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ABSTRACT

One of the main problems facíng Lransportation

planners in large urban centres today is that of coping

with the existing road systems. Very few are the

instances when a city can afford to destroy the old road

system and its immediate environment to cl-ear a path for

a nev¡ transportation belt in a congested or semi-congested

area of the city.

Pl-anners must instead find the optimal manner of

using the present road system and, if necessary, expand-

ing the road. in a manner involving the l-east cost for the

maximum benefits " Due to the financial constraints

imposed on city budgets, the planners must only implement

changes which have a guaranteed beneficial effect"

A simulation model can aid in the planning of these

changes by implementing the changes in a computer run and

studying the resulting congestion. Whether the changes be

orres of varying the existing signal lengths or adding a

J-ane to the road, the model- is a more economical manner of

studying the effects of change rather than by real life

implementation.
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Development of a Micro Scale Simulation
Model of Traffic Flow on a Selected Section of

Pembina Highway in The City of Winnipeg

fntroduction:

This thesis is composed of two main parts each of

which deal-s with the development of a simulation model of

traffic fl-ow on a sefected section of Pembina Highway" The

first section deals with a computer based model which is

written in the General Purpose Simulation System, GPSS,

subroutine package on The University of Manitoba IBM

360/60 computer installation" The purpose of this computer

based simul-ation model- is to demonstrate the utility of

such a model in planning changes ín an existing road system

such as the selected section of Pembina Highway. Changes

in the lengths of traffic signals or in the configuration

of the road can be tested by means of modifj-cation to the

computer model- as wil-l be described later ín the thesis.

Traffj-c planners can then run the model- with the chang,es

introduced in order to study their effects without going

to great expense or possible inconveníence to the users of

the road. Despite the shortcomings of the model as it is

presented in this paper in terms of practical use, it does

point out the manner in which such a model may satisfy the

needs of traffi-c planners to have a tool to experiment with

possible changes at a particular intersection or series of

intersections on an existing road system. fn the first part
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of the thesís a number of changes in signal timesr âs well

as in the size of t.he road, are tested by means of the

computer simulation model- and their effects in terms of

queue lengths and waiting times are analysed. The computer

based model of the thesis is referred to as a micro scale

model-" This term is used to describe the general orienta-

tion of the model as not being one of a large grid city-

wide transportation networks, which is the normal situation

model-led, but j-nstead a localized series of city blocks

being analysed., The model- is concerned with the traffic

at one intersection and how it affects the congestion at

the next intersection, rather than with the more classical-

problems of origin-destination studies"

Whereas the first section of the thesis deals with

the computer based simul-ation model- which is constrained

by the fact that it is computer based, the second section

deals with the potential- refinement of the simulation model-

through the use of mathematical sub-models which woul-d

al-l-eviate the constraints. These models could be used in

the main simul-ation model to íncrease its fJ-exibilit,y and

make it more representative of the actuaf traffic flow on

the selected section of Pembina Highway" This fl-exibility

woul-d be in terms of introducing hourlyo daily and seasonal

variations in traf fic level-s. The expanded simul-ation model

woul-d also be more representative of the actual traffic flow
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since it would be able to account

well as signalized intersections,

and other factors not incl-uded in

model.

f or nÕn-s'i onalized as

õA:* fn I I nr^zì na J- horlrrz

J-he nraqenterl simulation

Through the use of the simulatíon model potential

^L^*-^^ j- -L? road svstem can be evaluated in terms of\rlrq.lrvEÞ If t LllE À vqu ÐJ Ð ue¡rr

shorter waiting times or decreased queue lengths. The

improvements then must be considered in relation to the

relative cost of each potential change and other socio-

economic factors. However, it is not the purpose of this

thesis to propose an optimal strategry to foll-ow in the

planning of future expansion and/or modification to the

selected section of Pembina Highway" The purpose of this

thesis is to present two models of the traffic flow on

the sel-ected section of Pembina Hiqhwav \,'ihich could. be

used, with proper refinement, in the making of such a p1an.



4-

Description of the Model Zone:

Pembina Highway is a major artery in the road system

of the southern portion of The City of Vüinnipeg" It serves

as virtually the only link between t,he City's centre core

and the outlying communities of Fort Garry, Fort Richmond.,

Parc La Sall-e, Saint Norbert and The University of Manitoba

Campus.

Due to the presence of the University and also large

scal-e housing developments nearbyo Pembina Highway has the

unique feature of a bi-directional rush hour occurring twice

a day. That isn the morning and afternoon rush hour traffic

is not primarily travel-ling northwards and southwards res-

pectively but has a high vofume in both directions during

both rush hours. This bi-directional- rush hour imposes

constraints on the adoption of several- common combatants to

the rush hour problem, such âs r synchronized light changes

or variable numbers of lanes of traffic.

The selected portion of Pembina Highway in its present

form is found mapped out in Appendíx Ao while the same por-

tion with a proposed l-ane addition is found. in Appendix B"

There is a centre island or median upon the entire length

of the model zone as is the case for most of Pembina Highway"

There are at present three southbound l-anes of traffic, one

of which is used as a parking lane during non-rush hours

south of Vüindemere" There are afso three northbound l-anes
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up to Jubilee, of which one is used as a parking l-ane

durj-ng non-rush hours south of Merriham. There are two

northbound lanes from the Jubil-ee exit to south of Harrow

where the road is divided into five l-anes n two of which

are for traffic turníng left,.

The southernmost intersection in the mod.el zone ís

that of Pembina-MacGillivray-Oakenwal-d." At this inter-

section Pembina has one green light for northbound and

southbound traffic to proceed through, there are no turn-

ing restrictions; northbound Pembina has a l-eft turn stor-

age lane and southbound Pembina has a right turn yield.

Oakenwald has no turning restrictions and its o\^7n green

light; similarly, MacGill-ivray has no turning, restrictions

and its o!ün green light.. There are five minor intersec-

tions before Lhe next major crossing at Pembina-Point Road-

Vüindemere. There is a no left turn restriction on north-

bound Pembina and althoucrh both northbound and southbound

Pembina use the same green light, southbound Pembina has

a l-eft turn storage lane and flashing green light. Point

Road has a right turn yield and uses the same green light.

as Wind.emereo neither street has any turning restrictions.

There are three minor intersect.ions before the Jubilee inter-

change, route 725 on the map. Northbound Pembina has a

traffic signal at the Jubilee entrance, while the remain-

ing interfaces between Pembina and Jubj-lee are standard
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exj-ts and merges. The Pembina and Jubil-ee traf f ic is

restricted in its ability to make turns by the semi-

cloverl-eaf configuration of the intersection of the two

streets. The next intersection is Pembina-Harrow where

the northbound Pembina traffic cannot turn right at

anytime and cannoL turn l-eft from 7:00 a.m" to 9:00 a.m.

and 4:00 p.m. to 6:00 p.m. Pembina southbound traffíc

cannot turn J-eft and Harrow traffic must turn right and

also stop first. The next and most northerly intersec-

tion is Pembina-Stafford where the northbound Pembina

traffic is broken down into five lanes, three straight

and two turning 1eft. Southbound Pembina cannot turn

l-eft and Stafford traffic must turn right. The Pembina

northbound left turning lane shares a green light with

the Stafford traffic, while the Pembina southbound' and

remaining northbound traffic have their orlr/n green lights.

As earlier mentioned the traffic at rush hours on

pembina Highway is heavy in both northerly and southerly

directions" Therefore, the signal times at Pembína-

Stafford change to the same sequence for morning or after-

noon rush hours. At Pembina-Point Road-Windemere and

Pembina-MacGillivray-Oakenwal-d the times are constant

throughout the dayr while at Pembina-Jubj-lee there are

three signal times, one for morning rush hour, non-rush

hour ancl afternoon rush hour.



snow cl-earance along the selected section of pembina

Highway is excel-l-ent and thus alr ranes are functional
throughout the year" within the model zone there is no

housing immediately along pembina Highway and thus traffic
is generated from sattel-ite population densities. Due to
the road structure in the area the traffic from these

l-ocations is handled mainly by the feeder routes o which

A1-e a nnrf nf the ma-i 6r i nJ- orqa¡l-i nnc ¡nÄ nnt Ì.-' +lrnqlv q yq! u vr *ll(¿ rlL., L rJy Ltte ml_nof

roads along the selected section of pembina Highway"
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Description of the Computer Based Simulation Model:

The computer based simulation model consists of a

General- Purpose Simul-ation System GPSS programme which is

wri-tten for the IBM 360/ø5 install-ation at The University

of Manitoba. Rather than dealing with a detail-ed descrip-

tion of the prograflìme, this section of the thesis wili-

concentrate on the more general features of the prograÍlme

and refer the reader to Appendix C for a detailed listing

of one variation of the programme and Appendix D for the

corresponding flowchart "

Since the simulation progiranìme was written in GPSS

it would perhaps be beneficial to gíve a brief summary of

the various transactions available in GPSS and used in the

progiranme. Please refer to the first page of Appendix D

for a Iísting of the transactions and their corresponding

block symbols used in the flowchart found in the same

Appendix.

The ADVANCE block is used to deJ-ay the progress of

a transaction through the system. Vlithin this simul-ation

programme the ADVANCE block is used for two main purposes '
to delay the change in a signal light, that is, to simulate

the length of a red or green signal light. at a parLicular

intersection and to delay the advancement of an automobile

through the road system, that is, to simul-ate the time taken

for an automobile to depart from an intersection or the
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travel time between intersections " The length of 'uhe delay

is specified in one of two ways, either as a constant value

which does not change from transaction to Lransaction s or

as a val-ue which does vary to a certain extent from trans-

action to transaction. The former type of ADVANCE bl-ock

has only one value specified, while the l-atter has two

values, a mean and a modifier"

The DEPART block serves Lo remove a transaction from

the queue specified in t.he bl-ock itself " fn this simula-

tion programme the DEPART bl-ock is used to simulate an auto-

mobile leaving a lineup at an inLersection and proceeding

into the traffic flow.

A GATE block serves as its name implies u to restrict

the movement of a transaction through a system" A GATE

block can be one of two types, GATE LR and GATE LS, depend-

ing upon whether the gate is considered to be initially in

a reset or set state" This state, when coupled with the

corresponding LOGIC bl-ock, wiJ-l determine whether a trans-

action may pass through the gateu be sent on some specifíed

alternate path or placed in a pushdown delay chain until

the state of the GATE is changed by a corresponding LOGIC

block" In this simul-ation GATE bl-ocks are used Ín two

areas which- are closely related" In the signal control sub-

routines GATE blocks are used t.o determine the path of a

transaction to be one of entering an ADVANCE bl-ock for the
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length of a red or green t.raffic light" within the traffic
simulation portion of the prog:raÍme GATE bl_ocks, correspon-

ding to LOGIC blocks found in the signal control subroutines,

are used to simulate the delay in an automobile caused. by a

red light and the possibility of an automobil-e to proceed

Lhrough a green light.
The GENERATE block is the most fundamental bl_ock of

any GPSS programme" This block is used to create transac-

tions at specified intervals. Just as in the ADVANCE block

these intervals may be of some constant value or may va.ry

somewhat from transaction to transaction. In the former

case one number is specified as the standard. interarrival
time or time between transactions, whil_e the latter both

a mean and a modifier is specifíed. fn addion to these

attributes a specification can be given in the GENERATE

bl-ock as to the number of transactions to be created with-
j-n one run of the GPSS programme. This l-ast feature is
used in the signal control- subroutines where only one trans-
action is used to perform the switching function for one set

of signals. The GENERATE bl-ock is also used throughout the

programme to simulate the introduction of automobiles at

varying time intervals into the road system from the side

roads and at the southern and. northern extremities of the

selected section of Pembina Hiqhwav.
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The LOGIC block operates as a switch in a GPSS

programme" Vühenever a transaction passes through a LOGfC

block depending upon its nature, the switch is placed in

a set state, a reset state or is inverted into the state

opposite from which it was in, that is, set to reset or

vice versa. These three types of LOGIC blocks are indi-

cated as LOGIC S, LOGIC R and LOGIC I respectively" As

mentioned earlier the IOGTC bl-ocks in this simulation

programme correspond to GATE blocks found both in the

signal control subroutines and in the main traffic simula-

tion area. A IOGfC block which is in a reset state wil-l-

resul-t in a corresponding GATE LR to be in an open state

and a GATE LS to be in a closed state.

As j-ndicated by the simulation prograïrme found in

Appendix C, the QUEUE block is the principal bl-ock used

to gather information in this simulation" A QUEUE block

gathers information about a transaction or a number of

transactions while they are being heJ-d in the block.

Unlike most blocks in GPSS a transaction does not leave

a QUEUE bl-ock automatically but must be removed by means

of a DEPART block. fn this simulation OUEUE bl-ock serves

two principal- functions; they simulate the lineup of auto-

mobiles in various l-anes of an intersection and they

simulate an automobil-e crossincÍ an intersection" The

second functj-on of the QUEUE block is present in this
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progranme for mainly internal purposes in that an automo-

bile wishing to enter a traffic flow from a yieldo or by

e ri crh1- 1- rrrn ôn ¡ rerl l.i oht ^r-^^1. +o see íf the inter-e layllu LullMl q lEu J!y¡IL, UAlr UIIçgÀ L

section is free before entering the traffic flow" The

first function of the QUEUE bl-ock is to accumufate statis-

tics which are used in the analysis of the computer simuJ-a-

tion and in the building of the mathematical model"

The RESET block in a GPSS prosramme sets the relative

clock to zeyo, the maximum contents of the QUEUE blocks to

the current contents and. the total entrv count of the SUEUE

blocks to the current contents " The purpose of the RESET

bl-ock is to be able to commence the tabul-ation of statistics

in a system from some point in time when the system is fuIly

active and closer to representing reality than its initial

state. In this simulation programme the RESET bl-ock ís

encountered after the system has been operative for 1800

seconds or one-half hour" This figure was reached by con-

sidering the maximum travel- time of one automobile through

the system to be in the region of five to ten minutes so

that the initial- automobile generated at one extremity

would be through the entire system as woufd many of those

following" That is, all- QUEUE bl-ocks would be in 'normal'

use. The RESET block prevents the accumulation of statis-

tics or QUEUE bl-ocks which are only accepting arrival-s from

síde road inputs into the main traffic flow and not from

continuing traffic along the main route.
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The START block determines the length of the simula-

tion run by indicating the number of termination counts

which are to be encountered before ending the run" Every

termination count reduces the value specified in the START

block by one. Once the value is depleted the run is

terminaLed and either a RESET block or END block is en-

countered. The function of the RESET bl-ock has been

mentioned earlier and that of the END block is to exit from

the GPSS system. In this simulation programme there are

two START blocks/ START 18 and START 72" The first run,

as earfier mentionedo is to initia1J-ze the entire system

before col-lecting statistics n while the second run is the

simulation of a period of 7200 seconds or two hours during

which statistics are coll-ected.

A TERMINATE block is used to remove a transaction

from the system. If a TERMINATE block has a val-ue speci-

fied in it this value will be entered into the termination

count whenever a transaction enters that TERMINATE block"

In this simulation the TERMINATE block is used in two ways,

first as a part of the simulation timer where a value of

one is specified and also throughout the model- where no

value is specified. The later use of the TERMINATE block

is meant to represent automobil-es turning off Pembina

Highway or leaving the selected section of Pembina Highway

at either extremitv"
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The TEST block is used to determ.ine the path of a

transaction through the system by means of comparing the

relationship between the val-ues of the contents of two

other blocks or one bl-ock and some specified value. The

comparison can consist of less than, L, less than or egualn

LE, equal, E, not equaln NE, greater than, G, or greater

than or equal, GE" The TEST bl-ock can al-l-ow a transaction

through if the condition of the block i-s satisfied, íf noto

send the transaction along on an alternate path if one is

specified or place it in a pushdown delay chain" fn this

simulation the TEST bl-ock is used to determine if there is

room in a storage l-ane, is an intersection empty and is

there room on the other side of an intersection for an

automobile to proceed"

The TRÃNSFER bl-ock is also used to change the path

of a transaction in the system. The TRANSFER block can be

of an unconditional- mode in that all transactions fol-low

one specified path, that is, proceed to a certain speci-

fied block¡ or a fractional sel-ection mode in that a pro-

portion of transactions go to one specified block whíle

the remainder go to another" In this simulation the

fractional mode is used to simul-ate the proportion of

automobiles turning off Pembina Highway or onto Pembina

Highway from a side road. The unconditional mode is used

to have transactions .].eavinq an intersection al-l enter the
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traffic fl-ow to the next intersection"

However brief this sunmary of the principaf bl-ocks

used in the GPSS programme has been, it is hoped that it

will be of some use in understanding the foll-owing des-

cription of an individual intersection and then of the

linking of a series of intersections.

The intersection which wi]-l now be described in

detail is that of Pembina Highway and Stafford Street.

The intersection is depicted in two parts of the computer

listing found in Appendix C" The first portion of the

listing which concerns this inLersection is that of the

signal control subroutine called STAFFORD SIGNALS and

which consists of blocks thirty through thirty-nine. The

GENERATE block creates one transaction and only one. This

transaction passes through a LOGIC I block, which in the

case of the first pass and al-l odd numbered passes, places

the roGIC switch labell-ed STA in a set position" The

transaction proceeds to the GATE IlS block which in the case

of this pass is open due to the IOGIC label-led STA being in

a set position and thus the transaction enters the ADVANCE

16 bl-ock where it is hetd f or sixteen seconds. Vühile the

transaction is beinq held in this ADVANCE block it is

simulating the length of the Pembina Highway northbound

traffic's red light. Next, the transaction passes through

the LOGIC S block which sets the LOGIC switch labelled STB"
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Following this it enters an ADVANCE block where it is hel-d.

for twenty-eight seconds, this is to simul-ate the occurr-

ence of a straíght through green arrow from Pembina Highway

northbound traffic. Once the twenty-eight seconds have

elapsed the transaction enters the TRANSFER block where it

is directed back to the IOGIC I block which it proceeds

through. In the case of the second pass and al-l- even

nunLbered. passes the LOGIC switch J-abel-led STA is placed in

a reset condition. Next the t.ransaction approaches the

GATE LS block but since the corresponding LOGIC switch

label-l-ed STA is in a reset position the transaction takes

the alternate route where it. enters an ADVANCE bl-ock and

is held for a variable length of time in a region specified

by a means of fifty-three and a modifier of two seconds.

This represents the length of a g'reen light for Stafford

traffic and Pembina Highway northbound traffic turning

onto Stafford" The two ADVANCE blocks earlier mentioned

combine to simul-ate the length of the g,reen light for

Pembina Híghway southbound. Next the transaction passes

through a LOGIC R block which resets the LOGTC switch

l-abel-led STB" The main purpose of this signal control

subroutine and of the other three signal control sub-

routines is to co-ordinate the changes in the states of

the various LOGIC switches which correspond to the various

GATE b.l-ocks found in the main traffic simul-ation model-.
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The second portion of the computer listing which

applies to the Pembina Highway and stafford intersection

consists of blocks 304 through 374" This area of the

computer programme is simulating the traffic flow at the

intersection. AlJ- transactj_ons referred to are repre-

senting automobiles in the road system which have either

been created at earlier intersections or are created at

the intersection being studied" The firsL block which Ís

encountered by a northbound transaction is a TRANSFER

block using a fractional sel_ection mode. The block dir-

ects fifty-six percent of the time to remain on pembina

Highway and forty-four percent of the time to turn onto

Stafford. The figures used in this fractional mod.e

TRANSFER b1ock, as is the case with al_l_ such blocks ín

the prograiltme, were found through analysis of historical

traffic counts for the intersections being simulated. Next

the traffic turning onto stafford is considered, the trans-

actions enter a TEST block which serves to decide which

lane the transaction will enter. The decision is based.

so1ely on which lineup or QUEUE length is shorter. As a

result of the TEST block the traffic enters either QLIEUE

12 or QUEUE 26, both of which represent a left turn lane

from Pembina Highway onto stafford" !úhile statistics are

being col-lected on a transaction in the eUEUE, the trans-

action is attempting to pass through a GATE LR block which
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corresponds to the LOGIC switch STA once the switch is in

a reset state as determined in the signal control sub-

routine, the transaction may proceed through the GATE and

enter an ADVANCE bl-ock for one second to represent depart-

ure time in terms of a driver's and. an automobile's

reaction time" Statistics are then no longer kept about

that transaction in the QUEUE bl-ock since a DEPART block

is encountered" The transaction then enters a QUEUE block

from which it is immediately removed by a DEPART block.

This is to simulate traffic in t,he actual intersection and.

would lce checked. to be equal to zero before an automobil-e

could make a right turn on a red líght from Pembina south-

bound onto Stafford if such a turn were permitted. Finally,

the transaction enters a TERMINATE block and is removed

from the system since it has left the selected sectíon of

Pembina Highway.

The traffic remaining on Pembina is simul-ated by

blocks 321 through 335. A transaction arrives at the first

block from the fractional selection mode TRÃNSFER B block

earlier mentioned" This transaction enters a TEST block

to determine the shortest SUEUE length, next it enters

that QUETIE and awaits the GATE LS block to be opened by

the LOGIC switch label]-ed STB to be in a set condition"

Next the transaction enters a one second ADVANCE bl-ock

after which it is removed from the QUEtiE and passes through
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the Pembina High\ôzay northbound intersection before being

removed from the system.

The simulatíon of southbound traffic, bot,h on Pembina

Highway and from Stafford, is somewhat different from the

northbound cases " One of the main differences is that

the transactj-ons are being created just before the inter-
section" In the case of rush hour cond.itions the Pembina

Highway southbound traffic has a transaction created by a

GENERÀ,TE block everv four seconds with a one second modi-

fieru that is, every four plus or minus one second" Next

the transactions enter a transfer bl-ock where ten percent

of the time they take the outer lane" The remaining trans-

actions enter a battery of TEST blocks in order to deter-

mine which of the three available traffic lanes have the

shortesL SUEUE length" The transactions then enter the

preferred QUEUE and attempt to proceed through the GATE LS

which is open when the LOGIC switch labelled STA is Ín a

set condition" Once the transaction passes the GATE it

enters a TEST block to determine if the corresponding

QUETIE at the next intersection is backed up all- the way

to the present intersection. Due to the manner in which

transactions sel-ect the shortest SUEUE length t.hís condi-

tion of congestion implies that al-l J-anes are equally or

very nearly equally backed up" Next the transaction enters

the one second ADVANCE bLock after which it is removed
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from the QUEUE and passes through the intersection" The

curb l-ane has a percentaqe of its transactions terminace

thus simulating automobiles turning off Pembina Highvray"

The remaining transactions in the curb l-ane and all trans-

actions in the other two J-anes are transferred to an

ADVANCE block which simuJ-ates the travel time to the next

intersection.

The Stafford traffic, l-ike the Pembina Highway south-

bound traffic and also like all side roads in the simula-

tion, creates transactions just before the intersection.

Also like all side roads in the simulation, except those

with right turn lanes or yields, the traffic on Stafford

is considered to be in one OLIEUE. The GENERATE block

creates transactions which enter a QUEUE block, they then

attempt to pass the GATE LR bl-ock which is open when the

LOGIC switch labelled STA is i-n a reset condition. Next

a check is mad.e if there is room to turn onto Pembina

Highway, that is, if the QLIEUES at the next intersection

do not stretch al-l the way back to Pembina Highway and

Stafford. A one second ADVANCE bl-ock is encountered

afterwhich statistics are no lonqer collected for the

transaction at that QUEUE" The transaction then passes

through the intersection and enters the southbound traffic

fJ.ow by means of an ADVANCE block to símulate the travel

time.
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Although as can be seen from the maps in Appendices

A and B, the computer listing in Appendix C and the cpSS

fl-owchart in Appendix D, each intersection has unique

characteristics in terms of the number of side roads o the

signal control systems and the possibilíty of i_and expan-

sion" However, despite these differences there are a

nurnlcer of general characteristj-cs shared by all_ the inter-

sections " The previous description of one intersection

points out these characteristics, the manner in which a

transaction takes the lane with the shortest QUEUE length,

the way the GATE blocks in conjunction with the signal

conLrol subroutines simulate the traffic signals, the

manner in which a departure time in terms of driver's

and automobile's reaction time is included., the way in

whi-ch traffic turning off or onto Pembina Highway is

accounted for and, al-so, the way congestion at the next

intersecti-on is considered.

As previously stated, a description of a series of

intersections will now be given. This descríption will

be much more general than the previous one for an Índi-

vidual intersection" The major logic fl-ow wiIl be des-

cribed rather than the path of an individ.ual transaction"

This policy has been adopted to avoid any further repeti-

tion to what has already been stated" This description
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\,ril-l fol-low the pattern of the simul-ation prograïrme it-

self in that it. wil-l first consider the northbound

Pembina Highway from the southern extremity to the north-

ern extremity of the selected section of Pembina Highway

and then the southbound traffic on Pembina Highway passing

through the model zone.

Pembina Highway traffic is generated just south of

the Pembina Highway-MacGillivray-Oakenwald intersection.

The traffic then enters a l-eft turn storage lane o the

curb l-ane, or one of the two straight through lanes

depending upon the number of automobil-es in 'uhe left turn

storage lane. When the traffic signal is green, that is,

the GATE is open, traffic will proceed northbound on

Pembina Highway, then turn right onto Oakenwald and

TERMINATE from the system or wait for the western hal-f

of the intersection to be clear and turn l-eft onto

MacGill-ivray and TERMINATE from the system.

Oakenwald traffic is broken down into a right turn-

ing lane and a straight through lane which also accounts

for left turning traffic" The right turn lane will turn

when the light. is green or when the intersection is cl-ear

on a red light" This is determined by a TEST block which

checks íf QUEUE 2 which represents the intersection is
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clear. The traffic in the other lane awaits the Oakenwald

green light and then terminates after leaving the QUEUE "

The MacGillivray traffic is considered to enter one

QUEUE after being created" Once the GATE is open the

MacGillivray traffic, like that of Pembina Highway and

Oakenwaldo checks to see that there is room to enter the

traffic flow leading to the intersection"

All traffic entering this northbound traffic flow

enters a fifty-nine second ADVANCE bl-ock to simulate travel

time between intersections. These travel- times were

arrived at by empiricaf observations at different times

during the day"

Following this ADVANCE bl-ock traffic is once again

broken down into various lanes depending upon the per-

centage of traffic turning right and on the QUEUE lengths

for the northbound traffic. Vühen the GATE is open for

Pembina Highway northbound traffic the transactions leave

the QUEUES after a one second delay one after another

until- the GATE closes once again"

Point Road traffic has a right turn yield which in-

volves a TEST block used to determine if the intersection

is free before a transaction proceeds into the northbound

traffic fl-ow. Southbound and straight through traffic
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must check by means of a TEST block that one is not in
another's way after passing through the GATE bl_ock.

Furthermore, southbound traffic must check that it may

turn without colliding with any Vlindemere traffic"

SimiJ-arly, Windemere traffi-c encounters several_ TEST

bl-ocks of the sarne nature. Before testinq for a riqhc

turn on red light, a transaction must have no transac-

tions in the QUEUE before itn also before making a left

turn onto Pembina Highway northboundo a TEST block is

encountered to assume that there are no straight through

Point Road automobiles in the intersection. Traffic

which is proceeding ont.o point Road from Vüindemere must

check to see that no automobiles waiting to make a l_eft

turn onto Penrbina Highway northbound are bl-ocking its
---+l-UA LII .

The northbound transactions generated by pembina

Highway northbound traffic, poinL Road right t.urning

traffic and Windemere left turning traffic enter a

forty-one second ADVANCE block to represent travel time

up to the Jubilee exit where 20.6 percent of the traffic

turns off onto Jubilee and leaves the system. The

remaining transactions enter a ten second advance before

checking for the shortest QUEUE lengths and once in the

QIIEUES wait for the GATE to open, thus simulating a green

signal light" The Jubilee traffic al_so await the openi-ng
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of its GATE and then enters the same northbound traffic

fl-ow as the Pembina Highway northbound traffic" The

transactions in this flow enter a twenty-six second

ÄDVANCE bl-ock before reaching the Harrow intersection.

In non-rush hours nine percent of the transactions enter

a SUEUE to turn l-eft onto Harrow" The transactions in

this QUEiiE check to see if the western side of the

Pembj-na Highway-Harrow inLersection is open; if so, after

a one second departure they proceed across the intersec-

tion and out of the system"

The transactions which remained on Pembina Highway

entered a seven second ADVANCE before being separated by

a TRÀNSFER bl-ock into traffic turning onto Stafford and

traffic remaining on Pembina. The transactions in each

case TEST for the shortest QUEUE lengths and then attemnr

to pass through their respective GATE, afterwhich they

enter a one second ADVANCE block before leaving the QUEUE

block, pass.i-ng through the intersection and terminating.

The southbound Pembina Highway and Stafford south-

bound traffic have already been described in terms of

their activities at the actual intersection" Fol-l-owing

the intersection the transactions enter an eight second

ADVANCE bl-ock" Foll-owing this 1.1 percent of the trans-

actíons terminate and the remainder þroceed. into the

southbound traffic flow.
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Southbound traffic is al-so generated from Harrow

Street where i .|- anl-arc = ôUEUE, then by means of a TEST

block checks to see that. the inLersecLion is open and,

if sor after a one second ADVANCE block leaves the QUEUE

and enters the southbound traffic flow already mentioned.

The transacLions in this flow enter a twenty-seven second

ADVÄNCE bl-ock to simulate the travel time before the

Jubilee exit \^/here 23"7 percenL of the transactions

TERMINATE. The remaining, transactions enter a ten second.

ADVANCE bl-ock after which they are joined by transactions

created by the Jubilee southbound traffic" Then the

transactions enter a thirty-three second ADVANCE block

followed by a series of TRANSFER and TEST blocks which

place 2"6 percent of the Lraffic in the curb lane, 2 per-

cent in a l-eft turn storage lane and the remainder in the

lane with the shortest QUEUE length.

Next the standard procedure for st.raight through

traffic of waiting for the GATE to openo checking for

future congestion, allowing for traffic to turn off and

the use of one second ADVANCE bl-ocks representing depart-

ure time is fol-lowed" The J.eft turning traffic checks to

see that the GATE is open and íf there is no oncoming,

traffic before crossing the intersection and terminating,

oncoming traffic is delayed after the opening of the

GATE by means of a flashing green light for the southbound



32

traffic" The remaining transactions as wel_1 as other

southbound transactions generated from poin-u Road and

Windemere enter a sixty-one second ADVAIICE bl_ock to
represent the travel time.

The transactions are then assigned to various

QUEUES by means of a series of TRÀNSFER and TEST blocks.
The transactions turning right do not reach the signals

since they TERMINATE from the system by means of a right

turn yield" The l-eft turning traffic bl-ocks the centre

l-ane due to the 1ack of a l_eft turn st.orage l-ane. Ho\^z-

ever, this has l-ittle effect on that l-ane's QUEUE length

due to the manner in which transactions are placed in

the shortest QUEUE. Once the transactions are in their

respective QUEUES they wait for the GATE to be opened

representing a green siEnal Iíght" In the case of l_eft

turning traffic they TEST for the eastern sid.e of the

intersection to be cl-ear before terminating" The centre

lane traffic checks that no left turning traffic is block-

ing its way and, if not, proceeds in the stand.ard fashion

before terminating just beyond the intersection"

Throughout the foregoing description of the computer

based simulation model a number of assumptions used in the

formation of the model were referred to directly or in-

directly. These assumptions were made in order to make

the prograrTrme more manageable or were ímposed as a result
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of t.he constraints placed on the programmer using GPSS "

A brief listing of the key assumptions used in the pro-

granune will- now be given. As earlier mentioned the

geographÍc layout in the area bordering on the sel_ected

section of Pembina Highway is of such a nature that a

high dependence is placed on feeder routes connecting

Pembina Highway and the population pockets rather than

a series of smal-I side roads lead.ing from a population

area onto Pembj-na Highway" It is due to this higher use

of feeder routes that the role of side roads has been de-

emphasized" Thereforeo in the simulation model, due to

size constraints imposed by GPSS, it was assumed that the

effects of such non-signal-ized side roads to be negligi-

bl-e and thus were not accounted f or in the programme " A

simulation of the effect on that traffic flow of pembina

Highway of automobil-es entering from such side roads woul-d

have required a large expansion of the simulation pro-

grarnme which was already at its l_imit in terms of core

usage. A second assumption which was made in the pro-

grarTrme was that an automobile approaching an intersection

would choose the rightmost l-ane íf it were to turn ricrht -

the l-eftmost lane if it were to turn left and the lane

with the shortest queue length if it were to proceed on

the same road after the intersection" This decision pro-

cess was adopted. for the sake of simplicity in developing
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the programme" As a result of this method of having

automobil-es choose their l-ane of travel it was Þossibre

to study the waiting times at a representative queue

for each direction of travel at an intersectíon, rather

than attempting to collect data for all queues which

woul-d not be permissibl-e in GPSS due to the number of
queues" A third key assumption is that the start up or

reaction time before departure for an automobil_e leaving

a queue is a constant value of one second" This assump-

tion was made in light of the fact that in a real life

situation the first car has a much greater delay time

than the final- cars in the queue and that each car in

the queue has a proport.ionately lesser delay time. It

!\ias al-sO taken intO aCcOUnt J-haf 1-ha ovngglgfl q¿eue

lengths based on preliminary runs \dere always found to

have a val-ue of less than ten automobiles. These two

facts, decreasing leaving time and short queue lengths o

indicated that an assumption of a constant departure

time would give a close enough approximation of realitv

in the computer simulation" An expansion of the delay

time to being dependent on an automobíle's position in

the queue wou.l-d have necessitated a reductj-on in other

areas of the progranìme. The fourth fundamental assump-

tion made in the computer simul-ation model is that of

al-.]- cases havínq a standard travel time between



intersections " This assumption was used for the sake of

^-: *^r.i^.il-" i- Ä^-rn'l^^ìh^ +1¡Ð¿lLI/¿rvr uJ ¿!r us vElvyrr¿V url€ pfO$f amme. WithOUt the

addition of a linear car fol-l-owing delay subprogralllme

within the model a randoml-y distributed series of travel

times could result in automobiles "passing" one another

j-n the same lane or two automobiles arriving in a queue

at the same instant" Therefore, in order to avoíd these

problems without. developing a simulation subprogralrlme

for linear car fol-l-owing delays, which would be of the

magnitude of another thesis, a constant travel time was

'i nt rnr{rr¡aÀ

In addition to these Jcey assumptions a number of minor

ones were also made" These consisted of assuming an auto-

mobile to make a right turn on a red líght where permissi-

bleo if it were the firsL automobile in the gueue and the

intersection vlere empty" A similar assumption in terms of

the intersection being empty and the automobile being first

in the queue was made for automobil-es entering from a

yield lane or a side road with a stop sign"

Throughout the description of the computer simulation

I have been rather vague about the numerical inputs used

in the simulation programme " This was done in order to

keep the description as general as possible" A complete

listing of the numerical- values for the various simulation

runs representing different times of day and varying
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conditions can be found in tabl_es A, B, C.1, C.2o C"3

and D which foll-ow this secti-on of the thesis.
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TABLE A

TRAVEL TI¡4E BETVVEEN

INTERSECTIONS *

TN SECONDS

NORTHBOUND

MacGillivray-Oakenwald 6¿ Point Road-Windemere

Point Road-Windemere c Jubil-ee Exit

Jubilee Exit & Jubil-ee Entrance

Jubilee Entrance & Harrow

Harrow & Stafford

SOUTHBOI.IND

Stafford & Harrohz

Harrow c Jubilee Exit

Jubilee Exit & Jubilee Entrance

Jubilee Entrance ç Point Road-Windemere

Point Road-Windemere & Maccill-ivray-Oakenwald

59

4I

l-0

B

27

l_0

33

6l_

* Based upon empirical observations taken at three differ-
ent times in one week" Road conditions varying from wet
to dry. Total- number of observations for each travel_ time
was 9"
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TABLE B

PERCENTAGE TRAFFIC TURNTNG

AT EACH INTERSECTION *

!Ë! L Right

P emb in a-MacG i I 1 i vray- Oakenwald

Pembina Southbound.
Pembina Northbound
MacGi llivray Eastbound
Oakenwald Westbound

Pembina-Poin t Road-V'Tindemere

Pembina Southbound
Pembina Northbound
Point Road Westbound
Windemere Eastbound.

Pembina-Jubilee

Pembina Northbound
Pembina Southbound

Pembina-Harrow

Pembina Northbound
Pembina Southbound

Pembina-Stafford

Pembina Northbound
Pembina Southbound

* Based upon historical-
years supplied by The
Planning Department"
each intersection was

traffic counts over the past five
City of Winnipeg Transportation

Total number of traffic counts for
12.

ln

9.4
60. i_

44"7

7"2
N,/A

12 "5
80"2

N,/A

23.7

on

N,/A

44"0

N,/A

r_9"9

I"7
30.8
27 "7

2"6
1.0

79 "B
9 "7

20 .6
N,/A

N,/A

1"0

N,/A
1^
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TABIE C " J.

SfGNAL TIMES AT EACH INTERSECTTON

IN SECONDS

PRESENT CONDITTONS *

Morning

Pembina Green at
MacGi 1 1i vray- Oakenw al_d.

Oakenwald Green

MacGillivray Green

Pembina Green at
Point Road-Windemere

Pembina Southbound
Flashing Green at
Point Road-Windemere

Point Road & !{indemere
Green

Pembina Northbound Green
at Jubil_ee

Jubilee Green

Pembina Northbound Red
at Stafford

Pembina Northbound No
Turning Green at Stafford

Pembina Northbound and
Stafford Green

63

13

1B

63

13

Jõ

56

L2I2

56

L2

Mid-Day

63

l_J

l_B

56

27

37

23

l_9

l_5

2B

Afternoon

27

73

27

16

2B

53

27

57

22

16

2B

53

* Based upon empirical observations over the course of one
week " observations at B :30 A"M" , 12 : 30 p.M. and 5 : 30 p. M.Total- number of observations for each time of day at eachintersect.ion was 30.
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TABLE C"2

SIGNAL TIMES AT EACH INTERSECTION

IN SECONDS

SHORTENED CYCLE *

Morning Mid-Day Afternoon

Pembina Green at
MacGillivray-Oakenwald 32 32 32

Oakenwal-dGreen 7 7 7

MacGil-l-ivrayGreen 9 g g

Pembina Green at
Poi-nt Road-Windemere ZB ZB ZB

Pembina Southbound
F1ashi-ng Green at
PointRoad-Windemere 6 6 6

Point Road.-Vriindemere Green 14 14 L4

Pembina Northbound Green
at Jubil-ee 29 l_9 37

Jubilee Green 11 IZ 14

Pembina Northbound Red
at Stafford B l_0 B

Pembina Northbound No
Turning Green at Stafford 14 B 14

Pembina Northbound and
Stafford Green 27 IA 27

* Found by taking one half of Tabl-e C, l- Val_ues
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TABLE C.3

SIGNAL TIPIES AT EACH INTERSECTION

ÏN SECONDS

LENGTHENED CYCLE *

Morning Mid.-Day Af ternoon

Pembina Green at
MacGi I li vr ay-O akenwal- d

Oakenwal-d Green

MacGillivray Green

Pembina Green at
Point Road-V[indemere

Pembina Southbound
Flashing Green at
Point Road-Windemere

Point Road-Windemere
Green

Pembina Northbound
Green at Jubilee

Jubil-ee Green

Pembina Northbound
and Stafford Green

95

20

27

B4

95 95

20 2A

27 27

84 84

].8 18

41 4I

56 l-l_0

35 4r

l-B

4I

B6

33

Pembina Northbound
Red at Stafford 24 29 24

Pembina Northbound
No Turning Green at
Stafford 42 23 42

BO 42 B0

* Found by Taking one and one hal-f of Table C"l- Values
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TABI,E D

INTERARRÏVAL TÏMES OF AUTOMOBILES

IN SECONDS

FOR EACH TRAFFIC GENERATION POINT

PRESENT POPULATION */EXPÄNDED POPULATION

Morning Mid-Day Afternoon

**

Pembina Northbound
at MacGillivray-
Oakenwald

Oakenwald

MacGil-l-ivray

Point Road

Windemere

Jubil-ee Northbound

Pembina Southbound
at SLafford

Stafford

Harrow

Jubil-ee Soutbound

4,2/3,2

33,72/25 t9

19 | 12/14 ,9

22 t20/r7 ,15

30 ,13/23, l0

7 ,2/5 t2

ll 1 /1 la , L/ J , L

8,I/6,7
17 ,9/13,7

9 ,4/7 ,3

A 1 /a 1
=rL/JrL

43 t9/32,7

12 tr/g,r
40,5/30,4

98,5/7 4,4

L6 t2/12,2

5,0/4,0

L3,2/r0,2

16 ,3/12 ,2

20 o2/75,2

3,7/2,r

35,L2/26,B

7 ,2/5,2
27,3/20,2

38 t26/29 t20

l-1,2/8,2

4,t/3,L

4,L/3,L

9 ,1/7 ,7

14,8/rr ,6

Based upon historical- traffic counts obtained from The
City of Winnipeg Transportation Planning Department.
Total- number of traffic counts for each íntersection was
L2"

** Based upon reducing the interarrival-s by taking three-
quarters of their former val-ue.
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Variations of the Computer Based Simul_ation Model:

rn order to simulate the traffic flow on the selected

section of Pembina Highway at different times of day and

under varying conditions, a number of modifications to the

programme had to be implemented. These modifications were

of many different forms ranging from the mere changing of
the mean and mod.ifier values of certain GENERATE or ADVANCE

blocks to the rewriting of entire sections of the programme.

This section of the thesis will deal with the general

nature of the variaLions and give some idea of the type of
modifications used to simurate the road system at differ-
ent times of day and under varying conditions of popula-

tion, signal lengths and road size.
The primary programme simulated the selected section

of Pembina Highway in the mid-day time peri_od, that is,
without the no stopping 7:00 a.m. to 9:00 a.m. and 4:00 p.m.

to 6:00 p.m. being in effect and under present conditions,

that is, with the historical-J-y based values for the

GENERATE statements as for:nd in Tabl_e D and simiJ-arly for
the ADVÄNCE statements used in the signal subroutines as

found in Table C. ]-. Next a series of runs to simulate

varying signal J-igrht lengths along the road system.

Throughout al-l- these runs the GENERATE values \^rere those

based. on the historical data. These runs made use of the
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val-ues found in Tabl-es C.2 and C.3 for the ADVANCE blocks

i n the s i crn a I COntrOl subrOutineS in the fnl I nr^z'i n.r mâuulrrrQJ s urJlourlfles llt rIte .,.*nner.

The Pembina Highway times were lengthened, that is, the

first, fourth, fifth, seventh, tenth and eleventh values

of the middle col-umn of Tabl-e C.3 were used in the appro-

priate ADVANCE blocks. The next run consisted of using

the Pembina Hiqhway times for Table C.2 with atl other

times being those of Tabl-e C"1. This simul-ated the short-

ening of the length of the signals on Pembina Highway"

Then the effect of lengthening of the side road signal

times was simul-ated by using the second, third, sixth,

eight and ninth val-ues of the middle column of Table C.3,

whil-e using the Tabl-e C.1 values for the remaining ADVANCE

bl-ocks. Next the side road times \^iere shortened by using

the Table C.2 va]-ues. FolJ-owing this a run \^/as made with

Pembina Highway times lengthened, TabJ-e C.3, and side road

times shortened, Table C.2. Then both sets of signal times

were shortened and finalJ-y both lengthened using all Tabl-es

C.2 and C.3 values respectively.

Foll-owing this seríes of runs the signal times were

returned to their oriqinal val-ues of Tabl-e C"-l-. The next

situatíon which was simul-ated was that of an expanded road

system under mid-day conditions " A number of individual

QUEUES had to be added to the prosrailrme at the Pembina-

MacGill-ivray-Oakenwald intersection for both Pembina
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northbound and southbound traffic; similarly at the
Pembina-Point Road-vüindemere intersection and for north-
bound traffic onJ-y at the pembina-Jubil_ee intersection.
The programme was then run with the present popul_ation

level-s for the GENERATE blocks and the present signal
times for the ADVANCE bl-ocks of the signal control_ sub-

routines " After this run the GENERATE statement val-ues

\^iere changed to those of a higher population as found in
Table D"

Next the programme was modified to represent rush

hour conditions with the removal- of one euEUE for north-
bound Pembina Highway traffic at the pembina-Jubil_ee

intersection and southbound traffic at the pembina-point

Road-windemere intersection. These lane changeso just as

in the modifications for mid-day expansion, involved the
changing of values in certain TEST bl-ocks or rewritinq
certain decision systems j-n the prograrnme. with this re-
structured prografirme the morning and afternoon rush hours

r¡¡ere simu.l-ated under present conditj_ons of traffic levels
and signal lengths, under the condítions of varying signal
lengths in the same pattern as outlined for the mid-day

and in the case of the morning rush hour with the present

signal lengths and the GENERATE block val-ues for higher
traffic level-s as found in TabJ_e D"
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Once again the progratnme had. to be restructured in

order to simulate t.he rush hour conditions on an expanded

road system" This was accomplished by adding a eUEUE

for northbound and southbound traffic at the Pembina-

MacGil-livray-Oakenwald and Pembina-Point Road-i¡tindemere

intersections and al-so for northbound traffic only at the

Pembina-Jubil-ee intersection. Then by the use of the

appropriate val-ues from TabJ-e C"1 and Table D" both morn-

ing and afternoon rush hours \,^/ere simul-aLed with the

present traf fic l-evel-s and traff ic signal lengths "

These were the final- runs made with the simulation

model and a copy of the prograrÌtme in this state is pre-

sented in Appendix C. The rush hours coul-d not be simu-

lated with the increased traffic l-evels or the expanded

road system since the computer core al-located to GPSS

woul-d have been exceeded" The same problem prevented

any simul-ation of the afternoon rush hour with the higher

traf fic l-evels "

An analysis of the results of these various computer

runs follows"
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Analysis of Results of the computer simuration Runs:

The complete set of results for the computer simul_a-

tion runs can be found in Appendix E to this thesis. one

copy of this appendix is avai]abl-e upon request. Due to
the síze of this appendix, wefJ- over seven hundred and

f i f J-rz n^ñâc thiS SeCti_On 1^z.i ì'l nracan.{- =
rr! LJ I'qvçÞ , Efl'l-s sectl-on lur¿¿ r/!sÞsrr u d sìJlrìfrìâr! of the

main effects on traffic fl-ow, in terms of expected waiting
times brought about by varying the conditions on the

selected section of pembj-na Highway.

The previous section of the thesis outlined the vari-
ous simul-ation runs which weïe made to represenc varying
conditions along the selected section of pembina Highway.

Among those variations \^iere ones concerned with changing

the lengths of traffic signals on either pembina Highway

or the side roads. rt is the results of these runs which

wil-l now be discussed.

The relationship which

cerned with the percentage

plus green, which is green.

upon as PGC = G x 100 where
R+G

will be mentioned is that con-

of a traffic light. cycle, red

This percenLage can be looked

G and R represent the length of

a gireen and red J-ight respectively. rt was f ound throuqh

trial- runs that in order Lo gain the ful_l effect of changes

1n PGC and cycle lengLh on the deray at an intersection the
two factors shoul-d. be changed in conjunction with one

another. Two major trends v/ere investigated, that of
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decreasing the pGC while increasing the cycle length and

decreasing the PGC whil-e decreasing the cycle length. The

resulting effects of these changes on traffic fl_ow in
terms of expected waiting time, E[üÍ], \^/ere studied for
each intersection at various l-evels of input, see Tables

E.f , 8.2 and 8.3" The results of these various runs were

found to be consistent for alJ- inLersections and at ar-r-

level-s of input used" lvhat is meant by the resuJ-ts being

consistent is not that the E [w] \^/ere al-l found to have the

same values but, instead, that the trends in E[I¡ü] versus

PGC relationships with shortening Lhe light cycle and

increasing PGC and with lengthening the light cycle and

increasing PGC were found to be consistent for al-l- inter-
sections and at al-l input levels. An example of these

trend.s is given on Graph l- found at the end of this section.

Although the resul-ts of the computer simulation runs

are limiLed to three points for each curve and. thus cannot

be used for the formul-ation of strict quantitative results,
the trends exhibited in the resul-ts are consistent with the

traffic fl-ow characteristics at an intersection.
A general formulation of the type of relationships

exhibited by the curves is that of a mod.ified negative

exponential function such âs r

EIwl = e -f (PGC'c)

where PGC is the percentage of cycle gireen,
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C is the cycle length,

f(PGC,C) is a function of both the pcc and the cycle

length. As mentioned the results do not permit the formu-

l-ation of strict quantitative results in terms of further
defining the function f (PGC,C) which is an integral part

of the main function in that it reveals the manner in which

PGC and C determine E (W) through their own interrel_ation-
ships.

The results do indicate that the policy which would

lead to minimizing the delay or E (Vü) at an intersectíon
when only one direction of travel is considered would be

one of increasing PGC while shortening the traffic signal

cycle length. It must be noted that this policy is re-
lated to only one direction of traffic being considered.

However, the purpose of any intersection is to provide a

means of controlling traffic flows which cross one another

at some point. Therefore, in addition to considering the

effects of any policy regarding signal cycle lengths on

traffic travelling in one direction, the effects on side

road traffic must also be studies. An increasing pGC on

one directj-on will result in decreasing the PGC f.or the

cross road direction. Since the better method of increas-

ing PGC for the main road, in terms of lowering E(W),

would be to do so whíle shortening the cycle length, the

si-de road. would be found to have a decreasing PGC with the

cycle length being shortened. This factor will lead to
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increasing the E [itl] on the side road, whiÌe decreasing the

main road E [w] " Graph I represents the E [w] versus pcc

for southbound Pembina traffíc at point Road, while Graph

2 represents the E [w] versus PGC for point Road traffic at

Pembina. It can be seen from these two graphs that by

increasing the PGC for Pembina southbound from the present

val-ue of 72 to 83 the E [W] drops f rom 6 to 3, or by fifty

percent and the Point Road E IWI increased from 26 to 32,

or by twenty three percent, since the PGC decreases from

26 to l-7 because PGC on Pembina southbound plus pcc for

Point Road equals one hundred" The purpose of this analy-

sis, just as that of the thesis, is not to poi-nt out the
j-deal- signal times to be implemented. There are a number

of policy questions, such as should the road serving the

immediate community or the main artery serving travel-l-ers

through the community receive priority in terms of shortest

delay, which must be answered when a decision is being made

to set the time lengths " This analysís was given in order

to point out the useful-ness of a computer simulation model

to analyse the effect of various signal lengths or the

delay of automobil-es at an intersection. Several factors,

as wel-l as the percentage change in delay, must be taken

into account before a decision woul-d be made regard5-ng the

length of the signal cycles or PGC val-ues at an intersec-

tion. The E[W] value which is increasingi must not become

so large a value that drivers wiJ.l disobey the signal



56

lights from sheer frustration of waiting so long. The

effect of changes at one intersection upon the traffic
behaviour at the next intersection must al-so be con-

sidered. There woul-d be rittl-e use in minimizing E lwl

at one intersection if in so doing the E lwl at a foll_ow-

ing intersection was increasing, at a rapid rate. There

are also questions regarding load factor of an intersec-
tion and the theoretical versus practicar usage rate of
an intersection which wouJ_d have to be answered. A

number of these factors wiJ-i- be considered in more detail
l-ater in the thesis. The object of this thesis is not
to consider these various factors and thus not to find an

optimal signal cycle or pGC for the intersections on the

sel-ected section of Pembina Highway" However, the com-

puter simul-ation model does point out how such a simul_a-

tion programme can determine the effect of decisions made

ì ^ 'l ì ^L.r- ^E €.-Ln rrgrrE or ractors such as those j ust mentioned on the
actua] traffic flow, whether it be in terms of the average

queue length at an intersection or the average delay at an

intersection as \^/as the case in this model " The benefit of
this result can be best appreciated if one considers the

high cost of obtaining data on the delay at an actuar inter-
section and the tremendous value that such data woul_d have

in making a decision concerning the signar cycle of a parti-
cul-ar intersection"
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Aside from the useful_ness

model for evaluating the effect

a computer sj-mulation

changes in signal
cycres in terms of queue lengths, delay times and other
measures of performance for an intersection's behaviour,
the mooel- has al-so brought out two resurts regarding the
capacity of the sel-ected. section of pembina Highway. The

first result is j-n regard to the present road experienc-
ing a higher level- of traffic than that which it is no\^/

serving. rt was found that the deg'ree of congestion at
the signalized intersection in terms of E [I¡ü] did not
increase proportj-onat.e1y when the interarrival_ times of
automobiles being g'eneraLed into the system \^/ere taken as

3/4 of the historically based level-s. rt can be stated
that the e [vtl] values \,vere at al-most the same l_evels with
either traffic l-evel-s. The most plausible explanation for
this phenonemon is that the present light cycles are longer
than the traffic l-evers require. Although the computer

model- does not explictly indicate that traffic flows through
the system in groups or pratoons of automobiles, the manner

in which the burk of traffic arriving at an intersect.ion is
made up of automobiles travelring arong the main road which

could only depart from the previous intersection durinq
certain specific periods coupled with the constant travel_

time between intersections has resulted. in the traffic flow-
ing in groups through the system. rncreasing the traffic
vol-ume coul-d have resul-ted in one of two events, either

of

of
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the groups or platoons wouf-d be larger in size and, there-
fore, take longer to fl-ow through the intersection t or
el-se the entire platoon would not have been able to pass

through the intersection causing a build-up in congestion

with the arrival- of each new pratoon. This aspect of
platoons will- be explored in some detail- in the mathema-

tical- model- to folIow. rt is only presented here as a

quantitative argument to point. out how the present right
cycles are longer than the present traffic vorumes need

and, in fact, long enough to handl-e the increased traffic
l-eveJ-s. The result of the simul-ation moder- with higher
traffic l-evers indicate that traffic signal capacities
are consíderably longer than the demands the present

traffic l-evel places upon them where the signar capacity
is the number of automobiles, or size of platoon, which

may proceed through the intersection d.uring one green

J.isht "

The second computer simulation result regardj-ng

capacity is concerned wít,h the aspect. of increasing the

size of the main road, It was found that in terms of
E [w] there was no noticeabl-e change in overal-l traffic
congestíon when the simul-ation model- was expanded to
represent the selected section of pembina Highway with
a one l-ane expansion along aJ-l- of its route, except when

passing under the two overhead crossing,s immediately north
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of Jubilee. At some intersections at certain times of the

day the E[W] val-ues \¡/ere lower with the expanded road,

however, at other intersections and/or different Limes the

val-ues were the same or even somewhat oreater with the

expand.ed road. However, there were only six out of forty-

two observations where the change in E [Vf ] v¡as greater than

ten percent and of these six most values vrere very smal_l

so that a change of I in E [W] resul-ted in a twenty-five

or thirty-three percent change from the initial val-ue.

This resul-t demonstrates first of all how a computer

simulat.ion model is abJ-e to evaluate a decisíon such as

road expansion in terms of its effect on traffic flow in

the same manner as the PGC and cycle length decisions could

be evaluated. This resuJ-t aJ-so shows how road expansion on

its o\¡/n is not a guaranteed sol-ution to reducing the delay

of automobil-es at. an intersect.ion. Road expansion decisions

must be made in light of numerous other factors including

the signal light decisions, intersection capacities, how

frequently is the road congested and so on. ft must be

noted that a simulation model-, such as the one developed in

this thesis, cannot be considered. to be an al-l- incl-usive

method of making decisions in the area of traffic engineer-

ing but rather can be used as a t.ool- to aid the engineer

in reaching a decision. This simulation model- has demon-

strated the manner in which a model can aid ín eval-uatinq
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potential choices of PGC and cycle length, decisions on

road expansion or evaluating the effect on the present

road system of greater traf fic vol-umes.

A computer simul-ation model which could actually

be used in making decisions regarding changes in a road

system would have to be much more refined in terms of

traffic engineering concepts than the model presented

here. However, the purpose of this thesis is to point

out how a simul-ation model- could be used in traffic

planning decisions and not to build a model- which coul_d

be used in its present state to make such decisions.

In both this secLion of the thesis and the one

d.escribing the computer simul-at.ion model, reference was

made to a number of assumptions used in the formul_aLion

of the progratnme and some of the programme's shortcom-

ings in terms of representing the actual traffic fl-ow.

The last section of the thesis wil-l- attempt to take some

of these factors into account by outlining how a series

of mathematical- modeJ-s could be used to refine the

simul-ation model.
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TABLE E " ]-

EXPECTED WAITING TI¡MS
E lI/ül

QUEUE

A

B

D

E

F

(=

H

T

J

K

I

M

N

RUN NO. 1

12

25

32

L2

26

25

4

22

13

2

25

t1

6

6

12 14

34 1l_

46 16

t3 10

42 11

4I l_0

36
36 10

l-6 l_0

23

38 12

139

10

2L

22

32

l_6

22

25

7

l-9

l-5

4

25

I4

13

l_3

5

25

32

a

32

¿9

2

25

l_0

l_

25

9

3

3

4I

47

10

44

47

2

39

J_5

.L

3B

11

3

2

6

1a
¿J

I7

13

13

¿

T2

7

2

I2

6

3

A
=

19

32

47

l_9

37

37

5

33

1B

3B

l_6

11

T2

L2

23

33

T2

zL+

27

A
=

23

11

2

26

1l_

6

B

l_3

23

3l_

T2

33

27

5

22

13

¿

25

l_ i_

6

7
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TAB],8 E "2

EXPECTED WAITTNG TTMES
E [W]

RLll\ NO. 11 T2 l_9l_B1'1J-tt-615I413 20

QUEUE

A

B

c

D

E

F

\J

H

I

J

r\

],

M

N

5

22

6

27

33

5

13

10

A

-LU

11

7

5

3

1¿

4B

1

32

44

4

2I

13

3

I7

T2

5

5

l_1

I7

ð

9

10

B

6

t1

6

3

l_0

9

7

B

23

JJ

13

23

2T

11

l_0

74

5

l-0

J-3

13

10

2

2B

32

4

32

31

3

T4

6

2

10

6

3

2

z

43

47

4

62

44

2

24

10

2

TB

B

2

2

3

15

16

4

l0

I1

3

7

6

3

3

6

4

3

6

34

4ó

ð

47

40

7

19

-Lõ

5

L7

l_6

l_0

i_1

13

22

33

i_1

23

27

6

13

l_0

4

10

11

7

5

13

23

32

15

29

29

6

13

72

4

13

l_1

7

6
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TÄBLE E" 3

EXPECTED WJ\ITING TI}IES
E IW]

QUEUE

A

B

c

D

E

ñ
.E

b

H

I

J

J\

I

M

N

RUN NO " 2I

t-3

22

32

1A

29

26

A

28

15

3

25

11

a

7

22

T2

35

4B

t4

33

44

3

L!.6

AF
-Lf

2

3B

-LJ

6

6

23

I4

I2

1B

l_1

10

11

12

10

3

T2

9

9

B

24

2I

2I

32

27

19

2I

B

24

l_9

A

25

I4

L2

13

6

¿5

32

1

27

29

2

32

10

I

25

B

3

J

26

6

40

4B

B

55

4",

2

50

I4

1

3B

i_1

2

3

27

7

i_1

T7

7

T4

L2

3

l_5

7

2

T2

6

4

4

2B

2T

35

4B

1a
-LJ

36

6

4I

I6

38

16

l_0

10

29

T4

24

33

L2

27

25

6

27

L2

2

24

11

5

5

25
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INDEX FOR

TABLES E.f,8.2, E"3

OUEtlE A Pembina northbound traffic at Maccil].vrav
Oakenwald

B Oakenwald traffic

C MacGillivray traffic

D Pembina northbound t,raffic at Point Road -
V,Tindemere

E Point Road traffic

F V'/indemere traffic

G Pembina northloound traffic at Jubil-ee

H Jubil-ee traffic

f Pembina northbound traffic turning onto
Stafford

J Pembina northbound. traffic

K Pembina southbound Èraffic to Stafford
I Stafford traffic

M Pembina southbound traffic to point Road -
Windemere

N Pembina southbound traffic at MacGil_l_ivrav
Oakenwal-d
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MORNING RUSH HOURS

Present Traffic Levels :

Run No" 1 Present signal lengths

2 Pembina green signal lengths increased

3 Pembina green signal lengths decreased

4 Side road green signal lengths increased

5 Side road green signal Ìengths decreased

6 Pembina green si gnal lengths increased
and sid.e road green signal J_engths
decreased

7 Pembina and side road green signal 1engths
decreased

B Pembina and side road green signal lengths
i-ncreased

Increased Traffic f,eve].s :

9 Present signal lengths

Present Traffic Leve1s:

l-0 
T:fr];äranded 

by one l-ane r pr€sent sisnal
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MID_DA,Y

PresenL Traff ic Level_s:

Run No" l-1 Present signal lengths

L2 Pembina green signaÌ lengths increased

l-3 Pembina g.reen signal lengths decreased

I4 Side road green signal J_engths íncreased

15 Side road g.reen signal lengths decreased

l-6 Pembina g:reen signal 1engths increased
and side road green signal lengths decreased

L7 Pembina and side road green signal lengths
decreased

18 Pembina and side road green signal lengths
increased

Present signal lengths on expanded road

Higher Traff ic Leve1s:

20 Present sicrnaJ. lengths on expanded road

19



Present

Run No"

72-

AFTERNOON RUSH HOUR

Traffic Level-s:

2I Present signal lengths

22 Pembina green signal lengths increased

23 Pembina green signal lengths decreased

24 Side road green signal lengths increased

25 Side road green signal lengths decreased

26 Pembina green signal lengths increased. and
side road green lengths decreased

27 Pembina and side road sreen sicrnal lengths
decreased

28 Pembina and sid.e road crreen
increased

signal lengths

29 Present signal lengths on expanded road
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Verification of Results:

The results that \^iere obtained through the various

s j-mulation runs were verif ied. in two dif f erent \^iays. First
the results of any typical run \^/ere investigated in terms

of what confidence intervals could be associated with the

resulting expected waiting times of automobiles at the

various intersections which were simulated. Next the

qualitative nature of the results were looked, over by

members of The city of winnipeg Engineering Department to
see if they portrayed the actual situation which would

occur in the event of the changes being made.

The representative queues of automobiles on pembj_na

Highway will now be listed, along with their estimated {F,
that is, their standard deviation of E (W) for every 2nd.

intervar of a series of 24 fi-ve minute intervals, divided
by the square root of 12 "

Northbound at MacGillivray

Southbound at MacGillivray

Northbound at Point Road

Southbound at Point Road

Northbound at Jubilee

Northbound onto Stafford

Southbound at Stafford

Northbound at Stafford

r5¡- (estimated)

" 50 seconds

"66

. B5

.52

'7e

"74
qo

"28
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ff we wish the results to be rel-iabl-e within two seconds,

that is, the E (W) to be within two seconds at a gBZ

confidence level than 2"33T7 = 2 or of = 2/2"33 = "86

seconds. Since the estimates of €-l- are all less than

.86 seconds it can be said. that the resurts are within 2

seconds at a 98% confidence 1evel. The Çç values \,vere

not presented for the side road queues because the number

of transactions recorded differ from the number of auto-

mobiles simul-ated per lane on the side roads due to the

combination of several lanes into one, the presence of
yields and. right turns on red lights" The pembina Highway

queues which were used represent a lane in the centre of
the traffic fl-ow which is not affected by these factors.

The second step in the verification of results
involved going down to the City Engineers and speaking

with them about the results which were obtained regard.ing

the effect of expected. waiting times or changing the

traffic signals, the traffic volume and road capacity. The

Engineers who were interviewed expressed confidence in
the results in that the trends exhibited in the graphs

regard.ing signal light changes \^iere what should be expected,

as \,rere the tabular results regarding changing traffic
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vol-umes or road capacities. Since the road had been set

up in terms of capacity and signal systems for a higher

volume of traffj-c, double that which was experienced on

the roaC at the time of the change, the results of signals

being of over capacity and so on \,vere what the engineers

would expect. The length of the expected waiting time at

intersections in terms of number of traffic signal cycles

at rush hours as compared to at non-rush hours \,vere con-

sidered to be in line with what presently occurs at the

intersections under the present conditions along this

section of Pembina Highway.

Having heard about t.he capacity of the road by being

much larger than present traffic volume a selected inter-

section of the model zone was isolated from the remainder

of the programme and given higher traffic levels than were

possible with the complete progiramme" The intersection

chosen was that of Pembina-MacGillivray-Oakenwald. Six

dj-fferent traffic volumes \^Iere simulated for the intersec-

tion for morning rush hour conditions, that is, the no

stopping zones are in effect.
The runs and the resulting expected waiting times

were as fo11ows,
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Traffic E(W)
Volume
as a z of Pembina pembina MacGil_livray oakenwaldPresent North- south- Eastbound westboundVolume bound bound

100u

L25Z

1503

2002

2502

4002

L2

13

15

1B

32

95

6

7

B

10

25

45

32

33

35

37

46

248

2I

24

26

2B

35

150

ït can be seen from these results that the capacity
of the road does accommodate traffic up to a certain level,
ín this instance, approximately 20oz of the present traffic
volumes. Above this level the expected waiting times at
the various intersections increase at an exorbitant rate so

that the E (rrl) faIl in the range of eight times the pre-
sently experienced ones.

These results tend to verify the qualitative state-
ments regarding the capacity of the road system made by the
engineers interviewed"
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Potential- Refinement of the Simul_ation Model Thrnrrnh
Mathematicar sub-Model_s: 

¿¡tlvqY¡r

The purpose of this sect.Íon of the thesis is to study
possible refinement.s of the computer based simuration model_

in order to make it more fl-exibJ-e in Lerms of appricability
and more real-istic in terms of simulating the traffic fl_ow

on the selected section of pembina Highway.

There are four main factors which wil_l be considered
in this section of the thesis, forecasting of traffic
]evels, non-signaÌized side road effects, car folJ_owing

theory and synchronization of signal lights at the various
intersections " Rather t,han developing mathematical_ formu-
lations for each of these factors, use wi-r-r be made of
existing theories on the subjects in order to describe them.

once each has been described a general statement as to where

in the simulation moder the actuar sub-model or theory coul_d

be used and al-so to what extent it wouJ_d improve the model

will be given. This approach has been taken since the
focus of this thesis has been on the development of the
simul-ation model- earl-ier presented and this section is in-
cluded to indicate the aïeas in which the computer simul_a-

tion model can be refined to better represent the actual
traffic fJ_ow.

The first factor which will- be discussed is concerned

with the forecasting of traffic leveJ_s at input points,
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feeder routes and thre extremities of the main road in the

road system. The presented simul-ation model- makes use of
traffic levers, in terms of interarrival times, which are

based on rather sparse dat.a. rt is due to this l-ack of data

that the model was run to simulat.e three parts of Èhe dry,
morning rush hour, mid-day and afternoon rush hour, with the

traffic levels remaining constant during a particul-ar simu-

lation run. rf a good deal- more data than was availabre
could be obtained it would be possible to simulate the

traffic fl-ow for a great many more times of the duy, some

of whích would l-ead to peak traffic vol-umes. This expanded

data base which woul-d be in the form of hourry figures of
i-nterarrival- times of automobiles or in some form which could

be converted to interarrival times with observations for each

weekday and season, would be used in the following manner.

Assume that there are n hourly observations h in a day, j
daily observations d in a week, k weekly observations w in
a season and I season observations s in a year, then by means

of a moving-average methodl the variations in traffic l-evers

caused by the time of day coul-d be calculated. First n hour

W.A. Spur and C"P" Bonini, Statistical Anal_ysis for Business
Decisions, Richard D. f r-win
pp. 502-532.
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moving averages would be cal-cul-ated and then compared to the
observed value of the (n/2) l- hour from the first hour in-
cl-uded in the moving aveïage.

That is, hr * h" + + h_ would be compared toJ.¿TI

-

h" 't
JT

h"2+

* h., * hr, * , wouÌd be compared ton
2

n
z

n

I observations, etc.

Note: A-n/2 must be an integer and thus fractional var-ues

must be rounded off"

B.n + l- is the first hour's observation for the second

day "

Next the h observation i-s divided into the corresponding
movi-ng average, thus giving a percentage value. Through the
computation of moving averages over several_ days a number of
percentage values for each hour of the day are computed. The

modified mean of each of these series of percentages for a

particuJ-ar hour are found by averaging al_l_ values in the
series except the highest and lowest in order to minimize the
effect of irregular factors. Finally, each modified mean is
multiplied by 100 n/ (sum of the modified means) .

The resulting,percentages are the modifying means for
each hour of the day which are used to transform a standard
interarrival time to one repïesenting a particul_ar hour of
the day. The same procedure is fol-l-owed to obtain modifiers
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for the day of the week and seasonal- variations or inter-
arrival times. AJ-though the method of determininq the time

of d.y, day of week or seasonal- variations on the traffic
levels is quite straightforward as presented here, it is
also a very expensive process. The expense is in terms of
obtaining and tabu]-ating the d.ata necessary to calculate

the modifiers 
"

The main purpose of a forecasting mode1, such as the

one outJ-ined abover or more sophisticated ones, namely census

Method rr or Exponent.ial smoothing is greater fr-exibility.
This flexibility is in terms of being able to simul-ate the
traffic fl-ow, not onÌy for the three discrete time points
i- ^ ,i--. L,.!r-n a qay' þutr to be abl-e t.o simul-ate for each hour in a day.

fn addition to this hour of day flexibility, the forecast-

ing model- would arso enabJ-e simulation of the traffic fl-ow

to take into account variations for the day of the week and

season. Through the use of such a forecasting model the

simul-ation model woul-d become more real-istic in that it

would be simulating the traffic flow without assumíng the

morni-ng rush hour traffic levels do not vary from one hour

to another and that all traffic l-evels are the same from

day to day or season to season for any particular rush hour.

The next area of improvement which will- be discussed

is that of a traffic fl-ow or car fol_lowinq sub-model_" As
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earlier mentioned the computer based simul_ation chose ro
adopt a constant travel time for aJ_l_ automobiles travel-l_-
ing between the same two intersections. This procedure

\,vas fol-lowed for the sake of ease in buirding the model_ and

also due the size constraint imposed upon the computer

simulati-on model by the GPSS 1anguage.

A review of the theories advance in regard to traffic
flowt or more specifically car for-rowing, ind.icates that
their application would be very r-imited in regard t.o the
present símulation moder which is mainly concerned with
traffic congestion or potential congestion. The theory
advanced by chandlero Herman and Montrorr2 as well as that
advanced by Herman, Montroll, potts and Rotherty3 .ru
chiefly concerned with st,ability in the traffic flow on

lengthy uninterrupted sections of a road. This stability
is in reference to an even or uniform fl_ow of automobires

with respect to speed, spacing, accel-eration and decerera-
tion. when instability arises in the traffic flow it can

be of two forms as pointed out by lee4, Ioca1 or asvmptotic

2__r<.-E;. crrand.ler, R" Herman and E.w. Montrol_l, Traffic Dynamics:Studies in Car Fol_lowing:, "Operations neseaffi

-R- Heraan, E"w. -[4ontroJ-l, R.B. potLs and R"w. Rotherty,Traffig,DynaTics: Analysis of stabirity in car Tot-rowirrg,"opei

4-G- Lee, A General-ization of linear car Following Theory,
"Operati
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Local- instability refers to the lack of response of a foll--
owing car to the movements of Èhe l-eader and thus resulting
j-n a collision, while asymptotic instability is a chain re-
action of a l-ead car action with increasing amplitude until
a collision occurs somewhere down the line. Lee's paper is
chiefly concerned. with the deveropment of equations which

upon solut.ion express a following vehicle's speed as a func-
tion of the lead vehicJ-e's time history of relative speed.

This aspect of vehicul-ar speed is a very important point of
traffic studies on major road systems with reference to
analyzing causes of accidents. However, the incl-usion of
such theory in the model formul-at,ion of the selected. section
of Pembina Highway wouJ-d not be worthwhile when comparing

the slight changes in arrivar rates at an intersection with
the cost of accumul-ating statistics on driving behaviours

that woul-d be required and the large expansion in the simu-

l-ation model in terms of building new subroutines which woul-d

be compatible with the main programme's language and which

coul-d perform integration and d.ifferentiation.
Although the aforementioned theory tends to constrain

the presented simul-ation model-, the theories presented by

chandl-er, Herman and Montrol-J- and by Herman, Montro11, potts

and Rotherty have some features which would be of use in
the refining of the simulation model. The features which

are being referred t.o are those concerned with the spacing of
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automobiles in the traffic fl-ow" The spaces between the
automobil-es which could be referred to as intergaps are

of great value when considering traffic delayed at non-

signalized crossings of the main road. chandlern Herman

and Montrol-l- present a methodS of calculating these inter-
gaps by actually carcul-ating the position of the n'th
automobil-e rel-ative to a moving scale on which the lead

and/or following automobire's position is al_so calculated.
The rul-e given is as follows:-

where X.
l_

between X

is the

andn

'th vehicle"

then

fTt! nl-

(1)

The distance

(2)

Xrr_l_=Xn+b+TVïì+ln 
1

position of the i

X " vehicles isnl
,-X=b*TV_Lnn

where b is the distance between vehicl_es at rest.

tn is the velocity of the n' th vehicl_e

T is the time constant relating to the areas
driving habits in terms of distance allowed
for a given number of miles per hour -
ê.9., l-0 feet for each l_0 miles per hour.
1*10 fL/(I4 ftlsec) * 2/Z of a second.

L^ is the length of the vehicle n.n

rn terms of the sele.cted section of pembina Highway a formura
such as the one presented above could be used to calculate the

tr"R.E. Clr-andler, R. Herman and E.Vü. ],Iontroll-,op.cit.
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expected intertraffic gaps in heavy traffic. The informa-
tion which wourd be needed is a distribution of the speed
of automobir-es in heavy traffic, the distance between
automobil-es at rest and the rength of vehicr_es. Ai_r_ three
items coul-d be easily obtained through studies of traffic
fl-ows, overhead photos of a grid intersection and survey of
automobile specifications. one additional piece of informa_
tion which wour-d be needed and which wourd be the most
difficul-t to obtai-n is that of the d.istance versus speed
factor that drivers for]-ow. This information wourd be

needed to obtain a value for T.

Therefore, even though the aspect of a linear caï
following model is not highly suited t.o the simul-ation mod.el,
a smal-l- portion of the theory behind the model can be used
to determine the size of gaps between automobires. These
gaps wil-l be now shown to be an important factor in the
expansion of the simur-ation moder- to one incÌuding non-
signalized as well as signalized side roads.

The purpose of the simulation model is to represent
the derays or congestion on the se-r-ected section of pembina

Highway. rn order to fu]ly represent these delays the
simulation model must take into account the non-signalized
as well as signalized intersections. A number of theories
or moder-s have been devel0ped for the situation of a
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non-sig'nalized intersection on a main road. rn most cases

these models have been developed for the situation of a

single ]ane main highway with a continuous traffic fl_ow,

whereas the selected section of pembina Highway is a multi-
l-ane road with non-continuous traffic fl-ow due to the pre-
sence of signal control- systems at numerous locations along
its path. The traffic flow is non-continuous in the sense

that the automobiles travel in groups or platoons due to
the characteristics of a sj-gna1 control- system and due to
the rather short distances between the signalized intersec-
tions " The former factor causes the traffic on the main

road' which is the main component of the traffic flow, to
only pass through the intersection during specified periods
and the latter prevents the caïs from being able to spread

out into a continuous fl-ow before grouping together at the

next intersection.

Despite the fact that the traffic flow is not the same

as that accounted for in the papeïs by Haight6, ol-iver and

BrisbeeT, WeissB r.rd Weiss and Maraduding, they do point out

6^-R.A'. Haight, Mathematical_ Theories of Traffic Flow, AcademicPress, New York, 1963.
1
'R.M. oliver and E.G" Brisbee, eueueing for Gaps in High FlowTraffic Streams, "Operations R

R-G.H. weiss, The Tntersection_Derey._l lem with correlated
Cap trattic

q-G.H. weiss and A.A. Maradudin, some probl-ems in Traffic
Delay "Operations Research", Vo
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the theory invol-ved in formulating a model for side road

traffic delay at non-signalized intersections based on the
theory of gap acceptance. fn the paper by Weiss two

equations are presented- which courd be used to determine

the mean deray time incurred upon an automobil_e which

arrives on a side road at a non-signalized intersection at
time | = 0. They are

î9t= )tfoo(r) + j - Ã" a(r
t¡.- lJÅt+t.

t"= i-7 a
. q J"f* %ú)+(, -*)y(+JlJt

where" o

ú4.o(t) = 4. (t) "< 
(r) p &)n &)

ør(t) : q (*i *r(t)p(t ),?(r)
ãA/'o( : ) ea (-xJ Ç{z\ àx

o o<¡

ao-- 5 d(-xtcp(z\Åt
,a

Z$l-density fnc"that gap is of lengrh r.
Q"&t =(+)grtl

è.: l'41 t

I = f o €t^)Jr mean headway
Qoo

-ã -- ( qtz)"lX probabiliry gap is r or grearer
l

,rrT proloability of J-eaving j-ntersection withottç/ a gap of length t preãent

p ( t ) Probabilit.y of looking f or a second gap| , when first was of length t
o{f.r'Trc) = 5 ?h) V?t,*l Àry

o
probability that an acceptable gap is
fo1lowed. by an even more acceptable one.

(s)

(6)

(7)

(B)

(e)

(10)

( 11)

(12)

( 3)

(4\
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6,(t,+\ probabilit.y that gap x in length ismore desirabl_e than gap t in iength'?,(tJ= 
?.f i_ o<(tlJ

and 7 (t) = qf l'-Þ(({)J.
( 13)

( 14)

ft can be seen from these equations that in order to caJ-cu-
late the deray at a non-signalized intersection a good deal
of data woul-d be needed in terms of the probability of
specific gap sizes occuring, the probability of drivers
entering the traffic fr-ow given specific gap sizes and so
forth" some of this data courd be found by means of the
studies earlier mentioned in relation to equations I and

2o while other probability densitieso such as the probabil-
íty densities of turning down a gap of length t or the
probability densities of entering the traffic fl_ow upon the
occurrence of a gap of length x, would have to be caf_cu_

l-ated from information gained through studies i-n driver
behaviour 

"

rt should arso be noted that th-e above carcuJ_ations
are desi gned. to find out the rnean delay time of an auto-
mobil-e arriving at an intersection at time equal to zero
with a continuous fl_ow. Modifications woul_d- have to be

made to the equations to find resurts in terms of a non-
continuous flow of traffic which is the situation in the
model zone" The necessaïy changes wour-d involve a com-

plete reworking of certain equations so as to introduce
the possibility of no traffic on the main road, that is,
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between platoons or groups of automobiles u or for the gap

sizes within the ptatoons at different times of the day

such as rush hours or non-ïush hours.

Despite the increased complexity involved in intro-
ducing the delays at non-signar-ized intersections in the

simulation model the benefit of having a complete simul_a-

tion of the sel-ected section of a specific road sector
would make the expansion worthwhile. However, due to the
size of the task in introducing these side road d.erays in
terms of collecting data to derive the necessary probabil-
ity densities and the amount of work involved in formuJ_a-

ting the basic simulation model this aspect of the model

will be given as a direction in which the model must be

expanded to become more real-istic.

Ànother factor which coul-d be considered in the simu-

-l-ation model- is that of synchronization of traffic signals
along the road system" This synchronization courd result
in entire platoons of automobiles being able to travel_

through- the selected section of pembina Highway without
having to stop for a red light at a signalized intersec-
tion" rt has been previously mentioned that an inhibiting
factor in the synchronization of the signal lights along'

the sel-ected section of pembina Highway \Äias the

bi-directional nature of the rush hour traffic. one

manner of studying the idea of traffic signar synchroníza-
tion is by graphical. anafysis whereby the road system is
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presented in a space-time diagram. This method is em-

ployed ín a papeï by Litt.1.10. Through such a diag:ïam

it is possible to determine the maximum bandwidth, a

factor related to the size of a platoon, able to pass

uninterrupted by red Ìights a]ong, the road system. Two

examples of such time space diagrams fol_Iow this section
of the thesis, figures 1 and 2. since the rush hour
traffic on the selected section of pembina Highway is bi-
directional it woul-d be ideal- to be abl_e to have a large
bandwidth, that iso greater than one-half of the gïeen
light at each intersection, to be able to move through
the system in both directions " The two space time
diagrams given aïe representaLive of the presently used

signal system on pembina Highway in terms of signal
lengths during morning rush hours. The space time dia-
grams propose a sequencing of signals at each intersec-
tion on the selected section of pembina Highway. The

sequencing proposed consists of setting the signal con-
trol-s at each intersection so that at some time = 0 the
Pembina signals at racGiÌlivray turn red, those at point
Road turn green for southbound by beginning to flash,
tlrose at Jubil-ee turn red and the pembina northbound

straight through g-reen arro\^/ just turns green. After
time = 0 the signal control-s at each intersection woul_d.

10,r.¡.C. tittl-e, The. gyn_chlonization of @""Operations Rese
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operate with their standard. cycle lengths " Tt was assumed

that the traffic in a platoon woul-d travel at a constant

speed between t\nio signaÌized intersections and that, this
speed would be l-ower in areas of reducing number of ranes

from Poi-nt Road to Jubilee and Jubilee to stafford for
northbound traffic" ft was further assumed that the speeds

of traffic in the less congested and more congested sectors
of the road in terms of number of ranes would be taken as

27 and. 24 mil-es per hour respectively" with the use of
these assumptions, the distances between the intersections
and the signal times at each intersection, figures 1 and

2 were drawn" An attempt was made at using two values of
bandwidths b and b' which \^iere 40 and 30 seconds respect-
ively" rt goes without question that the higher the value

of the bandwidth the better the situation in that larger
platoons in terms of more automobiles will be able to flow
Lhrough the system. rt was found that a bandwidth of b

\^ias too large to be handled at Jubiree for northbound

traffic and at MacGillivray for southbound traffic" The

b' bandwidth was found to be able to flow throuqh all
intersections smoothry without encountering any red lights.

Thís study into the synchronization of signal lights
appears to suggest that a policy of synchronizing the

signal J-ights on the selected section of pembina Highway

woul-d help to alleviate congestion at the intersections.
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However, it must be ïemembered that the proposed syn_

chronization was based on the assumption of constant
speed' below the speed rimitr ',o h-esitation in a platoon
when approaching a signalized intersection which will only
be turning gïeen upon the praÈoon's arrivaf, the presence
of empty queues at an intersection where the platoon
arrives and that a platoon is of such a size that it onlv
takes 30 seconds to cross an intersection.

Further inspection points out a number of problems

which woul-d tend to interfere with the ideal operation of
the synchronization of the signal system" First is that
traffic does not travel at a constant rate in rush hour
conditions; it travels as quickly as ít safely can and

thus shows a good deal of fluctuation, second is that a

platoon wil-l show some hesitat,ion on the part of a certain
number of its members when approaching an intersection
where the light has not yet turned gïeen and, third, the
most important problem that is encountered ís that queues

wi-l-l not always be empty at a signarized intersection when

a platoon comes upon it. This third factor arises from
various causes o side road inputs into the traffic system

between platoons, oversized platoons arriving at a critical
intersection, one which can only handl-e the 30 second

platoon and platoons arriving t.oo early at an intersection.
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the first cause of inputs from side roads into the traffic
system between pratoons wirl have an effect on platoons
which arrive at the start of a green light such as north-
bound ones at Jubilee, or southbound ones at stafford. or
Point Road. The extent to which these inputs effect the
traffic flow is dependent upon the size of the inputs. A,t

the Jubilee intersection it can be expected to be quite
severe since one of the inputs is very high, point Road,

and there are onry two queues at Jubil_ee. There is also
the possibility of the side road traffic fol_lowing the
platoon through a green right and. thus not causing a

queue to bl-ock the next pJ-atoon" This possibility exists
as a result of the signal cycles a10ng the selected. sec-
tion of Pembina Highway not being used to their capacity
as pointed out in the section of the thesis anal_yzing the
resul-ts of the computer ïuns. Hor,vever, there will still
be a certain number of automobir-es arriving from side
road inputs on a red light and queuing up in the path of
the next pratoon. when the platoon arrives it wil_l_ be

delayed by the start up time of the gueued automobiles

and of its own automobiles which were s.l-owed down. This
wil-l take up a certain part of the green light and quite
possibly result in an inabil-ity to have the entire platoon
clear the interesection. This wiJ-l leave a queue at the
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intersection which supplemented by side road inputs will
impede the way of the next pratoon. fn the event of an

oversized platoon arriving at a critical_ intersection
with an empty queue, such as southbound at MacGir-rivray,
a cert.aj-n portion of the pratoon wil_l be unabl_e to cl-ear

the intersection. This will- resul-t in a gueue forming up

for the next green light. This factor would not have a
severe effect on the next platoon provided the built up

queue could be cl-eared in the portion of the green light.
preceding the arrival- of the platoon. Ho\,üever, it woul_d

resul-t in a larger queue awaiting the platoon at an inter-
section along the route designed to have a platoon arrive
at the beginning of a red signal. The third factor of
platoons arriving too early at an j-ntersection woul-d re-
sult in a delay time for the platoon in excess of that
incurred by the awaiting queue. This situation coul_d

develop at Jubil-ee if a northbound platoon arrived l_0

second.s early which is possibl-e as can be seen from

figure I where the b width bandwidth's left hand solid
line arrives for the last lo second.s of the red signal.
rt should be noted that the first and third factors have

a high likerihood of occurring at Jubilee which woul_d.

resul-t in heavy queue build ups at the íntersection.

The idea of a signal synchronization mod.el could be

introduced into the computer simulation model bv means
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of co-ordinating the phase in which the signal control_ sub-
routines commence operation. However, d.ue to the fact that
the two main factors reading to problems in the synchron íza-
lion have been overlooked in many respects d.uring the pro-
gramme, uneven traffic speed and inputs from al_l- side road.s,

a simul-ation moder presenting a synchronized light system

woul-d perhaps be cÌoser to representing the idear traffic
fl-ow than the real l_ife one.

rn addition to the forecasting model, traffic flow
model-, non-signalized side road delay model and traffic
signal synchronization mode.l-, the computer simulation model

coul-d have been expanded to aLso include other factors, such

âsr varying traffic speeds, road factor, theoreticar capaci-
ties of intersections and other factors related to traffic
engineering. This section of the thesis has presented a

series of models which could be added. to the computer simu-
lation model so as to refine its ability to simul_ate the
real l-ife situation on the sel-ected section of pembina

Highway. Diagram 4 aL the end of this section of the thesis
is a fl-owchart of the expanded simulat.ion model_ showing the
manner in which the various sub-moders would be rel-ated to
one another" The numbers l-isted with the various sub-model_s

are the pages of the thesis where the sub-models can be found

in their expanded form. A fr-owchart of the necessary data
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formation and maintenance system required to operate the
expanded simul-ation model i.s given in Diagram 5 at the
end of this section. This data base is the sarne one that
l{as outl-ined earlier when the forecastirg, car foll_owing
and non-signarized side road deray models weïe discussed.
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Concl_usion:

This thesis has presented a study on the deveropment

of a micro-scal-e simul-ation model for a selected. section
of Pembina Highway. This study was conducted in two ways.
First a computer based simul-ation model written in Gpss

was developed and used to simulate the traffic flow on

Pembina Highway under varying conditions of signal lengths,
traffic volumes and road structure. Through these simu-
l-ation runs it was found that the capacity of the signal
systems in the model zone were above the traffic volumes

and that by increasing the percentage green peï cycle,
while decreasing the cycle length the expected delay of
automobil-es at signalized intersections would be reduced.

ft was also concruded that the present road was not being
used to capacity in terms of the simul-ated traffic vol_umes

and thus an expansion of the road system in terms of a l-ane

expansion would not be a sure method of reducing the con-
gestion at the signalized intersections of the road system.
The second part of the st,udy was devoted to four mod.els,

forecastirg, traffic flow, non-signarized intersection
traffj-c delays and signal synchronization, which coul_d be

added to the main si-mul-ation model. The merit of each

model- in terms of added comprexity versus cost versus bene-

fi-t was l-ooked into. The purpose of this section of the
thesis was to propose paths which coul_d be followed in the
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refinement. of the simuration modeJ_. rt was found. that the
forecasting model wou]d be a great asset despite Lhe high
cost of d.ata collection, the traffic flow model_ would be of
use in part, the side road delay moder would definitely
refine the simul-ation moder despite the increased complex-

ity involved and the signar synchronization model woul_d be

of questionable merit due to some of the assumptions made

in the main computer simuJ_ation model.

Perhaps the mosÈ important conclusion of the thesis
is that it serves to point out the great number of problems

and side issues invol-ved in the simulation of a comprex

situation such as a traffic engineering problem concerning

the traffic fl-ow on a major artery.
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APPENDIX A

.IqAP OF TH-E

SELECTED PORTION OF PEMBINA HIGHüIAY

IN ITS PRESENT FORM
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APPENDTX B

iqAP OF THE

SELECTED PORTTON OF PEMBTNA HTGHWAY

W]TH PROPOSED LANE EXPANSfON
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APPENDTX C

GPSS STMULATION PROGRÄM FOR

MORNTNG RUSH HOUR CONDITIONS ON

SELECTED PORTTON OF PEMBTNA H]GHVüAY

I^IITH PROPOSED LANE EXPANSToN
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Queue Index

Found in Vol-ume IT
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QTABLE TNDEX

QTABLE QUEUE QUEUE REPRESENTS TRAFFTC IN ONE OF LANES

A f Northbound. on pembina at MacGillivray_
Oakenwald

B 3 Oakenwal_d lVestbound Traffic
C 4 MacGil_livray Eastbound Traffic
D 5 Northbound on pembína at point Road_ÍVindemere

E 7 point Road Westbound

F B Windemere Eastbound

G 9 Northbound on pembina at Jubil_ee
H 11 Jubilee Northbound

r 12 Northbound pembina Turning onto stafford
J 14 Northbound pembina Remaining on pembina

K 16 Southbound on pembina at Stafford.
I 17 Stafford Southbound

M l_B Southbound on pembina at point Road_
Windemere

N r-g southbound on pembina at MacGillivray-
Oakenwal-d



QUEUE

t
2

3

A

5

6

7

a

9

10

l_ i-

I2

13

T4

l_5

I6

I7

1B

l_9

20

2I

22

23

¿4

QUEUE INDEX

REPRESENTS

N.B" Pembina at MacGil1ivray-Oakenwald

East fntersection pembina-Oakenwald

Oakenwald Westbound Traffic

MacGil-livray Eastbound Traffic
N"B" Pembina at point Road-Vüind.emere

East Intersection pembina-point Road

Point. Road Westbound Traffic

Windemere Eastbound Traffic
N.B" at Jubil_ee

f ntersection pembina-Jubi J.ee

Jubilee Northbound Traffic

N"B. Pembina Turning Onto Stafford
West Intersection pembina-Stafford

N"B" Pembina passing Stafford
East fntersection pembina Stafford
S"B. Pembina at Stafford

Stafford Southbound Traffic

S.B" Pembina at point Road-Windemere

S,B" Pembina at MacGillivray-Oakenwald

N. B. Pembina at MacGillivray-Oakenwal-d

West fntersection pembina-MacGilIivray

Left rurn storage f,ane pEMbina at MacGir_livrav

N"B" Pembina at point Road Windemere

N.B. Pembina at Jubilee



25

/6

27

2B

29

?n

3l_

32

33

2.4

35

36

37

Jõ

40

47

4¿

43

44

55

57

5B

59

OU

61

üiest Intersection pembina-I{aïrow

N"B. pembina Turning Onto Stafford
N"B" Pembina TurnJ-ng Onto Stafford.
N"B" Pembina passing Stafford
S"B" Pembina at Stafford

S"B. Pembina at Stafford

S"B" Pembina at point Road-Vüindemere

Left Turn Storage Lane pembina S.B. at V/indemere

S.B" Pembina at. _MacGillivray-Oakenwald

Left Turning S"B" pembina at MacGillivray
Oakenwald Right Turn Lane at pembina

Windemere Traffic Turning Right.

Windemere Traffic Turning Right
Right Turn yie1cl point Road at pembina

Poi-nt Road Left Turning Traffic
Harrow Southbound Traffic

N"B" Pembina at MacGi1livray-Oakenwald

N"B" Pembina at point Road-Wind.emere

N"B. Pembina at Jubilee

S"B" Pembina at MacGillivray-Oakenwal_d

S.B" Pembina at point Road-Windemere

N"B " Pembina at. MacGillivray-Oakenwal_d

N"B. Pembina at point Road-Windemere

S.B" Pembina at point Road-Windemere

S"B. Pembina at MacGilJ_ivray-Oakenwald

West Intersection pembina-Vüind.emere


