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2 : A ABSTRACT

This thesis presenté‘the development and §alidation'of
ta traffic circle simulatcr for use és a tool 1in the
evaluation of traffic circle perform;nce. ‘The simulator iis
constructed as a general tratfic flow ﬁodel. Different
traffic circle situations can be simulated by supplying the
* sipulator with the descriptive geometrical characteristics
of the circle in terms of «circle configuration, and
pertinent data includyﬁé the total traffic volumes from the
variousAapproaches ?ffthe circle. . 4
The model has the capacity foi the dynamic analysis of
traffic fléu' at a circ}e with ué to 6 arterie;lagd up‘éo 2
approach lanes, 2 exit lanes and 2 circle lanes. The model
vas isplemented on an IBH 360767 computer in FORTRAN IV.
The wmodel was validated at the macroscopic level.
several different iacroscopic comparisons vwere made between
'siuulaged phencmena and .real data collected at various
traffic circles in the City d% Edmonton. The  comparisons

vere found to be'consisfent and reasonable.
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Intrcduction

.1.\\General Introduction

The increased use of motor vehicles for the past three

f

decades, and the prospects cf even greater increases in the

T e,

e

_future,  have alerted ‘traffic "~ engineers in particular and

other Eﬁh&ic ”officials inp generél *¢" the problean of

L4

~providing adequate facilities for safe and efficient

-

”
movement of traffic on the roads. . The problems in the -

cities and 'metropolitan areas have already feached ma jor

proporticns..'Freeﬁay develcgments, which emerged as a sure
. L . !
answer to th'e urban @3d metropolitan “traffic problems, are
R N ’ . °

becomind less attractive as a means of accomodat%ng travel,
due to extremely high cost aﬁd“ advezée social effects.
Thérefore’note emphasis is nov ﬁeigg " placed on. obtaining
maximua capacity and e@ficiéncy of the. e;isti;g sfreetA

networks Js vell as improved public transit. In such a

directian, .detailed . study should be'giveh'each element, to

gain complete understadding of “its qperdtion and its

relatioputq each of the other elements °in the systen. ’

S ‘gveri“‘drive; would 1like to proceed as he pleases
@ . “ ‘ 1 .

« . , . v
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through the street network from his origin to his’
destination. sihce his path crosses that of other vehicles
at intersection points in the system, it is desirable and in
fact iﬁperative to minimize the "' chances that the
intersé%tion of the ;ehicle paths will not fésult in
g;llision or undue del;& to any one vehicle or group of
vehicles. ?

The paths *of two vehacles can be separated by“ﬁither
space or time. Hhen a feu vehicles ace distributed . over a
relatively 1large number§ cf streets, as happens in Fural
networks, the separation in time due to the low probakility
of interference .usually cbviates any need to control the
intersection points. When street use becomes more intense,
however, the probability of tiqe separation of vehicles by
mere chance beccmes smaller, and the possibility of vehicle
collisions at potenti;l intersections becomes a concern to
public officials. When the severity of the problem
justifies it, vehicles can either be separated at
intersection points by space (grdde separation) or rules can
be established tc force time separatién. :

The ngﬁé%ﬁappi;ed iaryAfrou (the simple right-of-way
rule to tré&fic control devices vhich range from ‘yield
signs' to :traffic signals'. The degree of ‘cqntrol should
increase with increasing prdbabiliiy that time separation of

the vehicles at intersection points will not occur by mere

# chance. Therefcre the rules change from those requiring



o

{

restriction of cne cr two streams ( YIELD ind‘THO-HAY-STOP)

to those requiring restriction of all intefsecting streanms

( FOUR-WAY-STOP, TRAFFIC CIRCLES, SIGNAL CONTROL).
question to ask at this juncture, is how to organize
control traffic so that drivers could fully enjoy
increased mobility on the rcads.
"To answer this question is, in essence the job of
traffic engineer. Ccnsidering suchi"dDbjectives as

minimization of delay cr travel time, a decrease

The

and

an

the

the

in

the number of stops, an increase in the smoothness of

driving, and an increase in safety, he nmust

traffic to the existing road system by requlation

fit

and

control or he must fit the road system to the traffic

demands by plannCng and redesigning."[ 14; p. 2].

1.2 Nature of the Problen

The flow cf traffic through the urban and metropolitan

>
areas could'be thought of as vehicles moving on, roadvays

intersections cf roadways under the following methods
devices of intersection control: N
a) Yield signs; ’ | ' _ .
b) Stép signs;
c) Traffic circles;
d)t Fixed-time traffic signals;
e) Vehicle-actuated signals; ﬁnd

£f) Computer-controlled signal-systems.

-

and

and
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Until\e yeﬁicle encounters an intersection (where it might
experieacé some delay), it 1is assumed that the vehicle
travels at.a desired speed unless it follows a slowver

vehicle. Agaim, a vehicle could be delayed when it is
[

forced to #;avel below the desired velocity due to a traffic
o e . C
conjestion downstream occassionally caused by a restriction

of theofdaguay such as construction, accigént, narrowing aﬁq
SO on. ﬁe could say therefore that vehic&iar dg}ays are
caused mainly by the vehicles encountering intdrsections
controlled by any of the_Six*ggthods nentioged above.

While delay is undesirable from the driver's point of
viév,‘it serves some form of useful purpose from the point
lof view of tﬁe'rqad designer or the traffic engineer. Delay
is usegul in deécriping the ievel of service at an.
intersection or in a systén of streets. Also it 1lends
itself to econo!&; analysis. The driver, ;o;ever, is
annoyed by delay, and he is constantly attempting to
eliminate it altogether «cr [ at 1least minimize it. - It is
useful therefore, to know what th;‘ major causes of delay:
are, - and tb what extent each contributes to ﬁpg‘total delay//
in a coiflete netvork of st;eets. With such a kﬁouledge}ﬁ
‘the engineer can evaluate vhat the 8~e£a11 eff;Et'UOnid be
vith £he removal of one of the causes of debay. ‘ |

With the abovelreasoning, it is important therefore
that the trgffic engineer knows which lethod of voptroi is
best fbria given intersecticn conditi;n, baving taken -into
T | 4 - -

-

[
o



i
accpunt the volume of traffic at the intersection,.and the
turnind VOlungs froa the\varioqs approach streams of the
intérsectioné. However, 4 cnly meagér informaticn 1is
available concerning methcds pf confrol below the 1level of

traffic signals.

Al

1.3 ?he Need for Traffic Circle Simulation Model
| The over§11 ‘objective of this thesis is to Letter
identify the 0pe£ating characteristics that affect.the level
of service at a traffic circle, and in this - way give the_
traffic | engineer some criteria for the nmeasure of
performance, at a traffic circle.l Once this type of
‘knowledge has_ been gained, it will be ‘relatively easy to
develop criteria g;r deciding vwhich metho8f of c;ntrol to
apply to a specific intersection (étop signs are usuélly'pot
of- concern, since they are converted to signals ~vheﬁ
accidents or traffic volumes warrant such instéllations).
Most often.the traffic engineer has available to him
séle form of traffic data obtained fron field surveys. This
data is’ usually made up of the total volume inflow of
vehicles frgnl the various approﬁch directions of the
‘intérsection and the tnrning volumes from same (see Table
1t.1). Tahle 1.7 is a sunlary\\of ‘anlng 15 nlnute " peak

period traffic counts stratified into the varlous turning

volumes for cars agd\trﬁcks.separately.



’ Table 1.1
Sample Summary Sheet ,

r v T T Ll LS L
{15 MIN|FROM NTH ON|FROM STE ON|FROM ESX ON|FROM WST ON|TOTL|

- g

{PERIOD| 280 ST. .| 280 ST. { A14 AVE. | 114 AVE. | |
IENDINGILPT THR RGI|LFT THR RGTILFT THR ILFT THR RGT| _ |
r T L T ) % “"—‘""'i_
17.15 ¢y 2 112 o. 0 76 NJOf 10 4 41 1 1 2 222
| TY 0 9 0Ol O 4 Joy ‘0 0" 0y O O 0y 134
[ | : | - { | * I 235
17.30 ¢y 3166 3§ 0 83 /5S¢ 11 11 4 4 7 8§ 305
| T 0 9 0 0 3/ 0f 0 0 Of 0O 0 0 124
{ | I o I 1 317
{7.45 Cf 5 206 3f 5 %26 S5 21 12 S5 8 14 6] 416]
| T 0 7 € 0 6 O04-1 0 0 0 0 0 14
N | | . i | | 430}
18,00 Cf 0 159 1] 8 165 12| 18 22 44 133 6 7| 415§
| Ty 1 3 01 0 14 0y 0 0 0f 0. 0 0 184
| l ! (. i I 433
18.15 Cc| 2 123 3] 8 81 2y 9 . 8 4§ 9 .11 - €] 266|
M. T 1V 14  OF 0 12 0] O O O0f 0. 0O O0f 27y
I | P o 'R i L | 293]
t8.30 ¢y 1108 2y 6 172 6} 10 11 31 5 ‘' 3 £ 229
{ Ty O 10 0 0 10 04 0 ©0 .0f 0 o ¢f 204
{ i [ i | i 2491
{18.45 cy 3104 9} 4 76 3112 8 3| 5 4 61 237
I Ty 0 6 O 0 6 Of O. 0O 0 1 0 Of 134
| | R | { { 2504
{9.00 C} O 119 194 5-56 .31 8 7 21 8 5 11| 2434
{ Ty O 17 0f 0 10 0f O O O0f O O OF 27y
| l | C - | | : I 270}
i | 1 . 4 N i d
. ol ¥ ¥ R r T i
ITOT. C| 16109Y, 40| 36 735 46| 99 83 29| 53 51 48| |
179 T{ 2 75 €| 0 65 04 1 O O} 1, 0 OF |
I 1230 | 882 | 212 1 153 |2u77|
+ +- + —t
PEDST {NTH CRSSWLK|STH cns;anxlzsm CRSSWLK| WST cassn£x| |
| 7-9 | 8 | 14, I 5 n {31}
- + - + . -—+ - + ‘ + )
|PEAK C{ 10 654 10} 21 455 {.59° 53 17| 34 38 - 27} {
| T 2 33 0} 0 35 | 1t 0 0 0 o0 Of. |
17 -8 | 709 ] 535 | 13Q { 99 | 1473
- -+ — + —+ F—i
{ 5T | 5 | 7 . -1 | 0 [T
| SLEFT| 2 | 4 i 46 | 34 X (
|’ SRGHT | 1 { 4 { 13 . 27 A |
— — - +— + $— +— 1
{4HR C| 592130 21411311950 1166 321 741396 318 149} {
ITOT. T| 3 146 2 | 1 146 f 1 0 Ooph 4 0 1 i
- 7-9aK| 2554 1 2359 | 562 1 868 . |6343]
|+4~-6PH | [ | : t | |
L ¥ 1 L A4 i 16 J
1 .
. o : »
o ' ) Q. '



"Briefly, the abbreviations in the Table mean the following:

280 ST = Code nase fcr Groat Roéd; y
C . = (cars;
T = Trﬁcks;

CRSSWLK = Crosswalk;

PEDST = Pedectr1an°

NTH, STH, EST, and WST respective¥§ stand f;r North)
South, East and Hest. |
Presently, there are many simulation ‘sigpal
controlled intersections, sc that thd gineervcould“alﬁays
apply his data to those 'mcdels; nodlfy the data as he
vished, to study the intercectlon perforlance under various
operating characteristics [ 13, 17, 29, 31]. It cannot be

overemphasized therefore, that a similar simulation model on

the traffic circle should be ayailable to the thraffic
[ 4

engineer since the flow of vehicles ‘through a circle

. deviates very auch from the passage of vehicles through an

orthogonal intersection under any other form of contrdl.

During the passage of vehlcles through a traffic

circle controlled by un51gnalized dev1ces such as the YIELD

signs, vehlcles cannot be ae51gned ;é generalized velocity

such as the -'constant queue“diSCharée 'velocity' {a
hypothetical velocity vhich deséribes the departure of
'éueued vehicles atA‘a szgnalized intersectiﬁn duﬁlng the

green phase). This ts because each 1nd1v1dual vehicle vhich

. queues up at the entry to the circle has to evaluate and

ER TP

e’
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A

accept or reject gaps in the circle traffic stream before
entering the circle. The Ffassage of vehicles through a

tréffic circle could therefore be likened to the passage of

4

a minor street vehicle through its intersection with a major
. ’ @ -

street: But, as compared'tc the traffic circle, the pasgage
of such a.ninor %sg:eet vehicle through the intersection
could be. thqué&ﬁ:;of as being instantanequs (in the sense
that, once it acéepts a lag or gap to enter the

'

intersection, it does not spend nmuch time at the

intersection). s
\
Operational rules at a traffic «circle require awore

interpretation on the part cf the driver, and more activity,
skill and ‘alertness than at a signalized intersection. 1In
order to study the control of tfafficfbeﬂavioﬁr at traffic
cifcles, an ‘attenpt ~must be made to conmsider fuily\the
behaviour aspect_,of the opération, ;ince “the:e is nmore
interplay between drivers at traffic circles than at
signaliied intersectioné{ Another important characteristic
of aA‘traffic circle is the fact that the raté and time of
Arriva;s of vehicles is of pajoi iiﬁoftance, Q?causé it is
vehicle  presenc§ in the cg;cle Qtreag that dét‘rlines vhat
‘the driver in the approach’ stream does. With gﬁe ‘traffic
circle simulation model theetraffig enginee£ could study the
.perfo#nanceyfof fﬁe circle thro&gp;the use of his field data
or»vfthrcugh -arbitrary apportioﬂlent . of gene:éting

chazactetiétics io‘the various approaches. of the circle.

T

K

4

_‘Q\



Presently, there is a great concern in urban are€as in
most countries especially in North America, vwhere the use of
traffic circle is very limited, to replace existing traffic
circles with signal ccntrolled intersections and to halt the
congtruction of nére traffic circles. But such statements
are usually general policy statements, since there- is
normally limited valid evidence to warrant | such
undertakings. . '}

Before a traffic engineer decides to replace an
existing traffic circle with a signal-contgolled
intérsectiog ér vice versa, he wsust have subjected the
particulér interséc}ion to variable traffic conditions
through the use of a signal-controlled intersection model
and ; traffic circlevsinulatich model. Then, he must have
con;inced hilseif that improvements of the intersection
perfornancé expected through such a conversion would be
worth the éfforts involved in the implementation of such a
decis;on, especially before conlitting publﬁf funds.

0f course, Such an evaluatioﬂl process can only be
carried oﬁi cheaply, realistically and COnvenientlf “through
simulation. He needs simulation models qgggb;e og
simulating the cperations of the intersection under signalu
qontrol and under traffic circle control. He light'érrive
at the conclusicn that the volume of left-turning traffic
from a particular approach vould make a traffic circle,
f supéridr to a- signa; controlled iﬂtersectiohf even with

—

£

- e



A T

‘protected! 1left turns, or vice versa. 1In short, with the
capability of varying input information to both the
simulaticn lodels, the engineer  could evaluate the
Justification of any type of conversion from the ‘use of one
method of control to the other.
The above analysis of the problem of implementing some
conversion policies, greatly justifies the é@%ed for the
traffic circle simulation mcdel as desc:%?ed in this thesis;
a model which accepts traffic data of all fOrms, dynamically
varies the arrival frequencies and turnlng novenents durlng
a stipulated perlod of the simulation, -at rates specified by
the traffic. engineer. 2 model with such a capability will
therefore give a ;goog indication ef ‘the real .life\
performance expected froam the t;effic circle wunder the |
specified.conditions. N | ‘.ffﬂi
Yoo _ o
Thisfthesis presents the developldigtandsvglldation of
‘_such a trdaffic circle simulation lodel fﬁ% uge\gf .a tocl in

il p A
‘§§’ the ' evaluation of traffic c1rcle perforqﬂnce in teras of

- PR
level of service. Chapter II is a genera¥ revievw of

’

eiisting literature covering the naﬁor §na1yt;cal and
simulaticn vork done in the field of Traffi Plov.v~-Chapter
IIX descrihes "TRACISM' the Traffic Circle Simulation Model.
The Charter is 'devoxedv to the fornulatidn of the traffic -
circle siluiation lode} The znportant parts of the model
: ere discussedf‘with the. relevant diagraus.q The detailed
analysis of the representat1ons of the nodel in the conputer

. . ' {
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»

and the actual flovw logic are described in' Appendices B and

C respectively. )
Chapter IV descr%bes. §he validation séudies of the
model by a series of simulation runs onr%iest model
configurations, and the eventual yalidation of the-model by
-compariscn with real data.‘fA major part of +this Chapter

deals Gith the study of various measures of effectiveness of

the <circ¢le performance. Chapter V contains the various

W

conclusions as made evident from Chapters III and IV ‘and,

recommendations for further study on the Traffic Circle and

their role in urban street networks.

! &

4



hapter II ~

[y

i . . o
o, , -~ Traffic Flow Theory and Simulation . N
lf‘ .
.,
[i. i
- \
. 2.1 Introduction
With the recent concern for the control of urban air
pollutlon, vehicle manufacturers are urged to produce
‘roadworthy' cars with respect to pollution. In wmuch the
_; same way, autonoblle users are concerned about the roads on
5k"gwhich théy drive, and therefcre urge the responsible public

\J?’* ‘ o , ..
'officiﬁls to [provide ‘carvcrthy' roads. Carworthy roads

need not only be snooth with respect to ‘potholes but also
should afford snooth trigs. This can be achieved through
' réde51gn1ng and control of the existing roads. L

*

The 1-portance attached to the control of ‘traffic on

th; roads is evident from the numerous atteupts that have

V. heen nade. through the developelents of various traffic

iodels aimed a@hi-proving one traffic situation cr another.

| Insigbts into the behav1onr of traffic oni the roads are
bbtained through two lajor approaches, nalely' ' | '

\} ﬁ'” a)- - Experilents and field observations and o

s; ;'b)f Modeling cf the real situation.

Tbe former method' is not entirely satisfactory. “Cénclusions .

12' ‘ﬂr' i N
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//, . v .

drawp from field obsgrvations .may be wrong because real
" ) - . '

traffic conditicnsrueuaily sake it impossible to teproduce
the causes of the observed hehav1odr. The flelé.%xperlnents
are extrelely useful hovever, and shduld be conducted befdre
a large capital outlay is lade since they give an indication
of the valldlty of the latter method SincF modeling is
essentlally experilentlnq on a vorking analogy‘ hav1ng the
necessary relations and Frogerties similar to those of the
systen be;ngﬁstuoied, modeling techniques may be .ciassified
.as follows: B : A
(i), Analytical médel. -

In .this case equations sufficiently teoreseﬂtatiVé of
zhe systes are solved analYtical;f. -
jii)'SOftvare siuulaé{on ncdel.

Bére aviarge digital«conﬁufer may be used to-assist in
the solution. This agproach is partlcularly relevant

if nonlznearities are present in the systel. L

/////iixffﬁaardvare simulation nodel. - '/ . :
. | Here'i/special—purpose oOlputer constructeﬂ fron units
o perfotling pathenatlcal and/or logzcal operations on
' sil&&ated vatiables is elployed.~ _ 7
* The stndy of the systea :bebaviou;  “§139‘ thel‘softvare -
"'silulationv .-odeln.or the hatduoré  Sinulstﬁon.-nodel’ is
heréaftei'ieferred to‘fas,"Sinulation' . The neit"three 5
'sections give a. sunnary of analytxcal nodels in/ﬁraff&.-flouv

B
v -

sand the silnlatioq qt t:nffic flow.'o,, ;_"' R
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2.2 Analytiqal Hodels‘in Traffic Flow

Solutions to traffic flew probleas have been attennted
by 'analytiéal \nethod§ for many years. The analytica%
approacn has been confiped _ mainly to analysis of
uncontrolled intersectibns, intersections controlled by
yieln sidns or tvo-uay;§tops, interseCtions controlled by
fixed-cycle traffic signal and tnose cqntrolled by venicie~
.actnated'trafficasignals. ubst of the analytical models wnn
the fixed-cyclk traffic signais,bhave beén\concernedwitp\\
the queue neasurenents at- the beginning of red periods. The
fixed-cycle traffic gignal gueues have been 1d%estigated by
probabilistic leéﬁods by a number of investigators,;and a
brief review of the various methods of . approédﬁwyis + given
telow. V | o N L

'\1‘

Becklan, McGuire and Winsten [3] considered a discrete

“ L

"

tine' gueuing lodel vith binomial arrivals and regular’

N

departure headways- during the green phase. ‘They went on to

derive a relation bétveen ‘the stationary mean delay per

vehicle and the stationary mean gueue-Iength P ﬁf:ehicle at~_

the beginning of ‘a red period of the traffic signal.“ﬁaight

[24] and Buckley ‘and lheeler [8] con51dered models with"

v

e

| Poisson arrivals and qgain regular departnre headuays during
,'green phase, and investigated certain properties of the
' queue lengtﬁ. Neuell [22] dealt}uigy-the.ngdelrproposedfby
'»Becklan et al, and obtained the probabiilty"generatingl

fnnction )of the stationary quene length distripution.,
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_Darroch ﬁ11] discussed a more general discrete time model

vith stationary, independent arrivals and reqular departure

.'\

headways, and derived a necessary and sufficient condition

for the stationary queue length to exist, and-obtained its

4

\
. prdbablllty generatlng functlon.

"

McNeil [36] proposed a lodel for the solution tc the

fixed-cycle traffic signal problem for compound Poisson

arrivaré. In McNeil's model, an intersection is controlled
.9 © )
by a trafflc 51gn3[ihith fixed cycle time T, the possibility
T 3
of - other delays such as those due to turning vehicles, is

completely ignored. _Arrivgis‘at the signal form a cospound

Pcisson prodess, which, ‘as  McNeil himself points out, is
: . e < ..

unrealistic since such an assumed arrival process presumes a
zero car length. If vehicles arrive to a green signal and
an empty queue -they cross the intersection upndelayed, while

on the contrary, the vehicles depart vhen they reach the-
head of ghe queue, provided 'tﬁe signal is greéh, each

r

vehicle taking a constant timﬁ'fqvlove off. McNeil's model

.
contains numerous qﬁsunptionﬁf typically embodied in most
analytical. models aimed at simplifying the situation under

study enough to nakg~ 1t mathematically tractable. The

assunptions usually téﬂder the models too simple .and

[N

unrealistic to be useful

Vehicle- actnated signal ntersectlons have been

\

: investlgated in two wayé the non‘priorlty and the priority

M
J f' v

types.. ¢ In  the mén p;i_riti - type, neither - of the
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intersecting streets is favcured, rather the intersection is

controlled by signal which favours one queue at a time and

>

switches whgn the favoured queue empties. The priority

\\\///::}icle-a

at ch the main street signal 1is green unless traffic

2

uated traffic signal on the other hand is the one

N

arrives on the side-street.
In the priority vebhicle-actuated traffic. prcblen,
Little [33] has considered a queuing process of side street
“traffic. The intersection considered is made up o Q one-
way streets. But there is no apparent reasg;k:hy the
- intersecting streets should be assumed to be one way other
than to make the mathematicgl analysis siampler, and of
course to limit the scope of the problen. In. Little's
model, the signal shows green on the main (priority) street
unless it is actuated vto change by side-street traffic.

'Therer is no detector on the main street so that the density

of the main-street traffic has no effect on the operation of
A -

the signal.
Side-street traffic causes the signal to change by

means of sa detebto{\vhich senses whether or not there is a

l

‘vehicle at the intersection. After detecti&ﬂ of a vehicle,

. ‘
., an activation- pgridd t, must elapse before the signal
c{aqgés to green for thé‘side-street traffic, this period
corrgsgonding, to the amber (élearance) peridd on the main

3 )
road. Kfter changing, the signal remains green to side-

street traffic for a fixed interval of length g; and each

-
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iv/ z

.-'0 !
' ﬁ‘iﬁ qﬁllcved by a red period of ninimum length

’v h is.Q4n1lun fe@ perlod the length of which is a
cons’:ﬁaw@ Jtogf’a&med 1nto the signal mechanism, the signal
will no& —change to green for the side-street traffic.
Little's model 1s ve)‘bfimilar to the queue balancing model
of Lieberman [32], where the signals dc not respond to
vehicle presence but rather to some threshold values of
queue lengths agd signal 1lengths. Litti;f developed 'a
mathematical model  of the intersection operaticn as
described above and obtainead the follgvlng. |
. 1. The transition probabilities of the queue lengths at
the end of each cyéle (green plus red) ;
2. The probability distribution of the queue lepngths in
the steady state; and |

3. The mean gueye lengths.

2.3 Simulation

Simulation- cculd te defined as a dynamic
representation of reality, achieved by building a model and
moving it thréugh time. The probleas solved by simulation
are characterized by being mathematically intractable and
having resisted sclutions by apalytical methods. The
probleis usually involve many variables, many parameters,
functions“which are not 'uell-pehgved mathematically, and
random variables. Simulation should therefore be the

technigue to apply when the number of nonlinearities in a
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system makes analytical techniques Ainapplicable. After
identifying and.formulating the problen;‘the'next major step
in simulation is the wmodeling phase which is described

below.

2.3.1 Modeling and Conputer,Sfmulation

The follcwing conceft of modeling and simulation is
taken from C.W. Bell and R.N. Linebarger (4] who define
modeling and sinulation as consisting of four sequential
steps as follows:

a) Concept development;

b) Hodél formulation;

c) Model implementation;

d) Model:operation.
The ability to silulate systeas behaviour . éepehd; upon the
formulation of the model, and each step in the modeling and
simulation process contains a €eedback path whereby
ilplenentation anq eialuaticn of current nodelé‘can jgnerate
nev structures and gquestion of validity. |

The first step involves the develppnent of the
conceptual stﬁe- behaviour. Here, the:analyst observes and
élassifies phenosena into conceptual franevork. The second.
step is the nmodel foflnlatidn - which may be done in the
following four ways: ‘2

(1) Verbal;

(i) Physical; @
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(iii) Mathematical.
The verbal model provides’ the structuring of the system
concepts on a verbal basis and seldom undergoes
implementation of any kind. Ratlier, t;e verbal model is
primarily used for developing new concepts of ‘systen
behaviour. The physical model is usually a scaled analogy
of the actuai system under study.

. In mathelaticél moézls the systen-to be studied is
represented by mathematical relations derived from
observations of fundamental data. The mathematical model is
almost alvays maniphlated by means of conputer.simul&ticn of
the kasic systesn state-tfansi:ion fﬁnctions.

After foresulation, the next process is implementation.
Here the abstract sodel is translated intO.SOIG form of
device vhi' allows the nmodel parémeters and :system
structure to be manipulated. Physical> models are
implemented using physical analogies. Mathematical nmddels
are implemented uéing. a variety of 'tools, primarily

'
conputer-or?ented. . I

The final step in the simulation process is the -

operation of the“:inplénented podel. Heré, the wmodel

B | -
parameters can ke altered or varied and the resultant model

response analysed. on the basis of these - results,
refinements can be propesed for both the formulated and the
“implemented model, to make them better representations of

‘the system being studied.
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In suinary, the process of wmodeling and simulation
involves a set of csequential steps with feedback fraths.
Inherent in computer simulaticn studies is the principle of
interaction with an isplemented model wvheteby the model can
be exercised and the resultant response compared with

£ )
observed data.

2.5.2 Analytical versus Simulation Models

" There are several similarities and differences between
énalytical models and sisulation models. Some of the
similqrities are:

1. Bofh approachés require a thorough uhderstanding of
the_pt&éess‘being modelled. |

2. Both appfoaches involve th; formulation of an abstract
model which represents a concrete situation.

3. The translaticn of a real situation into either type
of model reflects the users concept of what the key
elements of the system are and how they interact.

Some of the ‘major differences between analytical and
simulatién lodels}arezcg}

1. The anal}tical model yields analytical solutions

. whereas the sinulaticn model shows whét happens under
a particular set of assumptions énd does not yield a

»

*sclution®. QO

-

kY

2. T An analytical model, in order to be solvable is often

so gross a simplificaticn of the actual situation as
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to yield invalid results. Simulation ‘usually permits

a less abstract and relatively more .faithful

representation of a real systenm.

2.3.3 Traffic Simulatiocn Models

1™ .
As applied to traffic flov studies, the following is a

summary of the requirements of a good simulation modelé as

listed by Drew [12]:

a)

b)

<)

a)

e)

-£)

'generation process, and so.on).

» .
It must provide an easy, inexpensive method of traffic

sisulation.
It must ke general enough so that any similar traffic
configuration can be simulated by the input of the ,

proper gecametric paraseters.

The input to such a program must be easily understood

»

and capable of execution by nonicomputer,_oriented

personpel.’
~3 ! .
It must furnish output which is easily readable and

vhich contains all parameters needed by the traffic
engineer for application in the design or modification

of traffic streaas.

It aust be written in modular fashion, such that any -

of the moduli can be changed without affecting the .
rest of the progfal (for example, the cér—follbwihg
process should be completely independent of the input

. -~

It aust be i:itten suéh thht nev . moduli such as
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traffic bazards, curves, and some other variable
.traffic conditions can be added ‘Without extensive
programming changes. |
g) It must be machine independent, written in one of the‘
higher 1level 1$nguages such as fORTRAN Iv iﬂ such a:-
manner thét‘a rglat;vely unsophisticated programmer
can modify it.
. v
2.3.4 Adviﬁtages and disadvantages of Traffic Sisulaticn.
| a) Advantages: As 'applied to traffic flov studies,
the follciing is a, Sunnary cf the advantages of simulation
again listed . %y Drew [12].
1. The tasﬁ of laying out and operating a simulation is a
'goqd vay of systematically gathering pertinent data.
“It makes for a | broad éﬁuéation in traffic
‘characteristics and oferation. |
2, Siwmulation of coamplex ttaffic oper&tion Ray prpvide an
indication of which zifidbles are ilportaﬁt and how
they relate. This may lead eventually té successful
. ‘analytic formulations.
5. Silulazion gives an intuitiég feeling for the traffic
syéte;nbeing studied, and is thetefofelinst:gctive.
4. Sieulation glves a conttol over tlne.
Real time can be conpressed, and the results of a long

szgnql phase can be observed ~-in a few linutes of

conputér‘tige.‘ On the other hand, machine time can be

1
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expanded and run slower than real time so that all the
manifestations of the complex interactions of traf?ﬁc
movements can be comprehended. ’
5. Sisulation is safe. It provides a means of studying
effect of contrcl measures on existing road systems.
b) Disadvantages: . [

There are however some disadvantaées tc the
application of simulatjon tc¢ traffic flow studies. The
majof disadvantages are listéa by Ferris [ 14] as follows:

1. Considerable effort is required in the programming of

a simulation modelef some desired complexity. |

2. simulation of traffic flow problems becomes very

- costly, andbconsideratién must be given to nau-nacgine

feasibilitz.

3. ! Accurate and detailed data is essentiai to any traffic
sinﬁlation model.

Hovever, it should be wmentioned that some of the above

disadvantages apply equally to analytical models, so that

the utility of simulation models is still superior'to that

of andlytical models.

2.3.5 Languages used in Simulation

‘The iénguagesﬂused in Conﬁuter simulation studies fall
into two major categories, namely:

a) General Purpose Simulation Languages, and

‘lﬁ' General Purpcse Prcgramming Languages.
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v

The early 1960's saw the advent of several general vpurpose
simulaticn languages. Most of. them were adaptaticns of
FORTRAN (for example, SINSCRIPT, DYNAMO, GASP) or ALGOL (for

example, SIMULA). Some were entirely new, for example GPSS.

a) Advantages: ' , ’

‘1. The main advantagerof the general purpose simulation
languages as compared to the ordinary gemeral fpurpose
programaing languages is the fact*'thht éhe former
incorporate neans‘ fcr controlling the sequencebin
vhich events océur. This vseguencihg aspect of
sinuiation models introduce§ many complexities when
ordinary grogramming languagéé are used, in which case
the co-ordination of events iﬁ the model remains the
responsibility of.the apalyst or sometimes the user.

2. Another’ lajbr advantage of simulation laﬁguages is
that their diagnostic programs can check for logical
errors ag vell as syntax and capacity violaticns in
the model. | |

3. Simulation languages hsually have built—iﬂ provision

for collecting and printing out at least some of the

Statistical outputs desired from most simulation

4 1
t

models.

4. Finally the use of éi-ulation' languages makes the
model closer in outward appearance and structure to

' the situation being siluIQied.than whenﬂgbnsinnlatién

language are used.
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) Disadvantages:
1. The major disadvantage of most general purpose
sinulatioh languages is the fact that they require a
large-scale coaputer and are oftep ;hereforeﬁ limited

in use. PFor exanplé, GPSS/360 and flou Simulatcr are

designed for computers with core capacity of 64K or

3

L)

greater.

2. Another disadvantage of the use of most general
purpose simulation languages is‘the fact that they are
often too slcw for large scale simulation systeams
Presently, there are dozens of simulation laqguagesﬂ

but wmost of then are spec1a§-purpose types vhich are not
widely | used. The wmajor sinqlatioﬁ ianguages, in North
“America today include GPSS, SINSCRIPT, szuuia,‘aﬁd DYNAMO.
Cf these, GPSS is the most widely used. GPSS has been nmore
widely employed in traffic flowv simulation studies than any
of the othér sildlation‘languages. Bgfore the advent of ;he
general ‘purpose simulation languages, general purpose
programming langmages such as FORTRAN or ALGOL ﬁaﬂ been used
for Eany years fog simulation studies aﬁd are still in use.
Presently, the ldé:'uidely used nons;lulatioq languageél are
PORTRAN, . ALGOL and PL/1. Of these FORTRAN is used more
often than the rest. ' Q o
Watjen [51] used GPSS for the silulatioh of a simple
trqffic ’netvotk,‘ to study the effect of .offsets in- 81gna1

.

light syhcp:onization. A ploneer application ‘of GPSS to
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the simulation of traffic' flow wvas done by Blum [6]). He
used GPSS to simulate a network of intersections where the
intersection area is’ divided up into cells represented by
facilities in GPSS. !

A more recent applicaticn of GPSS to traffic flow
simulation studies has been done.by Lieberman [32]‘at the
General Applied Sciences Latoratories,lnc. in New York. The
model is anv integrated set of éOnputer> programs which
simulate traffic flow at signal-controlled intersections.
The complete set of programs ate collectively named SURF

@tion of URban traffic glov)l

ersecticn area in the nmodel is subdivided into

es some of which are accessible to botn; pedestrian

iar‘ahd pedestrian -traffic. Bach_::picle is fféaQed
"separate trapsaction whose behaviouf is monitored frg;\
fﬁstant it is generated into the systenm until it crosses’
t-inate line ;nd is discharged froa the systena.

The entire appréash distance of each approach . lane

represents’'a queue, vhereas tht distance from a stop line to

an intersection entry line of each approach lane represents

 "a facility'nhich'is usé%&by both vehicular an  pedestii¢n~

traffic. Similarly, each distance of}an.exitllane.frbl the
'interéection,exit line to the oteriinate‘ line (concurreng-

uiﬁfﬁ

nh;x

Vricular. traffic. Separate queues are alloted for

5ﬂ?? stop line at an apgroach) ‘constitutes a'faCiiitY'

g \ : . o ‘
s again used by both vehicular and pedestrian.
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traffic. Thus, upcn entry info}ﬁ;he system, a vehicle

travels the approach distance by spending some calculated
time in .the appropriate queue. Upon'esergence from the
approach queue, the vehicle‘begins its journey into and out
of the intersection by successfully seizing (occupying) and
releasing (leaving) facilities, wuntil . it _has finally
’released a. terlinel facility after which it leaves thev
systen.
Some prime features that are exhibited.by Liebermanks
licfoscopie model are:
1. Tﬂe‘ abilify -to acconodate a 'wide; variety of
1ntersection configurations;
2. The ability to accept multiphased traffic signals;
3. The ability to simulate traffic-actuated signals; and’
;ﬁ.A The ability to accciodate coupled pedestrian and
vehicuiar traffic. } |
. Vehicle arrival is generated by approach accerding td
a shifted exponential distnibution with a sinisum inter-
.artival gab‘ of one -second,* end a lean gap equal to the
‘rec1proca1 ?f the specified flow nate//Xtraffic‘:;obuse in
vehicles per ‘'hour). Iurn;ng' maneuver is assigned
stochastically,based upon the-séeEified'turndng ,perCentaées
‘for each approach, ~ A turning véhiele“jdids iﬁe appfgpriateﬂf
turnlng lane at the approaé‘ and a through vehicle joins the
_shorter of the approach gueues._’v L |

L Ihis -ethod of vehicle arrival qenerézabn and eventual;

b .
) '
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R ’
;< ' , _
to a lane depending on  turning maneuver of a

assignme
bicle, eliminates the possibility for lane-changing in the

approach flow. This . is becau;e; during peak_hours: lane-

changing within the ticinity of the intersection is« almost

alv%ys impossible, so that upon entry-into the app;odch;

drivers quickly determine their laneé %nd.stay in that 1lane
s .

for intersection maneuver.

A, major objective of the simulation was tq studj the

'digferépce in interséction performance under fixed-cycle

signal cgntrol and iatying cycle length signal control. To |
this.end, the followving test nodelsvvefe used for validation
purposes. | )

Model B: Two approach lanes in "each direction with

trafflc controlled by a 'tworphaseq’signal of fixed cycle

°
~

length.
Model B: Tio’approach lanes in each directlon ,with_
trafflc contralled by a tvo-phased s1gnal of varying cycle

length. The signal tiling is controlled by the density of

traffic flow.

Incorporated in Model B is a vell-defined algoritha of

- o . ' .
gueue'balancing strategy~ employed by 'Lieberlan. The .
L]

opjectives and the conseguent leasures taken to achleve the

'objectives‘ througb ‘the use of the U'responsive trafflc

control algorithn' are: . ,
“1,’ Optilization of intersection perforlance by attelpting

to



a)'uti}ize intersectiocn capacity fullf;'
b) reﬁhce total delay time (in queues){to a
pinimum; ’
c) equalize (in each direc&ion) the queue
lengths and‘delay’tiues.
2. Reduction of driver irritation and consequent accident
potential with the follouing policies:
a) Set ;aximun.sigqal phase length;
b) ‘Set minimum sigisl phase lenéth.
3. Prevention of spill-back into 'upstrean
intersections. |
3 With the atbove object{;e, the following specifications
were wade: npinimunm signél “length, maximum signal
length, amber signal length, critical queue 1eng§h for
East-West traffic (Eﬁ) and critical queue length for
North-South (NS) traffic. ,
. During the sinuiation, traffic signal ‘*interrogates!
interseciion tfhffic ‘status every' é&m@?&fion cycle (scan

1nterval) and acts accordlng te,\Frevalllng condltlons. A

signal relalns gree? in a dlrectlon such as Fast-West ‘unless

any of the€ follﬁvlng conditions is met.

-
o

a) uaxildgﬂsignai for the direction is exceeded,
b) If signal has been green longgr than the minimum
specified and nct mere than one ‘pehicle occupies a

" queue ixi_ this direckion. Thavt‘is, if demand is

!
~

dlss1pated in thzs direction.

L - o
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C) 1If signal has teen green longer than @inimum length
specified and critical queue length in the other
direction has been attained or exceeded, while the
queue length in ‘£his .direction is shorter than the
prescribed critical value.

d) 1f q&s> 9., * B . where o ,

g, - average lengfh of North-South queues;

EW

= net inflow’of vehicles in North-South lanes

g = average length cf East-west'queues;
Eys

.during period c¢f minimum signal length.
Hence, the signal remains green until the queues in the
other direction become slightly longer. For the Model A,
fixed sbecifications were made for Green, Amber and Red for
edh direction. The statistics which were generated Ly the
program included the following:

(1) Varidt}on of¥queue lengths as a function of time;
A '

(ii) Travel and aelay tises far vehicles according to
discharge fane anad tﬁining maneuvers;‘and A
(1ii) Travel and delay times for pedéstrians as well.h
Other ‘:£stistics included” the intersection capacity,
expressed in vehicles per hcur. After subjecting the two
lqpels‘ to vargous traffic_ conditions of a tybical

intersection configuration, Lieberman [32] reached the
A :

following conclusions:
N

< -

1. There is no advantage from the use of a.c°lpute}'

controlled signal during periods-of saturated demand

i

\ .
N - Y
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wvhen the desand conditions exceed the intersection

capacity. g ’

2. thn demand conditions exceed intersection Eapacity,
there may be only slight improveneﬁt in overall delay
time when a résponsive signal replaces a fixed time
signal. But the responsive sighal gives a remarkable-

improvement in the balancing of queues at the various
L)

approaches.-
3. Intersecticnm performance improves subtantially in all
respects, if the incoming flow rate is at, or below

saturation leiel vhen a -computerized signal csystenm

/
.

feplaces a fixed cycle systen.
A novel feature in Lieberman's m&del is its ability to
simulate varying (peak-hour) demand conditions. When
varying traffic demands are simulated, queue lengths and
delay times are gréatly reduced during peak hour traffic
conditions due to the responsé of the signal to changing.
traffic demand in the use of the responsive sys€en.

Lieberman's model is very realistic and excellent as a

N

tool for helping the traffic engineer in the evaluation of

intersection performance. The model is more of a tool than

most other quels because in Lieberman's mpodel the traffic

a

" engineer does nct have to wcrry abbnt“'input data such as

vehicle -acceleration, vehicle deceleration and other such

«
-

'hatd-toécolledt'_data.

The input data required by the system is precisely

-

. I
N ;
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that information which is available to the traffic engineer.
This data consist of:
a) density cf vehicular and pedestrian traffic flow from
eaclh directién;
b) vehicular turning movements from each direction; -
c) signal phasing énd cycle time (or' actuated ccntrol
specifications). ’

This description of Lieberman's simulation program shows how

GPSS can be aprlied in complex traffic situations.

2.4 Simulation of Traffic Flow o

2.4.1 Introduction ' </

.

To fully evaluaté the effect of a traffic situatign,
it would be desirable to test it under a wide, variety of
cohditioﬂ;. It would be of further benefit to vary certain
pa#aneters wvhile holding others constant, thereby permitting
conduct of experiments similar to those in the ‘labor&tory.
It is ot practicable houever,.for the traffic engineer to
study qperatioﬁs under such controlled conditions in Athe
. field. Therefore he must resort to methods of analogy, ot
lodélingﬁ o
"Silulaticn probably provides the most accurate forna
of\iassesgient of a road hqtvork, pardigter§ can be
‘altéied at will, and the tesulting changes in delay
and journey tlles noted fér costlng purposes. The

\
paraleters that . f%an be altered are numerous and

«\ ) "/



33

include not only traffic signal control policies, but
also road alterations or the flows and roﬁtes taken by
different categories of vehicles. It is thezease with
vhich the network can be altered, controlled and
assesséd fhat makes simulation so vital to area.
traffic control" [48; p. U464). |
The application of simulaticn techniqués enables thg study
if complex traffic systems in the laboratory rather than in
the;?ield. It is usually faster and less expensive than the
testing of real systeam and in many cases enables‘ the study
of system characteristics prior to construction cf the
facility. In the study of traffié simulation, it is
possible to répresent traffic of a particulaf characteristic
desired ‘and in the quantities déSired, whereas to obtain thé
Characteristics in the field wmay be very difficult.
Furthermore, there are substantial hazards in conducfing
field trials whereas .such Si:iLtions can be studied by
simulaticn withcut risk. f

Blackmore (5] at the FRoad BResearch Laboratory has
conducted experiments ip  the field by setting up
experimental tracks and briefing the participatind ivers
on how:to drive through the tracks. It is eéident t::§‘the
success of éﬁch a field experiment depédds  on ‘the co-
opération of the partibipatinq driQe%s; apd ‘that such
experiments could be very exgensive.

“"For the most part it can be .said that the goals

¢
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achievable by simulation in the traffic flow process
are clearcut and revarding. Simulation is an ideal
technique for traffic rese&rch. The simulation model
is not just ancther means for accoamplishing tht' ve
can do today but it is a toolyfor solving problems
vhich cannot be solved todéy" [(12; p. 286j.
3
2.4.2 Methods of Simulation in Traffic Flow Cox
Tgere are two general types of computers namély:
Analog,(continous—variablei and Digital (discﬁete-variable)
computers, and . both types are employed iL simulation
studies. A simulation techhiqne‘is classified as anaicg or
digital, depending on the way the problem is formulated and

‘the' type of computer needed for the formulation and

qglution.

2.4.2.1 Analog Simulation
An analog coeputer is onev in which ‘computation is
performed by varying the s}ate cf.some physical_elenents in
which -the variables are cgntinuous. When analbg siamulation
is E-ployed, allhparts of the system aust be simnlatéd
sisultaneously. The parallel -pature of analog simulation
therefore makes it closer tc the traffic behaviotir than does
diéital simulation.
,. Each component or function of the analog simulation

system must be simsulated by one or moré components in the

computer. This nature of analog simulation always requires

~ i . ) .
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the additién of more computer equipment as the system being
simulated bécomes Bore and sore complex. For small systems
this :éguifement is not serious, but for the study of large
systems the addition of more simulator.,elements. can become
expensivg. Moreover, 1in many cases further additicns of
simulator elements may not te feasible because there is a
‘pracfical limit to the number of simulator elements that
will work togethef satisfactorily. |

Furthermore, the accﬁracy of the analog computer 1is
limited to the accuracy of the physical coaponents invclved.
Thus, the wuse of analog simulation in traffic studies
becomes attractive when a sgecial partiéf.a géneral systen
is to be scrutinized, and this leads to the building of a
special rurpose model; but analog tedhnique beconeé less
- attractive as the problem under stuéy becomes more and more
generalized. | |

€

é.u.2.2; Digital Simulation

Pigital siepulation is characterized by the use. . of a
digitall computer.. Hhereas”fhe analog computer must handle
all elements of the siluiation system simultaneously (in
éarallel) the digitq1} ¢clputer handles elements of the
sinplation system one after another (inf.series). ) In"this
way, an inCrgise " in  the systea éonpiexity resulgs in an
iﬂctease in the time required for conpufation.‘ Althoth .

accuracy 'uay not necessarily be an important factor in the
w - - / i
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simulation, it is possible in digital simulation to reach
any degree of accuracy desired by carrying out more
computations.

In analog simulation, tﬂe mathematical models used
aust be those which involve differential equatiocns or which
can be made to look as though they involve differeﬂiial
equations, In digital simulation, the analyst has the
choice as to the representation of traffic on the roadway
depending on the deta£1 of sisulation required. There are
two major methods of representation in a traffic sinulatioﬁ,
the microscopic representation  and the macrcsgopic
representation. For single intérsections, the iicroscopic
approach of detailed vehicle chdracteristic assessment is
usually eaployed. §hen consideringv vast inters;ctiqn
networks, the large amount of real traffic and area involved
in the sinulaticn'n;y obviéte the use of the awmicrcscopic
approach. In such situaticns, the macroscopic approach is
imperative because of cosputer time and core ' storage
requirements. Again, the choice will be a fénc&ion of the

available facility and the desired level of detail required

in the podel. ' . .
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2.4.3 Vehicle-roadway Representation

In digital Simulqticn, vhere there is a flow of
discrete objects such as vehicles on the roadway, there are
tvo general ways in which the objects may be represented for
the purpQSes of simulaticn in the computer, the physical
representation and the memorandum representation.

’

2.4.3.1 Physical Lepresentation X

With the physical representation, one or more binary
digits are assigned to represeat the presence, position and
perhaps the size of the item or vehicle to be simulated.
Certain areas of the cosputer memory are assigned and
organized in such a way as to represent the flow, netwvork,
and the groups of binary digits representing the items are
caused to flow in the network by suitable manipulations. ’

The impleasentation of the physical method of vehicle
fepresentation requires cpnsideragle familiarity with the
computer hardware configuration, End as such is not a
suitable leghod to choose when developing a simulation model

vhich is wmeant to be a tool. for non-computer-oriented

personnel.



€2.4.3.2 Memorandua representation ,

Memorandum representation consists of recording all
conditions pertaining to a given véhicle vhere
representation is by bits, ELytes or words of conpﬁter memory
uniquely associated with this vehicle. These qgfined memoOry

|
locations are usually referred ,to as vehicléa parameters.
When the véhicle parameters are stored using a single.coded
computer word, the parts of the word ’signiffing different
attributes of the vehicle-driver characteristics can be
extracted and'interpreted using suitable computer routines.
This method of attributeiextﬁfction and storage to and from
a computer word (usually referred to as ‘unpacking and
packing of a word') could be tine consuming, especially when
certain agtributes such as the position and veLocit; cf the
vehicle are to be updated every scan interval of the

sierulation. When computer memory preservation is not

crucial, especially with the advent of virtual memory in.,

modern computers, it would be amore efficient to let one
computer word store a single attribute and thereby reduce
the time used in computation.

, - The memorandum. method is easier to understand and to
program for tﬁe computer than the physiéal method. ;5?2
status _gf each vehicle is kept in the memory circuit of the
conputerlvhen using the memcrandum meéthod. The data for

each A vehicle usually include posiiion (distance _fronm

starting“point or reference point), 1lane, desired speed,

©



39

-~

actual speed, turn requirements (points at which turns are

to be made). Other desirable information would include the

length or’ class of vehicle (vhether a car or a ;ruck),

normal acceleratfon .and deceleration, passing

characteristics of drivers, a;d the ﬁfiné at which the

vehicle entered the'systel.h ~—
One computer word iséﬁsually assigned to each vehicle

tc conserve computer storage space. in the memorandum

representation, a register cr memory cell of the;conputer is

used as a q}ock counter. The clock counter is advanced at

*each gé‘?Iation cycle, and the memoranda of vehicles d

ptﬂer daia are scanned to determine the kinds of actions to

be taken by differené parts of the system. These actions

can be sﬁnlarized in the following decision blocks:

" a) Is it time for a new vehitle to enter the system?

b) Ps this vehicle going to encounter ‘another' vehicle
during the next unit cf time?
c) 1Is it safe to pass the leader? r
a) Is it time for a vehicle to select a routing lane for

intersec&ipn naneuver?

Oncé such dﬁestions have been answered, each vehicle can be <

advanced by changing the record to show its positién and

speed one time unit later. The position gne time unit latep

is cﬁlculated by -ultaplyi?g the vehicle(s speed by the

lenggh"of the unit of time and adding the product to the

present position of vehicle. o
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randue method may be varied by allocating one‘
to each unit block. If a vehicle is in a given
then data concerning the vehicle may be stored in
;sponding memory cell. Thus it may not be necessary

rvise reccrad the| position and lane of each individual

e in the system. 'In this way, different. forms of
ipdun rgpresentation could be applied debending cn the
 distribution of traffic in the 'network or ihe
;_al.intersection as regquired by the analyst.
form in which the network or the individual
,Ainter_?”lion is represented ih a computer program will
deterdiiine followings d
| 'Valéunt of information. concerning indiﬁiddal
l”;ehicles that can be stored;  f§r exanple,. position,
type; speed, entry lane, déstination, travelling times
and so on. |
2. The conpufing tiase aﬁd' storage reqﬁ;;enents cf the
prograa.
-3.” The structure of the simulation, taking into account
the updating roygines and ronting;rules‘iﬁ the systea.
The qbove features iﬂ computer programs demand some fcra of
semorandua representations, typica1~exalp1es of uhich ane:¢
a) Individual vehicle‘rgfresentation, vhere each ‘vehicle
~is allocated an initial position, speed\ and
destinaticn., 1Its ppsitionk and speed being updated‘g

each computer cycle.
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by ﬂ!gcle spaces, where the network is divided into

N vehible spgces and a pumber stored in each address
representing a vehicle space indicates the speed of
thé véhicle occupying .that space. qSually a zero
indicates a vacant space. in this iype " of
representation, vehicles have no hid;ntity .and7
intersection routings are based upon 'fsiiple
deterministic or proﬁab;}istic rules. :

c) Platoons, uhe;e théfneé;ork is divided int;:>vehicle
spaces as ;h' (b) ;> the spaces in a lane are then
grouped into ‘hlocisK\consisting élte:nativeiy of
vehicles, spaces}xvehicles.

The number of vehlcles, or spaces in éach block is then
stored in successive conputer addiesses. For each lane, the
occupancy of the first block '\is sto}ed at "another address

\

(zero for space~, unity for veh cles). o
i\have applled the concept of

Gerlough and Hagner-[19

the fndividual vehlcle representation to\;'the detail

<

\
simulaticn of an 1ndiv1dua1 interséstion: Longley {34)] has
also applied the . represeutation of véLlcle ‘and “ spacé
platoons to the sing%?ticn of 51gna112ed 1ntersectzon“
network alled at controlling and balancing queues at theo’

varions approach lanes. E . o \



2.4.3.2.1 Individual Vehioio Répresentation:

Gerlough and Wagner [19] of the Planningyégd Research
'Coipo;QSion at Log'Angelés have developed and inoienented a
detailed microscopic " simulation model of an individuai
intersection. Their simulation 1enployed the individual
fehicle representation methed %and was implqmented with a
Gene:éi Purpose Prograllipquanguage -- FORTRAN 1II. The
simulation mcdel of Gerlcugh and Wagner is an isoclated
signalized intersection in which the foaduay'is represented
as an orthogonal intersection of two six-lane bidirectional
roadwvays. . o | .

Each artery constitutes a co-ordinaté Systen -vhosé
origio happens to be the intersection entry line, and in
uhich the positive scale is the direction of flov fros the;

.

artery in question. 211 ' negative co-ordinates are
_ 4 ‘ '

~considered as part cf approach leg and all positive co-
-ordinates are part of an exit leg. <

Upon -~ entry into ‘the systen, i%iicles have negative

positions, travel to zero position At tH;%-nt;y line tc . the
inte,rsé‘;:tion, aod begin a‘ journey o"nfra p&t\i’ve; :scal\é as
they enter the intersec?ion: .J."\' | o

dJVehicles are géne:dt;d bj“lanesiai tthé‘ prédgfiﬁed:

_ . A . ~ ,
system entry points &ccotding tona composite exponential

o

distribution developed by Kell [29] For a particul&r :
direction, snch as the Northbound directi n, each approach;

lane of the artery forns a list with its coniinuous lane on_

s
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‘

the exit-leg of the Southbound artery; so that for the six-
R o '

“+

lane bidirectional intersection;’the maximum number of lists

that would be maintained is 12. ThUS; each list is made wup
- ‘ .

of an approach portion and exit portion ‘with intermediate
portion teing the intersection estate. Vehicle prdébb51ng

through the systemris done Lty means of p01nters to the first

G

and last vehicles c¢f approach portions and exit porticns of

the lists.

P

| . )
The number of vehicles in the approach lanes and the

’ <
exit lanes of a 1list ,at any time are ~stored in scae,
\_ . .

variables. By identifying each vehicle with a lane-list

—

corresponding to its ’'-directional co-ordinaté’ systen,

» s

straight through vehicles are simply processed from the

approach porticn of a '1ist to the exit portion of the same
\\I

list and turning movements are acconplished by transfering-

vehicles from a fparticular lane list (originating list) to
ane@her (destinaticn 1list).

‘naximun turning velocities for all turn movements are
 derived according to’ the“ turn radii of each particular
turglng.path, and this velocity i;/assumed to be suetaiﬂed
thfoughout the‘ turn process when 'turpigg can be nmade

unimpeded. Right turns are assumed to follow the same path

vhereas left turns have two configurations-«bne for free

, -

flov turps. and the Jther for delayed turns when there 4is..a

conflict in turning due to onconing vehicles. since maximsum

turn velocities are derived based solely on turn radii,
. . . .. N 8

-
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there are two types of. paximun turns velocities - for iefi-
turning vehicles: che for free flow left-turners and the
other for delayed left-turners.

Vehicle mction in the systea is evalua}ed by applying
some acceleration equations to the individual vehicies.
These equations are referred to as the ‘'car-following andv
the free-behavicur® equations.

A vehicle in ‘the system 1is either a leader or a
foliouer, it is automatically a leader if it is the first
vehicle on a list, but it cculd still be considered a leader
if it is not the first cpn a list and still its free flow
nofion is uninhlbited by preceding vehicles; otherwise it is
a follower. During each period of the simulation, a vehicle

is updd%ed by applying the appropriate equation to it

v

raccording to the fposition cf the vehicle in relation to the

rest of the vehicles in the system and to other decision
models Euch as eignal Systea.

Slowing doyn andu.or stopping occur in a variety of
situationé such as red ,light approaches, aaber light
igﬁroaches and blocked turns. UOpon generation, each vehicle

is tagged with desired veloc1ty, de51red acceletration and

‘deceleration- all obtained from precoded distributiohs vhose

Reans are supplied as input to -the model.,
Queue statistics are provided for in the model and the
underlying assumgtion here is that vehicles become members

of a queue when they stor behind other vehicles vhich are

N <
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3

already in the queue. FoOr a leader of an approach lane of 5

e

list, it enters into a queue when it i§ required to stop at
the interéeétion stop line due to one of the st cpping
criteria. A great deal of analytical statistics are
provided for in the systea to be used as parameters for the
leasure;%ht ot>effectivenes$. Included are such things as
the number of stops, stépped tiPe per vehicle, maxiaum
stopped delay, mean stopped delay and so on.

Aean systenm delay (referred to by Gerlough and Wagner
[19] -aé *primary measures cf effectiveness') was corrélated

to most of the rest of the ctatistics gathered in the system

collectively referred to by Gerlough and Wagner as

v
'*secondary measures of effectiveness'. The seccndary

acasures of effectiveness included the mean stopped delay,
mean stopped delay per stcpped vehicle, mean queue length,
mean delay in queue, 3and proportion of vehicles stopped.

The results of the regression analysis showed that all the

. five secondary measures of effectiveness vére very strongly

Al

cortelated with the mean system delay, the primary measure
of effectiveneSs.- ©
2.“.3.2.2 Vehicle an& Space Platoon§ Representation:
Longléy,[3¢] has applied thé,representation.of vehicle
and space platcons to ‘the ’siyulation of. signalized
intersection networks aimed at pdnttolling and balancing
queues in  the various approach  lanes. In ‘hié

fepreSehtation, current vehicle speeds are not stored, but
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w'f% allqcated on the basis of headway only. The apparent

najor‘ objection-to this technique as pointed out by Lcngley
‘himself is the fact that vehicle acceleration constraints
are‘ neglected. But to use it as alreadily available tool,
e traffic engineer does need to make field surveys in
order to be able to estimate accelerations and decelerations
of - drivers using ‘the roadway, so that the crude“model of
longley is deemed satisfactory.

In the simulation, speeds are restricted to the
discrete values of 0, 15, or 30 miles.per hour only bﬁt
speeds at the interseckion are restrictéd to 15 miles per
hour only so’that acceleration from 0 to 30 miles ‘per hour
in one seéond, which uouid otherwvise jbe unrealistic, is
avoided. -Longley, by these speed assignments, assumes that
travel speeds of 0 to 10 miles per hour are effectively
stopped; speeds of %1 to. 20 miles per hour are equivalent to
15 miles per: hour, aEd speeds of 21 to 30 miles per hour.

are equivalent to 30 ;iies per hour.

These discrete speeds ;ook unrealistic at first
glance, but for simulation of large intersection models or
networks; _the- aboié speed assignments approach the
continuous  nature of actual driver speeds based on
accelerafion andldeceleration rates; yet much computation
time is saved by by-passing the detail computation of travel
speeds for individual vebicles based on acceleration and

. ( _

deceleration modéis. However, the speed assignments could
'/" » -3
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1}

approximate closely the continuous speed distribution
scheme, by widening the range of choice of speeds fronm
0,15130 to say 0, 10,,20, 30 or even 0, 5, 10, 15, 20, 25,
30 miles per hour and still maintain the time-saving headway
nefhod of speed assignment (determination) .
| BEach vehicle space in ‘Longley's model represents a
distance of 22 feet and vehicle positions are updated in
each computer cycle representing 1 second real time. The
updating. routine 1is performed in two phases. 1In the first
phase all lane vehicles except those queueing at the
intersec;ion stop lines,.are moved up ode vehicle space. 1In
the second phase platoons of vehicles with individual
headways of two cr mcre vehicle spaces are moved .alcng a
further 22 feet corresponding to speeds of 30 miles per
hour. Hith‘British cars the effective car length of 22 feet
‘as chosen by Longley is satisfactory. In North Aperica
bowe‘kr, a"‘nore.realistig effectivé car length would be 25
feet

Movement cf vehiclesAin the four intersections saking
up the network is catr;eq cut in two stages: The occupancy
of the first vehicle space fron which the vehicle would
leave is determined, and a check is-made to see if a space
éxists at the rear of thé receiving lane in.  the
intersection. Tﬁis first procedure is necessary in order~to
avoid the prccess of wmaking ‘all necessaryf checks in

preparation for a merging vehicle from an approach vhen in

.
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actuai fact, ©po vehicle might have reached the point of
entering the intersection yet.
) »

Thus the knowledge of the occupancy of the first space
is a necessity in Longley's model, just as Gerlough and
Wagner [19) store the information about the firdt vehicle in
any list. <

The intersections are considered to be 66 feet square
and non-turning traffic moves across them at a speed cf 15
miles per hour. Vehicles in the intersection square move
;CIOSS it when the light is amber or green, and enter the
center lane of the receiving road, prﬁvided that vacant
space exists at the rear gnd. Entry into - the intersection
vas * restricted by the ccgdition that a vehicle could egter
the intersection only if there are a total of less than f?ur
vehicles in the intersection, and four vehicle spaces at the
rear end of the receiving lane.  This rule ensured that no
vehicle was stranded in the intersection so long as the
amber time equaled or exceeded 3 seconds; the vehicle could
always clear the intersection during the amber phase at “the
prescribed speed of 15 miles per hour or 22 feet per second.
This is be€cause Longley does not allow a vehicle to. enter‘
the intersection .if the sigﬁal goes amber, so that with an
amber time of at least 3 seconds, the three vehicle spaces
in the intersection 1lane would be'cleared at the constant
speed of 15 miles per hour ty any vehicle which happened to

be caught in the intersecticn before the signal went amber.

/

»

\
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But the condition that vehicles are never allowed to
enter the intersections when the signal goes amber is too(
strict and unrealistic, since from the speed distributions
in his nodgl, vehicles could reach the intersection stop 7
line at speed of 30 miles per hour when the signal goesl;
amber, and at suych a speed it is unrealistic not to allow
some ©f the vehicles on the platocn to run the amber as
happenS in real traffic situatioms. It would seen more -
rpasonable to -stop vehicles from running the amber when a
vehicle is already stopped béfore the sigpal went amber, but
that soBe probabilistic way be employed to let a vehicle run

}

an amber if the vehicle is already in motion and at the

intersection stop line at the time the signal goes amber.

2.4.4 S5canning Techniques’
In digital simulaticn, whether by sta;dard general
purposf programming language or by a general - purpose
‘;si.ulation 1anguﬁge, time is usually divided into discrete

ufunits, and since it 'is impossible to ex%uine, within the
digitall dgnputer, all rparts of the system simultaneously,
some form of scanning @ust be employed in the ‘sinulation.
SinulatiCh packages such as GPSS . maintain this form of
CIdck updating and correlate events autoiaxically. With the
standard programming languages, the clock updating rcutine

is the respoﬂsibilit;;of the analyst or the user.

Whether the system accounts for the clock updating or
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the user accounts for clock updating, there are two general
scanning methods available. These are the periodic scan and
the event scan.
"An event-scan program is essentially asking 'what
hagppens next?'; whereas the periodic-scan progras asks
*yhat will the situation be one time unit from nowze"

[12; p. 274].

Z.H.Q.J Periodic Scan

tperiodic scanning' consists of scanning and updating
the entire system once during each unit of time. . This
technique 1is very straightforward and is easy to prcgranm.
For example when periodic scanning is employed in ,thF
simulaticn of an individual intersection, then during each
particular scan interval every vehicle is wupdated in turn
yhe;her or not it is scheduled to perform any action during
the current scan interval. When all vehicles h#ve_ been
updated in terms of accelerating them, decelerating them,
stopping thes or whatever, then all generating points are
checked for pysﬁible entry of new vehicles into the systen.
In short, the entire simulaticn system is scanned in any one
particular.inter;ai before the clock is advanced to the next

simulation interval.
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2.&j:i2 Event Scan o

*Event scanning' consigzgg\vf determining the next
event cf significance by extrapolation and moving the clock
to this event without any intervening scans.
Por,exanple,'uhen an event scanning techniqez‘is employed in
simulation of traffic circle or any unsignalized
intersection, vehicles queuéing up bebind other vehicles at
the circle entry line or at the ainor roads of the
unsignalized jntersection would not be scanned during each
scanning interval. Instead, the imsminent significant events
such as the acceptance of gap by a leader of ;Leued vehicles
and eventual eptry into the circle, the entry of new
vehicles into the stte- or the exiting of vehicles from the
. circle, would always be det;rmined and stored and the
earliest one’to occur seiected. The occurance of this next
significaﬁt event may alter thevpossibiliFy or timing of
other evenis that had been listed, so that a nev set of
events. and times be calculated. The event-scanning

o
technique saves a lot of éxecution time but requires ﬁoré
progra-n1ng conplexlties and more computer storage.

»Usually, the perlodic scan and the event-scan nethods
are pafﬁially coabined in order to produce a program that is
best suited to the frobles at hand. This is true eépecially
in the simulation of traffic phenOIGDﬂ at unsignalized

intersections, uncontrolled: intersections, - or traffic

circles. Since vehikles occupying different parts of the
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roadway 1in such a simulation system would have different
priorities based solely on their positions on the roadway;
it ‘udulg be necéssary tc update priority-vehicles first
tefore the non-friority vehicles. The .idea of updating
priority-vehicles firsf, especially the leaders in the same
priority lanes, is event-écanning in nature,J where the
earliess imminent even£s are always selected first for
updating. On the cther hand, the idea of not Boving the
simulator clock to suit a particular revent but instead
conﬁinuing to scan the rest of the vehicles in the entire
sjstem after wupdating the priority-vehicleg, is pericdic-
scanning "in nature, In simulating traffic phenceena,
partial combinaticns of periodic- and event-scanning
techniques are therefore not only suitable but necesgary in
order to simulate the parallel nature of trafficlflow in

real situations.

X

2.4.5 Other Traffic Simulation Models
. The actual application cf computers to the study of
traffic flow' problems was initiated by Goode, Pollmar and

¥right [20] when in 1956 they developed a model ~ which

-~
.

sikulated the movement of traffic tﬁrough - signalized
intersections. - Since the work "of Goode et al, traffic
silulqticn studies have expanded considerabiy with the two
main lethods‘df apprbach~being the *macroscopic method® and

the 'microscopic method' as already mentioned.
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2.4.5.1 Macroscopic Simulation Models -

The @macroscopic methcd of simulation has been applied
mainly tc large networks of intersections, the sizes of
wvhich usually obviate the wuse of microscopic simulatiop

/
methods. The majority of wmacroscopic triffic sinulationd::}

have the same approach which is the division of the roadway
into coarse segaments and keeping ’track of the number of
vehicles 'in each segment during the entire period ¢f the
simulation. Variaticns of this approach have been used by
Sakai and Nagoa [46], Katz [27] aﬁd Gerlough [ 17]. The
length ‘)f the roddway segment is dictated by the current
‘traffic conditicns and the detail desired in the 'sisulation.

The length of the cell is usually equal to the mean distance

that an average vehicle would travel in scan intefval,

.
>

which makes the periodic scanning technique shitable fér the
PACroscoric simulaticn of networks. .

Macroscopic network simulation models havé varied in
degree of detail and conglexity depénding on, the primary
objective of the various models. When the nodélling of the
hefuork is used nmerely as a tool to test the validity or
effectiveness of some design criteria or propdsed strategy,
theﬁ the»nétwdrk is usually simplified to suit the purpose,
'Buflwhen the modelling of the nét;ork is done solely to
sinulaté the behaviout of an actual traffic netvork‘uhere
vélid;tio; of the model would be carried out by comparison

with real traffic.data, as sany complexities involved in the
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real network situation as possible are included in the

H

sinulatgcn sodel.
Examples cf network si-ulétion models in which the
networks are sinpiitied to study some other design criteria
are:
0
1. The netvork simulation model by Watjen [51] of\ the
Technié;l University of Denlérc. The aim of this séuﬂy as
to investigate the delay of vehicles traYersing three
inter;ections using a fariety of synchronizin; offsets. The
secondary objective of his simulation was to study the

effectiveness cf the application of GPSS to traffic

. ~ :
simulaticn studies. Watjen's model comprised only a single

.lane of one-wvay traffic and a fixed-cycle signal scheme at

each of the three linearly arranged iqtersections. The only
vafiables in the model vere the offsets of.signal tvc from
signal one and that cf signal three fronl signal tvwo. 7 The
model is of course oversilpiified and in fact too simplified
to ‘'be wuseful; hovever, the objectives of the study vere
‘realized. The study shows that GPSS/3§0‘ is useful for such
.snall écqle, noh-detailed{silnlation and that inter-sigmal
influences in a network sﬁould'be considered when sinulatiﬁg-
. : 1

a large network of signalized intersections.

- 2. Similarly, the network employed by Longley (34] in his

simulation was four syametrical -or;hogonplAintersections/'~

L -

wvhich formed a square. 1In this simulation also, the primary -

objective is.the-'quéué balancing strategy, so that the



55

. complexity and realism in the network itself is a seccndary
matter. .

However, in other mpajor network simulation studies
such as that of Katz [27], uhefe aodel validﬁggon is done by
comparison with real traffic data fronm spec}fié locations,
all conplexltles and hetalls of the netvwork are included in
the model, becausé/the prlnary objectlve in such models is
the study of tehaviour of vehicles in a real traffic
netJork; The "advaptage in . the use of @macroscopic
representations lies in the efficient usage of coiputer
storage and the speed of computation, and are applicable
particularly fo‘ large networks where élight' errors are
negligibie; however they suffer the disadvantage of lack of

model realism and detail.

2.4.5.2 uicroscobic simulation Models
Microscopic leﬁhéds are usually employed in %he simulation
of ‘indiv%dual intersections where detailed realism is
important. | The obvious ‘disadvantage iho the use . of
microscopic methods for §inulating tgaftic béhaviour lies i&
the inefficient use of computer space and time, byt vhen the
lodel is not vety ‘big or uhen coiput;r time and space are
not crucial, the use of licrosc0p1c nethods should;glqays be
preferred since" nicroscopic ,nodels 'tend to éonvéy lpré
understandxng than lacroscobic  |0&¢15. 'Th; ;ost 'we;lf

defined‘nicroscopic sinulatlcn lodel is the one by ‘Gerlough



and Wagner [19]) as described in section 2.4.3.2.

2.5 Traffic Circles and Tréfficlsigngls
At high traffic flcws, ,the most convendent fcra of
intersection coptrol is a §rade-separated one, since wvith
grade-separation only turning traffic encounter any form of
conflicts, and even thls form of conflict is treated by
imposing a priority intersection such as a 2-way STOP or by
ipposing a traffic circle or a traffic signei;
| Gragde 4separation is emfployed on freeways and cther
intersections.where flows are very heavy, gecause of the
hlgh' importance rattached to the avoidance of ay fo;l’of_
-slowing down or delay to main rdéad traffijc. The Highwéy
- Capacity Manual [Zdjginblies that in a rural area at least,
grade separation is Justified °“if- total densnd at
intensectione exceeds 4000 vehicles per hour. While grade-
separated intersections ‘are ideal fram the driver's polnt of
‘view, they have lajor disadvantages such*as : b
1.- they are extrelely expen51ve to,construct,
2. the a-qunt of land taken up is very hlgh.

s

3. 1nterfetence with pedestrlan movement iy laxllized by

.
°

grade—separated structures.
The last two disadvantages of grade-separated intersectléns
are mofre pronounced in urban areas ulth the addit1ona1
dlsadvantage that grade separation 1s particularly 1ntru51ve

environentally, and may have adverse social effects.
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In urban areas therefore it is particularly impcrtant

tc exploit to the full, the potentialities of at-grade

-

intersections. The twc wmajor forms of at-grade
intersections are signal-ccntrolled intersections and
traffic circles. The choice between signal-controlled

~

intersections and traffic circles 1is evident from/ the
following characteristics cf ‘the tvo forms of control as
given by Millard (37]:

a) The land taken up by the ordinary conventional 1large
central‘iSlqu traffic circle is greater than that for
traffic lsigngls.‘ In urban situations, where land
écquisitibn may be crucial, this is often the deciding
factor for the choice cf signals over circles.

b) Where flows are unbalanéed, particulquy if +traffic
entering from one arme greatly exceeds traffic leaving
bytit, as occu; at some 1intersections during peak
hours; traffic circles cause undue delays to traffic
from the minor streets.

c) Left-turners are as a rule very pooély treated by
signal-controlled intersections. Usually either a
special phase is needed or they must queue up in an

~approach. " Either procedure delays them\ggg reduces
the capacity ékwihe intersection. Hheh the number is
large, a traffic éifcie treatment is to be preferred;

d) Three-vay intersections are not satisfactorily treated

by traffic 1lights, especially if the flows are,
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\

balanced. The same is true to a lesser degree, at
five- and more-way intersectiops.

The above characteristics spell out the fact that while

"traffic circles may be regarded with disfavour A due to

substantial delays liable tc be exper%snced by drivers when
capacity is excedfled, they cannot be igq.red or eliminated
completely from urban street netvork if utmost efficiency is
to be achieved iﬁ the systean. _

Chapter III describes a #bde@l which can be used to

£

study the operatton and performances of traffic circles of

» s

different confiqurations.

Eial



Chapter I11

Model.Develobpement

3.1 Initial_Consideratioﬁ

Most traffic simulaticn models are claimed to be
tools, aimed at helping the iraffic engineer in the
evaluation of one traffic situation or the othér. However,
in the naiority of these models, the kind of data required,
such as ' the acceleration anq decelerétion -constraints,
vehicle-driver reaction times and other data of the . like,
make such models impracticable due to difficulty with which

the data could te obtained. It was decided therefore to

»develop a traffié simulation model which would meet the kind
of data readily available vto the traffic engineer and be
accurate enough to givewa true .indication‘kof the traffic
situétion. .

To assess the perfcrmance of a traffic circle of
as§pled configurati%ﬁ; the random nature of the disttibution
of turning vehiclessvithin the circle traffic stream should
be taken into aécount and included in the analysis. The

k]

, ‘ .
model which was built to meet the above specifications was

LY

given the acronym TRACISM (IEAffic CIrcle Simulation godel);

59

i
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In TRACISHM the traffic engineer need not specify the
acceleration and deceleraticn of the drivers occupying the
tvo-dimensional *roadvay. At the beginning of each scan
interval vehicles are determinisfically reassigned
velocities taking into acccunt only their current headvgys
and velocities.

In this model, the general procedure followed to

obtain a value of stochastic variable is to transforam by an

appsopriate function, a random "sample from a uniform

distribution in the interval 0 to 1. These transfcrming
functions are in the case «c¢f driver desired velocity, a
normal distribution apnd for interarrival time gaps, a
negative exponential distribution (see Appendix ). After
generating "an arriyal, the Hoﬁte é;rlo technique is used to

assign destinations (turning or straight through) tc the

vehicles of the arriving traffic streanm.

3.2 Primary Model Criteria ‘ \
The objective of this thesis in the area of simulation

was to develop a sxdel with sufficient accuracy to describe

the operation of a\ traffic circle under a number of

controlled conditions. € following criteria based on the

above objective of the thesis have been established for the

model.
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t
3.2.1 General Criteria

(i) The model should be flexible enough to allow
variations of phygical, control and 'operational
conditions uitp ninimum effort. To this end, the
number cf circle arms, lanes and the general

‘ gecmetrics of the‘éircle should be made variables so
that they can be changed és required.

(it) The model should realistiéally and acchrately'sinulate‘
system conditions for the purposes of the study being
undertaken. This uiil require the use of. stschastic
models to describe operational and driver behaviour
variations at the traffic circle. The stochastic
models ¥ill include the choice of circie réuting
lanes,' the choice of exit lanes énd the acceptance of

gaps in t&e vcircle.traffic stream from the approach

\siizfns.

(iii) The model should exclude refinements which do not add
significantly to the accuracy of the simulationa
phenomenon. Such refinements as the actpai diameter
of the central island of the circle, .and of the
circulating lanes, which do not agd .éign}gicant}y .to
the operaticnal efficiency of the‘.model, should
therefore be excluded from the model. L

(iv) The input shoulé be based on operational patterns and

characteristics which can be readily measured and.

N A
checked by the traffic engineer. In this respect,

t
o
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(v)

(vi)

3.2.2

(1)

(i1)
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such data as driver reaction timés, accelerations and
decelerations which are not so obviously and rgadily
measured by fhe engineer, should be eliminated if
possible. u

The output should be designed to allow ' testing and
analysis 1in the simplest possible manner. As a tool
therefore, the output chould contain those statistics
which are relev }[o the engineer; typical of such
outputs are meas&fes like the time spent in apgroach
queues, the demand at the circle, (number of vehicles
entering the system), the capacity of the‘ circle
(numbér of. vehicles 1leaving the system within the
simulation period), mean systenm transit times, mean
system delays and so on.

The amount of data and its processing for a particular

investigation should be minimal. *

System Criteria
The model shculd be flexible " enough to ‘describe

particular

op‘ation cf a traffic circlé
vehicle, as an avefage per vehicle oas a total for
the éysten. Thus, the model 'S£ould be able to
simulate trucks only or cars only or the miiture
thereof. | . )

The syéten should be sensitive 9nough to show

operational variation with a significant alteration at
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any one point 1in the system. For instance, if the
frequency of arrivals at a particular artery changes
significantly during some specific short period of
time, such a variation in the dénand should refiect on
the delay to vebicleé in this particular apgroach
direction, the gqueue 1lengths 1in the lanes of this
approach direction,'and/iu the s;stem as a whole, and

all the measures of effectiveness which depend cn the

traffic demand at that particular approach direct;on.

3.3 Simulation with FORTRAN

In discrete-event simulation the language used must
enable the syétem designer to represent a complex systenm
conveniently and ccrfortably.  The representaéions could
involve such ;equirelents ‘as solving of equations,
preserving interrelaticns, representing decision logics and
physical <characteristics c¢f the systen. The 1languages
employed vary from Assembler languages through the general
purposeA prograsming languages (FORTRAN, PL/1, ALGOL) to the
general Purpose Silulafion languages (GPSS, SIHSCRIPT). In
TRACISHM, the gehet;l,purpose"prograQning language FORTRAN'IV
vas chosen as the tool over the available GeneralAPurpose
Silﬁlation languages, ~notably GPSS, for' the following
reasons: _ _ C . ]

(a) GPSS/360 is available only on larger machines sc that

‘ . ‘ , | '
! the use of such a language would limit the scope of

\
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the model and hence limit its use as a tool fsr the
traffic engineers.
(b) The speed of, execution in‘GPSS tends to decrease with
the growth of\hodel size and complexity; ‘“and ‘?s‘ a
tocl, it is important  that executiof be:as‘fést as
possible to make the use of the model econoaical.
(c) It is easiegr to expand or decrease the size of the
model through redimensioning of the approgriate
PORTRAN arrayé than it' vould be for a ncvice
programmer to use the REALLOCATE feature in GPSS to
exéand a model prograsmed in GPSS.‘
According to Reitman [45), the general requirements of a
language in the area of si;ulaticq may be reduced tc four
. 1

tasic characteristics as follows: .

1. Short-term results;

2. Ability of systepltc‘represent real world;

3. }ong-tern results;

4. Effort.required. -
FORTRAN meets the above) four requirements for the purgoses
of this study as summarized below.

(2) Short-term results. The system designer must have a

good programming background in the language before he can

Cuse it for simulation. But FORTRAN, being one of the most

t
common languages gives less difficulty as far as ,background

.

'in programming is concerned. A ' - ;ﬁ Lt

(b) Ability of system to represent real world.  §lndst )

]
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any'real-uorld condition could be represented in FOERTRAN;

the effort goes up, hovwever with complexity in a nonlinear

relationship.

(1)

w3

(c)

Logical situations in the model can be represented
without difficulty. |
Mathematical capability of the.lénguagé is excellent.
There are numerous special-purpose techniques for data
Smodthing, linear prog;alming, and cther foras éf data
manipulations which afe both available and accessible
for the simulation. |

Maximum sodel size is completely under the control of
the. programmer. He can make trade-offs between
storage hierarchy and speed of execution.

Long-term’ results. In this area lies the most

important advantage of language generality.

(1)

. (11)

(1ii)

Documentation is under the cohtrol of the indigidual;
There are aids in the fcrm of cross-reference files
after the individual has thoroughly set up his
comaents. |

Systea designers cther than the original model
ﬁeve;oper can éasilj.fpllbw the logic and detail of
the simulatiém with iess effort.

Computers of differeﬁt manuf;ctureré can use the same

higher-order language program. .Usually there is some

requirement fcr rewcrk; but in the overall size of

N

effort, this would be considered minor.
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(d) Effort required. Lless effort is required to carry

out the simulation in PORTRAN than it would be for the rest
of the General-Furpose programming and simulation languages.
Several programmers gan wcrk on the sinulation/in parallel‘
if the ccnventicns governing the transfer of data between
subroutines‘gre well planned in advance. 1In this respect, a
simulatiocn program written in FORTRAN, in modular fashion,
can easily be altered by anyone with a working knovle@ge of

FORTRAN, and in particular, parts of the program can be

altered without affecting the whole program.

3.4 TRACISM (TEAffic CIrcle Simulation Eodelf?

.The Traffic Circle Simulation Model has been developed
as a tool for the traffic eﬁgineer in his evaluation of
tfaffic circle performanceE in terms of capaéity and other
measures of effectiveness. fhe model has "therefore been
designed to be as fiexible as possible in terms of ease of
application and some other generai termas; and still give
results accurate enough fcr the purboses of the evaluati&h
study being undeftaken. A scre detailed description of ;he
sodel in  terms of progranming logic and input data
grganiLation is given in Appendix C. This present section.

desCribeS‘. the nodRel at the désign, geometric and

reptesentation levels. - -
etation Jevele LTy

. N . .
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3.4.1 The Physical System

The physical systeam represented by the model is a
traffic circle of arbitrary central island and up to six
circle arms (also called 'arteries'f and ‘1250 feet of
approach distance. Entry into the circle is controlled by
YIELD signs situated at a car length from the circle entry
lines of the various approaches. The physical dimensicns of

the circle in terms of central island radius, and the radii

“ of the circulating lanes are not suppNied to tug' simulator

as input;  instead the following configuration options are
specified by the user of the model:

1. The ﬁulber of arms at the circle. -%his could ke as
tew as .three and as many as six, but in each case,litCis
assumed that the circle distance from one arl to the qother
is the same fﬁr all adjacent aras, so that for a 4-arm
circle for instance, the distance from one arm to the other
along a particular circuléting lane constifuteé a quadrant
of the circle. Each arm of the circle is m¥de up of an
approach portion and an exit portion so that ideally, the
nuaber of genegating points in the system is always equal to
th; nupber of arses at the circle. However, an afl\ of th
circle could te transforsed into a oné;way street into or
out of the cjircle by ne:ély suppressing the exit or approach

J /
poftion of that arn.during an input conversion phase.

2. The approach distance of all approach 1lanes in the

systenm is suppiied to the simulator as input. This
. § : N

~
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distance, vhenbépecified, is the same for all approach lanes
and sets ﬁp the system boundary for the model. The approach
'ﬁistance should be a multiplé of the effective length of a
queued vehicle (also specified by the user) so that the
maximum humber of vehicles thét can Lke gqueued sup at an
approach lane at cne\time cculd easily be calculated at the
beginning of the simulation fperiod. |
Currently, the, distance is set at 1250h/feet”¥so that

.uith an effective car length of 25 feet there can be a
maximum of 50 queued vficles in any approach lane during
any particular time of the simulation, and therefcre an
excess of 50 will indicate an into;érable situation
(probablf a séill-over intc an upstream intersection). The
system can be expanded however, by simply ‘re-dinensioning
the agpropriate arrays in _the program; a process that is
easily aqconplished Ly anyone with a uiaéing knowledge of
Fortran. | ..

3. The circle circulation lanes and the ngnbef of lanes
at the approach and exit portions of each are ar® set at 2
each,’ Sut again, this fiéure‘can be changed to any'desiréd
value in‘the ingut phase. Bowever, it'should be mentioned
thaf any number of 1lanes specified‘ in the input phase
applies to @ll the thrée‘portions .of the physical systenm
~namely: the rapproach, exit and ciréle sections. oFor
exaipié, if the number of lanes specified is 3, then it

means that there are 3 circulating lanes around the circle,

Faa
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3 approach lanes and 3 exit lanes at each arm of the circle.
4, The effective length of a queued vehicle, 'also
known as vehicle space in the system, is specified as part -
of physical configuration of the systeam, since it affects
the specification of the approach distance of the'gircle
arms. |
Yhe varicus arms and lanes are . numbered in an
anticlockwise direction. For a 2-lane circle configuration
all inner lanmes:on all partf of the system are odd-numbered
lanes, and all outer 1lanes are even-numbered lanes. The
systes configuration depicting the numbering éystem. in the
model is shown in Rdigure 3. 1.
3.4.2 Vehicle Representation N
Vehicles are represented in .the system by thé
individual vehicle space method as- deséribed iﬁ this
section. A vehicle space i5‘eguivalent'io an effective car
length as épecified in the input phase,‘sb @hat thé’ variaus
sections of the systeam are considered as being made up of
discrete vehiqlé _SFaces. However, vehicles are not
phySicallyb;noved froem one vehicle ép#ce to the o;her within
ghe same section of the system. Instead, a'vehiélé in the
syéten is alwayé thought"of as having occupied a vehicle
space in a secticn of the physlcal systen, and novelent"is
"acconpllshed by updatlng thQ#!p051tion paranaters of the

ind1vidual _vehicles.

v +
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Vehicles aré. generated at the “various generating
points of the circle arms cn an approach basis and asclgned
to @ lane of that approach depending on the predetermined
destinations. Upon generation, - each vehicle 'has 11

AN .

parameters associated with it. Some of these parameters are
o L N

'given initial values upon entry into the system while others

of the originating artery of the circle. A vehicle covers

are given values during the course of the vehicle's passage
through the system and at the time of exit from the systen.

| - ) .
The parameters that are initialiized on entry into the systen

are: the originating apprcach lane, destination artery, time

of entry 1into the system, vehicle desired velocity and th

- current velocity and position of the vehicle.

During the passage of the vehicle through the systen,

the current velocity and position are updated continvously

while other, parameters such as the time of eptry into queue

and the time c¢f entry imto the . circle are recorded and

stored in the approprlate paramete s ,0f the vwehicle. . The

A
artery by which t he vehlcge enters the system is notfﬁz;;g}\

as a parameter attached to the veh1cle,'51nce a knowledge of

the approach lane nunbet, automaticélly gives an indication

!

~

.

the approach distance at a speed of 30 niles per hour (tﬂs\
maximum 'al;owétle speed on the approacj\ portion cf the;\

sysfémﬁ unless it follows a slo&er vehic1e or unless it has
' E

- to j01n a queUe at\the apprcach }bpon’entry into the circle

.

_sectLon of the cystem, vehicles’' ¢ ravel_ax 20 mlles per hour

o ’
i
\

oy T

N
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(the maximum speed on the circle) unless they follow slower
vehicles® when a vehicle comes to the desired exiting
artery of the circle, it exits from the system by travelling
one vehicle space alonhg the exit lane. After travelling
that distaffce along the exit lane, the tinme Bt departure
froy the system 1is recorded, the rest of the desired
statistics about the vehicle are gatheﬁfd by accessing the
paraméters@associated with the vehicle, and the vehicle is
eVentU§lly removed from the system. The statistics gathered
about the individual vehicles are analyzed on per 1anef per
approacp and fer artery basis to produce the desired
measures of effectiveness as described in section . 3.4.7.
{
3.4.3 Distance Headway Measurement
The determination of distance headways of vehicles in
thé system is the same for all vehiclgs on :th% approach,

circle and ¢éxit portions cf the system. When the distance

headway has been determined the assignment of subsequent

speeds is difterent for vehicles.in the approach lanes and

in the circlé lanes, because the model assumes Fifferent

speed 1limits for i? idles -on the'approach lanes and the
. L 4 h )

. . l
circle lanes. Presentiy,rthe.speed;rinits have been set . at

14

30 miles per jour on the' approach and 20 miles per hcur on
' :

-

the circle. In distatce headway measurements we scan all
. [ ’ , . . ’

lists in the system, computing spacin between .all vehicles

4

during each scan interval,
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Suppose the average length of A vehicle is 17 feet,
and the effective.length of a queued vehicle is taken to be
25 feet in the systen; this isplies that the llength of a
vehicle space is 25 feet and thereforg a minimum spacing of
8 feet ‘letween successive vehicles 1is inherent in the
systen. There are three ways in which ;he vehicle position
is reckoned in simh;ation systems. The position of a
vehicle in a simulation system could be taken as the
position concurrenf with the front Qsmper of the vehicle,’or
the rear bumper or even the midsection of the vehicle. With

: | ‘
any of the above representations a minimum safe distance of

»

8 feet between successive vehicles becomes inherent.

'

\
In this mcdel, the position of the vehicle at any tinme

in the -simulation is. taken to be the position concurrent
¥ith tpg Front‘Eumpef of the vehicle.
fhe folloﬁing procedure  of determining distance
headways of vehicles in the\sfstem‘was‘adopted:
Suppose thé pésiiion of vephicle I, the leader,/at’time t is
X feef,wtha€ is _‘7 /
POS (I, t) | = X |
and lPOS(I¢1,t)\=<x.' = Positi%P dflvehicle ;01; the follower
~at time t. Then the headway B begjween vghicle I and vehicle
I+1 during the scan»iptervaivat time t is giwen by -
H = POS(I,t) -(POS(I+1,t)+ELENTA)

-

» I e
'gf = X-(X*+ELENTA) where

ELENTA is the specified effective length of, a queued

\

i
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vehicle, also taken to be the length of a vehigle space\in
the system. The above procedure of calculating headways of
vehicles in the system always maintains the existence o% a
safe minimun i;ter’vehicular spacing in the model (as

illustrated in Figure 3.2).

3.4.4 Vehiclé Sgeed Determiration

Current vehicle speed and position are continuouély
storeﬂ during the simulation period, so that new speeds ang
positi%ggﬁﬁéan be computed for the vehicles during the next
scan interval,.

Speed distributions in the system are approximated as

summarized below:

. SPEEL CODE SPO. SE1 . | SP2 SP3. -
VALUE 0 a 2 3
M.P.H 0 10 20 30
PEET/SEC T~ 15 30 45 /

During a scan intérval (equivalent to 1 second real
time) vehicles in the system are either stopped Qr

travelling at 15, 30, or 45 feet per second depending con the

available distance headway and tle section' of the physical

System being occupied by the vehicles. Around the «circle

a

however, véhibles are’ either stopped, ér‘traﬁelling at 15 - .

feet per second or 30 feet -per second . (corresponding 'to
speeds of 0; 10, or 20 miles per hour reSpécfiverf; sipce a

'speed of 30 .miles. per hour is not peraitted around the

o -
-

circle.

i . <

')r~ . N - .A - X
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As soon as a vehicle stcps 1n the approach lane (that
is, when the vehicle attains a speed of SP0O), its
progression is mcnitcred until.it is able to merge with the
circle traffic stream. This accounts for the delay on the
apprbach. Suppose that the distance headgay H of.a vehicle

‘has been determined (as in'section 3.4.3), then the speeds

ijdﬂpositions are updated as follows: ;
Rer the leader of an approach lane the updating logic is;
% (a) H < 15 feet VEL(1,t+1) <---SPO

® st <---LENT

i

where LENT is the approach distance. to be covef®d. That is,
if-the leader of the arproach lane is within 15 feet of thg

circle entry 1line and@" there 1is no aéceptablelgap in the
\ .

circle traffic stream, then the vehicle is decelerated to a

s%op at the circle stop line during the next time interval
. L] | .

and awaits the next acceptatlem gapu' However, within the

r

distahde of 15 feet of the ci}cle, if there is an aéceptable

, : \
lag or .gap in the cifcle traffic Stream the vehicle would

. i

_ . v
accelerate into the circle. o
<=--Sp i\

'
il

(b) 15 < B < 30 féet VEL(1,t+1)

-That is, if the distance | adway is greater t an 15 féetjﬁ&k

less than 30 feet (if there is" a distance ke at
, - : g a

least one !ar length) the - vehicle woul or

decelerate in order to cover a distance of a¥ 15 feet

, ”
during ' the next time* interval, depending on. the current
. ') . ‘. . ° - .
‘ . .
"‘ . P . M . k3 I > - “'

v
. . -
.

'Y
POS(1,t+1) <-=-POS(1,t+1) + 15 .
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speed of the vehicle. Such an updating process may seen ¢

!

unreasonable, btut remembering the .fact that the‘@odel‘gg

structured towards peak hour flows, it 1s reasonable to

assume that queued vehicles move up slowly at a circle

whenever there is a headway of at least half a car length.

4 -

f ' (c) 30 < B < 75 feet VEb(1,t+1) <---SP2 o
/////// . FOS (1,t+1) <---POS(1,t+1) + 30

For a distance headway of at least a car length and at most
three car lengths, a vehicle travels at a speed of 20 miles

per hour and covers a distance of 30 feet in the next time

interval, ' . ’ i

-~

(d) H > 75 feet "VEL{1,t+1) <---SP3

PGS (1,t+1) <---POS (1,t+1) + 45

-

For a distance headyay of mcre than thrée car lengths, there
[ \Q .

is enoligh rotm for 6ehicle tc accelerate to a .speed of 30

.— -

miles pervhout. provf&ina\that it i§_not acéeierat;dg“from

rest (that is if its current speed is not 2ero).:

. -

., For subsequent vehicles, the determination of vehicle”

speeds and eventual updating of vehicle positigns is the

same as that for the leader .of the lane exfept that no

-~

vehicle other than *he Ieader is allowed to enter the’ circle

stream vwithin the.saze  scan interval of 1 real second.
v : ¢ : -

' o

Vehicle "speed -and position updating are %he,same fdr,thé'“{f*“
Y ’ - ‘ N - b . . . * ‘ ‘ '
~ - circle lanes as for the affroach lanes e;qeptf'pﬁat‘ the

3naxinun~sp9ed¢aiounﬁ the ciréle_is set at 30 feet §ef second
(20 miles per hodr) as ofposed to thé'néxflumAspeed of U5

. ' - ’ 0
- , .

"..
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feet per second (30 wmiles per hour) on the approach.

. f

3.4.5 Model Processing Order
At a signal-control intersection there is 1less
interplay between drivers, especially when the intersection
is under a u~u$y phasing scheme where every intersection
routing is prctected. Even in the ofdinaf? 2-way phasing
scheme, there is 1es$ interglay betwvween drivers than at a
traffic circle. This 1is because, during the green rhase, .
straight throughland rightf/turning vehicles from ‘the
opposing directions have scme kind of synchronized actions
. of in;eréeétion"outing without much interference othéer than
that due to pédestrian; only left-turnggg vghicles have . any
form of interplay with oép?siﬂétqncominé vehicles. Thus, in
simulating a-signal—controlled intersection, all lanes of a
. . particular apgrcach could be proéessed or updated tke¢fore
¢ ;éohsidering ancther set of lanes, and still. bé u{ﬁhin-
reasonable acchracy with this ﬁq;p of serial proéessing;

=

However, at- a traffic circle vhere there is almost no

evidencé of synchronized driver , reactions from . the

»

+processing of

,»—”fiutggéecting traffic streams, paralld¥®
vehicf%s at ‘the circle is imperative if any form of accuracy
T i ) '-. ' o » Lo . .
‘ is expected in terms of. approximation to real situations.
: - _ 3 ation ; & .

; . o S o N
. Since the presence of,opher vehicles in the cigple traffic.

eam, tgzgairivallof other vehicles in ghe circle and.g?e 1£ﬂ

4 .

- . ';“eiiting of*get_cther iéhicIes_fronx-thé~ citcle do dictate.

A T

v

Vo
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what other drivers in the approach lanes do, it is important

to co-ordinate all mcvements in the system.

. In this wmodel therefore, the sequencing of simulated

‘

vehicle maneuvers_had to be Ferformed with some care, since
\ .

an essentially parallel operation in real traffic system is-

simulated by a serial computation in the digital computer.

’As a general rule, vehicles are only allowed to enter a lane

. -~

’

after the vehicles in that lane have been updated.
In order to implement this condition, the exit lanes were

the first to be updated, and the total sequencé.employed is
illustrated in Figure 3.3, and summarized below:
. 3
(1) Each individual haneuver ‘(such as the 'Inner Apgroach

Lanes') was updated in all four arteries before the

next set of lanes was processed.
-

(ii) -Traffic was;bﬁ#éidered to have left the system as soon

N

as a vehiélefhad pPassed one vehicle space along the’

exit lane, “s0 that no computer time was wasted in

. . ’
updating cutward-bound Yraffic on the exit roads.

(iii) The circlé arams and rcadvays were numbered so as to
retain uniformity of circld operation in the systenm.

(iv) The simulation includ%d theAassumption’that the exit

roads were clear so that traffic was alvays free to

leave. the gyétem. %hié assumption was guaranteed
\ e 4

valid by the fact that exit lanesfiere the first to be

processed at the beginning of éac§<scan interval. {'/

* ¢ ‘ . t

\ﬂ . AN ‘ )



. "Figure 33-°
Processing  order..

"; A — all exit lanes LI
B — all inner circle lane cections.
C KN all outer, circle tape ections.

, all inner, approach*langs
E — all outes approach lanes.
F —— all generating points.

/




3.4.6 Circle Entry

-

- Approach vehicles at the circle entry line which are

.

ready to merge with the «circle tratfic stream have to

evaluate the gaps in the circle stream -by medns of sonme

-

deterministic 1ftules. The <circulating lanes in the ciré&le
are divided into secticns, forming separate lanes in terms
of circle configuration and processing. For a U-arm circle

with ,2 circulating lanes, division of lanes will resu}t in 8
] "

separate circle lane sections; for a S-arm circle  with 2

4 .

circulating lanes divisipn ©Of the ldnes will result in 10

separate circle lane sections, and so on.

confronte& with two streass é&;traffic to their left and

right. A potential merger attemﬁts an entry into the circle
after completing the following safety checks:

1. that the pcrtion cf the circle where he inténds to
*

'

drive to, is free of ‘vehicles;
2. that he eoulﬁidrive to his destipnation in the

circle before a vehicle from a left lane of the circle

-

occupies the space.. ' e

-

In short, a Eotential, merger fros-an approaChlléne alvays

defines some form of a - safety zone which should be

<

v 4 . i N . -
completely free of vehicles before an entry into the circle.

would bé -attemfted. Different pbtentiaL mergers vdefihe

“

different unique safefy zones based gon their ovn judgements .
”takihg into account the abilities of their'.vehiclgs -and ¥
¢ : ' . . ) ) . » :

S . . - )
14
4 P

Vehicles ready to enter ithe‘ circle find thenmselves
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their own resgonses. This type of decisiop is usually”

carr¥ed out by means of a stcchastic model which randoaly
assigns safety zones to all vehicles which are ready to

nefge with the circle tratfic stream. But in this model, a
uniform ‘deterministic way of safgty- zone _evaluation is
adépted after field ébsegwaticns of gap acceptance maneuvers
at some tféffic circles. Heasﬁredents - were made at some
specific traffic circles in the City of Edmornton as
descfibed in Apgénéix é,‘ and upon . those méasurementg_ a

a.

safety zone .was selected for all vehicles ready to merge

© _with the circle traffié streanm,

~

L4

R

2,4.7 Gap and Lag Acceptance

The acceptance or rejecticn of a time or space gap is

a binomial response and is dependent on the size of tfie gap.

The minimum time or space gap that a driver accept$~is fixeﬁ
" for that driver. He will reie;t a}i ggpslsmalﬁér than that
tide interval and accept all gags 1arger'£han\:§§;ﬂ‘tine .or
ASpace' gap. Theére is. an eiideé;éh'ghat this ainioum
L . fem : ' » -
accepia@cé_tiiéy o}ﬁ'épace 'gap .woﬁld decreqse: vitﬁ? time

éfQSSufe and the pumber ¢f vehicles in-the circleatraffic

_stream. D \ , L

: A.lag at the’ circle mayrvbe\,definéd 'és the time

]

interval betvween the arrival of an gﬁproach street vebicle,

»gnh'thé arrival thereafter of the first vehicié» in the
. L. . . S .
circle section at a reference point. A -gap at the gircle is
; A . - ) ‘ L ,. - . . ) . 1

3 ‘;‘

t -



defined as each time or space headway formed by suécessive
crossing of a reference line Ly circle lane vehicles.

If the aprroach street vehicle moves into the circlé
before the arrivaf\\of the first cgrcle lane vehicle, the
driver of the approa;h street vehicle is said to ."gccept"v

the 1lag. . If he remains until after the first vehicle

passes, he has "rejected™ "the lag. AL ter rejecting a lag,

‘he then evaluates the gaps between ‘the successive/EEEELg///

lane vehicles. Each gap that he fails - to accomodét$ his
. . . . .
vehicle into 'is ¥aid to be - rejected.. The gap that the

driver finally moves his vehicl# into dis said to be

accepted. . ,
. e
e - O{g A
3J.4.8 Measures of ﬁffectiveness
Measures of effectiveness, sometimes referred to as

» . - - 5 ~

figures of merit, are used in most traffic sinulafion mddels o
: y )

‘for poth validation and research purposes. For validation -

studies, measures that are readily obtainable in suppotting 
field étudies aré chosen, for determination of equivalence
between the 51mulated§systen and actual systen irforuance.

On the other irand, for research purgoses, mReasyres are

\

ichosen.,that indicate efficien;}'and unlfornlty’of trafflc

flov. “Such leasures usually include spot - speeds, average‘

,accéleratlon an deceleratlcn, systep entry speeds and othero

! /11th aptual data. is concerne€. - T A SN
CL _ _

ry‘

\ i S
ueasures vhich \are often 1rrelevant as far as conparlson

\

2

. \ . T ‘ . ) ) - t
) "\‘ .

| . v T s B -
\ . .
> v . .
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‘mod el real;sm bxrcomparlson bf 51mulatg§_ phenomenon Vith

wwreal ~traffic data 1is easily acconplf

. : 84
\ aq i

In designing this modeél, several different measures

wvere considered, most,qof wvhich are for validation studies

» v >

sore than for research purpcses. ,Jhe measures include the
L 4
following:
1. d;rectional flows at the circle;
2. 'averaée vaiting time in a queue;
R ] 5 +
3. mean transit time by route;
4. dean delay by route; .
5. mean system delaf; 3
6. mean delay by aprroach; . 9
. : L S ’
- 7. wmean delay by lane;
8. avqéage queue length . ' oo
T ¥ i
9. maximum queue lengths; * f
10. mean systéi transit time. ) ] ' R

» A

The measures’ of effectlveness ‘ipdicated abo&e are figures

- /.
that are readlly obtalned by fleld counts and surVeyc aad

some data reductlon and analysis, so that valldation of yhev

/

- . /
‘fVarlous tables

are ptov1ded for on lane, approach andﬁ“_“.:y ba51s, s that

'3_aqy ford of gueue balaﬁc1ng or equalxjgtlon o)j delay

‘,\

_pblicies can easilx\:e 1!p1enented Some of the t les'are

‘also prov1ded fcr on r191n-de=t1natlon (route) baSls So. 'as,.

—

to glve an 1ndlcat10n cf the effect of circle routlng on the

- _delays and trawel tlnes. . 4‘f"'f "*' FU S

‘ .

ST T

Usinq thls. ~traffic V;circle 'nQGEI.r a nhnbet of.
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simulation rugs'were carried out to indicate the degree " of

detail required in ‘the sisulation of traffic Circles. i The

»

results ¢f  these runs for some typical traffic circle

configurations.

€ given in the next Chapter together

the.qpptoppiate refinements to the #odel.

& ~

/
' .

5.“.9 Theory cf ConxrolJParametérs

a)
\ (

probabilities of vehitle

be

the

+

Id

13
vector  which

- \\:

»

describes

with-

> .

the

arrival at the various:apprcaches

'of,the circle arteties. Theén (3) ié”givea by
L 4 M .

Llet [T] be

k'

.
7

r . ' 3
Where n is the pumber of arteri®es at the E;affic’ci:cle.A

- 1 X
the nQXfix vhich  describes the ‘ahﬁting

probabilities (also called the turning prébabilities) of the

arriving vehicles; then the matrix is.represented as:

b

. ”,

]

1

/

@

A2



. 4
vhere n is as defined above.

t..

i probability that a vehicle from the-approach leg of

artery i will exit frem the circle by the exit leg
of the j-th artery

i'jz 1,2'3' e eesve sees N i* j

t, = 0 if i=1.

Basing a measure of performance of the traffic circle cp the
queue lengths and the wai bg times in the queues-és-vell as
the delays experienc;d Y the vehicles during their passage
through the}system; the following queue, waiting time and
delay matrices are nainfaiufﬁlln the model:

'[6] is a satrix which ccntains the average gueueblengths
la;ntained‘ at the approach lanes. For a circle of 2
_approach lanes'aﬁ each of the approggh legs, [Q) is-an nx 2

" matrix for an n-artery traffic circle, given by

L

[0, 0,
Q2 Qo2
— . . ‘ C
' [ Q ] = .. .
in Qn2
_ _

J
[N LY

) - .-
Similarly, ([W] the mpatrix of wvaiting times in the apgroach

queues is represented as followss
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— - ’
* .
% W, W, y
2 W -
(%] = 1. Y. !

L J * ‘
Hnl "n2

. =l

QU,='average length of the j-th queue at the approach
leg of artefy_i.
W, = average vaiting time in the j-th queue cf

the i-th artery. . NG
(D) is a matrix which describes the vehicle transit

delays in the sSystem, and is reéresented by:
» .

o D’z - L] ! . D,n
Dz 0 Dz . . Don
(51= |- )
. .-.Dn' Dnz . . 0 J

D; = the dverage delay (slowing and stopping delays)
to the vehicle which enters the system by the approach leg
of artery i and exits from the system by the exit leg of

artery j.

. -

‘The following relationships based on “¥he above ccntrol

parameters have been established in the model:

1. [0)
2. [i]

£ (@, [t])
9 (@, 1)) L
the average dqueue lengths and, the average waiting

W

+

times in- the queues are both functions of the arrival

/



probabilities and exiting probabilities (tbgether

referred to as 'generating character1st1i‘!).

Y
3. (Bt b (@), [E]) A
<7 the delay to the vehicles is also a function of the

genera'ting characteristics.
(

Thus varying (a) and {t] would result in*vizyiwgkvalues of
(0], (W) and [D). It is possible therefore to.deterhine the
\
values of (a) and [t] by mapipulating the total a ~ turning

~—»
volumes Ff traffic at the circle that would yleld saturatlon

values for {Q], [¥) and (D), assuming that somé limits have

been placed on (0], (W] and (D) beyond which the use of

traffic {cifcle.would be regarded with disfavour. This kind

[
of circle evaluation study is cessary for  the

ilplene;tation of some conversion pol'@ies from)the use of
an existing ttaffic circle _to trafflc siénals or the
décision’ to ccnstruct new traffic circles within some
localitiés. ) _ -

When flows are very light it suffices to control the
intersection pcipté ;1th YIELD =1gns, 2-way STOP 51gns or
even  U-way STOP: signs, depending on . soue / other
characte?istic; of the interséction such as the range of
v1szb111ty from the various approach streanms. As flows at
the 1ntersect10n get heavy, it becomes necessary to gc into
more resf?ictivé-ccnttol such as fhe use of traffic circle
or traffig  éignals. If is important that 'the traffiq

engineer establishes the uunsyitability -of the. use of ‘a



A ]

» .
- > 3 A . v

traffic circle at the particular inteqsectionfbefqre ggingi“

- hi

A Y

into the installation of traffic signalsm C e .

- .
. ..

r - -y
The suitatility or unsuitability of a tfaffic circle

with respect to the above performance: mea%ures can be

¢

established by controlling the values ' of- (2) and [ 1) to

t

study the-distribution of {C) ,'[ﬁ] and [D]} . By the use offzm

a podel vith signal control, it will be\posslble to cbtaln'ﬁ

1

138
ik

B

the distributions of [(Q) , (W) and- [D] under signal control, A

/and thereafter establish criteria for the 1mp1ementat1cn of yu

a policy in fav'cur of a traff;x c1rcle or a tra#fic slgnal.‘

s ; -

.o ':i o, A o : o _ "ﬁfﬂ
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X | Model Validation

a

validatioh in +¢raffic flow simulation studies is$ the

proéess vhereby the simulaticn nodel is evaluatedzby either -
a stralght cogparlspn. with ‘actual trafflc pehaV1ouf or
, through soge statistical ﬁé;hodé, éb deteihine .wﬁethe;:-the.
model satlsfactorlly dupllcates real traffic bebaﬁipur.
Since it is not the goal in trafflc slnulatlon to reproddcé

. all ninute ‘details in real systen,' ;t is neceSSary'to
establlsh in_“he,.beginning of.w the 51mulation_ those
charaqteristics'- dfv\teal trafg}c  vhich the model must

-y

duplicé;e injordet~t6’be cdhsidered as a useful, model; in

other wcrds,t‘whiéh ctitéxiq~‘are to be use¢ in vglidation
process, _ .%s‘ " : e s | |
Theoretically; tﬁé nOdel—'oshthd ddpliCate the ..
characterlstics ghat the .traff1c emglééer uses as design
]

cr1ter1a or the charac istics that the engineer uses,‘as

ES et

\\\operatlonal cr;teria.»“ Hoievér; thé\ choice of the

characterlstlcs for validation studles 1s. noré often than

‘u »

‘\ not dictatgd by the feasibility of their neasurenentsq;n the-
: fiel&, since ‘any traffic “flow «sznulat;on va11?ation is
| leanlngle‘s unless there is a neasure of conparison frog,

[ —’

90
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-~

actual traffic‘situétions._ oo o .
The  lack cf adequate data on the operational measures’
of a trafflc c1rcle limited the. validation studies .tc  the
flow fbaracteriStics at the circle and the t;avelitimes
during peak flows, -Pron the anaiys;s of the observed data"
as obtained from the Traffic Division of the City of
Edmonton Engineering and Transportation Departnent,: the
kgirectioﬁal flovs at the study pifcles were chosen’to te the
' characteristics for operational criteria and hence: for
validaticn prEceec ~ Additional field ~studies were

undertaken at srecific traffic circles-to deternlne the real

travel ti

s {gr some particular origin*destination routes.
" The validai'en process igvolved twvo sequéntial Istep5° the
refinement Yf the nodel during.. test runs; and the conpar1son
of performance tetveen the siamulated and real systen.
1 . . -t / o ,

* 4.1 Testing and Refinement

The testing of the model was done in two stages:
Piret, a test rue twas made on the sinuletion model for'q
given set of conditicms in the system. The.realism of the
. model was then tested in a general vay by obser‘}gg vhether
'qt not the outputs were teasonable. Seéond, a nore“exacting
test was_ applxed by silulat;ng conditipns for  actual

L] : ] . .
Jocations (see Appendlx E for the specific locatiohs) »The

........
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Case , ’ S,
- g
c1 Constant Incoming flcw rate, and constant turning
ra@es
;2 Varying Inccming flz£~rate, and constant turning rates
A\ ]
C3 " Constant Incomi@g flpw rate, and varying turning rates

Cu Varying Incoming flow rate, and 3arying tufning rates .
For each peak-hour traffic data obtained for a paj:ticularu
loca®ion, the model was embloyed for successive runs under
the conditions as specified by the four cases above. ?Pe
output of a typical run for a specific input data is shovn

in- figure 4.1

The average travel times and the number of vehzzles through,
are catagorized by origin-destination, with the approach
lane as the origin and the exit artery 1% the destination.
In this way the 16“ailouab1é routes in ¥he systesn afe given
bf the 16 otigin-destination codes starting from 1 through
16. The .?llovable routes are ghe‘right-turn maneuvers by
outer lane.veh}cies, the left-turn maneuvers by inner - lane
véhicles only ahﬂ straight-th;pqgh maneuvers by both inner

4

and outer lane vehicles. )



Run number 1

puration of run , 3600 secs. .
'simulqtion time iqtervé} 1 secs.
b Qurrent-tine of simulation 2700 sécs. .
~ 'Fill time 900 secs.
LAverage Travel Timés/Vehiéles through
./ | o o - ’
0D-Code ' Time: (secs) Vehicles Through
1 .20 : 197
2 R | 354
o ' 3 - » 19 ' 13
4 ) - 26 : . 150.
5 25 "110
6 - 19 T 4319
;o s _ 28
~ 8 S - 262
9 26 - 515
10 - 23 ‘ 266
11 R "R 29
12 T 43 g 3
‘ 13 ' 19 319
14 | 25 20
15 19 109
16 . 23 | 298
' }rigdrev 4.1

o t ' SaipleK?régral Output

3 ' v .
. B



Figure 4.1 (ccdtd.)

Avg. Qdeue Length/Max. Queue length/Avg. Wait in Queue

Pl

~> Lane Avg. Que. Lanth. Max. Que; Lnth. Avg. Wait

1 1 ' 6 g )
2 ‘ 1 7 40

3 : 1 5 ~ 21

4 ' 1 6 ' 19

5 2 | 13 30

6 ' 1 15, 75

7 . 1 5 16 ¢

8 | 1 9. 21
Vehicle entry/J&rn man;uvers/ohtput.flows~

Artery Entry Lft. 7Thru Rgt. Exit Flow

S 775. 354 367 73 763
&K“.~’715 10 sB1 28 956,
30 eus 266  su4 37 - 395
4 744 ©20 617 109 ,/ 972

Y, oS . o ’

R

Mean System travel time 3 26 seconds

Mean System delay = 6 seconds

Figure 4;1 : | ‘ .j>
Sample P:égral q;xbut

i
v
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For example: . ' S
0D-1 South-north lan;uVer via Inner laue%f
0D-2 South-West maneuver
55—3 "SOuth-East maneuver ) iy
0D-4 - South—Nuttu maneuver via outer laue and %o on.

;Thé queue statistics are gathered on per approacu lane

basis, so that thé output shcws the queue statist}cs for the

8 approach lanes of a a-legged 2-lane traffic circle.

The vehicie entry and exit flows hge both recorded.on
an artery, bqsis to indicafe bow many veuicies enter the
systen? by,an artery and how pany leave by that sane artery.

s

Hoyevér,/the zghible en}ry statistics are further stratified

nto léftﬁ, thrcugu-,_aqd~;ightfturn .maneuvers., OSViously
the results are Specific to the .particular traffic circle
configuration. However, dn the basis of ffhese :restricteu
studies Ehe lodel has demonstrated its ability and
usefulness as a tool tolthe traffic’engineer.

The accuracy of tﬁe model vas tested by comparing the
‘outputs - of the ‘simulation with field measurements -cf the
same paraleteré. 'This led to an iterative procesé -vhéteby

;fhé. ludel vas made succesé%ﬁely more accurate through a
vseries of ﬁq&ﬁinelents.'» The reflnelents -of the model
‘lrincluded both paraleter tuning and logicllodificatlons. A

For paraneter tuning, the effectlve vehicle 1engtu-vasi
varieg hetgeen 20 and 30 feet uhzle.poldingnthe test of the‘
_systel paraleters constant. Bxalxnatiou - of ,thg varloug.

&
.
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6utput; results and cciparison’;ith observed data indic#ted
that an. effective vehicle Alength" of 25 féet was umost
appropriate. 1In éhe-?ogic iodification‘stage, the allcwable
routes in ‘the system were initiaily made to <include U-turn
maneuvers at - the circle; but the iﬁconsistenéy of tﬁe
‘sipulaticn results with observed data (which vas céllected
an ’anal}zed on  the ’aséumption' -of non-U-turners)
neZEEEiQEEgg the exclusion of U-turn ﬁaneuyegipg frcm the
logic of the systen. -

| The‘refinenent prhase was repeated until results were
deenmed satisfacto;j. Upon co;ﬁletion of . the réfinement
phase the model vas employed to investigate the conpar}son
of yerfon,éqég -Eetugen {ihe silulate? aﬁf_.real systén;.
Comparison of the results vas caﬁé?%?ized by origin-
destination ‘on both the simulated and réal sjstems.

Tahle &.1 <chows the Fonpa:isons - employed fcr the
various cases of peak-hour traf{ic Qeiénds.'uThé Table }isfs
the cogputéd inflow cf traffic and the computed results of
circle >capaci£y.jin, vehiclés per hour. Real ‘datq?ﬁéte
dérived»frdn‘traffic_counts and surveyb conducted Ky - the
City of fdloptcu-zhgineering and Transportation Depar tment,>
Traffic Division, The dabJCigy/Dénand Ratio is simply the
ratio ‘of ;Olpﬁfed capacitf dpd égnpnted'incoufﬁg"floq, both
in uﬁits ‘of .vehicles: ie: hour (VPH). The reasonable
| agneélent}shovn>iﬁﬂihe computed and‘observed valdgs sufpports

the validity of the sfdel. L SR P



Table 4.1
Comparison of Siyﬁiated and Observed phenomena
" ‘ ) . \‘ .
case : « c1 €2 ¢33 ¢4
>Hornihg Peak ‘ .
Computed Incoming Flcw, VPH 4097 3807 u1068 4121
Observed Incoming Flow, VPH 3456 3856 3456 3456
circle Capacity } Computed 4102 3823 _4207 4112
: © (vPH) } Observed - 3456 3456 3456 3456
Computed Capacity/Demand Ratio ;f:Obl 1.003 1.020 0.997
H L T

]
The computed values shown in Tﬂbie 4.1 were obtained for 4
different cases of peak hour conditions because the specific

- case (under which the available d@%d’ﬁas colleeted) was not
9 . . "

.

{ known. It vas not:possible to duplicate in the sinmulation,

§ 2

the exact traffdc condlt10n= of peak hour flow dur1ng wvhich

4

the data vas collected- s0 perlodlc flov and turn rates

supplied to the silulator as inpnts vere based on estisates.

taxen from 15-linute counts of peak-hour traffic flow.
.ﬁ:;~ It is interesting to note that more vehiclestieft the

§yste-.vithin the one hour peak period than entered it, as

“indibated by some ' of \the Capacity/Demand. Ratios. The

one honr period silulated, a 15-31nute period of flll-up vas

explanation of fhiS'discrepancy is the fact that,' for any.,

: si-ulated prios '£63 that one-hour szlulatlon perlod.,

4
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ATherefore, vlien the simpulation is started, there are already
some véhicles in the éystem. Thué the number that would
leave the .system may or @y not reflect the nuamber that
en£ered it within the one-hourX duration. This fill-up

concept 1s very resonable, since it would be unrealistic to

a§suﬁe tbat there would be nt vehicles in the~system before

k‘ . R ) ' \) e «\
the beginning of a one-hcur peak period. TaBle 4.2 lists

scoe of \he performance measureg computed im the model for

‘ffz&he four different cases of variable generating
X

characteristics for a typical traffic circle configuration.

The “qgfel ~was not validated for _all the measures of
. performance due to the lack of adequate data, but since
driver attitude indica%e that delay is a prime concern, the

: . . r .
statistics  frcm'- the system are worth comsidering _for

7L\/2 efficient use of the traffic cirdle simulation model for

T Y
.r
P

w

‘ , . .
more detailed evalwation studies on the traffic cirtle.
. . N - ’
o
“4.2 statistical validation S . 1

T Eﬁg.validity of the mcdel has further been examined by
* / - -
applying a suitable two-samfle statistical testing Procedure
: : . A :
to the systev_stat;stics for the data set pairs (simulated

and 6bsetved) obtained. The  data set pair for the
statistical validation studies was the simulated and

°

observed averagf'ttavel times by'route.
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Table 4.2

Performance measures

Case €1 c2 ¢3 cu
-}
]
Avg. SYstew Travel Time (secs) 24 29 21 27
Avg.¥ S¥stem Delay (secs) 6 10 5| 11
.
Hax. QUeye Length, Northbound (veh) 7 9 -6 5
#ax. Quecue Length, Westbound (veh) 5 7 6 9
Max. (Queue Length, Southbound (veh) w25 10 8
Max. Queue Léngth, Eastbound (veh) 7 10 9 19

Avg. Walt in gueue, Northbound (secs) ‘20 18 14 13
Avg. Walt in Queue, Westbound (secs) 15 17 11 1
Avg. Walt in queue, Southbcungd (secs) 44° 62 22 16

Avg. Walt jn Queue, Eastboynd (secs) 19 28 27 40

)
[

data was éollected on one cf the study circles for the
afternool peak-hour flow, ' by merely timing the individual
vehiclgf from the instant they .enter the system (after
crossin§ ‘a  predetermined syStem boundary) until they exit
from the ﬁiétel.. The timing was done by an ofdinary stop
vatch? SO that the timing process could be repeated over and
over agaip ‘iaﬂ,ake the data collection process attain svae
degree of reasonable aécuracy.

‘*i&Ck-of\vantEQGIPOigf for the whbl@ of the approach

leds and exit legs of *the circle limited the field studies
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to vehicles fros one approach leg only. This accodnted for
4 origin-destinaticn routes for“the rigﬁf—turning maneuver,
1ef£~turning mapeuver and straight-through maneuvers from
eithe{' of the approach lanes. However, greater faith was
placed in the average travel times of the right—turning'
paneuvers, since Visibility was better only for adjacent

arteries of the circle.

Let ® be the average travel time for the i-th run, i =
1.,2,3, ..e- 8, observed in the real world for a
,éarticular origin-destination pair in the m9£e1.

Let 4, be the corresponding true,” but unkggﬁn average
travel time for the simulation.

Let t' be the average travel time measured for a coeplete

set of sigpulaticn runs.

The null hypothesis:
.l _= u, ’ i = 1'2'3' ceec e 8
P
is then teﬁted by censidering the statistic
.' = t. ’ i = 1,2'3, s e ew 8' that is' by

comparing the real average travel times and the

sisulated average travel times.

'
Now, consider the statistics m - t* = D; . Application of

the Ceﬁ%rall Limit Thécren implieé syametry of the
distribution of the statistics ‘ B - t' . 'Also, ' these
statistics can Dbe aésuled to be indepéndent; Again, fhe
. nambers D: = n = t may be assuﬁed io, be continuous

4
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randon variab;eg. Hence the Wilcoxon Signed Rank Test may

be used on the 'fumbers
T
.'o - t'. ¢

°

Dl = i‘= 1'2'3 s o 8

to test the follbwing hypothesis:

Ho : ., = ':»u, i=1'2'3' ..-..-,8
H : m ¢ g~ 1=1,2,3, ......8.

The steps involved in the Wilcoxon Signed
“y \
- summparized in Table 4.3 : : -

Rank Test are

“Tah 4.3
Wilcoxcn Signkd Rank Test for
» Batched System Travel Time Pairs for 0OD-3

~

-

RUN NUMBER

L 8 Ll v v L o v Lo L L .

l I Y1 2131415161718

t 1 +—+ +—+—t + + 1
{Real Avg. Travel | | | { 1 { [ |
|Time (secs) | 381 21 29| 28} 29} 24) 26 30{
o - + + + 1 + +—— 1 4
{Simulated Avg. | | | | { ( | { |
{Travel Time (secs){ 29| 24 31| 24§ 29| 30 27| 304

o _ + + t + +——+— + i
|Difference 9 171 -21 4410 -61 -11 0
—- —t— ettt
{Sign of Pifference| ¢+ | ¢ | - | + } t -1 -1 |
[ 4 i <4 n 31 i i n J

| ¥ T T T L 1 T L} |
{Rank of Difference| 6 | S | 2 | 3 | [ 4§ 14 [
— - + +—+ + { + t t——
{Signed Rank I 6 1 51 -2 31| i -4 -1} | 7
L 4 4 4 d 4 . 4 ’'e d
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Prom Table . 4.3 for an effective sample size of 6, the two-
tailed significance probability corresponding to z= 7 (the

smaller -sum) is given by

P (2) (0.281) =.0.562

for OD-3 (South-East traffic). - '
We could also define the test statistic T as the sum of the
assigned ranks of the pos{tive.differenées, thatbis,

'
T = R,‘

il
vhere R, = 0 if D, is regative
R, = the rank assigned if D; is positive
S0 that T = §+ =14

*

. N \ :
Now, for a two-tailed test and a critical region of size

<= ,05, vwve accept :he null{hypothesis B bif>I‘is between
. %ﬁ (=1, 6btained fgon Table of Quantiles for Uilcoxén‘Signed
Rank Test) and W*Qé (=20, okttained from Table og Quantiles
for Wilcoxon .Signed Rank Test), or equal to eilher quantile.
And since T=14 for the test in Table 4.3 the null hypothesis
is readily accepted. Hence the hypothesis that the

[ &
equal to the real travel

silulatéd average travel tiges %;e
tiies cannot be ;ejected for 0D-3 (the South-East traffic).
'Poq 6D-1 ($outh-west‘ttaffic via Inner lane), OD-2 (South-
Nest traf;ic)A'and} OD—Q\XSouth-uorth traffic via the Outer

U lanelpy results vere less emphatic, because of 1lack df

accurate travel - tire measuremehts in the field, but at the

A
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S—pérceﬁt significance level, the hypothesis could still not
be rejected. \ .

On the basis of these four tes’s\i:L corresponding to the
various onigin-deétination routes fro; an 'approach it is
concluded that the model 3 vXﬁidated’satisfactorily,’éince

v
the logic is the same for/all approach legs to the circle.

§) , - }



Chapter ¥

Ccnclusions and Recomlendations
~

5.1 Conclysions cn Operayional Study

Th;§ feasibility of _devsloping a digital computer
sinulefzon model of a traffic circle for use as a flexible
and reliahle. tool for determining traffic circle
performance, has been deacnstrated. Field validation of
some test configurations indicates thatffoithful results can.
be expected fronm the'usevof the model. |

The sinulation model bhas the capacity of accommodating
variations in the assigned values of all\signifioant dssiggl
and operational Farameters -of a traffic circle. This
includes geometric parameters, such as number of lanes,
approach distances, lengths of circle lane sections, number
of circle aras, and traffic demands including Vehicle-d;iver
characteristics. With this model, rat;onal. and reliable:
‘operation decisions wili be ﬁpossibie- under controlled
donditions, ueretpfore unobtoinahie"suen“perforling  such
studies at reul-traffic circle locations.

' 1/&*_
5.2 Conclusions on. Study uethods : . R

The results obtained fron the use of the lodel on test

_configurations .indicate that although ‘the methods used for

.100"
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\ A
the field studies age not all that sophisticated end perhaps
unacceptable in ter®s of accuracy and precision, ‘ the
iterative'procedure of simulation~wefinement studies' enabled
reasonabie results tc be obtained. The methods used fcr the
w

gap measurements and headway measurements cost almost

nothing and can therefore be repeated over and over again as

_required in the simulation. However, to provide a persanent
., study record and to facilitate desired exactness of -

%easurelentst time-lapse phctography should be used as the

most appropr1ate means of reco:dlng gaps, lags and headways.
The flexibility 'cf the gap/lag acceptance routlne has
been built into the model so that the gap acceptance logic
can be changed to suit more faithful field studies that nay
te undertaken in future. The present l6gic in the systel
employstthe sinple‘idea of a vehicle accepting gap 1in the
circle trafftb stream after checking the 6Ecupancy of sone'
predetermined vehicle spaces around ehe circle (see Appendix

E). This crude approach of uniform gap acceptance procedure

was chosen to avoid the prohibitive'cqsy of gap and headvay

'measurements in the field through the use of .some more

"exacting procedutes such as tiueriapse photography. '

When the probability of gap acceptance table has' been

_constructed after ana1g21ng field data froa tlle-lapse;

phbtography, for instance, the table is eaployed in ;a gap‘"'
enalysis process by defining certain sections of the roadway

which sghould be free of vehicles before a vehicle (uhich
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happens to be evaluating gaps) woulg enter the «circle
roadway 07- the major street. This implies that the use of
suéh pﬁocedures estisate the time gaps which are in turn
translated intc space gags by drivers in the approach
st{gans. Thus, by changing the gap acceptance logic in the
nodei so that different dr;veks wvould define different
safety zones, and hence, different numbers of vehicle sgaces
that mast be ffee of vehicles before. they would attempt
circle entry, the userof thé Space gap acceptance procedure

)
in the model would be more economical and easier to apgly.

v 4

-

5.3 Reconnén@ations for Further Study

The.field validation study eamployed in the model is
hot that sophisticated, s{nce most of the parameters were
b;séd on the gocd judgénents cf drivers, thus eliaminating as
many traffic hazards dé possible. More field wvalidation
study should beApuégned to ccnfirm or, more clearly eétablish
the. paraseters that have been estinated'in the model as a
result of the crude field studies. "

Further study should Le undertaken whereby the rest of
the statlstlcs generated by the model, such as the waiting
times in approach queues, the mean system delay, and so on,
would be validated by means of rlgorous field studles. When

, lost df the statistics as generated by this model, have been

'validated, it vould then be possible to falthfully evaluate

the suitability of the chcice of traffic signal or 1:1:af:f:i.c,~

g
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4
,ﬁ.

circle as a method of intersection control for some specific
intersection configuratibnb.

The model is built to accomodate a maxikhum of 6 arms
(or arteries) on a traffic circle, but the validation study
was confined to traffic circles with 4 arms (the commonest
form of a «circle in the Cify of Edmonton). It will be of
further benefit to the traffic engineer to have t%g§ model
validated for S- or 6-arm traffic ciiéles so as to be able
to evalqate and- compare the performance of afﬁﬁuay‘or 6-way
intersection under a variety of intersection centrol
methods.

The number of lanes is set at 2 for ;11 Sectfons, of

3 ]

the system. - It will be, worthwhile to alter the program

slightly so as to be able to acemmodate multilane
: / . . -

specifications on different parts of ~the systesm
configuraticae: ' . '[@:ﬂ v
' e ?ﬂ\t R

s : o
Very often, the develcpé}s of individué& ‘igtersection

W

Yatfon wmodels mention extensions of ‘%!efkﬁ:aﬁéls to
I e e

S

 hetvork simulation on intersection ‘to ‘intetse@%foh]‘basis.
. , ‘4 o

One wonders how the traffic circles-(vhich_géy;happen to
form part of the network of - intersection) "are treated’ in
such network sisulations. Now, it is possible to comktine a

refined for-'of the traffic circle simulation model and the

existing individual traffic- signal simulation models to

realistically " simulate a " network of - intersections on

»
’

intersectioh to ihtet$eétion‘haéis.
4 . " -
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\\\,//“~ . C APPENDYIX A

PROBAEILISTIC FPUNCTIIONS IN THE MODEL

[

A bpifcrm Distribution
| If, integers\are pickéd at random from the range A to B
inclusive, the fprobability' of any particular one being
picked is giv;n by the density functioh

'f(y) = 1/511 where A <y < B , ‘ (1
The ‘cunulative pfobabil;ty F is ottained by integrating the
density functior over the range of y |

Fan = [ranay |

= Lﬁ/e~a = y-A/B=A - | (2)

and solving for y to obtain the relatignship

Yy = 14(5-1); T ] . (3)
Fronm (2) we see that P va s_betieen 0 and 1 since y varies

.

fton A to B; so that _fer y in expression (3), vwe can

o

' substltute RN (tandom nufgér from the ramnge 0 to 1) and thus

nake Yy a randon varlable which is a functlon of RN:

e 7 = A+ (B- nEe | (4) /
Denotlng Y by FN, ve get the equatiodn o
FN A*(B—A)RN = - ] (5)-

Equation (5) ccnverts values of RN to uniformly distributed
values which 1lie in the range A to B as shown~ih Figure A.1.

‘113 ' /4"
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A.2 Exponential Distribution E .

The expodential probatility density funcfion is given
by |

£(y) = Aexp(-\y). ' (M
The cumulative probability is oDtained by integrating (1) to

give

]

y
Lem(-)\ydy)
1 - exp(-dydy). (2)

F(y)

Since y ranges from 0 toeo, F varies ffom 0 to-1, so that if
ve denote a randcm number ottained from a U(0,1) as BN, then
ve can substitute RN for F and solve equation (2) to oktain

¥ = 51n(1-RN) | (3)

The exponential disfribution vhose probabiiity density
function is that given by eguation (1) has a mean of 4. If
ve denote this mean by m, and if we renane\y as FN, equation
(3) becomes '

FN = -m x 1n(1-RN) ‘ (4) o
This 1s the cumulative expcnential distribution function.
Both the original density function and the cumulative
distribution funqtioﬁ are plotted in Fiqures A.2 and A.3.
From equation (4), it is clear that {ﬁeAvalue of FN can be.
obtained by finding the value of 1ln(1-RN) and\multiplying.by

ll‘ : | Lo ;

the mean m.
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Figure A2 Exponential density function
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Figure A.3  Cumulative exponential
distribution.
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To use the éxponential distribution to generate vehicle
arrivals in a traffic model system, the INTERARRIVAL time of
vehicles must be known. The interarrival time 1is the
'Inverse* of the frequency ff vehicle arrivals,

For example, if 20 vehicles enter the systen via a
particular apbroach in av minute, then the frequency of
vehicle arrival is 20 vehicles per minute and 'the

-interarrival time is 1/20 minute per vehicle‘ or 3 seconds
éer vehicle. In cther words, one vehicle will arrive at
this particular approach every 3 seconds.

Hithéut the specification of the exponential
distributioﬂ, ~vehicles will enter the system at regular
.intervals of 3 seépnds.v . |
The vehicles are made to enter the 'systenm aécording to a
Poisson distribution by generating a number from .the
exponential distribution, EXRN , and multiplying by ‘3; in
this uéy vehicle arrivals become random, and exponentia11§
distributed. ' _ .

While descrf%ihg the relationship between interarrival
tineoahd frequency, it shdgéd be pointed out that if a

~collection of interarrival times  are exponentially
>'distributed, the corresponding freguencies belong to a
Poisson distribution. Hence the udrds\'Exponential' and
‘Poisson! are often (but not ‘aluaysQ)"-correct;l.y)» ‘qsé-d

D

interchafigeably.
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2.3 Normal Distribution
A Normal distributicn is completelyispecified if its

mean and standard deviation are given.

The density function of‘a Normal distribution is denoted as:

P(V) = Wi2wo exp-[ (V -,) /02,2 (N

A 4
where \

V is a random variable
0 1s the standard deviation apd
u is the mean.

A standard normal distributioen is defined as one with a mean

of zero and standard deviation of 1. Its density function

is obtalned by substltutlng the values of 0 and 1 for and
respecﬁlvely,‘1n_eguat10n (1) to obtain:

P(F) = 1712 exp(-F2/2). SR e
Both'the'nornal Frobability curve and the standard form are
shown in Pigures A.4 and A.5.

A nornally dletrlbuted variable Vv can be translated 1nto a

value F by u51ng the definiticn of the standard norsmal

dev1ate' ‘
v PEVewg : | Wy
o _==#>ov?# dr +tu. - ;‘ ’ : '(u)

"

' a  If  wve “cahf;sonehow' obtaln a value of P (belonglng to the

R standard nornal dzstzlbutlon) ve can then use equation (a)

to convert it to, a ‘valne' Of v (belonglng to the norlal o

distrlbution defined bny and G).. _:f],
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Figure A 4
Normal probability curve.
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Figure: A5
Standard normal probability curve
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\

The cumulative standard ncrmal curve is shown in two
different forms in fiqures A.6 and A.7. The cunulative
curve as shown in figure 2.6 1is a conversion from the
standard normal curve which yielded a monotone increasing
functiop.‘ From the curve it is seen that the probabilities
associated with areas under the curve are cumulative so that
there 1is a cumulative probabilfty assoé;ated qith‘every
value of F, and that ‘probability is equal to the area tc the
left of the ordinate ccrresgcnding to F.
By reversing the dependency of the variables and using RN
instead of P, we get the curve as shown in figure A.?QThe F
vill assume values ranging from approximately -4 to +4 as BN
varies'ffon 0 to 1.
The use of the Ninal distribution in discrete
Simulaticn systems can bé described as follows: the user
vants to obta}n,random values V from a distribution with
‘mean u  and sféndard deviation 0. To do this, he defipes a
' cunuIative'standérd normal distribution from which random
;alueS' F are obtaiped., These values of F are translated
into"vdiués'of v by%mé&ns of a simple.equation as shown in
). . | K\

In traffic flow simsulation studiés, vehicle desired or
target‘lfrée flow vélociiy is usually determined byimeans of

a normal distribution.
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Figure A. 6 Cumulative Std. normal curve.
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Figure A 7 Cumulative normal distribution.
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The mean for the velocities in a particular approach
direction of flow is specified, and the individual decired
velocities are generated normally about this mean. Usually
the speed about this. specified nmean is 1§mifeé within a
specific range, so that some form of transformatiodA has to
-be carried out if the generated randon deviate fails outside

<

the specified range.
For example, if an arterial mean velocity is denoted

by‘u,“and target free flow velocities are generated'ﬁormally
about this mean velocity in the range of 0.75 to 1. 25, _thenv
ve have the inequality: |
0.754 < TVEL < 1.25H. Y )
In the inequality expression above TVEL is the computed free
flow oi target veiocity for a generatzg or néuly'arrived
vehicle ag the sprecified generating point; so ‘that for a
mean arterial velccity of 24 amiles éer hour, the individual
“target free flow velocities will be selecﬁeé from the rangé
of 18 to 30 miles per hour.

To obtain no;nally distfiﬁhted velocities in the abové
range ve require randul valves V from a- distributlon of mean
1.0 and standard dev1at1cn 1/20. To do this, a standard
normal distribdti&n is defined with mean 0 and standard
.deviation 1 in the range =5 to ¢S5, Tﬁen by the use of
U(O,ﬁ) ;andOl_ nupbers valués of F (vgich are norsally
distributed with u =6 and 0 =1) are obtalned and translate

them intc valuee of V belonging to the 'nonstandard' normal

-
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distribution. _ _— C ,>\\\\\\

V=0gF +y = 1/20F + 1.C . (5)

i

and Tvg}/; VvV x AN

-~

)
By means of a table lockup procedure values of F are
obtained in the range -5 to +5 and = use equafion (5) to

obtain values of V ip the range .0.75 to 1.25 and multiply by
' N\

¥ (the arterial mean arrival velocity) to obtain the

individual target free flouAvélocigies.
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COMPONRENTS OF THE MODEL

» - . v j

B.1 Vehfcle-lndex Arrays -
The  physical sfsren of the model is - made up of three
distinct sections namely: the approach, the circle and the

: . / N
exit sections. These sections are represented (/o the

computer as fcllows.
- The appréach and the circle sections are each made up
of a tvo-dilensional array, tbhe first of whlch is an 1ndex

: 4
- for the identificarion of a Porticular vehicle and the

he roadvaf. The exit section’is‘nadel up
of a onm -dinensional apray which stores the vehicle indioces
before the vehicles. exit from fte systen. N THe' arrays
theaselves conrain the storaqe‘ addresses ”of the
characteristics descr1bing the 'vehicles occupying the two-
d1lensiona1 roadway. | _ y
‘A8’ vehicles- are 1nttoduced into the systeh, they are
_nulbered seguent;ally and stoafd 1n the system in the
Vepproach array. During the sinulation process, the lovenent/av
of any particnlar vek&cle is represe d by updating the

12 - '
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positign and velocity of the vehicle vithin the same column

of the “matrix,” ¢r by shifting its index within the same

+ ’ -

matrix (vhen lane changing takes place within the sanme
section of the system) <cr éy shifting its index from one
iatrix to another (as the vehicle leaves the approach and
?nters the circle or from the circle t§ the eiit lahes) and

i .
the general register s updated accordingly.ﬂ (

. e ’ | ' .
. B.1.1 Approach Array ' _

[

I3

'The approach ;}ray_f APPRCH (1,J) ' is dimensioned to
accomodate a anipun of 30 ' queued vehicles, So that an
1nt9iéfablé situéti;n will cccut in' the system only vhen'
there are sore than 50 guéued vgﬁigies iq~aﬁ apérﬁéch lane

at one instant .during the simulation run.

Véhicle fprocebésing in the aébroéch lanes, ;s done in d/f\;
circular manner, so that the arrafs are capable of accepting
infinité ,nugbéi“'of ;éhicles so long as there ate'nc-norﬁ,
than SO,Vehiéles in a, lane atja..part;cular :scén interval.
Thié ci;cular eray‘ processing concépt‘ is descrited in
detail in section B.2. . 5 : A.’ S

,Aéf;py fine, an element df ﬁhe ﬁpproach ar;ay‘.either e

»

contaills a zero or a vehicle index a;

_‘_ﬁiPpRCH(r'J) =0 ifuno vehicle occupies that
: L section of the approach lane
* ;o: = éy_if a vehiéle”bcéupies‘that \ S e

sectibn‘qf‘the‘approaCh'lane.



T,

TR

~ 126
A\

The vehicle wh'ose index is a, occupies the i-th positicn of
the approach lane 3, but it is not necessaril} the i-th
vehicle in apprcach lape j. The i-th wehicle in approach

lane J is the vehicle which occupies the (NFSTA (J) +i) -th
3]

position of approach lane j as explained in section B.2.
’ ’ .

B.1.2 Circle Array
The circle arr%y CIRCLE(],d) is dimensioned to
accommodate a maximum of 10 vé&icles per lane of a circle

lane section. Unlike the approach lanes, vhere vehicles are
: )

always free to enter the lanes, vehicles from the approach

/
lanes «can enter the circle cnly when there is enough ‘space

in the approprlate circle lane (determined from some simple'

deterministic rules) so that lccking up of the circle never
occurs. |

Like the approach array, processing of vehicles in the
afray is done by reference tc pcinters which point tc the

&

first.and last vehicles in the particular l&ae q; the circle

array. \ RN
5 : ] \

The odd-numbered lanes form a continuous inner circle
lane and the even-numbered lanes form a continuous outer

circle lane.

Thus, a vehlcle in the inner c;tqge lane travels from .

one inner circle 1ane sectlen to the other unt11 it comes. to

the pqgint of ex:tlng fron the circle, ”‘

4
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+
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B.1.3 Exit Array

. The exit lanes are refresented by a . one-dimensional
afray EXIT(J) . This is because exit flows in the systenm
are recognized»only as one-vehicle space,‘and that a vehicle
is removed from the system after traveilihg sone velhicle
space along the exit lane.

Vehicles from inner circle lanes exit from the systen
via the inner exit ‘lanes, 'and vehicles frpm the outer circle
lanes exiE from the system via the outer exit lanes.

The éystem is organized in such a way that vghicles in
the circle lane J alvays exit from the systenm ;ia exit 1lane
©J; so that at any moment in the simulation, the element e
of the exit vector contains either a zero or the index of
the vehicle occupying the exit lane J.

" w
B.2 Vehicle Llists 8

In accordaﬁce with the circular 1list ﬁrocessing~
concept in‘£he model of Geflcugh and Wagner '[19]; vehicle.
lists are wmaintained in this model in the approach and
circle sc@tions of the7 system. Unlike the orthogonal
intersection of Gérloﬁgh's model where an abproach lane
could form a continucus list uifh an exit lane, in this
model, approach lists are saintained sepérately from circle
Jists.' |

c

List%rare not maintained on the exit lanes, since

vehicles are deemed to have left the system as soon asitbey

. | ' ﬂ } . . "'b
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Y
Cross one vehicle length (vehicle space) along the exit

lane. Approach liéts start from the system entry boundary
Pnd-end at the ciféle entry line. Each apbroach lane in the
éystel foras a sgpaﬁate list; So there are as many approach
lists as theré are approach lanes. Similarly, circle lists
are maint;ined in each lane section of thé circle depending
‘on the number of lanes arcund the c;rcle; so there are as
sany circle ;ists as there are circle lane sections.

3

B.2.1 Approach lists

i

, Vehicle lists cn the approach are ordered so that,
vehicle' sequence on a list it jdentical to vehicle sequence
on the roadway. The first vehicle on‘a list hés the highest
position value (that is, fﬁrthest from the zero or reference
point), and the last on the list has the lowegt position
value (closest tc the ééfb cr referehce.point).

When a vehicle is generated at an apéroacq.boundary
(hereinafter called ‘*Systen Boundary'), some vehicle
parameters are attached to it, among these R}rameters is the

position parameter. When the vehicle is generated it is

placed at the bcttom of the list by giving the valwe of zero

to the position parameter; and the uoveied@Aof the vehicle

on the approach is done by incrementing the value of the

' s

position par;neteréuntil it has travelled the°full apgroach
distance.

Thus, when a vehicle is generated and placed on the

A ¥
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approach array, its position is not physically shifted

around until it is'ready to merge with the circle traffic

stream. As a vehicle merges with the circle traffic streanm
it is struck off the top of the approach list, and placed at

the bottom of the apgropriate circle list depending upén the
p .

originating approach lame which was occupied by the merging
¢
vehicle.

Control over vehicle grccessing on a given apfroach

lane 1is wmaintained by reference to the following index

-
El

arrays:
'NFSTA(I) = Index ofAthe first vehicle
on approach list I;
NLSTA(I) = Index of last vehicle .
on approach list I;

* NA (I) = Number of vehicles

| on approach lane I.
The indices of the first and last vehicles on ,the_ aprroach
lists are kept in separate arrays as indicated above, Sq
that during updating, scanning of the list could be 1limited
only to indices within the range of NFSTA(I) to kLsrA(I) 5
Initially, "before any vehicle has been generated into the
system the index arrays are initialized as follows:

NPSTA(I) C(mmm=n 1;

NLSTA (I) <====-- 0; ' | )
A (I) K=-==v-=-= 0.

As the first: vehicle enters approach lane I, it is

!
i
i '

y
§

L
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identified as the figst cn the approach by giving it a
nunber equal to 1 on the list; and by storing the index of
its positlon on the approach list in the vector NFSTA(I) to
glve the folloving status of the arrays:

1;

NLSTA(I) <-=--- NLSTA (I) + 1
NA(I) K==-=----- NA(Y) + 1 = 1.
After the tenth vehicle has entered the approach lane I, the

indices @f the approach list attain the status;

NFSTA(I) = 1;
NLSTA(I) = 10;
NA (I) = 10.

We see that until the first vehicle on the approach 1lane I
is able to‘-erge vith the circle traffic strggn, the value
of the index NFSTA (I) stays at 1, itrespective(of how @any
vehicles have entered the systen via that approach lane. ”

However, that of NLSTA(I) keeps inéreasing as more and
more vehicles enter the system via approach lane I. As the
first vehicle is able to serge with the circle  traffic
stream we get the following situation of the vehicle index
array for approach lane I:

NPSTA (%) mmmmn NPSTA(I) ¢ 1 = 2;

- NLSTA(I) <======mceeccca- 10 = 10;

L]
O .
.

Ha (1) K=======+« NA(I) - 1
The second vehicle on approach lane I becones the first on
the approach as the first nehlcle on the list leave-, and’

the nuamber of vehicles on the list is decreased from 10 to
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9; however the tenth vehicle on the list still remains as
the last on the list until ancther vehicle erives .on-  that
approach lane.,

In suamary, as amore vehicles enter approach lanpe 1I,
the value of the index NLSTA(I) is alwvays incfenented ~in.
order to point to the Bost recent vehicle on the approach
and the number of vehicles on the approaéh list is
increamentedqd agfordingly:

WNLSTA(I) <-eve- NLSTA (I) + 1; , \

NA(I) C--~mmmmene NA(I) + 1, 2
Overflbv of vehicles occurs on approach list I when either
of the follovwing conditions occurs:

NLSTA(I) > JAPP ang NFSTA(I) = 1
or NLSTA(I) = NFSTA(I) and NA(I) = JAPP

where
%)
‘JAPP is the pmaximus humber of vehicles that can be
accomodated on an apfrroach lane Cconveniently,
AHovever, if NLSTA(I) > JQPP and NFSTA(I) ¢ 1.

then . NLSTA (I) Commme 1. .
Similarly, as amore vehlcles leave the approach lane I, the
index vectors are updated as follows: |

NFSTA (1) s--~:- HFSTA(I) + 1,

NA (‘1') ==cce-es FA(I) - 1. ‘
whelf WFsTA (I) > JAPP; NESTA(I) is auto-;tlcally reset to 1
wvhether ;r not there are any more vehicles on the approach
lane. The number of vehicles on the apprbach list 1, at any

"4
]
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instant, is given by the value of NA(I) ‘which is wupdated
continuously during the simulation. ﬁowevsf the value of
NA (1) cquid bexcoﬁputed at any_time‘frpi the formulas:

NA(I) = NLSTA(I) - NFSTA(I) + 1 if NLSTA(I) 2 NPSTA(I);

o' = ( JAPP + NLSTA(I) ) - NPST;(I)* 1
if NLSTA(I) < NESTA(L) -
The ébinters NLSTA and NFSTA are Fese; to. their initial
values vhenever there is no iehicle Bﬁ the appropriate
approach list.
that is, if NA(I) £ O then NESTA(I) <----- 1
and KLSTA(I) <----- O.

Thus, the‘pointers NFSTA (1) are novea(incresented or reset
to 1) when a vehicle leaves an'approaqh lane and merges with
the circle traf;ic streans; ahd thé pointers NLSTA(I) are
moved (incrsnented or reset to 0 or 1) as more vehicles join

the approach lane I.

B.2.2 Circle Lists

- Vehlcle 1ists on the c1ﬁsle lanes are treated much the

4

same way as veh1cle lists cn the approach lanes. Index

‘arrays NLSTC(I), NFSTC(I) .and NC(I) are maintained to

lonltor the novelents of vehicles around the c1rcle in the
sane way,‘as.wvehlcle\ noveuents on the approach@lanes are

lonitoted by f@%erences to the - index arrays

_ NLSTA(I),NPSTA(I) and NA(I) as described in section B.2. 1.

But- there is lore shifting of vehicle indices around

.
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the circle than at the apprcach lanes: Unlike the approach
flows where vehicle physical position on the approach array

stays the same until it merges with the «circle; vehicle

index on the <circle is shifted froe one vehicle list to._

another as .the vehicle completes its Jjournéy in one lane
section and travels to the next lane section, until it

finally joins the exit lanes.

B.3 Vehicle-Characteristic Array

The characteristics of all vehicles in the system are

stored  in each row of a vehicle characteristic array,
. r-J

-

AUTO(I,J), so that pertinment information about a vehicle MNs

—~~
obtained by réference to this array. When a new vehicle is

generated at an approach boundary (also cafled the .Sysiel
Boundary)ﬁ its chatacteristics are stored in a row of the
characteristic array and the réu number of this array is
 stored in the appropriate approach lane. During simulation,
it is fhis rov number (rather than the vehicle seqden&e
nuaber) which i shifted around in the system to represent
movement of the véhicle. .

| Whenever an updating routine is to be performed on a
particulér vehicle, its sequence number on the vehicle
characteristic array is .extracted from one of the vehicle
index arrays; and the updating'process is Lcarried out by
modifying the appropriate elelenié of the'rqvlof the Auto

*
array corresponding to that nusber. In the beginning of the
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simulaticn, ail fouws of the vehicle characteristié array are -
linked together, and an index of the first row is stored in
the 1link pointer, LINK. tWhen the first vehicle arrives in
the'systen its characteristics:aré stored in the first rovw
of the  vehicle characteristic array.  Thereafter,
characteristics of subsequent vehicles are stored
sequentially in the rows of the array until some of the
previously occupied rovs are vacated by exiting vehicles.

When a ney vehicle arrives in the system and a
previously occupiéd rov of “the vehicle characteristic array
is vacated, then the link pcinter would be pointing to the
most recently vacated row, which vill then be assigned to
the newly arrived vehicle. Thus, arriving vehicles are
alvays assigned to a fresh space 1in the vehic%e
" characteristic array only when there are no vacated sgaces.
This form of ;Garbage Collection' procedure in using the
vehicle characteristic array in;ures an optimum use of the
array; and ‘in this way , saturation of the system (when
thére are at least 1000 vehicles in the system) will cccur
only when the 1link pointer points to the last row of thev
vehicle characteristic array.

Typical  parameters stored in the vehicle.

a .
characteristic array for each vehicle wvhich enters the

system are showbn ihlfigpre B. 1.



The numbers in Figure B.1 indicate the columns of a typical
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Figure B.1 Vehicle Parameter List
row of the AUTO array.
1 = vehicle sequence nunber} referred to
as vehicle identification number;.
2 = entry lane of the vehicle, which of necessity
must refer to an approacﬁ lane;
3 = exit artery of the vehicle;
4 = time of entry into the system;
5 = the total distance to be travelled
around the circle; )
6 = the speed of the vehicle .
! ad
at any time during the simulation;
7 ='positicn of the vehicle in the systea
at any time during the simulation; .,
8 = vehicle desired velocity;
9 = time of joining a gqueue at the approach;
10 = time of entry into the circle;
11 = time of exit from the systen.



APPENDIX C

PROGRAM LOGIC' ANL INPUT ORGANIZATION-

. -

"

The logic of the frcgram is explained in detail in

C.1 PROGEAM LOGIC

this section with accompanying flow charts. . ’?fk/
The‘order‘oim?he logic segments in this section doés not
necessarily 'auplicate the;crder~of processing_in the model
as explained in Chapter III. The following abbreviations

have been made use of in the accompanying flow charts.

Q-1IN = Inner approach lane queue;
Q-0UT = Outer approach lane queue;- )
q;IN-R = Inner circle lane sectiqn to the ,
right of a potential mérger; .
_g-odT-R % Outer circle lane section to the

el
*

‘C-IN-1 = Inner circle lane section to the

:ight‘gf,a potential néfger;
left of a poténtial merger;
C-0UT-L = Outer circle lane section to the

left of a potentialfnerger;

136
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zone of a potential merger ready;

‘é from C-IN;

»hflict zone of a potential nergef ready

fo merge from Q—oﬁT; ﬁ

= Randosm fraction generated from U (0,1);
Arfival frequency at an approach direction{
perger = Leader of approach queue(of lane) \ready
to accept lag/gap to enter circle.

Some of - abbreviations above are illustrated in Figure

-

C.1

. C.1.1 Vehiclglleneration - / ’

The jht of origiﬁ-destinatio; is’cont:olled_ by
the uéerv hém sets  the allovable  otigin-destinatiOn
distributiéhfat an inpﬁt boundary. The fibw rate, 'indéxed
\\/py boundary'is also provided by the user. /
1f the ‘volume of arriving vehicles is deﬁbiéd by'VOL
vehicles per hour, them in an interval of.time égu&l to the
n interval, the average frequency of_arrival;\Qenoted by
AFBQ is giyen by: E . u
- AFRQ = VCL x SCAN/36@p
R~ : a
vhere -
. ' SCAN stands for the unit of scan interval; éo ‘tﬁat'

for a scan ‘interval: of 1 second, the average frequency of

arrival is given by:

AFRQ = VCL x 1/3600.
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A réndon fraction with reeténgﬁ%ﬁi distribution anout a mean
of 0.5 (that is, U (0,1) randcn‘n;lner) is generated for each
scan interval'dnd if thewxandcn fraction RF is less than or
equal to the average arrival frequency AFRQ , then a vehicle

is assuped to have arrived at the particular vehicle

val.

‘generating point during that scan int

Hoiever, if RF > AFPRQ then no vehi - is assumed to 'ﬁave~

arrived.

_ Vehicle arriva then follbv a Binomial distribution
Hlth -a constant probabillty which is 6i approximation to a

-

_P01sson distribut1on.

‘C.1.2/Assignment of Directicn

‘Ifn(a:vehicle arrives in the scan interval, then it is -

i

’ t{‘a igneé«a direction-By fhe Monte Carlo techniqué. A randoa
fraqtion, RF, is generated and conpared vith the estimated
probablllty of'la- vehlcle turnlng right, turning left or
goxng straight through the agtetsectlon..§;§ _

The probablllty of a tight turn (RT) 1;f aken as, bing

egualjto thé percentage‘of gright—turning vehlc ‘eier a

”period.’of tile, ~and 'if 5# < RT the vehicle is a551gned a
r1ght turn destination. £ e ‘f o
sililarly, the prdbahility .of A left-turn, (gt)‘ is
taken to be equal to thé petcentage of left-turning vehiclesv
over period of tile, ‘and if RP £ LT the vehicle 15-{

assigned a‘left-}urn destination.

[ A
’x
L

& . . ' o . T
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\

° Pinally, the probahility cf a straight-through (ST) is

((}aken to be equdl to the rercentage ©of 'straight through

vehicles over a fperiod of time, and if RF < ST the vehicle
1 .

is assigned a st?aight through destination.

The probatilities RT, LT and- ST are cumulative in the

sense that = if RT = a, , LT = a,then ST is automatically
‘equal to 1 - a, - a, so that’
if RF < a, '|the vehicle is assigned a RT destination
if a;, < FF S‘ a, + a, vehicle is assigned a LT
destinaticn ? -
if a, ¢+ a, R < 1 the vehicle is assigned a ST
destipation. ' | h
\

!
C.1.3 Assignment of lLane

~For a 2-lane approach in a U4-arm traffic circle, if
the in&ér approach lane as is denoted as 'lane 1' and the

* cuter approach lane as_ 'lane 2', then all _right-fufhing
o ' . '
vehicles are assigned to the right-turn queue (lane 2) and

all left-turning vehicles are assigned to ‘the left-turn

queue dlaneli). )
/ S

Of the straight through vehicles,, assigroent to lane 1

\

or lane 2 is accomplished ip cne of two methods as explained
telow: S L R ¢

1. The lengthsg of thé two queues of the approach lanes
’» . N I <
ate conpﬁred and _the straight through vehicle is

.

r L {



v 141

assigned to the shcrter queue.

2. It neither' of the queues: appears shorter than the
other, then the assignment of the vehicle to lane 1 or
lane 2 is predicted with the Monte Carlo technique as
follows:

A random fraction, RF, is generated and ccmpared with
the probability based on observed 1lane usage of
straight through vehicles from the approach direction,
and fhe vehicle is assigned to the correct lane in
that randcm fashion.
Presently, it ’is"assuled thaf vehicle usage of inner
approach lanes by straight throuéh vehicles from all
approach dfxections of the traffic circle is 0.70 (p) and of
the outer approach lane is €.30 (1-p). Of course, since p
is read into the program as an input variable, the
probabilitj of lane usage by straight through vehicles from
the various approach directions can be set to any desired
value based on the .data at hand. See Figure C.2 for the

flow logics of sections C.1.1, C.1.2, and C.1.3.

v

C.1.4 Ccircle Apgroach Flow

The logic. for progessingvvehicles_nhich are @raveiling
from the sy§¥el boundary tc the circle is the same for both
inner and oﬁter“approach lanes. The differeﬁcé comes only

in the logic for gap acceptanﬁg at the circle.

? P
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&

Essentially the 1lcgic fcr. processing 'vehicles on the
approach lanes (illustrated in Pigure C.3) as follows:

The leader of the approach lane is first considered. If the
leader is within some specified distance (presently taken to
te 15 feet) fros the circle, then the gap acceptance logic
is called to determine the probability of the vehicle
aécepting the available gap in the circle: t;affiﬁ stream.
If it accepts the gap to enter the circle, it is processed

.

out of the approach lane into the appropriate circle 1lane,
) ;

and the necessary statistf?s are gathered to update the
status of the originating approach lane and destination
circle lane. .

- However, if the leader rejecfs the available gap or if
there is no gap im circle stream, then the vehicle is
decelerated to a stop at the circle entry 1line within the
next- scan interval. If ;he leader is further awvay than the
specified distance (here,Q%S feet) from the circle, thén it’
is acceleratgd or decelerated \dependfhg on how far it is
from the circle and its current spéed._ But the leader 1is
not allowed into the citcle dﬁring the current scan interval

'if it 1is further away from the circle than the distance as

specified above.
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i
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lanes. h B '
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After the leader has been updated, the rest of the vehicles
in the apprcach lane are updated by merely computing the
distance headways between successive vghiclesvand assigning
new velocities for the next scan interval. After
reassigning the velocities, the position parameters of the
vehicles are updated to show the respéctive positions cf the
vehicles during the coning\écan interval. When all‘vehicles
of a llane\ have been updated as described; the vehicles in
the next lane of .the current set 2;‘£9nes are considered 1in

- the order as indicatéd in Chapter III..

C.1.5 Gap Acceptance from Inner Approach Lane

For a vehicley;iShing,to merge with the circle traffiq
stream from an inner apfproach lane, it is faced with the
evaluation of lags and/or gaps froi' fhe two circle lanes.
(circle streaas), ‘since its path to-its destination in the
circle crosses Loth circle streans‘of traffic.
Such a vehicle is concerned with that half of -the traffic
éircle wvhich igmediately faces it, and as farf as its
evaluatlons are concerned, the cther half of the circle does
not exist. In its 1--ed1ate half of the circle there are
“two continuous c1rc1e lanes (1nner and outer).

. To distingu1sh1~betveen destlnatlon lanes and gap

evaluatlon lanes in the circle, the two continuous . streans

facing the potentlal merger are broken up 1nto tvo halvesn;

each. (Seé Figure C.1). One set of lanes is froa.ithe

entrance of the approach. artery -on hisfi:fgdiate left to his-

\ . . i
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own exit artery (C-IN-L and C-0UT-L), and the other halves
are from his artery to the exit leg of the artery oh his

;innmediate right (C~IN-R and, C-0UT-R) . To the potential

| 'nerger, we can. therefore distinguish befween right and left

circle 1lame sections. His conflict zone happens to be the
first vehicle position of the outer and inner circle lames
t; his right. ..
Before such- a vehicle attempts an entry.into the
circle, the following conditions must be " tested and

satisfied simultaneously:
(i) that the last-vehicle in C*IN-R is beyon@ the conflict
zone; | ‘

(ii) that the }ast  vehicle in C-0UT-R 1is beyond the

conflict zone;

(iii) that if the first vehicle in C-00T-L is not an
illediate turner (that i's, not turning at the exit of
the potential merger's artery), then such a C-0UT-L
Veh;clek should not reach the conflict zone in the
outer circle during the next scan interval;

(iv) that if the first vehicle in . C-IN-L ~is not an
;innediate turner (that is, not turning ét the exit of
the potential le;ger'b artery); then such a C-IN-L
vehicle should not reach the conflict zone during the
next scan interval.l

v

~When the fgqr cquitions above have been met, the potential

ierger‘is said tc have aéce;ted~the gap at the circle.

L 4 , i
- e
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C.1.6 Gap Acceptance from Outer Approach Lane

The gap acceptance logic for Yehicles wishing to enter
the circle from the outer approach lane; (Q-0UT vehicles)
*differs from that of the potential mergers from the inner
approach lanes (Q-IN vehicles) in the sense that, the fo:me;
evaluate gaps in the outer circle lane sections only.

A C-OUT vehicle considers C-OUT-L and C-OUT-R ‘lanes in
much fhe same wvay as ; Q<IN vehicle considers the same set
of the lanes; and accepts lag and/or gaps to enter the
circle when the necessary tests (incorporated in Section
C.1.5) are satisfied.

One important gap acceptancev feature for Q-ouT
vehicles 1is the fact that they can fproceed simultaneocusly
into the circle as scon as a Q-IN vehicle accepts.a gaf and
-enters the «circle. But the reverse is not true. This is
because the gap aéceptance logic for Q-IN vehicles
incorporates the gap acéeptance logic for Q-0UT vehicles but

not vice versa.

C.1.7 Inher Ciréle Flow

ﬁithinl'the systenm, vehicles in the inner circle lanes_
have the higheét priority whenever there is any conflict 'i;
movements. The general flow logic ih both circle lanes is
th% same as that in the approcach lanes; in the sense that
;during. a scan'in;eréél one and only one vehicle (thé leader)
is_ processed out - of the circle 1lane list into thé'ne{;
%

- S

o
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circle lane list or into %P exit lane (see Figure C.4).

The rest of the vehicles in the lane list are merely updated
in the same manner as the rest of the vehicles in the
approach lanes.

The leader of an inner circle lane ¥ecticn either
ttavehé to the next inner circle lane section or exits fron
the system when it is within some specified distance (15
feet) from the end of the current lane section. During
exiting, an inner circle vehicle crosses the path of an
cutef circle vehicle with absolute priority. Since 1lane
changing within the vicinity of the circle is noi alloved in
the 'model, it 1is during an entrj into or exiting from the
circle only, that an inner circle vehicle ever crosses the

cuter circle lane. «

C.1.8 Outer Circle Flow
Vehicle flow in the cuter circle lanes is the same as
that for t*e inner circle lanes except that vehicles in the ‘

outer circle lanes hare.to yield right-of-vay to vehicles in .

<

the inner «circle lanes when conflict in movements occurs.

After entering the circle from an outer approach lane, a

vehicle in the outer circle lane travels from one outer
circle lane section to the other until it reaches the

exiting artery vhere it drives into the outer exit lane.
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Dhring its passage froa its chrrent lane section to the next
(antiélQCKVise); it checks fcr possible conflict witﬁ ad
adjacent ;nnér circle lane vehicle which may be ready to
exit, If such 'g conflict exists, then the-outer circle

: /
[ y
vehicle yields right-of-way to the ihner circle vehicle.
When all vehicles of an outer lane sectign have, been
updated, vehicles in the next outer circle lanes are

considered until all outer circle lane sections’ have 'been

updated (see Fiqure C.5).
b

C.1.9 Exit Process /

.« There is no - list rFocessing along the exit i?neé,
ﬁecause Vehicles;are allowed to enter the re;it roads from
inner and odgeq; circle la;e§ one at a time, and moreover,
vehicles,arevdeeméd to have left the SYSten after traversing
ane vehiclécspace on the exit road. After travelling one
‘vehicle-space on the éiit rcad; the follouiﬁg statiétics are
'gathereé about &he outgoing vehicle (if the warm-up period
for the run is over): f\ N

1. The,tile of leawing thé systen;
\2. Originating approach lane;
g »_-3. Exiting artefy& ' .
4. Desired travel time; ”(\
'S. Actual travel time;
b beiay;u |

7.°Exiiing speed.
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When the above statistics have been collected, the vehicle
is removed from the system by discarding its sequence number

on the vehicle-characteristic arrayl(see Figure C.6).

C.1.10 Queue Measurements
Queue. lengths are updated for each approach gneue
during each scaéginé cyclé. Initially, because there are no
vehicles in the sysf;i, queve lengths are set to zerc for
all n approach 1lanes ( KUELEN(I) = 0, 1I=1, n), and the
updating’ routine is accomplished as follows:
(a) If KUELEN(I) = 0 and the first vehicle of this approach
lane I (whose index is given by J = NFSTA (I) ) Stops, then
KUELEN (I) <===== 1.
(b) If KUBLBN(I)'>;6 then
(1) We decrease KUELEN(I) when
" the first vehicle on the approach
. ugich is not yet a member of the queue
(vhose index is given by J=NPSTA+KUELEN(I))
'stops: KUELEN(I) <----- KUELEN (I)+1.
(ii) Ve decrease KﬁBLBN(I) vhen the .
first vehicle in the approach‘&ane
.kvhose index i; given by 'NPSTA(I)) is

able to wmerge with the circle traffic

I::strgal: KUELEN(I) <c---- KUELEN(I)-1. ‘\*7A§<::
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ﬁsing this technique of queue measurement (as illustrated in
Figure C.7), any vehicle that joins a queue by stopping
’;ehind‘the last yehicle in the queﬁe continues to be a
rember of that gueue until it merges with the circle traffic
stream. Thus, at any instant, all vehicles‘counted as.
lémbers of a queue are not necessarily stopped; and they
continue to be wmembers of the queue from the instant they

stopped behind the queued vehicles to the instant they are

able to merge vith the circle traffic streanm.

-

C.2 INPUT ORGANIZATION .

To be useful as a tool for the traffic engineer 1in his
evaluation study  of a traffic circle performance, the
acquisition of data to be used as input .to the simulator
shoﬁld nct constitute another problem in itself.

Takin§ into accqunt the types of data on the traffic
ciriyéﬂéQg} are genefally availaple to the'engineer, and the
types that are readifly collected if not available, there are.
3 different ways in which data would be accep?ed bf the
simulator depending on the type of manipulations that the
engineer wmishes tc do Hith the available data. The-
following general forna d% data is usually av&ilable to the
engineer; since déta collected by fiéld,.surveys on the
traffic . circle is readily and easily analyzed, using the
ff&fficulcircle data analysis ‘technique as outlined in

Appendix D.
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(a) Total volume (in perio@s of 15 minufes, 30 minutes or
1 hoﬁr) inflow of vehicles from each apfroach
direction to the traffic circle. |
() The turﬁing vclumes from eggh approach direction for
the period of data collection.
These two sets of data are always read into the prograﬁ, S0
that they could be varied as often as needed.
., Now, the rest of the 1input phase depends on what the
engineer Gould‘uant to do with the above general form of

traffic circle data. As already piﬂsépned, the simulator

accepts all three types of data formét;

C.2.1 Data Type 1
3n this type, estimates are made of the percentages of
the total volume of vehicles that arri?e at the apfgroach
directions at discrete time periods of t ﬁdnutes
(t=5,10,15,20,30 or even 60 minutes) assuming that' the
turning rates stay the same over the sinulat{on {gnfiﬁe.
Therefore fpe time periods rgnd/of ;he arrival
percentages at the appr&ach directions cauld'be varied, and
hence vary the arrival rates at the appfgaches during fhe
specified sinulPtion runtine.
This form of dq&a manipulaticn for diffe;ent sets of Vtile
periods and different sets of arrival rates can be repeated
as often as nefdéd. -
For' example:

Sdppose that "the arrival rate at the approach

/ ) \
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directions of " a trafgzz\\fircle is varied every 15

minutes for the first 'simulation period of 1 hour; and

fof the next hour of cimulation the arrival rate is
s
varied every 20 minutes.
The number of times that the data is to be manipulaﬁed
in this m®anner will have to be specified and read in
as input to the simulator.
Consider the data for the East approach as shown in Tables
C.1 and C.&g.
The hourly volume of arrival = 865 vehicles per hour

therefore, on the average the frequency of arrival is gi%en:

86573600

AFEQ

]}

0.24
: X o . Q ]

Considering the percentage arrivals  during the four
15 minute periods of the sisulation wve get the following

distribution of discrete arrival rates:

Time Periods Arr. 3 Volume Avg. Arr. Fleq
430--4es 25, 216 216/900 = 0.25
448--500 31 268 " 268/900 = 0.30
500--51% 24 207 207,900 = 0.24
515--530 .20 173 1737900 = 0.21
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‘Sample Lata Format
Total Hourly Statistics
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| A | LS R 1
(APPROACH | TOTAL ! TORN VOLUMES |TURN FREQUENCIES|
| { VOLUMES| LFT THRU RGT| LFT THRU RGT |
¢ -—+ + + 1
| 17y 815 | 33} 404 80y 0.40 0.u49 0.09 |
| | | ¢ | |
{ 2 | 788 | 85 657 46| 0.10 0.83 0.0§ {
f { { | |
{ 3 | 988 | 265 680, 43} 0.26 0.68 0.14 {
| . | . | i : : |
I 4 | 865 | 15 1770 80) 0.01 0.89 0.09 |
[ A - 4 T_L y |
.
4 Tatle C.2
< Sample Data Format 1
' Periodic Arrival Percentages
r T T T ~ T R
{ 15 MINUTE { SOUTH | NORTH | WEST | EAST (
| PERIOD ‘IAPPROACHIAPPROACHIAPPROACHlAPPROACHI
{AFTERNOON PEAK| (AVOL.) ] (RVOL.) { (%VOL.) | (%VOLl.) |
4 3 4 4 4 <4
¥ Bl T Al L R
| iy | | [ l
i 430-4eS ¢ 24 | 33 | 20 | 24 l
{ - | |, | | |
| yes-500 | 25 | 31, | 24 - § 31 i
{ , [ | | 1 - (
{ 500-515 | 31 | 24 | 3 \ 20 {
\ i | { [ o
{ 515-530 | 20 | 20 { 25 I. 25 |
L A 4 i Jf‘ 4

RS

»
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By plott;ng the graph of arriyél f£eguency again%t time
periods, ve find (in Figure C.8) that the periodic .arri;é;
distribution gives a better indication of the traffic
fluctuations during fpeak hour flow than the constant a@erage

i

arrival frequency.
-Ereparing Input for Data Iyge 1
The data format for Data TYpe 1 is shown in Tables. C.1 and

C.2. In order to wmanipulate data with the simulator as

outlined above the data should be arranged in the folloving
. ., [] '

L
rd

sequence:

(i) CARD 1 | , - .

should have the number *1¢ in coluan 4

(i&) CARD 2

*should have the runtime (30 wminutes or, 1 hour) in
seconds, punched in columis 1-4 right justified. A one hoﬁr
simulaticn runtime will be\iuncﬁed'in the first 4 colunmns gé

3600.

. (iii) carp N . .
sﬁould have 1o 24 3, ceeey Punched in colunns 1-4 rlght
justlfled, depending on the total nunber of sets of data to

be manipulated in.  this fash1on; or ' how Mdany times the

3

engineer wishes to manipulate the given data wusing this’

) . y : a N
format. . / .o~ :



| Arrival Frequency
0%
0.4
Periodic arrival
. frequency over lhr
-~
03
Unmitorm arrival
//*frelquency over 1hr
L
.0.24
011
: TIME
00 . —— — A
ABO, | Ll‘S. ‘ 5OO 51~5, 530
~Figure C.8

Arrival frequency distribution
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(iv) CARDS 4-6 .
CARD 4 --- contains LFT volumes from all approaches;
CARD 5 -=- k?ntains THE volumes from all approaches;

CARD 6 --- contains RGT volumes from all approachesy

(v) CARD 7
contains the total arrival volume for the arrival
arteries; and are punched in 6-coluan fields right-

justified.

(vi) CARD 8

contains the time interval representing a period inm the
simulaticn after which necessﬁry generating characteristics
are varied. This time must eithér be a multiple of 30 (5,
M. 15 or a multiple of 60 (5, 10, 15, 20,h30,‘60) or even
a multiple of 120 depending on the specified simulation

runtime cn CARD 2. 7

/
(vii) CARDS 9-7

depending on the inte:xal chosen in (vi) and the ruhtime
Chosen.in (ii), there can be as many number of cafds for
th;s input phase as necessary. .
For example: : ‘ .
.(a) For a run%}ne of 1 hour = 3600 seconds and a
15 minute  period of varying the generating

characteristics we get the following |

(3600/60) /15 = 4 o

INTT

INTT + 1 =‘5.

. INT2
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(b) FPor a runtime of 30 minutes = 1800 seconds and a

157ninute' period cf varying the generating

characteristics ve get tfie following

INT1 = (1800,60),15 = 2
INT2 = INTT1 + 1 = 3,

In example (a) there will be 5 carés for inputting the
perceﬂ@%ges: CARDS 9-13. And for the -example (b) there
ibuld?gfelB cards for inputfing the percentages: CARDS 9-11.
In dl{;cases, the first card, that is CARD 9, would <contain
the percentages of the total arrival volumes used for systeam
fill-up purpcses; and the rest of the cards should ccntain
figures (integersf‘uhich add up to fﬁo columnwise. Ihe
cards are lpunched in 6-cclumn fields right-justified. 1If
there are more sets of data of this form in the sense of
.period to be uséd and the percentabes to be used;'then
different sets of CARD 8 and CARD. 9-2 are repeated, but

the number of such data should not exceed the figure as
°

represented in CARD 3.

C.2.2 Data Type 2
< In this type of data crganization, estimates of the
’thrning’percentages from the approach directions are made at '
discrete time periods of t.minutes (t=5, 10, 20, 30, 60)
Aassuling that the average arrival frequency stays the sanme

over the pericd of the sisulation.

‘ 4 . A
The time periods and/otr the turning percentages from
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the approach directions are varied so as 'to have variable
turning rates from the verious approach directions during

the simulation period.
/

Eregar;ag input for Data Iyre 2

The data format for Data Type 2 is shown in Tables C.3 and
C.4. The procedure for pregaring inéut data to manipulate
the generating characteristics as outlined above 1is as

follovs:

(i) CARD 1

’ ) .
Sashould have the number '2' in column 4

(ii) to (iv) are the same as for Data type 1

(vii) CARDS 9-2
depending on the interval chosen in (vi) and the runtime
chosen in (ii), thefe can be as many number of cards for
thié‘input phase as hecessary. )
For example, if khere are 6 periods for varying the turning
percentages, then together wjth the wvarm-up period there

<

‘would be 7 cards for each approach; the first of which is
meant to be warm-up turn percentages for each /aéproach
direction. ) ‘ |

/ e

- & . hl a
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Ssample Data FPormat
Tctal Hour atistics
r LS T v — v ‘ 2 K
| APPROACH l. TOTAL | TORN NOLUMES (- TURN FRECUENCIES|
| { VOLUMES| LFT  THRU RGT{ LFT THRU RGT |
t —+ + + - 2 |
| 1 ( 815 | 331 404 B80f 0.40 0.49 0.09 |
i | I | N
{ 2 | 788 1 85 657 46y 0.10 0.83 0.05 |
| | { ' | . : |
| 3 | 988 | 265 680 434 0.26 0.68 0.04 |
{ l { | - |
| 4 | 865 | 15 770 80| 0.10 0.89 0.09 |
s -4 1 —_— i 3
Taktle C.4 .
Sample Data Format 2
Periodic Turn Percentages
r T T T £, T )
{15 MINUTE{ SOUTQ' { . NORTH i WEST V' EAST
{ PERIOD | APFROACH { APEFROACH | APPROACH { APPROACH
| { (%TO0RN) { (%IURN) | (XTURN) | (%TURN)
{ JLFT THR RGT|{LFT THR RGT{LFT THR RGT|LFT THR RGT
t +— + 4 + ~
| | | | .
| 430-4+5 | 30 40 304y 15 14 91 14 67 91 10 30 60
| | ' | { . |
I 44s5-500 | 27 61 124 6 92 21 10 178 12|qﬂ7 12 11
| | | | E
| 500-515 § 59 15 36(-12 7 81 13 86 11 23 21 56
| { - | |
| 5¥5-%530 ( 4 85 11} 33 33 34 2 95 231 30 9 61
[ & ¥ - 4 ¥ |

. Qe Uy S —

|
Il

-



165

»
Cards 9 through 36 wculd therefore be arranged as follows:

{ CARD 9 contains 30 40 30;

{ CARD 10 contains 15 65 20; .

For { .
Approach (- . .
| ! { : | ./
{ CARD 14 contains 17 57 26; '1./
‘ { CARC 15 contains 41 36 23.

The rest of the cards follév the same arrangement as above;
wifh.CARDS 16-22 fcr Approach 2 CARDS 23-29 for Approach 3
and CARDS 30-36 for Approach 4 in that order.

In the abovg sequence‘of cards,.CARDS 9,16, 23 and 30
contain the uarm;up turn percentages from the Approaches 1,
2, 3 and 4 respectively. |
If there #re more sets of data of this form in the sense of
period to be .used> and the percentage%’ used; then
different sets of the CARD € and CARDS 9-2 are repéated,
but aéain the number of such sets of d@;avshould«ngt exceed

the figuiigas represented)in CARD 3.

C.2.3 Data Type 3

This is a conbination.ofvthe first two types of data
foreats. 1In éhis tybe, estimates are made of percentageé of
the total vgldne of vehicles that arrive at the variou®
approach hirections at the discrete time periods as may ’b;

specified, and at the same time .estimate the turning
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percentages of the estimgted arrivals during the period
specified.

Here, it is possible to study the effect of periodic
changes both in arrival rates and turning probabilities by
arbitrarily spécifying arrival percentages (of the total
hourly volume) for discrete time intervals, and at the ’s;ne
time specifying the percentages of turning vélumes fcr the

particular peticd‘frCl all approcach directions.

Preparing imput for Lata Iyge 37

] L}

;;Z

i iw
Ty

The data format for Data Tyge 3 is shown in Tables C.5 and
C.6. In orded to wmanipulate data with the simulator as
outlined above, the follcwing procedure of inéut data

organiﬂifion shculd be follkwed:

{i) CARD 1

should have a *3' in coluan u;

v

(ii) to (vi) are the same as for Data Types‘1 and 2. .

(vii) CARDS 9-? Correspond to CARDS 9-7? Of Data Type 1.
. -+ '
.(viii) CARDs 16-7? Correspond to CARDS 9-2 Of Data Tyfe 2.

[ 4
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Takle C.5
ﬁalple Lata Format \
Total Hourly Statistics

L ) T T T —.
i APPROACH | TOTAL | TOURN VOLUMES |TURN FREQUENCIES|
| | VOLUME | LFTI THRU RGT} LFT THRU RGT |
' + t ——+ -—
I 1 1 815 | 331 404 80| 0.40 0.49 0.C9 |
| b | | |
I 2 | 788 | 85 657  46{ 0.010.83 0.05 |
| I l , R |
I 3 4 988 | 265 680 43| 0.26 0.68 0.04 |
t l | | |
[ 4 |- 865 I 15 770 80 0.01 0.89 0.09 |
i Ad A 4

&t

.

Tatle %
Sample Data Format 3
Periodic Arrival and Turn Percentages

f T T F,; T 3
115 HINUTE[SOU?H APPRH| NORTH APPRH{WEST APPRH | EAST AEFPRH i

' [ g L3 v LA 1- L 2 v L3 Ll Al
| PERIOD |[AR| (STURN) {AR| (ST{@SN) (AR| (STURN) (AR{ (XTURN) |
IP.M. PEAK|% |LT 18 RT % 1T TH RTI% ILT TH RTIS (LT TH R

N N + 4 t
] T -t + + T Y - —

4 | I {
430 4ss 244130 QO 30125115 41 iﬁ*20|10 67 9|2“|10 30 60|
P [ | R {
4es- 5°°z§ESIZ7 61 12|30| 6 92 2|24410 78 12|31|17 12 71|

| [ | i 1 |
500-515 |31159 15 36|2M12 :?81131”3 86 1120123 21 56|

i | t | b (. |
515-530 §20] 4 85 1112033 81251 2 95 3125130 9 61
L 4 ‘ y] 1 i d

~ J
L L. RS . 1 KN

r———-———-——-p

0
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It is clear from the three types of data organization that
Data Type 3 comprises Data Types 1 and 2 so that data types

1 and 2 could be simulated using data type 3 by merely

holding one of the generating characteristics (areival

) ¥ . ' 3
volumes or turning volumes) constant. * ‘

o«

0f course, most parts 6f the input organizatidn7COuld
bte changed very easily by any one familiar with FORTRAN , by
chénging the apfprorriate format statementa.: |

The user does nct have to ccnform to the 6-c01?mn and the, 4-
coiumn fields chosen for tést data ‘organization as described

¢
in the input organization section.

~/



APPENDIX D

ANALYSIS OF DIRFCTIONAI FLCWS AT TRAFFIC CIRCLES
-~

This 1s a method develcped by van Hoffen [ 50)] for more

accurate and precise analysis of traffic cirgle counts.

Ay

. 5
Briefly, the method is as fcllows:

Some selected wmovements are counted direct;y, and all
other ’movements are ‘calculated by solving simultaneodg
equations. Assuming that vehicles do not negotiate U-turns
at traffic circles; that is, vehicles entering the circle
via the approach section of an artery do not exit from the
circlg via tbe exit section of _the 'same artery; then
treating cars and trﬂcks alike (Vehicles), 12 equations can
be sét up involving 12 directional Blovws ét amy U4-arm
traffic circle .

The following abbreviations are made use pf on the equations

'tovfollon:

NE --- North°fasﬁ trq£f§c; . ' '
ps -——- North~50ﬁ%ﬁ ttﬁffifi : "
NH --- North-ﬁesé t?;éfig;" , -
CWN - Hést-Norﬁg traffic; .
WE --- H?st-ﬁast t:afﬁié; . 47
--- Hest-South tt@ffic; f | i

S ~-~- South-ﬂgst.traffic;

} - 169



EW

EN

Reterring to Figure D.1 the

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)
(10)

(1)

v

South-North traffic;
South-East traffic;
East-South traffic;
East-West traffic;

East-North traffic.

170

indicated measured flows are
interpreted as follows:

---=> Vehicles entering circle Szom the North*
SN ' ' Yt jests
~---> e e ve e ‘South;
---=> e ' vt e Eagt;
~—->7V9hic1es leaving circle at the North Ekit;
--=> ' N 'Y 1 est '
--s> K .o ** 1 South e
-=-> Vehicles which cross that point as indicated

by the arrou in Flgure D.1; | |
-==> Right-turning vehicles from tﬁe North;
-=-=> e 'e <1t jest; - |
—-=> - ve Yt '¢ South; . .

e e 't %1 East.

(12)

———>

» )

- s
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-
—
Pl
! N
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-

@

e,

Measured flows to determine dir

\

Fugure D.1

?‘Nm(al‘ flo;/\'/s‘
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The 12 simultaneous equations that can ke set up as a result
of the above measurements are:
(1)==-> NE + NS + NW = a, ; | 2
. ) | ‘ .
(2)-=-> N ¢ HE + §S = a, ; '

(3)---> SW ¢+ SN ¢+ SE = a, ;

(4)---> ES ¢ EW ¢ EN = a, ;
(5)--=> WN ¢ SN ¢ EN = a ;
(6)--=> SW + EW + NW = a; ;

(7)---> ES + NS ¢ WS = a, ;

(e)u--¥ ES + NS + NE = ag ;

9)--->"NW = ag ;
(9) 9 .
(10) --> WS = ap ;
(11) --> SE = a, ;
. (12) ==> EN = a, . )

Equations (9) to (12) are the only onei that are obtained
. directly from the field surveys. 1In addition tc the

directly measured flows, the remaining 8 values are easily .

s

s, solved as fo;;&uig .

We set up 8 simultaneous linear -equations with 8 unknowns in
N .

Fj‘”*umﬂthis manner.

} e —————
S, A A L8 _
From (1) a,Qv(Q) --=> NE + NS = a, -a5'; (A)
) Frbm (2) and (16) ==> WN + WE = a,-a, ¢ (B).

‘1&
s From (3) and (11) ==> SW + SN =
'3§, ¥rom (4) and (12) --> BS + EW =

From (5) and (12) --> WN + SN =

A



R

From (6) and (9) ---> SW + EW = ag-aqg (F)
From (7). and (10) --> ES + NS = a,-a., ; ié),
From (8) ------> ES ¢+ NS + NE = ag . (H)
4 | '
SOLUTTONS: L .
» From (G) énd (H) ---> NE = ag(ES+NS) = ag-ajta;
F£op.(Af ------------ > NS = a, - a, - NE;
From (G) ----- ;: ----- > ESV= a,- a, - NS;
. ’ I
Ffom-:D) ------ t ----- > EW = 9= a, = ES;
Froy‘(F) ------------ > Shegt a - a, - EW;
FLom (C) =====--=---== > SN = a,- a, - SW; 4
From (E) -==--cs-c-=- > WN = a5~ a, "SN; <3
From (B) =---------==> WE = a,- a - WN.

TR

Thus, kncwing all the a's, the directional flouéigre easily

»
computed from the selected measured flows.
. 1

For example, the total flow froa.the four approcaches

and the correspcnding turning movements from the

v

appgéaches re yivep as:
Appryach  Volume
 NE+NS+NH=a,

From North 1

From Hést 2

Fspﬁ/ggitﬁ . 3

] From East. 4

HN*HE+HS=az

SH¢SN+SE=a,

ES+EW+EN=a,

L ] . .
obtainegnas solved atcove. f~‘

.
*

x

Su

ES

\

WS,

couﬁts:tc bq'made; and* SW, SN, St, ES, E¥ and s

Turp Movements ‘\\
NE NW:

. /"
V-

Same
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*

four

»?

Selectéd

\
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This method will fail however, when there is no ‘
) ;o

guarantee for non U-turners at the ¢ircle, ' and it is

épplicable\only.to circles with 4 approaches and exits.



f 114 Streét and University Avenue.
-~ '3 125 R&gnue and 5t Aibert Trail; :

APPENDIX E

DATA COLLECTION AND ANALYSIS

E.1 Data Collection for Peak-Hour [emand
k .To be able to collect the data for the mea®ured flows
at‘a traffic circle inorder to determine the 12 directional:

flows of a U4-legged circle, 8 observers are needed for

traffic counts. Fortunately enogéh, the model generates
vehicle arrivals on the same basis as the counts made Lty the
traffic division @ff the City of Edmonton Engineering

Department, that is, on approach basis; so that the Inbut
. ‘ . N ;
Traftic Volumes .used for the model generation routine were

.

the peak-hour demand collected occassionally by the Traffic
Division ' of the City ot Edmonton Engineering and
Transportation Department.

“The counts are one-hour traffic obtained for all

v

apprbaches' of 'a traffic circlé. Traffic counts for each

L]
-

approach are stratified into left~turn,- through, and righf-
turn maneuvers. The data are far the - mornld‘lagﬂ aftern00n7
peak hours“(73°-83° AN and uao 530 PH respectlvely) for the
follofing trafflc c1rcles in the«CIty of Edmoaton° :
v St - 4 ‘

C o1, 11y Avepue and Grcat Road; v N

~ .

T
J.

175



AN Table \E. 1
////// } Suammary ot Study Circles

—

N 176

4. 114 Street and 72 Avenue.
A brief description of each traffic circle is given in Table

E.1 {

r r— -7 T —T = 1

", TRAFFIC | TYPE { MAJOR | MINOR | LOCATION |

f# CIRCLE | ' | | | v |

“ { { | STREET | STREET | WITHIN |
| N l { I CITY | ‘

| o + —+ ————t +: —i

[1711 Ave | 4-Legged { { jOutlying |

| and | 2-way-2-wayl Groat | 111 Ave | Shopping |

|Gfoat Road| 2 lanes in | Road I | Genter |

t tall sections| [ | "' |

| ) { | | | S |

1114 S£, | 4-Legged | { " featlydng |

| and | 2-way-2-vay| 114 St. |Univ. Ave|Universityl

{Univ. Ave | 2 lanes in | { | Area {

{ fall sections| | | |

| | i i | |

{125 Ave | 4-lLegged | | {Outlying |

t | and | 2-vay-@-way|St. Albert| 125 Ave {(Shopping |

ISt. Albert| 2 lanesfin | Trail |- | Center |

| Trail lall sectipns| [ | (

{ | ’ | | i o |

1114 St, | 4-Legged { | ‘toutlyinhg |

{ and | 2-way-2-wayl 114 St. | 72 Ave {University|

172 Ave.. { 2 lanes in | S | | Area |

i fall sections| | i ’ i

L Y 4 e 4 A —d

[
g I B
. E.2 Data Collection to Estatlish Capacities
. <

 of Circle lane Sectjons’
B . ;" . R L

The number. of vehicle within a circle lane section is

ﬂgheofetically ccnﬁufed“frdl héespecificaq.gn of-the length
, - . ‘ . ‘ {

" of a circle 1lape section and .the effect&re‘vehiclé‘{engghl/

assumed in the systeam. ’;But due fo- the fact that the

*
o »
(AR TR ; .
» "";’;le' % R . ’

v "";v,: o

.
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vehicles in the «circle lanes are alwéys in motion (since
they have absclute pricrity 1in thé systen), it is
practically impoénib1b~ to have all the vehicle spaces in a
circle lane section simultaneously occupied.

Data was therefore collected at some specific traffic

-

circles to determine practically how many vehicles are

vwithin a lane secticn of a circle at any time during pegak
4
hour flows. One observer was adequate for the-collectidn of

.

_ - )
this data, since attention was fgcussed om one circle lane

\

+ [
section at a time first, attention” wi&s focussed on the inner

~ [
circle lane section ‘and for time intervals of 1 minute, the

- -
- .

*
nusber of vehicles u1th1n the lane section was recorded.

Thus after one hour, the maximus numben of veh1cles ulth;n a

circle~‘ane section durihg peak hour flow was es€ablished

ES

for both inner and outer c1rcle lane sectloas. P
/ - . .
M‘ . ' i’ ;"

. .
. . ¢ e

E.3 Data Collection for Gap Measurements . e
The .data collection for gap measurement at the circle

was done in a simple lesq,scgﬁistlcated manner. The «circle

¢ v\"‘
lane sections tc ’f% leﬁﬁﬁof airotentlal merger were divided

into'ivehicle spaces ;tat both inner and outer circle lane

14 - - N L4 ‘n -~ r L]
sections (see Figure °‘E.1). The Tollowlng procedire was
. . ) 3 . ’ . . s

adopted for ‘the évaluaticn"ofx gaps « by inner and outer

~»approach lane pctenéial mergers:

ot
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Tl .
I AR
;\q' _I'
I

F|~gQre E.

- Schematic of Circte depicting -layouts for
- gap analysis studies.

.
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Inner

P— - -

For the evaluation cf gaps by an inner ~approach

\
vehicle, attention - was fccussed on the first four vehicle
N :

* _positions of the inner and guter circle lane sections to the

\\\‘“tht‘of the potential merger as shown in Figure E. Two

» oply. if ‘an adjacent inner agp

J

observers were needed for this measurement.
) : -t

Whenever an 1inner affrbach vehicle accepted a gap to
enter the circle, one observer would check the vehicle

positions in the inner circle lane section which vere

L

occupied, and the Gther would do 1likewise for the outer

¢

circle lane section. This fprocess was repeated for all

vehicles entering the circle from,the inner approach 1lane

. Y,
for a period of 30 minutes of the peak hour flow, (&E\¥he

results were takulated as shown in Table E.2.
. :
"~ Quter ' .
Por the remaining 30 minutes of theAEeak “hour Elow
attention ;as focussedigﬁr;he first four véhiclg positions

of the outer circle lane section only. \Sggf-observer was

adeéuate' for reccrding the- evaluation of gaps by outer’

approach vehjcles. Whepever an outer approach yehicle
accéPteé«%34 gap 'to enter the circle the occupied vehicle

opositions in the cuter circle"iané sectiods were  checked

oéchvvehicle had not already

w;aécepted gap. to enter the circle. That is, no r%cofd' was

\

kept, for an outer approach vehible taking advantage of gap

- .

andlysis by an inner approach vehicle.'
<. o o ‘ . 4
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) Table E.2
Inner lane Gap Analysis Summary Sheet

i 0
1 2 3 4 12 3 4 5 6
— T T T TY 28 T T T T
14 M| N Y@ Y I N} N | N Y| | |
-ttt —++ +- + +—— -
21 N N} N YL NP oY XYY o
-t +——t——t + + —+ +—-4
31 N Y I N} NIt NI N Y| Y| | |
=t —t+- + ++4 + + t + ——
40 N NP oY Y roN Y S 10 Y | !
R + + + —++——+—+ —+-——+ +——A
51 N} N N YL N N} N X | AT
b——r + t———t+—+ +—— + -
| | { | e i | t | (R
IR B | | i il | | bo. . | }
- | ! t tl rF. | | U
¢ 1 + + +4-————t—+ 1§ + +——
1001 N N N | Y@L N} Ny YL Y | |
| G W S A 4.4 A iy - - Y » W A _ 3
N---unoccupied vehicle space
Y ---occupied vehicle space g4
. : . bCAs
" <
Again, the process was carried out for all vehicles

entering the circle from the outer approach lane for a
period of 30 wminutes of the ﬁeak hoyr flow, and the. - resulfs‘

were tabula}ed as shown irn Table E.3. After analyzing the

v

A

two tables tor the .peak hour data,' it was deduced that the

2 . o ,
conflict. zone for inner approach vehicles was the first two

vehicle spaces cf the i&ger and outer circle lane, sections
’ . v ' p ) . ; .
- together with the last wvehicle position of the potential

merger's destinationf lane. Simiiar{y, it was deduced that
R 4

the conflict zone o he cuter approach ;gng'gés the first

‘~yghicle position of the cuter circle l?ne section together

with the igst two vehicle ‘positions\ of the potential

| . . . . [ 4

\ . ‘ \
. o
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Takle E.3
Outer Lane Gap Analysis Summary Sheet
. C ' -
.1 2 q"'-é 4 5 6
r L2 T'AT I;QT b
W N Y| Y Yjq { l L4
——t—t + —+ + 1
2l N N Y | N | {
- + +— t 1 1
Y| N N}|oX | |
t +———4- + + t |
b N3 N Y | Y | e
L + t +—A
8 S L I O | | .
L -ttt t+ + 1
- J ! | | | I )
-1 | l ol | I |
" o | | | [ | { I .
§EN N S S S
100 N[ N} Y | Y | { |
(& 4 4 4 —d L y |

Q;ﬂ---unoccupied vehicle ‘pace
. Y---occuried vehicle space 4
\mérger's destination lane.’ ) ‘

. Such a gafp analysis procedyre ‘is understandabl§. not

- . - . N [.,“ .

very accurate, but ccnsidering the amount and /effort
y L . . . '

required in sophisticated field medsurements, this crude

method is deemed satisfactory for the accuracyﬂpg uired in

ihe model.

*



