square t e s t .

The 12 b i t  word was not tes ted  d i r e c t l y  as double p re c is io n  

m u l t i p l i c a t i o n  would have been requ i red .  The word was t h e re fo re  

pi i t  In to  the fo u r  most s i g n i f i c a n t  b i t s  and the remaining e ig h t  and 

the two po r t ions  o f  the word were tes ted  sepa ra te ly ,

The c o e f f i c i e n t s  were computed f o r  20 consecut ive  blocks o f  320

s



- 8 0

26numbers using a program l>/ Walker . Using 5% le v e ls  o f  

s i g n i f i c a n c e  2 r e je c t io n s  o f  the n u l l  hypothesis  are expected. The 

r e s u l t s  o f  the t e s t  are shown in Tables A6.3 -  A6.4 are considered 

to  be s a t i s f a c t o r y .

4 .6 .3  S t a t i s t i c a l  Tests on the Geometrical D i s t r i b u t i o n  

(a) Frequency Test 

Comprehensive f requency tes ts  were performed, each channel being 

tes ted  a t  d i f f e r e n t  f low  ra tes  vary ing  from 100 to  1300 V.P.H. in 

steps o f  100 V.P.H. In each case 100 consecut ive blocks were tes ted .  

The number o f  samples used is  computed each t ime so th a t  the expected 

number o f  occurrences in the two classes is  a t  leas t  20. Ten 

r e je c t io n s  o f  the n u l l  hypothesis  are expected in each case as 5% 

le v e ls  o f  s i g n i f i c a n c e  were used. The number o f  upper bound f a i l u r e s  

are  on average, as expected but the number o f  lower bound f a i l u r e s  is 

n e a r ly  tw ice  the expected value . As there are on ly  two frequency 

classes and the expected frequency is an In tege r  an examinat ion o f  

equat ion 12 shows th a t  there  is a h igh p r o b a b i l i t y  o f  the Chi-square 

r e s u l t  being zero,  g i v in g  a lower bound f a i l u r e .  The re s u l t s  

obta ined are shown in Tables A6,5 and A6.6 and the t e s t  was con­

s idered s a t i s f a c t o r y .  The computer program used is  shown in 

Appendix 7.

(b) Gap Test

The gap t e s t  Is used to  determine whether the lengths o f  the gaps 

( i . e .  number o f  zeros) between a r r i v a l s  (ones) conform to  the requ i red 

d i s t r i b u t i o n .  i t  was shown in 4*5.1 tha t  the requ i red  d i s t r i b u t i o n  

o f  the gaps is a negat ive exponent ia l  ,

The p r o b a b i l i t y  o f  a gap o f  leng th  I Is given by:

X(G == i ) «= e



the  p r o b a b i l i t y  o f  occurrences o f  gaps in the range (0 ,b) i s :

A(0<G<b) =  E cte"06' 
i=%o

(14)

A(0<G<b)
! _ e~a(b + 1)

(15)

To t e s t  the genera to r  the expected d i s t r i b u t i o n  was d iv ided  in to  

10 frequency classes each having equal p r o b a b i l i t y .  Chi-square 

t e s t i n g  was used to  compare the ac tua l  d i s t r i b u t i o n  w i th  the 

t h e o r e t i c a l  d i s t r i b u t i o n .

As in the f requency t e s t  each channel was tes ted  at  d i f f e r e n t  

f lo w  ra tes .  In a l l  cases 40 consecut ive  blocks o f  200 gaps ( i . e .  201 

a r r i v a l s )  were used g i v in g  an average o f  20 occurrences in each c lass .  

Using 5% s ig n i f i c a n c e  l e v e ls ,  4 r e je c t io n s  o f  the n u l l  hypothesis  are 

a n t i c i p a t e d .  Reference to the r e s u l t s  given in Tables A6 .7 and A6S8 

shows th a t  the d i s t r i 1 .Ton conforms to the requ ired d i s t r i b u t i o n  f o r  

f low  rates up to  1100 V.P.H. This was expected as the approx imat ion

discussed in sec t ion  4.5.1 does not hold f o r  h igh values o f  p r o b a b i l i t i e s .  

The te s t  was considered s a t i s f a c t o r y .  The program used f o r  t h i s  

t e s t  is shown in Appendix 8.

Se r ia l  c o r r e la t i o n  was tested under the same cond i t ion s  as f o r  the 

f requency t e s t , i . e .  100 consecut ive  blocks and the number o f  samples 

ad jus ted  to g iv e  at  leas t  20 occurrences in each c la s s ,  The s e r i a l  

c o r r e l a t i o n  was tested f o r  numbers f o l l o w in g  a one and f o r  numbers 

f o l l o w in g  a zero,  The re s u l t s  are shown in Tables A6.9 to  A6.12 

Again,  f o r  numbers f o l l o w in g  a one the r e s u l t s  are s a t i s f a c t o r y .  In the 

case o f  numbers fo l l o w in g  a zero more upper bound f a i l u r e s  occurred

(c) Ser ia l  C o r re la t i o n  Test
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than a n t i c i p a t e d .  This  could be due to  the f a c t  t h a t  a s h o r te r  

leng th  o f  the sequence than in the f i r s t  case i s  t e s te d .  The 

program used is  shown in Appendix 7-

(d) A u to c o r re la t i o n  Test 

The method used in 4 . 6 .7 ( c )  f o r  t e s t i n g  cannot be app l ied  to  a 

b in a ry  sequence o f  ones and zeros as the c o e f f i c i e n t s  produced by 

equat ion 13 are not normal ly  d i s t r i b u t e d  about the mean. Also the 

r e s u l t s  are d i f f i c u l t  to  I n t e r p r e t  and i t  is  impossible to say 

whether a la rge  c o e f f i c i e n t  occurred by chance o r  because o f  s i g n i f i ­

cant  c o r r e l a t i o n .

The equat ion used here is  o f  the form:

C<t ) -  I  U M A ^ )  (16)
n—1

The product (Af i . A^ + •'•) can on ly  take the values 0 or  1. I f  the

p r o b a b i l i t y  t h a t  A M  is  p , i t  can be shown tha t  the p r o b a b i l i t y  t h a t

the product term ( A ^ . A ^ ^ ) M  is p . Denoting t h i s  product term by

X . equat ion (16) can be w r i t t e n :  n

V
CCt ) =  £ Xn (17)

nM n

Where 4i(Xn == 1) == p and *(X^ — 0) =  (1 -  p) == q

Equation (17) is  the sum o f  independent B e rno u l l i  random 

v a r ia te s  and the sum random v a r ia b le  C(t ) has the binomial  p r o b a b i l i t y  

d i s t r i b u t i o n :  ^

<f>|c(t) -  K| =  (^)  pK qV K

From the aforement ioned equat ion the values o f  the lower and 

Upper l i m i t s  o f  K can be c a lc u la ted  so th a t  on average, 10% o f  the
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c o e f f i c i e n t s  w i l l  be less than the lower l i m i t  and 10% w i l l  exceed

the upper 1 i m i I n  a d d i t i o n  the expected mean and standard

d e v ia t i o n  o f  the c o e f f i c i e n t s  can be c a lc u la te d  by the f o l l o w in g  
3 7

formulae :

mean =  Vp

Standard d e v ia t i o n  =  Vpq

The above t e s t  was implemented in a computer program shown in

Appendix 9. A la rge  number o f  samples were taken (V =  10 000) as

in  the case o f  low f low  ra tes  the p r o b a b i l i t y  is  ex tremely  sma l l .

C o e f f i c i e n t s  were eva luated fo r  the f i r s t  100 de lays.  Each channel

was tes ted  w i th  f low rates vary ing  between 200 and 1300 V.P.H. in

steps o f  100 V.P.H, and the r e s u l t s  are shown in Appendix 10. The

r e s u l t s  which were considered f a i l u r e s  in terms o f  too many

c o e f f i c i e n t s  in the upper ten p e r c e n t i i e  are under l ined .

Examinat ion o f  these r e s u l t s  show th a t  the standard d e v ia t io n  In these

cases Is less than the expected va lue and there  are f a r  fewer

c o e f f i c i e n t s  in the lower 10 p e r c e n t i 1e than expected. The mean in

these cases is h igher  than expected. This seems t<: in d ic a te  t h a t  the

actua l  d i s t r i b u t i o n  is  j u s t  s h i f t e d  from the expected p o s i t i o n s  by a

small amount. This would be the case i f  the actual  p r o b a b i l i t y  was

higher  than expected. An examinat ion o f  the la rg e s t  c o e f f i c i e n t -

con f i rm  th v t  there is no s i g n i f i c a n t  c o r r e l a t i o n  in these cases,

(e) C rossco r re la t ion  Test

In any system where several channels are der ived from a s in g le

source,  i t  is  Important tha t  no c o r r e la t i o n  e x i s t s  between the

d i f f e r e n t  channels,  The method o f  t e s t i n g  is s im i l a r  to the method

used f o r  a u to c o r r e la t i o n  except th a t  2 sequences are used,

The equat ion used is :



Where a„ Is the va lue o f  the nth element o f  sequence and b Is n n n+T

the value  o f  the n+T th element o f  sequence b.

The p r o b a b i l i t y  p used in the express ions f o r  c a l c u la t i n g  the 

expected d i s t r i b u t i o n  is the combined p r o b a b i l i t y  p^p^ where pg and 

Pb are the p r o b a b i l i t y  th a t  a^=1 and bn=1 r e s p e c t i v e ly .  Every 

combinat ion o f  channels was tes ted  fo r  f low  ra tes  vary ing  between 290 

and 1200 V.P.H. In steps o f  200 V.P.M. and examples o f  the r e s u l t s  

are  shown in Append'x 3. The la rge  number o f  lower 10% f a i l u r e s  in 

the  case o f  very low f low  ra tes  is due to the small number o f  

occurrences o f  V s .  The comments gjven in the d iscuss ion  o f  the 

r e s u l t s  f o r  the a u t o c o r r e la t i o n  t e s t  app ly  in t h i s  case as we l l  and the 

va r ious  channels are considered to  be s u f f i c i e n t l y  s t a t i s t i c a l l y  

independent.

4 .7  Cohci us ion

Two hardware data sources have been descr ibed.  I t  has been
' *

shown tha t  both sources s a t i s f y  the requirements f o r  t r a f f i c  

m ode l l ing .  The use o f  combined hardware and sof tware techniques 

is  considered to  p rov ide the best combinat ion o f  f l e x i b i l i t y ,  h igh 

speed and low cost.

The data sources ard used by the s im u la t io n  rou t ines  descr ibed 

in  Chapter 5-
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CHAPTER 5 

SUBROUTINES FOR SIMULATING TRAFFIC

5.1 In t r o d u c t io n

This  chapter d e s c r i e s  s im u la t io n  r o u t in e s ,  wh ich,  used w i th  FASP, 

form the bas is o f  a traffic s im u la to r .  The rou t ines  are designed 

to  s im u la te  a road network commonly encountered in the cen t re  o f  la rge  

c i t i e s  and not a r t e r i a l  road ne tworks .

The road network is  considered to cons is t  o f  l i n k s  and i n t e r ­

s e c t io n s .  A l i n k  1s a road which connects one i n t e r s e c t i o n  to  another.  

The i n te r s e c t io n s  are f o u r  le g ,  l i g h t  c o n t r o l l e d  in te r s e c t io n s .  In 

the present  work,  f i x e d  t ime c on t ro l  was used but p ro v is io n  has been 

made f o r  the r o u t in e  to  be mod if ied  fo r  dynamic c on t ro l  p o l i c i e s .  A 

method o f  en te r in g  veh ic le s  in to  the network is  requ i red  and a t h i r d  

element has been p rov ided .  Th is  element can be considered to  be a 

source o f  veh ic les  feed ing In to  a l i n k .  The th re e  elements,  s t r e e t s , 

in te r s e c t io n s  and en t r y  s t r e e ts  have been named LINK, TLIGHT and ELINK 

r e s p e c t i v e l y .

The technique o f  d i v i d i n g  the network in to  elements and some o f  

the  mode l l ing  o f  the elemnts is  an adapta t ion  o f  the work done a t  

UMIST ®'9> 10 ,11 ,12 ,13  ̂ The major d i f fe re n c e s  being in th e  lumping o f  

several  elements toge the r  to form a composi te element,  For example, 

the in te r s e c t io n  element cons is ts  o f  queues, s igna l  t im ing  and v e h ic le  

e x t r a c t i o n  c o n t r o l .

The c r i t e r i a  in des ign ing  these s im u la t ion  rou t ines  were: ease o f  

network d e f i n i t i o n ;  ease o f  run t ime data e n t r y ;  h igh speed; f l e x i b i l i t y
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and economical u t i l i s a t i o n  o f  computer memory. Ease o f  d e f i n i t i o n  o f  

the network and data e n t r y  is  s i m p l i f i e d  by the use o f  composi te 

elements and ts a lso  one o f  the f a c i l i t i e s  provided by the FASP 

execu t i ve .  High speed is  ob ta ined  by using e f f i c i e n t  assembler 

language programming and macro m ode l l ing .  High run t ime speed is 

a ls o  achieved by using the f a c i l i t y  provided by FASP to  preprocess 

d a ta ,  when i t  is  en tered,  i n to  the form most convenient the ac tual  

s im u la t io n  sec t ion  o f  the r o u t in e .

Two ou tpu t  rou t ines  are provided which p r i n t  the queue lengths a t  

i n t e r s e c t i o n s .  One o f  these rou t ine s  is designed f o r  i n t e r a c t i v e  

s im u la t io n  and the o the r  w r i t e s  the in fo rm a t ion  onto d i s k  f o r  l a t e r  

f o rm a t t i n g  and p r i n t i n g .

The rou t ine s  are economical in the use o f  memory and a network 

c o n s is t i n g  o f  40 in te r s e c t io n s  w i t h  64 e n t r y  l i n k s ,  .00 l i n k s  and 40 

ou tp u t  rou t ines  o f  both type can be simulated by a computer w i th  16K 

words o f  memory*

The average real  t ime t o  s im u la t i o n  t ime r a t i o  is  approx imate ly  

200 : 1 per i n t e r s e c t i o n  (see Chapter 6 ) .

5•2 Gene;uj S imu la t ion  Rout ine Layout

A c ons is te n t  s t r u c t u r e  o f  the rou t ines  has been adopted. Each 

r o u t in e  c ons is ts  o f  th te e  subsec . ‘ The f i r s t  subsect ion in ^ e r -

p re t s  the network d e f i n i t i o n  s to  , .  . i n to  the requ i red con t ro l

program sequence. ,

The second sec t ion  preprocessts the run t ime data and s tores  i t  

In a form convenient to  the s im u la t io n  sec t ion .

The s im u la t ion  sec t ion  is the la s t  sec t ion  and is a subrou t ine  

which is  c a l le d  by the c on t ro l  program generated by the f i r s t  subsect ion*  

The genera:  ,1 con t ro l  program is  o f .  the f o l l o w in g  general  form 

(see Chapter 3)»
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JUMP TO SIMULATION SUBROUTINE 1 

PARAMETER 1

PARAMETER 2
I '
i
I

PARAMETER N

The s im u la t io n  subrou t ine  re tu rns  t o  the statements f o l l o w in g  

PARAMETER N (which would be the s t a r t  o f  the next subrou t ine  c a l l  

sequence),

The ac tua l  c on t ro l  program sequence generated by each s im u la t ion  

subrou t ine  can be found by r e f e r r i n g  to  the program l i s t i n g s  in 

Appendix 12.

5.3 L ink  S imu la t ion  Routine

5 . 3 .1 I n t ro d u c t io n

The l i n k  r o u t in e  models a s t r e e t  connect ing one in te  sec t ion  to  

a n o th e r . The l i n k  r o u t in e  accepts veh ic le s  which are discharged from 

an i n t e r s e c t i o n  or  f rom another l i n k  o r  en t r y  l i n k .  The ve h ic le s  are 

randomly assigned to  a lane according  to  a user s p e c i f i e d  p ro p o r t io n .

A random t r a v e l l i n g  t ime,  sampled from a user def ined d i s t r i b u t i o n  is 

assigned to  each v e h i c l e  and the v e h i c le  is placed in the app rop r ia te  

p o s i t i o n  in the s t r e e t .  The p o s i t i o n s  o f  a l l  the veh ic le s  in the 

s t r e e t  are updated every epoch.

A l i n k  is u n i d i r e c t i o n a l  i . e .  two l i n k s  are requ i red  to  s imu la te  

a two way road. Each l i n k  may have up to f i v e  independent lanes.

5 .3 .2  Model I i n q  o f  S t ree ts

The method o f  model l ing s t r e e ts  Is based On the s h i f t  r e g is t e r

. 11
technique used by Green in a hardware s im u la to r .  A v e h i c le  is

represented by a b ina ry  one in the s h i f t  r e g i s t e r ,  Each epoch the 

r e g i s t e r  is s h i f t e d  once. Thus In a s in g le  o p e ra t io n ;  the p o s i t i o n
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o f  a l l  the Vehic les  in the s t r e e t  are updated. This approach was used

in pre ference to  the c i r c u l a r  f i l e  technique used by Grigg and 
8

H a r t le y  in a so f tware  s im u la to r  as i t  is  e a s i l y  Implemented in 

Assembly,Language^ f a s t  and requ ires  less storage.

The choice o f  s h i f t  r e g i s t e r  length  is  a compromise between 

m in im is ing  data s torage requirements and rep resen ta t ion  o f  the longest 

s t r e e t  which may be s imula ted.  A s t r e e t  length  was chosen so th a t  i t  

would c a te r  f o r  a l l  but  the longest: s t r r  ^s l i k e l y  to  be encountered 

In c i t y  network.  I f  a longer  s t r e e t  length  is requ i red ,  i t  may be 

s imula ted by j o i n i n g  several l i n k s  toge the r  to  s im u la te  the requ i red  

leng th .

The length  o f  the s h i f t  r e g i s t e r  f o r  each lane was chosen to  be 

64 b i t s .  This gives a t r a v e l l i n g  t ime o f  21 1/3 seconds, using the 

bas ic  epoch o f  1/3 sec. This corresponds to  a length  o f  356 m a t  

60 kph.

The s h i f t  r e g i s t e r  is  const ruc ted using fou r  computer words o f  

16 b i t s *  The words are  s h i f t e d  i n d iv i d u a l1 y  by one p o s i t i o n  fo r  

every epoch s imu la ted ,  Use is  made o f  the c a r r y  b i t  f a c i l i t y  o f  

the NOVA computer to l i n k  the words toge the r  as shown in F ig .  5.1.

5 .3-3  A l l o c a t i o n  o f  Vehic les to  Lanes

The LINK ro u t in e  examines the ou tpu t  o f  the element feeding i t  

every epoch. This ou tpu t  can be a s in g le  v e h i c le  o r  a queue o f  

Veh ic les  in the case o f  an i n te r s e c t io n  element. Vehic les  are 

removed from t h i s  queue and randomly a l lo c a te d  a lane. Associated 

With each lane i is a f i x e d  number FN. which is re la ted  to  the 

p ro p o r t io n  o f  veh ic les  to be assigned to  t h a t  lane. A 12 b i t  un i fo rm ly  

d i s t r i b u t e d  random number is read in from the hardware random number 

generato r  and Is compared w i th  the f i x e d  numbers. The v e h i c le  is 

then assigned to  the h ighes t  numbered lane whose f i x e d  number is
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g re a te r  than the random number. For example cons ider  a un i fo rm ly  d 

d i s t r i b u t e d  random number in the range 1 -  100 and the percentage o f  

. v e h i c l e s  to be assigned to  lanes 1, 2 and 3 to  be 20, 60 and 20 per 

cent r e s p e c t i v e l y .  The f ixed  numbers would then be 20, 80 and 100. 

Thus, i f  the generated number was less than 20 the v e h ic le  would be 

assigned to lane 1. I f  the number was between 20 and 80 the v e h ic le  

would be assigned to  lane 2 and so on.

For the case o f  a 12 b i t  b ina ry  random number, the f i x e d  number

fo r  lane I is  ca lc u la te d  using the f o l l o w in g  fo rmula :

FN. =  %FR. * 100 x 212 + FN. , (20)I I  I " I

where %FR. is the % o f  veh ic les  to be assigned to  lane I 

and FN._^ i s  the f i x e d  number f o r  the prev ious  lane.

Note Fl^j=0

The method o f  lane assignment e f f e c t i v e l y  s imula tes  lane 

changing, as a v e h i c le  en te r in g  a LINK may e x i t  v ia  any o f  the lanes,

5 .3 .4  A l l o c a t i o n  o f  T r a v e l l i n g  Times

The hardware data source descr ibed in Chapter 4 is used to

generate t r a v e l l i n g  t imes. Use is made o f  the r e s u l t s  o f  4.4.1 to

enable the d i s t r i b u t ' u n ,  mean and standard d e v ia t io n  o f  the t r a v e l l i n g  

times to  be s p e c i f i e d  by the user.  Any d i s t r i b u t i o n  tha t  has been 

de f ined  by a set  o f  constants  in the computer memory may be used. A

6 b i t  random number is used to  g ive 64 poss ib le  t r a v e l l i n g  t imes.  This

choice is  r e la te d  to t h e  length  o f  the s t r e e t .  The Veh ic le  is  placed 

in a p o s i t i o n  in the s t r e e t  p ro p o r t io n a l  to i t s  t r a v e l l i n g  t ime,

This is  done by s e t t i n g  the app rop r ia te  b i t  in the app rop r ia te  word.

I f  the p o s i t i o n  is a l ready  occup ied, an at tempt is made to place the 

v e h ic le  in the preceeding p o s i t i o n  which corresponds to  increas ing  i t s  

t r a v e l l i n g  t ime by one epoch. I f  a l l  the proceeding p o s i t i o n s  are
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occup ied ,  the v e h ic le  is  placed in a "b locked queue" and an a t tempt  to 

discharge the v e h ic le  w i l l  be made dur ing  the next epoch. This  

s t a t i s t i c a l l y  a l lows o v e r ta k in g ,  ca te rs  f o r  the forming o f  p la toons 

w i t h i n  the s t r e e t  and takes s a tu r a t i o n  o f  the s t r e e t  i n to  account.

The a l l o c a t i o n  o f  t r a v e l l i n g  t imes is f a s t  due to the speed o f  

the  random number genera to r  and a ta b le  lookup method which is  used 

f o r  s e t t i n g  the a p p ro p r ia te  b i t  in the s t r e e t  words (see LINK L i s t i n g ,  

Appendix 12).

5 .3 .5  Use o f  the LINK Routine

The network d e f i n i t i o n  statement f o r  the LINK r o u t in e  is

LINK, N01 , INPUT ELEMENT, N02, [LEG No]

NOl is  the number i d e n t i f y i n g  the p a r t i c u l a r  l i n k  in the network.

INPUT ELEMENT, NO2 i d e n t i f i e s  the element in the t r a f f i c  network 

which feeds into,  the LINK. LEG NO. is  an op t iona l  parameter which is 

used to  i d e n t i f y  which leg o f  an i n t e r s e c t i o n  is  the input  element.

This statement re s u l t s  in app ro p r ia te  statements being w r i t t e n  

in to  the con t ro l  program to  c a l l  the LINK s im u la t ion  subrou t ine  when 

the s im u la t ion  is run. .

The run t ime data statement is o f  the fo l l o w in g  form :

LINK, NO, DIST. NAME, MEANxlOO, STANDARD DEVxIOO, %FL0W LANE 1,

%FL0W LANE 2 . . . . . . % FLOW LANE 5)

DIST NAME is  the name g i ven to a s im u ia t  ion ro u t in e  which con­

s i s t s  o f  64 constants requ i red  to generate a p a r t i c u l a r  type o f  

d i s t r i b u t i o n  (base d i s t r i b u t i o n ) .  Because in tege r  rep resen ta t ion  is 

used throughout in FASP, the mean and standard dev ia t ion s  are m u l t i p l i e d  

by 100 when they are s p e c i f i e d  in the data s ta tement.  This means th a t  

they can be speci f i e d  to  an accuracy o f  2 decimal pi aces. The f low 

ra te  f o r  each lane is s p e c i f i e d  as a percentage o f  the t o ta l  f l o w  i
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spec i fy  the percentage f low in the unused lanes as the f low rates 

w i l l  a u to m a t ic a l l y  be set to z e ro .

The run t ime data statement is processed by a subrou t ine  la b e l le d  

LI In the LINK s im u la t ion  r o u t in e  l i s t i n g  (Appendix 12). This sub­

r o u t in e  ca lcu la ted  constants to be used to convert  the mean and 

standard d e v ia t io n  o f  the base d i s t r i b u t i o n ,  to the s p e c i f i e d  values.

The f i x e d  numbers are a lso  c a lc u la te d  and are s tored to  be used by 

the s im u la t ion  segment.

5-3 .6  Storage Requirements

Each LINK def ined in the network requi res 8 cons tant  and 25 

i n i t i a l  storage lo c a t io n s .  Four a d d i t io n a l  s torage words are requ ired 

for* the con t ro l  program statements.  The s im u la t ion  ro u t in e  is 192 

words long.

Flow char ts  f o r  the data statement conversion subrou t ine  (L I )  and 

the actual  s im u la t io n  segment (LINK) are given in Fig .  5.2 and F ig .  5.3 

re s p e c t i v e ly .

5.4 Entry Link S imula t ion Routine .

5-4.1 in t ro d u c t io n  ''

The s im u la t ion  rou t ine  f o r  model l ing an en t r y  s t r e e t  has been 

named ELINK. The fu n c t io n  o f  t h i s  r o u t in e  is to  generate veh ic les  

a t  a s p e c i f i e d  f low ra te  and step them p rog ress ive ly  down a s t r e e t .

At the end o f  the s t r e e t  the veh ic les  are a v a i l a b le  f o r  processing by 

o th e r  s im u la t ion  rou t ines .

The EL INK rou t ine  provides  fo r  up to 5 lanes. Each lane Is

independent o f  the o the rs .  I f  less than 5 lanes are used the a d d i t io n a l

lanes are not processed so tha t  the speed o f  s im u la t ion  Is a l i n e a r

func t ion  o f  the number o f  lanes used.
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5 .4 .2  Veh ic le  Generat ion

Vehicles  are generated w i th  a Poissonian d i s t r i b u t i o n .  This is

achieved by using the geometr ic approx imat ion to the Poissonian

d i s t r i b u t i o n  (see Chapter 4 ) .

A 12 b i t  un i fo rm ly  d i s t r i b u t e d  random number read in From the 

hardware random number genera to r  is compared w i th  a f i x e d  number.

I f  the generated number is less than the f i x e d  number, a v e h i c le  is

generated. The f i x e d  numbers f o r  each lane is c a lc u la te d  from the

f lo w  ra te  w i th  the  f o l l o s i n g  formula:

FRC == FR f  (3600 x 3) x 212 (21 )

*= FR -  X 4096/10800

where FRC Is the f lo w  ra te  constant

FR is  the f low  ra te  in v e h ic le s /h o u r .

5 .4 .3  Model 1 Ing o f  St reets

The s t r e e t  is  model led in the same manner as f o r  the LINK 

r o u t in e .  This means o th e r  s im u la t io n  elements which are designed to 

i n t e r f a c e  w i th  the LINK r o u t in e  (e .g .  TLIGHT rou t ine )  i n te r f a c e  w i th  the 

EL INK ro u t in e  as the data areas are i d e n t i c a l ,

5*4.4 Use o f  the ELINK Routine

The network d e f i n i t i o n  statement f o r  the EL INK ro u t in e  is

ELINK, NO

NO Is the number i d e n t i f y i n g  the p a r t i c u l a r  e n t r y  l i n k  In the network.

This statement r e s u l t s  in app ro p r ia te  statements being w r i t t e n  

In to  the c on t ro l  program to c a l l  the ELINK s im u la t ion  subrou t ine  

when the s im u la t ion  is run.

the run t ime data statement is o f  the fo i l / ,w ing  form:

ELINK, NO, Flow ra te  lane 1, f low ra te  lane 2, , . , low ra te  

lane 5
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The f low  rates are  s p e c i f i e d  in Ve h ic les /hou r ,  I f  less than 5 

lanes are being s im u la ted ,  the f low  rates o f  the lanes not  used may 

be om i t te d  and w i l l  be a u to m a t ic a l l y  set  to  ze ro.  I f  more than 5 

f lo w  ra tes  are s p e c i f i e d ,  ERROR 20 w i l l  be p r in t e d  ou t  and the 

e x t ra  f low  rates w i l l  be ignored.

The data statement is processed by a sub rou t ine  la b e l le d  ELI in 

the EL INK s im u la t io n  r o u t in e  l i s t i n g  (Appendix 12).  The subrou t ine  

converts  the f low  rates in to  f low  ra te  constants  to  be used by the 

EL INK s im u la t ion  segment. The f low  ch a r t  f o r  ELI is  given in 

F ig .  5 ,4 .

5*4.5  Storage Requi rements
*  - -

Each EL INK r o u t in e  in the network requ i res  5 constant  storage and 

25 i n i t i a l  s torage lo c a t io n s .  Three a d d i t i o n a l  lo ca t ions  are  requ i red  

f o r  the con t ro l  program statements,  The EL INK s im u la t ion  subrou t ine  

Is 88 words long, The f low  char t  o f  the actual  s im u la t ion  segment 

(EL INK) is given in F ig ,  5,5.

5*5 TLIGHT Sirnulat ion Subrout ine

5.5*1 In t ro d u c t io n

The in te r s e c t io n  r o u t in e ,  named "TLIGHT" models a four  leg i n t e r ­

sec t ion  w i th  up to  5 lanes per approach. Veh ic les  from the outputs  

o f  the EL INK o r  LINK rou t ines  are pi ced in queues by the ro u t in e ,  

Veh ic les  are ex t ra c ted  randomly f rom the queues,as requ i red  by the 

Signal  c ond i t ions ,  at  the user s p e c i f i e d  s a tu r a t i o n  ra te  o f  the i n t e r -  

• s e c t i o n ' A Poissonian d i s t r i b u t i o n  is used, The technique useu f o r  

genera t ing  t h i s  d i s t r i b u t i o n  Is the  same as th a t  used f o r  genera t ing  

veh ic le s  in the EL INK r o u t in e  (see 5 ,4 .2 ) ,

Once a v e h ic le  Is discharged i t  is assigned a d i r e c t i o n ,  i . e ,  

s t r a i g h t ,  l e f t  o r  r i g h t  t u rn in g ,  The d i r e c t i o n  is randomly assigned
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(ELI Rout ine)
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Figure  5 , 5 , Flow Chart o f  EL INK S imu la t ion  Segment
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according to  user s p e c i f i e d  p r o b a b i l i t i e s .  This is  done by using 

the same techn ique as is  used in the LINK ro u t in e  f o r  ass ign ing 

v eh ic le s  to  lanes (see 5 .3 .3 ) -  I f  a v e h i c le  has been assigned a 

s t r a i g h t  on o r  l e f t  t u rn in g  d i r e c t i o n ,  i t  is  immediately put in to  

the app ro p r ia te  ou tpu t  queue and the inpu t  queue is decremented by one.

The above mode l l ing  o f  i n te r s e c t io n s  is based on the techniques 

used by Green ^  f o r  a hardware s im u la to r  and i s  t h e re fo re  not 

descr ibed In great  d e t a i l .  In the presen t work,  an at tempt was made 

t o  model r i g h t  tu rn ing ,  s i t u a t i o n s  and s igna l  l i g h t  changes more 

ac c u ra te ly .

5 ,5 ,2  S imu la t ion  o f  Right Turning Vehic les

In real* t r a f f i c  s i t u a t i o n s  a v e h ic le  may o n ly  tu rn  i f  the re  is  a 

s u f f i c i e n t  gap in the opposing stream o f  t r a f f i c  enab l ing  i t  t o  t u rn  

s a f e l y .  This  gap, o f t e n  c a l le d  the acceptance gap is  a f u n c t io n  o f  

d r i v e r  behav iou r , speed o f  the v e h ic le  and t ime gap in the opposing 

t r a f f i c  stream.

The hardware s im u la to r  o f  Green used a constant  minimum acceptance 

gap In de term in ing  whether a v e h ic le  may t u rn .  C le a r ly  ..his over -  

S i m p l i f i c a t i o n  re s u l t s  in  u n r e a l i s t i c  s im u la t io n  o f  tu rn in g  t r a f f i c .

In the present work the acceptance gap is sampled from a random 

d i s t r i b u t i o n .  The type ,  mean and standard d e v ia t io n  o f  t h i s  d i s ­

t r i b u t i o n  can be s p e c i f i e d  by the user in a s i m i l a r  manner to tha t

used f o r  s p e c i fy in g  t r a v e l l i n g  t imes in the LINK r o u t in e  (see 5 . 3 . 4 ) ,

Once a v e h ic le  has been assigned a r i g h t  t u rn in g  d i r e c t i o n ,  the 

opposing queues are checked. I f  they are not empty the v e h ic le  cannot 

t u rn ,  The v e h i c le  is  then re turned to  i t s  queue and the queue is 

marked w i th  a f l a g  to I n d ic a te  th a t  i t  i s  "b lo c k e d " ,  i . e .  the lead ing 

Veh ic le  is a r i g h t  t u rn e r .  I f  a queue is b locked , veh ic les  cannot



- 100 -

be di 'scharged from the queue u n t i l  the lead ing v e h ic le  has been per ­

m i t t e d  to  tu rn  r i g h t .

I f  the opposing queues are empty, a random gap acceptance t ime is 

assigned to  the v e h ic le .  The opposing lanes are then inspected to 

determine whether a s u f f i c i e n t  gap e x i s t s  in the opposing t r a f f i c  to 

perm it  the v e h ic le  to t u r n .  Tes t ing  lanes f o r  a s u f f i c i e n t  gap is 

f a c i l i t a t e d  by the arrangement o f  veh ic le s  in the s t r e e t .  The 

Veh ic les  are entered in to  the leas t  s i g n i f i c a n t ,  b i t  p o s i t i o n  o f  the 

s t r e e t  word and are success ive ly  moved to the most s i g n i f i c a n t  

p o s i t i o n  bv ‘•he LINK o r  EL INK ro u t in e s .  Thus the magnitude o f  

s t r e e t  wo* a fu n c t io n  o f  the p o s i t i o n  u f  the lead ing v e h ic le  in the 

s t r e e t  word. ’ To determine whether a s u f f i c i e n t  gap e x i s t s ,  i t  is 

o n ly  necessary to  t e s t  i f  the a p p ro p r ia te  lane word has a numerical 

va lue  less than the gap t ime word. , I f  i n s u f f i c i e n t  gap length  is 

de tec ted in any o f  the lanes, the remaining lanes are not tested and 

the blocked queue f l a g  is se t .  This,  coupled w i th  the speed o f  the 

random number g e n e r a to r , r e s u l t s  In a f a s t  implementat ion o f  the r i g h t  

t u rn in g  fu n c t io n .

1 1In the work by Green , the amber per iod  was regarded as dead 

t im e ,  i . e .  no veh ic les  were perm i t ted  to  be discharged dur ing  t h i s  

t im e .  This does not e x a c t l y  correspond w i th  real  s i t u a t i o n s .

Al though in real  s i t u a t i o n  some veh ic les  do proceed s t r a i g h t  on or  

t u rn  l e f t  du r ing  t h i s  pe r io d ,  the number t h a t  do so are I n s i g n i f i c a n t  

compared to  the number t h a t  do so dur ing  the green per iod .  Under 

sa tu ra ted  c ond i t ions  however, the number o f  veh ic les  th a t  tu rn  r i g h t  

d u r i • .he amber per iod is la rge compared w i th  the green per iod .  Thus 

hn the present w o r k , r i g h t  tu rns  are al lowed a t  the s a tu r a t i o n  ra te  

du r ing  the amber per iod .  This has the a d d i t i o n a l  advantage th a t  a 

r i g h t  tu rn ing  f i l t e r  phase may be s imula ted by a s u i t a b le  choice o f
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of the amber per iod .

5 .5 .3  Signal Cycle

The s igna l  cyc le  used is  f i x e d  t ime,  two phase. Each phase

is  s p l i t  i n t o  three per iods -  green, amber and dead. During the

dead pe r io d ,  no veh ic les  are discharged. This is provided to

s im u la te  in te r s e c t io n s  which have a per iod  dur ing  which the l i g h t s  o f

a l l  legs are red. When the l i g h t s  o f  one phase are amber o r  green

the  l i g h t s  o f  the second phase are red.

In a d d i t i o n  to s p e c i f y in g  the l e n g t h s 'o f  the per iods  f o r  each 

phase, the user may s p e c i f y  an o f f s e t  per iod  in order  to synchron ize 

the phases o f  l i nked  in te r s e c t io n s .  Dur ing the o f f s e t  per iod  

the l i g h t s  are held in the f i r s t  phase s ta te .  At  the end o f  t h i s  

pe r iod  the normal green per iod  o f  the f i r s t  phase (which is the 

s t a r t i n g  per iod  f o r  a l l  i n t e r s e c t io n s )  is s t a r t e d .

The 4 legs o f  the in te r s e c t io n  are  numbered f o r  re fe rence purposes 

The legs are numbered in a c lockwise d i r e c t i o n  as shown in F ig .  5 . 6 .

2

1 3

4

HguT.6 5 .6 .  Numbering o f  the Legs o f  an In te rs e c t io n
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The two phases mentioned above re fe r  to  the s igna l  l i g h t s  f o r  legs 1 

and 3 and 2 and 4 r e s p e c t i v e l y .  The f i r s t  phase re fe rs  t o  legs 

1 and 3 •

• A s in g le  computer word is used to  denote the s ta te  o f  the s igna l  

l i g h t s  and the rep resen ta t ion  o f  the va r ious  s ta tes  are shown in 

Table I .  A s in g le  per iod  counter is used and a t  the end o f  a per iod 

the counter  is  reset  and the s igna l  word is  updated to  represent the 

new s ta te .  Changing per iods  is  accomplished by s h i f t i n g  the s igna l  

word one p o s i t i o n  to  the l e f t .  Phase changing is  achieved by 

complementing the most s i g n i f i c a n t  b i t  ( b i t  0) o f  the word. The 

re p res en ta t ion  uses a minimum o f  storage and f a c i l i t a t e s  checking and 

updat ing the s igna l  per iods .

Table 1. ,

Signal  word (o c ta l )  State

0 green phase 1-3

1 amber phase 1 -3

2 <lead phase 1-3

100000 green phase 2-4

100001 amber phas 2-4

100002 dead phase 2-4

The TLIGHT rou t ine  has been designed to f a c i l i t a t e  changing o f  

the s i g n a l l i n g .  The s i g n a l l i n g  is performed by the ro u t in e  la b e l le d  

UPS IG in the l i s t i n g ,  D i f f e r e n t  con t ro l  p o l i c i e s  may be simula ted 

by changing t h i s  r o u t in e ,  ,

5 .5 .4  Use o f  the TLIGHT Routi ne

The network d e f i n i t i o n  statement f o r  the TLIGHT ro u t in e  is ,
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TLIGHT, NO, INPUT ELEMENT FOR LEG 1, NO, INPUT ELEMENT FOR LEG 2, 

NO,  .......................... INPUT ELEMENT FOR LEG 4, NO.

INPUT ELEMENT' I s the name o f  the ro u t in e  t h a t  provides the input  

to  each leg o f  the I n t e r s e c t i o n ,  e .g .  ELINK o r  LINK.

Six data statements are provided f o r  the TLIGHT ro u t in e .  The 

f i r s t  f o u r  are s im i l a r  and prov ide  the tu rn in g  data f o r  each leg o f  

the i n t e r s e c t i o n .  The f i f t h  conta ins  t r a f f i c  l i g h t  tu rn ing  in fo rm a t ion  

and the l a s t  g ives i n f u . " a t i o n  p e r t a in in g  to  the d i s t r i b u t i o n  o f  the 

acceptance gaps f o r  r i g h t  tu rn in g  v e h i c le s .  Each statement is

independent and can be changed a t  any t ime w i th o u t  a f f e c t i n g  the data

p re v io u s ly  s p e c i f i e d  by the o the rs .

The data statement f o r  each leg is  as f o l l o w s :

TLIGHT, NO, LEG NO, S a tu ra t ion  f low  r a te ,  % l e f t  lane 1, % r i g h t  lane 2

•  ...................... % l e f t  lane 5 * % r i g h t  lane 5 .

The s a tu r a t i o n  f low  ra te  is  the maximum f low  r a te  the i n t e r s e c t i o n  

can handle per lane. I t  is  determined by f a c to rs  such as the w id th  

o f  the lane, g ra d ie n t  and geometry o f  the I n te r s e c t io n .  The 

percentage o f  tu rn in g  Vehic les  per lane must be s p e c i f i e d  in p a i rs  as 

shown f o r  every lane tha t  Is used. The percentage f low  rates f o r  

unused lanes need not be s p e c i f i e d .

The t r a f f i c  l i g h t  s e t t i n g  data statement is as f o l l o w s :

TLIGHT, NO, 5, OFFSET, GREEN PHASE 1-3,  AMBER 1-3,  DEAD 1-3,  GREEN 2-4 ,  

AMBER 2-4 ,  DEAD 2-4.

OFFSET Is the delay be fore  s t a r t i n g  the cyc le  used to synchron ize 

l inked  i n te r s e c t io n s .  . 1

Phase 1-3 Is s p e c i f i e d  f i r s t  by the lengths o f  the per iods o f  

green, amber and dead. This Is then repeated f o r  phase 2-4.  The 

s igna l  cyc le  is executed In the order  given above and a l l  per iods 

are s p e c i f i e d  in seconds.
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The d i s t r i b u t i o n  used f o r  the acceptance gaps is s p e c i f i e d  by:

TLIGHT, NO,6 , DISTRIBUTION NAME, MEANxlOO, STANDARD DEV I ATlONxlOO*

DISTRIBUTION NAME Is the name given to the set o f  constants used 

to generate the base d i s t r i b u t i o n .  The mean and standard dev ia t ion  

o f  the requ i red d i s t r i b u t i o n  are s p e c i f i e d  in seconds.

5 .5 .5  Storage Requirements

Each TLlGHT requ i res  54 cons tan t ,  and 27 i n i t i a l  s torage words. 

The con t ro l  program generated requ ires  6 words. The TLlGHT s im u la t ion  

ro u t in e  is 461 words long. Flow char ts  f o r  the data and s im u la t ion  

subrout ines are given in Figs.  5.7 and 5.8 re s p e c t i v e ly ,

5.6 Output Routines

Two ou tpu t  rou t ines  are provided which p r i n t  the queue lengths 

at  i n t e r s e c t io n s .  The number o f  epochs before commencing the p r i n t  

can be s p e c i f i e d  so tha t  p r i n t i n g  w i l l  on ly  s t a r t  a f t e r  the network 

has been f i l l e d  w i th  v e h ic le s .  The number o f  epochs between 

successive p r i n t s  can a lso be s p e c i f i e d .  The f i r s t  ou tpu t  ro u t in e

c a l le d  "PRINT" p r i n t s  ou t  the queue lengths o f  in te r s e c t io n s  a t  run
%

t im e.  I t  is  meant to give an immediate p i c tu r e  o f  an in te r s e c t io n  

at  run t ime and is meant f o r  i n t e r a c t i v e  work ing,  I f  more than one 

PRINT is spec i f ied ,  the queue lengths o f  d i f f e r e n t  i n te r s e c t io n s  w i l l  

be in te rspersed w i th  one another.  Each l i n e  p r in t e d  gives the epoch 

number and the number o f  the i n t e r s e c t i o n  fo l lowed by the queue lengths.

The second output  ro u t in e  is ca l led  "WRITE" and the queue lengths 

are not p r in te d  a t  run t ime but  are w r i t t e n  onto d isk .  This 

in fo rmat ion  can then be processed f u r t h e r  o r  p r in te d  a t  the end o f  the 

run using the COPY r o u t in e ,  This r o u t in e  so r ts  the data according  to 

I n te rs e c t io n  number and p r i n t s  a heading and the queue lengths a t  the 

s p e c i f i e d  epochs, Each- i n te r s e c t io n  Is p r in te d  on a new page and
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DATA STATEMENT
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D i s t r i b u t i o n Ca lcu la te  con­
Data r '" s tan ts  b and c

as f o r  LINK

Get s 
Flow

a tu r a t i o n  1 
Rate (FR) . |
\ f

FRC ™ FR x 4096/ IO 8OO I

....
r

Get % L e f t  tu rns  (% L. )  
Get % Right tu rns  (% b. )

\ 1

% R , = :
% Lei ^ 5

i  R, x 4096/100
5 L jx  4096/100+%Li)

More 
than 5 

1 anes

P r in t  E r ro r

RETURN

re 5 . 7. TLIGHT Data Routine
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every page has a heading. The WRITE and COPY r o u t in e s  are used to 

p rov ide  tabu la ted  f i n a l  r e s u l t s  f o r  record and p resen ta t ion  purposes.

5.6.1 PRINT Routine

The d e f i n i t i o n  statement f o r  the PRINT ro u t in e  is  

PRINT, NO, TLIGHT, NO

The f i r s t  NO parameter is the reference number f o r  the p r i n t  

s ta tem en t . The second number is  the number o f  the in te r s e c t io n  

whose queue lengths must be p r in t e d ,  The data statement is 

PRINT, NO, NO OF EPOCHS BEFORE FIRST PRINT, NO OF EPOCHS BETWEEN 

PRINTS.

The data subrou t ine  s to res  t h i s  in fo rm at ion  in the cons tant  storage 

area f o r  l a t e r  use by the s im u la t io n  subrou t ine .

Each p r i n t  requ i res  3 constant  s to rage,  2 I n i t i a l  s to rage words. 

The constant  storage words are used f o r  s t o r i n g  the TLIGHT NO, and 

the data s p e c i f i e d  by the data s ta temen t , The i n i t i a l  s torage words 

are used f o r  a counter and a f l a g  which ind ica tes  whether the ' 

. i n i t i a l i s a t i o n  per iod before  p r i n t i n g  s t a r t s , is  over .  The

subrou t ine  c a l l  requ ires  4 words and the PRINT user r o u t in e  is 84
\

words long, The f low  c h a r t  o f  PRINT is given in F i g . 5.9 .

5 .6 .2  WRITE Routine

The s t r u c t u r e ,  s torage and execu t ion  o f  the WRITE ro u t in e  is the 

Same as f o r  PRINT w i th  the except ion th a t  data is w r i t t e n  on to  d isk  

ra th e r  than being p r in ted  on the console,  The d e f i n i t i o n  and data 

statements are the same and produce the same r e s u l t s .  The word 

WRITE is  used in placf '  o f  PRINT.

The WRITE ro u t in e  requ i res  two o the r  rou t ines  to  opera te  c o r r e c t l y ,  

The f i r s t  is  c a l le d  I FILE which opens a d isk  f i l e  c a l le d  / //TRDAT/ 

on which the uata w i l l  be w r i t t e n ,  The program statement IFILE must 

appear in the i n i t i a l  segment o f  the program, The second ro u t in e
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c a l l e d  CFILE w r i t e s  an end o f  f i l e  mark on the f i l e  / / /TRDAT/ and 

c loses i t ,  , The program statement CFILE must o n l y  appear in the 

TERMINAL segment o f  the program. The rou t ines  I FILE and CFILE 

use no s torage and have no data rou t ine s .

5 .6 .3  COPY Routine

The COPY ro u t in e  uses the data w r i t t e n  onto  d isk  by the WRITE . 

r o u t in e  to  produce tab les  o f  queue lengths a t  i n t e r s e c t io n s .  The 

data on d isk  is read once to  compi le a ta b le  o f  i n te r s e c t io n  numbers 

t h a t  are to be p r in t e d .  Using t h i s  t a b le  the  data is  re - read  and 

the data f o r  each in t e r s e c t i o n  is p r in t e d  in the o rde r  s p e c i f i e d  by 

the t a b le .  Each i n t e r s e c t i o n  is p r in t e d  on a new page w i t h  a heading 

inse r ted  a t  the top o f  the,page. I f  the data f o r  an i n t e r s e c t i o n  

requ i res  more than one page, a new page w i th  a heading is  s t a r t e d .

COPY uses no s torage and can be executed e i t h e r  from the key­

board or  can be inc luded in the TERMINAL segment o f  the program.

The f low  c ha r t  is  g iven in F ig .  5-10. The s im u la t ion  r o u t in e  con ta in in g  

WP:TE, IFILE, CFILE and COPY and a 264 word d is k  b u f f e r  requ i res  

674 words o f  memory.

5.7 I n i t i a l i s a t i o n  Routine

In most s im u la t ions  i t  is  necessary to be able to change a 

parameter and rerun the s im u la t ion  w i th  the same Input data- This 

can be done in t h i s  s im u la to r  by always r e s e t t i n g  the hardware 

random number generators to  an i n i t i a l  s ta te .  A rou t ine  c a l led  

I GEN has been provided to  accompl ish t h i s .

I GEN resets  both genera t ions to  t h e i r  s t a r t i n g  p o s i t i o n  ( a l l  I ' s  

in both cases) and then s h i f t s  the generators  from th i s  s t a r t i n g  

p o s i t i o n  by a number o f  pulses Spec i f ied  by the user ,  In a d d i t i o n  

the generator  o f  Walker is  set  up in to  a mode which uses the computer
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memory f o r  s torage o f  the requ i red cons tan ts .  The d e f i n i t i o n  

s ta tement:  «

I GEN

should o n ly  appear in the INITIAL segment o f  the  program.

The data statement

1 GEN , NO OF PULSES

s p e c i f i e s  the number o f  pulses the generators  must be s h i f t e d  from 

t h e i r  s t a r t i n g  p o s i t i o n s *  I GEN uses no s to rage and is  34 words long.

5.8 Constants f o r  A r b i t r a r y  D i s t r i b u t i o n s

The genera to r  used f o r  generat ing random t r a v e l l i n g  t imes and 

acceptance gaps requ i res  a Set o f  constants to  generate each type o f  

d i s t r i b u t i o n .  In o rder  to  a l low  new d i s t r i b u t i o n s  to  be added 

e a s i l y ,  and to  r e ta in  the c o n t i n u i t y  o f  the FASP system, these 

constants  are arranged in -a  format s i m i l a r  to  a user ro u t in e .  This 

permits  the user to  add o r  de le te  d i s t r i b u t i o n s  e a s i l y  and al lows 

the d i s t r i b u t i o n  to  be re fe r re d  by name.

The constants  are c a lc u la te d  using an a lg o r i th m  o f  Walker ^  

from the r e l a t i v e  f requenc ies o f  each number. The present t r a f f i c  

rou t ines  accept random numbers in '.he range o f  0-63 ( i . e ,  6 b i t s ) .

The standard d e v ia t io n  and mean o f  the base d i s t r i b u t i o n  must be 

chosen c a r e f u l l y  so that  the  d i s t r i b u t i o n  is f u l l y  descr ibed by the 

r e l a t i v e  f requenc ies o f  the set  o f  numbers (0 ,6 3 ) .  For example in the 

case o f  the normal d i s t r i b u t i o n ,  a mean o f  32 and standard d e v ia t io n  

o f  8 was chosen which resu l ted  in the sma l les t  r e l a t i v e  f requency being
m, t*

2 x 10 Thus the t a i l s  o f  the d i s t r i b u t i o n  were Included and wel l

d e f in e d , There are no r e s t r i c t i o n s  on the choice o f  mean and standard

d e v ia t io n  constants b and c tha t  are  re fe r re d  to  in 4 .4 .2 .

A program c a l le d  DI ST has been provided to  c a l c u la te  the constants  

from the r e l a t i v e  f requenc ies .  The program ou tpu ts  the constants onto
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d i s k  in the format o f  a user ro u t in e  source program which can then be 

assembled d i r e c t l y  w i t h  no f u r t h e r  user i n te r v e n t i o n .  I f  a l l  

r e l a t i v e  f requenc ies o f  the d i s t r i b u t i o n  can be represented by a 

mathematical  eq u a t io n , a BASIC program c a l le d  DISTB can be used to 

c a l c u la te  the r e l a t i v e  f requenc ies and punch them onto  paper tape in 

a format acceptab le  t o  the DI ST program. I f  the r e l a t i v e  

f requenc ies  are a r b i t r a r y  they must be entered manual ly f rom the 

keyboard, The l i s t i n g s  o f  D!ST and DISTB are given in Appendix 14.

5• 9 Ad d i t i o n  o f  New o r  A l t e r n a t i v e  Subrout ines
1 1 ~ : ?

The rou t ine s  descr ibed are not meant to  p rov ide the la s t  word in 

t r a f f i c  s im u la t i o n .  Rather,  they i l l u s t r a t e  the p r i n c i p l e s  used in 

s im u la t in g  t r a f f i c  using the FASP execu t ive  and are intended as the 

bas is  f o r  f u tu re  wo rk ,

The general  format f o r  w r i t i n g  s im u la t io n  subrout ines is  given in 

Chapter 3. I f  new subrout ines are requ i red  to work In con junc t ion  

w i t h  e x i s t i n g  rou t ines  a t t e n t i o n  should be paid to  the data storage 

arrangements used by the present ro u t in e s .  I n te r  subrou t ine  

communication is  provided v ia  the s torage handl ing f a c i l i t y  o f  FASP 

and new rou t ine s  should be designed so th a t  t h e i r  s torage areas are 

compat ib le  w i th  the e x i s t i n g  rou t ine s .  Storage maps f o r  the EL INK,

LINK and TLIGHT rou t ines  are given in Appendix 9,

I f  subrou t ines  are added;the t r a f f i c  s im u la t ion  system must be 

recon f igu red .  This involves l i n k i n g  a l l  the subrou t ine  modules and 

the FASP system modules toge the r .  This process is exp la ined in 

Appendix 3.
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CHAPTER 6

TESTS AND VALIDATION OF THE SIMULATION ROUTINES

6.1 In t ro d u c t io n

Before a s im u la to r  can be used i t  is  impor tant  to check the v a l i d i t y  

and accuracy o f  the assumptions made in f o rm u la t in g  the model. This 

is  o f t e n  a fo rm idab le  task  as s im u la t ions  are u s u a l l y  used to  model 

h i g h l y  complex s i t u a t i o n s .  V a l id a t io n  is  also compl icated by the 

f a c t  t h a t  w h i le  a s im u la t io n  model may ac c u ra te ly  s im u la te  a given 

s i t u a t i o n ,  i t  may be t o t a l l y  useless f o r  many o th e rs .

Two methods are u s u a l l y  employed in t e s t i n g  t r a f f i c  s im u la to rs .

A t h e o r e t i c a l  approach may be used to compare s im u la t ion  r e s u l t s  w i th  

r e s u l t s  obta ined from e x i s t i n g  t r a f f i c  s im u la to rs  o r  s t a t i s t i c a l  theory .  

An example o f  t h i s  approach is the method used by Green 1'  to  t e s t  the 

s im u la t io n  o f  a r r i v a l  and d ischarge o f  veh ic le s  a t  an i n t e r s e c t i o n .

This s i t u a t i o n  is  a d e t e r m i n i s t i c  queueing problem and can be descr ibed 

by the Pol 1 uczek-Kh in tch ine  formula For the eva lua t io n  o f  the

t h e o r e t i c a l  r e s u l t s  c e r t a in  assumptions had to  be made concerning the 

frequency d i s t r i b u t i o n  o f  a r r i v i n g  veh ic les  and the ra te  o f  d ischarge 

o f  v e h ic le s .  Since these assumptions are the same as those made in 

f o rm u la t in g  the s im u la t io n  model, t h i s  type o f  t e s t  can o n ly  v e r i f y  

t h a t  the s im u la to r  is ope ra t ing  c o r r e c t l y .  I t  does not prove tha t  

the s im u la to r  is  a c cu ra te ly  mode l l ing  real  t r a f f i c .  Thus th e  use o f  

t h e o r e t i c a l  v e r i f i c a t i o n  is o f  l im i te d  va lue as i t  can on ly  be 

app l ied  to i s o la te d ,  Idea l ised  cases f o r  which theory  e x i s t s  and does 

not nec e s s a r i l y  guarantee correspondence w i th  real  l i f e  s i t u a t i o n s .
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A second and more r e l i a b l e  approach Is to  s e le c t  a r e p res en ta t iv e  

real  l i f t 1 t r a f f i c  ne twork ,  s imula te  i t  and compare the r e s u l t s  w i th

1the real  l i f e  s i t u a t i o n .  This approach was used by Bruggerman e t  a l . 

and is  very c l e a r l y  descr ibed in the l i t e r a t u r e .  I t  was used to  

c a l i b r a t e ,  v a l i d a t e  and t e s t  the s e n s i t i v i t y  o f  the UTCSj t ic ro t r a f f i c  

model. A la rge  amount o f  data needs to be gathered f o r  t h i s  approach 

and In the example a e r i a l  and r o o f - t o p  photography was used in 

a d d i t i o n  to the normal manual methods o f  coun t ing  t r a f f i c .  This 

method is  by f a r  the most s a t i s f a c t o r y  but is  ex tremely  c o s t l y ,  

ted ious  and t ime consuming. The t r a f f i c  network must be c a r e f u l l y  

chosen so tha t  I t  conta ins  most o f  the fea tu res  normal ly  encountered 

In road networks.

An a l t e r n a t i v e  to the above approaches is to  v a l i d a t e  a new 

s im u la t ion  model by comparing' i t  to  another s im u la t ion  model which 

has been p re v io u s ly  v a l i d a te d .  This however, r e l i e s  on the i n t e g r i t y  

o f  the f i r s t  s im u la t io n .

Fbr the v a l i d a t i o n  o f  the s im u la to r  descr ibed in t h i s  

d i s s e r t a t i o n ,  the f i r s t  approach was re je c te d  as o n ly  small elements 

o f  the model could be checked ra the r  than the ope ra t ion  o f  the complete 

network.  In a d d i t io n  t h i s  approach would o n l y  v e r i f y  t h a t  the s o f t ­

ware i s  co r re c t  but  would say nothing  about the assumptions made In 

f o rm u la t ing  the model. The second approach is  s ie most s u i t a b le ,  

however, i t  is  comple te ly  beyond the scope o f  t h i s  work. I t  should 

be considered s e r io u s ly  f o r  fu tu re  work.  The a l t e r n a t i v e  approach o f  

comparison was considered to  be the most s u i t a b le  f o r  t h i s  work but 

u n fo r tu n a te l y  s u f f i c i e n t  input and ou tpu t  data from o the r  s im u la to rs  

could not be found in the l i t e r a t u r e .  Thus no at tempt was made to 

r ig o ro u s ly  v a l i d a t e  the model. Instead the elements o f  the s im u la to r  

were checked f o r  c o r re c t  sof tware ope ra t ion  and a f i c t i t i o u s  network
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c o n s i s t i n g  o f  fou r  l i n k e d  i n te r s e c t io n s  was s imu la ted .  This 

demonstrates the use o f  the s im u la to r  and was used fo r  es t imates  o f  run 

t im e.  I t  must be utressed th a t  t h i s  does not c o n s t i t u t e  a v a l i d a t i o n  

o f  the s im u la to r  and ex tens ive  work must be c a r r ie d  ou t  be fore  i t  can 

be sa id  th a t  t r a f f i c  is  being a c cu ra te ly  model led.

6 .2  Tests on the Software Routines

6.2.1 In t rodu c t ion

Various te s ts  were performed on the t r a f f i c  subrout ines to  check

t h a t  they were ope ra t ing  c o r r e c t l y .  This was f a c i l i t a t e d  by the use
ju

o f  a standard Debug program which al lowed the f low  o f  the rou t ines  

t o  be monitored and pe rm i t ted  examinat ion o f  lo c a t io n s  in core.

In c e r t a in  cases a quasi s t a t i s t i c a l  approach was used in which f low  

ra tes  were s p e c i f i e d  and the ro u t in e  was run f o r  a known number o f  

epochs. The ou tpu ts  o f  the var ious  rou t ine s  were then examined

to a s s e r ta in  whether they conta ined values in an expected range.

6 .2 .2  Tests on the EL INK Routine

The EL INK r o u t in e  is r e l a t i v e l y  s imple and th e re fo re  easy to  t e s t .
.

P re l im in a ry  t e s t i n g  was performed on the data ro u t in e  to  con f i rm  tha t  

the f low ra te  constants were being c a lc u la te d  c o r r e c t l y .  The program 

Was then run w i th  va r ious  f low  rates and the I n i t i a l  core s torage was 

examined a f t e r  every epoch to  v e r i f y  t h a t  veh ic le s  were being 

generated and then stepped down the s t r e e t .  A f t e r  these t e s ts  were 

s a t i s f a c t o r y  a s im u la t ion  program was w r i t t e n  to s im u la te  a s in g le  

e n t r y  l i n k  feeding In to  one arm o f  a t r a f f i c  l i g h t .

The t r a f f i c  l i g h t  was programmed so tha t  the s ignal  fac ing  the 

l i n k  was red. The s im u la t ion  was run f o r  1000 epochs and the queue 

lengths were then examined. The queue lengths were found to be 

c lose  to the value which was ca lcu la ted  from the f low  ra tes  in each
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