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ABSTRACT

The influence of stopped delay on driver gap acceptance
behaviour is investigated. Gap rejection/acceptance data
collected for mnor road drivers executing |eft-turning
manoeuvres at two separate priority intersections are
anal ysed. The mean critical gapfit (O and its variance (C)
are separately estimated from the aggregated data and from
abstractions of the data based on the durations of stopped
del ay.

It has been found that at shorter durations of stopped
delay by mnor road drivers, the nean critical gaps obtained
are higher than those obtained when mnor road drivers
experience higher durations of delay. A statistica
conpari son shows that at the %% | evel of significance,
the nean critical gaps estimated from the di saggregated
data are significantly different from the val ue obtai ned
fromthe aggregated data, the values being in reasonabl e
agreement when the nean delay to mnor road drivers is
about 30s.

The practical significance of these differences in
nmean critical gaps as reflected in the conputed val ues of
the mnor road capacity is also investigated. It has been
found that the mnor road capacity will be slightly under-
estinmated during periods when mnor road drivers experience
high durations of stopped delay and seriously over-estinated
at situations when durations of stopped delay are short.

Enpirical equations have been derived relating the
nean critical gap to the nean delay, average main flow

and the mnor road capacity.
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CHAPTER CNE

INTRODUCTION

1.1 GENERAL

The numerous publications on the subject of driver
gap acceptance behaviour within the past three or so
decades is indicative of the interest shown by traffic
engineers and mathematicians alike in the study of gap
acceptance characteristics of drivers executing crossing
and/or merging manoeuvres at roadway intersections. It is
interesting to note that whereas the mathematicians have
been mainly interested in the general application of
theoretical techniques and/or analogies, the traffic engineers
have been more concerned with both the practical applications
and implications of driver gap acceptance characteristics
as they affect traffic merging and crossing problems.

To better understand how this phenomenon of gap
acceptance applies to different forms of intersection
control, a brief discussion on the principles of inter-
section design and operaticn may prowe uscful, In most
instances in urban areas, highway network links are
located in the same horizontal plane. Most of these links
often intersect, creating areas of conflict between
various traffic flows, which invariably leads to delays,
loss in highway capacity and accidents,

The essential features of intersection design and
control are thus geared towards resolving the potential

conflicts. Such design must generally be based on how
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both drivers and pedestrians are likely to behave at such
locations rather than how they should behave, Traffic
engineers are thus continually faced with the problem of
studying such behaviour in order to effectively control
traffic flows and to improve the safety as well as the
overall performance of the highway network; though this

is further complicated by the fact that each intersection
has unique characteristics of physical layout, flow rates,
pedestrian activity and turning movements. All these
factors influence intersection performance.

The most appropriate type and degree of control
exercised for a particular intersection will thus be
assessed on the bases of the intersecting flows, turning
movements and the values placed on the resulting delays,
loss in capacity and accidents. Traffic volumes change
with time and continuous studies and monitoring of inter-
section performance are essential in updating designs and
control devices, The present study is focussed on an
aspect of intersection performance for aet-grade inter-
sections.

From a control point of view, at-grade intersections
may be classified into three different groups, namely:
uncontrolled and priority intersections, space sharing
intersections and time sharing intersections. These are

briefly described in the following subsections,
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1,2 UNCONTROLLED AND PRIORITY INTERSECTIONS

An uncontrolled intersection, as the name suggests is
one whereby no form of control is exercised. Ideally, this
is allowed when the intersecting rocads are of relatively
equal importance and traffic volumes are so low that no
form of control appears necessary, However, when two
opposing vehicles arrive at an uncontrolled intersection
simultaneously, the rules of the rcad regquire that
preference be given to the vehicle on the right, At such
intersections, each flow must seek gaps (the time between
two successive vehicles) in the intersected traffic streams.
By simple intuition, when flows are low, gaps of reasonable
size and frequency are expected, such that drivers do not
have to wait for a long time before manoeuvring. However,
when intersecting flows increase, the intersection needs
some form of control to avoid confusion and unnecessary
delays.

Priority intersections on the other hand occur when
one of the intersecting roads (major road) is given definite
priority cver the other(s) (minor road(s)). The minor road
approaches are thus controlled by some form of marking or
sign such as "STOP, YIELD, or GIVE WAY" to ensure that
vehicles on the main road are not delayed., It is thus clear
that the minor road vehicles are those seeking gaps.

They are normally required to come to a full stop and wait
for an acceptable gap before merging or crossing as the

case may be, There is thus an inherent assumption that
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virtually no delay occurs to the main traffic; the main
aspect of performance being the effects of such control
on minor road traffic, These effects could be quantified
in terms of the average delay to minor road traffic and
the capacity of the minor road appreach,

Such statistics are related to the average time gap
a side street driver thinks he needs to cross or merge
safely with the main traffic stream (Tanner; 1962) and the
number of gaps equal to or larger than this required,
acceptable or critical gap. Where a large gap presents
itself when there is a queue of minor road vehicles, one
or more vehicles may accept the gap. This phenomenon is
more explicitly described as queue acceptance of large

gaps and it is further explained in chapter two.

1.3 ROTARY INTERSECTIONS

Rotaries are a form of channelized intersection where-
in vehicles are guided on to a one way roadway and required
to move in an anticlockwise direction (in a drive right
system) about a central island. They are specialised forms
of at-grade intersection design and are best suited for
intersections with five or more approaches, though they
have also been useful at three and four leg intersectious,
In general, they are most suitable where the entry volumes
from the variocus intersection approaches are approximately
equal, and weaving traffic equals to, or exceeds through
traffic,
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Originally, rotary designs were intended to permit
continuous movement of all intersecting flows. This
phenomenon is better described as weaving rather than gap
acceptance. However, the introduction of the priority rule
of "Give way to the vehicle on the left" at rotaries implies
that each approach operates in a similar manner to a major/
minor road T-junction; circulating traffic having priority
over entry traffic. The entry traffic thus has to evaluate
time gaps in the priority stream (circulating flow) before
moving in. Since relative speeds are generally low, entry
drivers tend to accept shorter gaps as traffic circulates
around the central island; though as Agili (1981) points
out, this priority pattern is sometimes reversed as merging

drivers force themselves into the circulating stream,

1.4 TIME SHARING INTERSECTIONS

Time sharing intersections occur where the control

mechanism alternates the right of way in some sequential
manner. The right of way is first assigned to one set of
movements and then to another in a sequence according to
demand and intersection geometrics. This form of control
is achieved by automatic signals and police direction,
Warrants for the installation of traffic signals can
be found in most traffic engineering texts. However, the
design must be based on a careful study of the intersection,
since experience has shown that unwarranted and improperly

installed signals can lead to excessive delay, disobedience
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of signal indications, increase in accident frequency,
and sometimes the use of less adequate routes by motorists
in order to avoid the signal.

Though conflicts are separated by time, it will be
realised that the gap acceptance phenomenon is still
applicable here if a special phase is not provided for
right turning traffic; since they must have to merge with
the through cross stream traffic.

From the discussions, it is apparent that the gap
acceptance phenomenon is basic to drivers at almost all
at-grade intersections and freeway entry ramps. Even a
pedestrian waiting to cross a traffic stream has to decide
if a gap is sufficiently large to a2llow a safe crossing.
Thus, this phenomenon is not only applicable to drivers
but to pedestrians as well; though most of the research on
the subject scems to have been centred solely on driver
characteristics,

At rotaries, Agili (1981) indicates two strategies
by which an entry/circulating flow relationship can be
predicted from a knowledge of the geometric layout of the
roundabout, These are the gap acceptance and empirical
approaches,

The gop acceptance approach requires the establishment
of a model of vehicle - vehicle interaction that takes place
at the roundabout entry, and to compute the entry/circulating
flow relationship from the model before calibrating the
parameters of the relationship in terms of the roundabout

geometry, The second approach is an empirical method which
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directly determines the entry/circulating flow relation-
ship on the basis of the geometric parameters.

wWhile Agili acknowledges the gap acceptance mechanism
as an important element in the vehicle-vehicle interaction
at roundabouts, he points out that it is unlikely to be a
complete and sufficient determinant of the capacity; because
in reality, the process at entries to roundabouts is more
interactive than conventional assumptions of gap acceptance
allow, For example, the merging behaviour at high circula-
ting flows often leads to the "locking" of the roundabout,
and secondly, the behaviour of individual drivers often
causes circulating flow to slow down, sometimes creating
short periods of priority reversals whereby circulating
flow has to wait until normal priority is restored.

wWith such complex interactions, a gap acceptance
model seems practically difficult to apply at roundabouts.
Thus, the capacities of roundabouts have been mostly
modelled using the empirical approach based on the formula
developed by the Transport and Road Research Laboratory
(1965). However, at conventional T-junctions, the gap
acceptance approach is applicable, since the derivation
of the formulae for the estimation of the capacity of
uncontrolled intersections and the average delay experienced
by minor road drivers (Tanner; 1962) show that besides
depending on such other factors as the major flow and the

minimum headway at which minor road traffic can follow each
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- CI
other to the major road, the minimum acceptable gap is

also a very important parameter. A clear knowledge of

the gap acceptance behaviour of drivers at such inter-
sections is thus imperative for the accurate computations
of capacity and delay. Since delay and capacity are major
inputs in the appraisal of the efficiency of a highway
network, this may be a logical explanation for the interest
so far shown in driver gnp acceptance characteristics at
uncontrolied and priority intersections. The present
research is baged on the phenomenon.

The next chapter gives a brief review of the models
and analytical procedures that have been utilised in
studies of this phenomenon. Chapter three outlines the
main objectives of the study, the assumptions made and
the study methodology. A description of the field studies
and subsequent analyses are presented in cpapters four and
five respectively. The sixth and last chaﬁter presents
the results of the study, deductions, discussion of the

results, recommendations and a conclusion.
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CHAPTER TWO

LITERATURE REVIEW

2,1 GENERAL

Gap acceptance characteristics of drivers have

influence on the design, operation and degree of control
exercised at rcadway intersections. Gap acceptance
parameters of drivers are needed in assessing both the
average delay experienced by minor road drivers and the
capacity of uncontrolled and priority intersections.
This is important, since the operation of intersections
may often be a critical factor in determining the overall
performance of a highway network.

Gap acceptance studies at priority intersections have
usually been in one of two model forms, namely:
(a) Studies relating the length of each accepted gap in the
major road traffic to the number of minor road vehicles
merging into it; known as queue occeptance, and
(b) Studies relating the lengths cof gaps in the major
traffic to their probabilities of acceptance by each minor
road driver, and the estimation of gap acceptance parameters

for the population of drivers,

2.2 QUEUE ACCEPTANCE STUDIES

Queue acceptance can be defined as the acceptance of
a large gap in the major road traffic stream by two or
more waiting minor road vehicles, where the minor road
queue is not exhausted. Queue acceptance studies are

geared towards predicting the capacities of junctions based
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on the distribution of gaps in the main flow by establish~-
ing a relationship betwsen the number of queued vehicle (ii)
that weould enter a gap of size 1 seconds in the main
traffic stream. R

studies of this type have been reported by several
authors, oy first studying the start-up times for vehicle
queues at the minor road, Uber (1978) derived a linear
relationship between the median number of vehicles (W) that
would merge into a gap of size 1 seconds when the gusue of
minor road vehicles is not cxhausted, -

The relationship obtained is:

N = 0.286T ~ 0.7l v v vu v v w0 0 (2.1)

Cooper and wennel (1978) however pointed out the
implication of normality assumptions of most linear
regregssion models used by previoug authors in deriving
queue acceptance relationships, and the uncertainty of
whether it is more appropriate to regressNon 1 or vice
versa., Ireating N as the independent variable, they
proposed an explanatory model which they used in deriving
gqueue accaptance relationships for crossing and merging
manoeuvres at two different intersections. They chose to
initiate their time measurements by vehicle arrivals
rather than departures and classified the intervals
between the events in the sequence into three, namely:
the start-up time of the first turning minor road vehicle
from when a major road vehicle last arrived at the Jjunction;
the move up times of the subsequent vehicles, and the

residual lag which is rejected. sy choosing the median

S
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values for the distributions, they derived the following

equation:

|
t

T=S5+NM+R . u v v v v oo v soae. (22)

where,
) T is the time gap in seconds accepted by N vehicles

S is the median start-up time

M is the median move-up time for each of the next N

! vehicles.

R is ‘the median residual lag which is rejected,
|

From empirical results for the distributions at two
separate T-juncticns, they applied the above equaticn fo

derive the following relationships:

~Fw'! ' T = 3.0I\} + 3 fOI‘ mer‘gil’lg " & & * & & a & - (20 38-)

T = 2..].].N 4 2.9 for CFOSSing e 4 4 & e+ % » (2.3b)
]

In conclusion, the authors indicated that the
explanatory model is more useful than the direct linear
model, first because the former makes better use of
available data, and secondly, it enables the effects of
changes in individual components of gqueue acceptance
{i.e. N, S and R) on the cverall relationship to be
evaluated, and thirdly, it does not contain bias effect
due to main flow.

In their own paper, Maher and Dowse (1983) introduced
vet another approach to derive the N/T relationship.
They first proposed a deterministic model in which the

number ¢f vehicles N entering a gap of length T seconds

R .
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will be K ifs
' ]

C+{(K-1) B T C + KB, K=1, 2, ... . . (2.4)

with § = 0 for T& & where

¢ is a critical gap

B 1is a marginal critical gap, definecd as an incresase

in gap length necessary to allow one more vehicle entry into

the junction.

The authors cutlined five different methods by which
least square regression could be used to estimate the
parameters C.and B in the model. 1In a similar manner to
Cooper and Wemmel, they pointed cut that the assumptions
of independent normally distributed erroers with zero means
and constant variance made 1in least squar:s regression do
not strictly hold; and subsequently introduced & maximum

likelihood method for the estimation of model parameters,

They thus proposed yet another model which they
referred to as a renewal model for the application of
maximum likelihood estimation. This model supposes that
if there is a gap size of length T seconds, and that if

the first driver in the minor road queue has a critical

ilgép of Y1, he will enter the gap if T > Yq. If the sccond

driver in the queue has a marginal critical gap of Y2, he

. can only enter the gap if T - Yii?'Yz, while the third

vehicle enters if T-Y-Yo 37 Y3, and so on, such that K

vehicles will enter if:
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Y+Y,4Y3+ oot YK,41&‘ﬁ&Y1+Y2+Y3+....+YK+1 veee (2.5)
with K = 0 for T «£Y1; where,

!iS are independent randop variables, with Y4 being the
critical gap with mean Cand Yy(i71), the marginal critical
gap with mean B, This then is the renewal model which can

be written as:

|
SK=Y‘]+Y2+Y3+qalaccaYKcoooco..(2.6)

It should be noticed that if the Yis in equation 2,5 are
constants, then it reduces to the deterministic model as

given by equation 2.L.
|

By assuming the Yis in equation 2,6 to be normally

distributed i.e¢.

| |
Y, WN(C , g*2), Yinw N(B, ) i34, it follows
that Sk~ N(C +(K-1)B, K %) and the probability relatian-

ship in equation 2.7 is westablished,

; ) T-C(K=1)By _ 7= CrKB
P(Ni K/T) = 9 (q’\m' ) Eﬁ(d.m)

with P(N=0/T) = 1= B(I=C.) v v v v o ¢ o« o o o = (2,7)
a

where,

R @ is the unit normal distribution.

It follows from the above that the log-likelihood

function can be written as follows:

Log(c, B,f) = :i%’l log Lﬁ(Ti— - }{.i-"] B) - Q(Tl- C"KlBgZ . .(2.8)
o a R jesa

and = (Ti~ C ~(ki-1)B = 1 f Ki = O

and ¢ = (74 ;ll ) or

|

H
L]



e

-

e e R

authors as follows:

By}ﬂaximising the log-likelihcod function above. for

€ B andd, the authors obtained maximum likelihood

estimates of the three parameters and their 95% confidence

intervals from their data as follows:

o~ S — -
“G= 4,26 + 0,22, B = 2,64 + 0,21, 0= 0.89 + 0.11 which

corresponds to a fitted straight line given by:

N=O|38T-“||61ovoo---o..o.oc..tl(zlg)
:':, |

1

which they compared with results obtained by previous

-~

f
N = 0,287 - 1,07 (Pearson and Ferreri; 1961)

N

0.286T - 0,74 (Uber; 1978)

N = 0,337 = 1.00 (Cooper and Wennel: 1978)

N

0.39T - 1.00 (MeDonald and Armitage; 1978)

It ié ohvious from all the results that N and T are
positively correlated in that W increases with T. Also,
all the researchers cited chose linear models for the data
analyses and the main peoint of contention is on the methods
of estimation of model parameters. Whereas the maximum
likelihood estimation method indicated above is a more
efficient and unbiased method, the least square regression
method has been used more extensively because of the availa

ability of computer packagoes for carrying out such computations.

With recent developments of computer programs for
maximum likelihood estimation such as "chomp? (Daganzo and
Schoenfeld; 1978) it is hoped that researchers of gqueue
acceptance characteristics of drivers, will have fast and

efficient tools at their disposal for data analysis,

|
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2,3 GAP ACCEPTANCE STUDIES __ .

Studies of this type are focussed on the behaviour
of individual drivers at intersections when they merge or
cross the main traffic stream. The analysis involves the
estimation of gap acceptance parameters (the mean and
variance of critical gaps and the variance of the gap
acceptance function) over the population of drivers., To do
this some idealised criteria have been formulated to explain
how individual drivers decide whether to accept or reject
a gap of a given size, Such formulations have generally
taken the form of a gap acceptance function, This function
relates the duration of a time gap in the main traffic
stream to its probability of acceptance by a minor road
driver.

In the establishment of delay models and the conmputa=-
tions of the capacities of uncontrolled and priority inter-
sections, driver gap acceptance behaviour has had to be
described on the basis of one of two hypotheses. These are
consistent driver behaviour and inconsistent driver behaviour
or in the terminology of Cooper et al (1976), the time
hypothesis and the modified time hypothesis respectively.

The consistent behaviour hypothesis assumes that each
driver has a fixed critical gap (i.e. his gap acceptance
function is a step function) and he will always accept all
gaps larger than th;s and reject all gaps smaller than this
critical gap; though different drivers neccssarily have

different critical gaps.
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If the éap acceptanée function for a given driver is
denoted byCK(t), then the idealized assumption of consistent
behaviour can be represented by a Heavyside unit step
function as follows: H_:.

I

0 for t &C
d\(t)=équ?tzc...............(2.10)

o,

where, o
c*(t) is the probability that a minor road driver
accepts a gap of duration t seconds in the main

traffic stream gnd C is the driver's critical gap.

It is implied from equation 2,10 that the driver rejects
all gaps less than the critical gap C, and accepts all
gaps greater than C seconds, Hence the critical gap can
be defined as that gap size for which the probability of

acceptance by a minor rouvad driver changes from zero to one,

The inconsistent behaviour concept however assumes
that each driver has a variable critical gap which can
be described by some distribution such that the same
distribution is applicable to all drivers. Though the
exact form of the distributicn may not be known, data
ahalyses by Ashworth and Bottom (1977) suggest a cumulative
normal or log-normal distribution. Daganzo (1981) also
indicates that the errors to be introduced by assuming such
a distribution are likely to be of second o?der since
satisfactory results had been reported by previous authors
such as Miller (1971) (quoted by Daganzo; 1981). However,
the shifted negative exponentinl distribution has also been

commonly used to describe inconsistent driver gap acceptance
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behaviour, This can be expressed as follows:

0 f <7
M) = E1-exP(-B(t-T)) fgg E,T o' & B w8 s ow KETT)

where,
oA t) is as defined earlier
B and T are constants for a given driver but can both

vary over the population of drivers.

Eguation 2,11 thus allows some variability in the
driver's critical gap. Accordingly, the probability of
a minor road driver accepting a gap size less thaéithreshold
value of T seconds is always zero, while there is a steadily
increasing probability of acceptance with a gap size t greater
than T.

While equation 2,10 is a simplistic way of describing
the gap acceptance behaviour of a driver, equation 2,11 is
a more realistic representation, since it takes care of
the fact that the critical gap C in equation 2,10 can vary
for a given driver (i.e. within driver variability).
Secondly, since the value of C can vary over the population
of drivers (i.e. between driver variability), Ramsey and
Routeledge (1973) propounded a method for determining the
probability structure of critical gaps over the population
of drivers from the histograms of all offered gaps and
rejected gaps., This method was reviewed and its limitations

pointed out by Troutbeck (1975),
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Earlier studies by Herman and Weiss (1961) and
analysis of variance on Ashworth and Bottom's data (1977)
on 19 drivers by Blumenfeld and Weiss (1979) gave a
within driver variance of 1,50 g° and a between driver
variance of 0.31¢%2. This thus led Blumenfeld and Weiss
to suggest that if a simplification in gap acceptance
representation is needed, it is more accurate to assume
that drivers are inconsistent but identical in behaviour
than that they are consistent but different in behaviour,
However, the same authors showed that though predicted
delays are dependent on which of the assumptions used, the
errors introduced in the computations of delay statistics
and other quantities of traffic engineering concern, such
as the capacity of the minor road by assuming that drivers
behave consistently are sufficiently accurate for practical
purposes.

Whereas such variables as approach speed (Cooper et al,
1976), intersection sight distance and visibility have
been shown to influence the gap acceptance behaviour of
drivers, Adebisi (1982) pointed out that the assumptions
and indeed most studies on driver gap acceptance behaviour
have tended to neglect drivers' sensitiveness to available
gaps. From an intuitive approach, he suggested two
variables which can be used as indirect measures of driver
sensitivity to available gaps. These variables are the main
flow and the duration of stopped delay experienced by the

minor road driver at the time the gap becomes available,
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By éhe analyses of both aggregated and disaggregated

data, he investigated the influence of the former on the
gap acceptance parameters of drivers and the implications
on the computed values of the average delay and the
capacity of the minor read. And indeed he showed that
driver sensitiveness to flow on the main road affects their
critical gaps and their probablility distributions, In the
same work, he assumed a negntive exponential distribution
for headways on the main road for the equations derived
by Tanner (1962) to compute the capacity of the minor rocad
and the expected delay to minor road drivers. The equations

are as follows:

Q=g (1-By ¢)/exp(q@-B1) (1-exp(~B2g)) eeoeus (2.12)

ex C=B1) _ ¢ - q_ g 2 pe 42
b(d) IS Trg) - O 1z Brarh 2%, 3 B g 5 v.(2.13)

g(1-B1 q) (1-qu5

where,
Q is the capacity of minor road
g is vehicular flow on main road
C is mean critical gap
Bz is the minimum headway at which minor road traffic
may follow each other to the major road.
B4 is average service time per vehicle on main road.

d is delay to miner road traffic,

On a general note he recommended that if flow on the
main road is neglected in the study of gap acceptance
characteristics of drivers, any deductions from the study

should be limited to flows within half a standard deviation

T
L
i ‘ ’ I
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of the observed average main flow (i.e. within g +@J.
It would thus appear that some form of correction has

tc be applied to the computed values of the average delay

and capacity deduced for average flows outside these limits,

While such a correction has not been specifically determined,

it would be worthwhile to investigate in a more or less

- similar fashion the influence of the duration of stopped

'delay which was also suggested as a measure of drivers!

sensitivity on their gap acceptance characteristics and

the traffic engineering implications. That in effect is

the main objective of this study; which is to quantify’

"The influence of stopped delay on driver gap acceptance

behaviouri,
i

2., BSTIMATION QOF GAP ACCEPTANCE PARAMETERS

In the study of gap acceptance characteristics of
drivers as described in section 2.3, the gap acceptance
parameters (the mean critical gap and its variance and the
variance of the gap acceptance function) necessarily have

te be estimated, Various methods have been suggested and

‘utilised by researchers for this purpose, Some of these

methods are briefly described below.

Adebisi (1982) and Pelus (1983) utilised a graphical
method based on the intersection of plots of cumulative
numbers of rejected and acceplted gaps tc estimate the
critical gaps from their independent data sets. This

method assumes that the critical gap is that gap size for
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which the number of rejected gaps greater than its value
egquals the number of accepted gaps less than this critical
gap.

Ashworth and Bottom (1977) and Cooper et al (1976),
by assuming a normal gap acceptance function chose probit
analysis for the estimation of the parameters., This is
done by plotting the probit of percentage acceptance
against the gap size or tabulating the probit and gap
sizes, the linear relationship established by regressicn
analysis., The mean critical gap obtained when the probit
acceptancé is 5 and the standard deviation being the reci-
procal of the slnpe of the regression line,

However, Daganzo (1981) criticised these methods of
estimation on twe main grounds. First is that only the
average across the population of the mean of the gap
acceptance function is estimated with the majority of the
methods and secondly, that much data is lost by treating
only the first gap considered by each driver, He thus
proposed a maximum likelihood framework for estimating
the gap acceptance parameters., By assuming a normally
distributed gap acceptance function, he showed that the
observed pattern of gaps rejection/acceptance is multi-
variate normally distributed. He then utilised a multi-
nomial probit model in a computer program (CHOMP) to estimate
the mean critical gap, its variance and the variance of the
gap acceptance function, from a string of gaps rejection/
acceptandé data of 203 drivers. This approach has been
adopted for the present analysis, Further discussions of

the approach are therefore included in chapter five,
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CHAPTER THREE

OBJECTIVES AND SCOPE OF 3TUDY

RO

3.1 GENERAL | | RS

One obvious implication of drivers' incbﬁsisfénéy in
their gap acceptance behaviour is that a given driver could
reject a gap larger than one he would eventually accept,

A driver who has waited for a long time at the stop line of
a priority intersection, for example, may become impatient
and thereby accept a gap shorter than one of those he had
previously rejected. _ :

Because of such a daring tendency of drivers attempting
tc accept short gaps, one would expect that for longer o
duraticns of stopped delay there would be a higher probability
of short critical gaps and vice versa, This is important,
since if drivers tend to accept short gaps, major traffic
may be forced to reduce speed {(intimidation of main road
traffic) or ccollisions may occur. If this hypothesis holds
true, a potentially high degree of hazard thus exists when
minor road drivers have to wait for a long time before under-
taking a basic manceuvre, This may warrant a more positive
means of assigning right of way, such as traffic signais.

It is realised of course that signal control will lead to
increased delay to major road traffic but it will almost
certainly reduce minor stream delay.

A pertinent gquestion at this point would be “'When does
a driver start feeling he has waited for a long tine?",
While it is obvious that some drivers are apt to be more

aggressive than others, it iz one of the primary obJectives
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of this study that some average duration of stopped delay
will be discerned for which drivers start exhibiting

impatient behaviour and begin to take risks.

3.2 COMPONENTS OF VEHICLE DELAYS AT UNCONTROLLED INTER=-

At uncontrolled interscctions, delay to minor road
traffic normally jncludes the following main compopments:
a) Delay due to time spent in the gqueue before reaching

its head; and,
b) Delay at the head of the queue while waiting for an

acceptable gap.

If a minor road vehicle arrives at the stop line
without being delayed in a queue of turning vehicles,
a situation referred to as undelayed lag by Uber (1978),
then the first delay compoment above will be zero.
On the other hand, a minor road vehicle can arrive at the
head of the queue and accept the remaining part of a gap
(lag acceptance), in which casec the second delay component
will be zero for the particular driver, It is thus
possible to have four instances of delay occuring as
explained below:

i) No deley at 211. Theoretically, this is when a
minor road vehicle arrives at the intersecction
when there is no queue and accepts a lag. However,
since minor road vehicles would normally slow
down, while assessing the traffic situation before
moving in, some amount of delay is experienced in

reality.
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ii} Delay while waiting for an acceptable gap alone:
This is when a minor road driver arrives at the
stop line when therce is no gueue, but has to
wait for an acceptable gap in the main traffic

stream before moving in.

iii) Delay due to time spent in the queue alone:
fThis cccurs when the minor road vehicle after
spending scmetime in the queue, on moving up to

the stop line accepts a lag.

iv) Delay due to a combtination of (ii} and (iii) above:
This is when after spending sometimc in the queue,
the minor road driver moves to the hend of the
queue, rejects one or more gaps before crossing

and/or merging as the case may be.,

To study the third and fourth cases given above will
require some sophigticated egquipment to monitor vehicle
arrivals at the intersection. This would necessarily
include photographic techniques and/or video recording
equipment which could be used to film the intersection and
the resulting video trpes later analysed to produce lists
of events and their times of occcurence. Besides being an
expensive and time consuming procedure, it is alsoc very
cumbersome, The present study is thus focussed on situations
where there is little or ne queue build up. Essentially,
therefore, delay due primarily to the lack of acceptable
gaps in the main traffic stream is the main interest of this

study. The main thrust of the work done is to investigate

_the influence of such delays on drivers' gup acceptance

behaviour.
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3.3 OBJECTIVES |

The main interest of this research is to study the
influence of the duration of stopped delay (a measure of
driver sensitivity) experienced by minor road drivers on
their gap acceptance parameters; and the implication of
such reactions to delay on the capacity of the minor road.
The main objectives of the study, therefore, are:

1. To estimate gap acceptance parameters separately for
gach group of drivers who experience similar durations of
stopped delay and to compare with the estimated parameters
when the data are oaggregated. A

2, To undertake a statistical cémparison of the means of
critical gaps obtained for the different durations of
stopped delay with the mean critical gap obtained for the
aggregated data so as to find ocut if there are any signi-
ficant differences, and whether any pattern emerges for
which a relationship could be established between the mean
critical gap and the duration of stopped delay, such that
an average delay for which drivers start bacoming impatient

could be deduced.

3, To compute the capacity of the minor road from the
estimated mean critical gaps for each duration of stopped
delay and compare with the capacity computed with the

aggregated data,
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b. To estimate the average flow on the main road that
corresponds tc an average delay to minor drivers thatﬁEQUals
the duration of stopped delay for which the latter start
becoming impatient. Such a flow can be considered a critical

flow for which alternative forms of control may be sought.

3.4 ASSUMPTIONS TR

In order to simplify the analyses, the following
idealizations are assumed: ' |
1. Traffic on the main road is random, such that gaps in
the flow are negative exponentially distributed,
2a Minor road drivers act independently in their assessment
of gaps and their critical gaps are normally distributed.
3. Average processing time to wajor road traffic is zero.
This is consistent with the operaticnal requirement of
no delay to mujor road traffic at priority intersections,
L. The minimum headway at which minor road traffic may
follow each other to the ma2in road is 2.0Be -
A minimum headway implies capacity limitations, The
assumed value of 2.8 corresponds to an average main
flow of 1800 v/h which is a rcasonable value for the
capacity, N |
S The effects of sight distance, Visibility'and pedestrian
activity on the studied phenomena are negligible. A care-
ful choice of observation points had to be made to -
ensure compliance, .   -.'{._;
&, The minor road vehicles studiéd are first in liﬁe when

they arrive at the stop line of the intersection. The

*data collection is such that any minor road vehicles

L . B ’ e
Tt o
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delayed in a queue were not considered part of the

data as explained in Section 3.2,

3.5 METHODOLOGY

Field observations were made on the gap acceptancc
behaviour of minor road drivers executing left turning
movements at priority intersections. The gaps rejection/
acceptance pattern, the time of Adrrival at the intersection
and time of departure of individual drivers were recorded.
Caps rejection/acceptance data and the duration of stopped
delay experienced by each minor road driver were extracted
from the ficld recordings. The procedure is described in
Section i.,2. The data was further segmented on the basis
of delays experienced while executing the manoeuvre,

Gap acceptance parameters were determined for each
duration of stopped delay and for the aggregated data,

To estimate these parameters, the "CHOMP" computer program
developed by Dagonzo and Schoenfeld (1978) was utilised in
maximising the log-likelihocod function of obtaining the
parameters. This gave the likelihood estimates of the
mean critical gap (C) and the variance (02). The program
is described in appendix A while a listing is given in
appendix C,

After obtaining estimates of the gap acceptance para-
meters, n statistical comparison of the means of critical
gaps for the different durations of stopped delay to that
obtained when the data are simply aggregated was carried

out by assuming a normal distribution, since the sample sizes



28

are large (>25). Standard testing tecbniqUés were

[

adopted, ﬁﬁgir
Thus, if: {g< - -‘ «\
\ - - L]
: -, J
L \ LY
o1 = wa 3y, A
— ' ’
Eﬁz_]_ JE) K@A) for one téil test . . (3.1)
M K&) for twe tail test

then the difference between the means is significant at the

A% level of significance.

where,
KQ#J is the value of the standard normal variate at
cunulative probability of (1-gf)
uq is the mean of the first sample.
U, is the mean of the sccond sample,
T and 03 are the respective standard deviations,
n, and n, are the respective sample sizes for the

two situations being compared,

The means of critical gaps were tested at the 10%, 5%

and 1% lecvels of significance,

The average main flows corresponding to the mean delay
for each group was estimated by iteration from eguation
2.13 given earlier, Since £, has been assumed to be zero,

the equation rcduces to.

3= q] (exp (g€ =1 =-g8) . . + ¢ ¢« ¢ v ¢ o . (3.2)

where,
d is the average delay for each group

g is the corresponding average main flow to be estimated
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f is the estimated mean critical gap.
Also, equation 2.12 was utilised to compute the
capacity of the minor road (Q) from the mean critical
gaps estimated for both the disaggregated and aggregated

data., Since B1 and 52 have been respectively assumed as

0.8 and 2g 4 the equation reduces to:

Q=qexp (=of/(1-exp( 2.0qn. o w o u s o (3e3)
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CHAPTER FOUR

FIELD WORK

L.1 CHOICE OF SITES

The intersections studied were chosen after a careful
preliminary observation of tra.fic behaviour and roadway
geometrics at a number of T-junctions in and around Zaria.
The criteria for selection were such that the site conditiouns
reflected the study objectives and accommodated the stated
simplifying assumptions to the utmost, The key factors are:
(a) Pedestrian activity is minimal and is of no consequence

to the studied phenomena.

(b) There is little or no queue build up at the minor road
approach during studied periods.

(¢) The main traffic is heavy enough that an appreciable
number of minor road drivers experience some delay
while evaluating gaps. For this, it was necessary to
study left turning vehicles rather than those merging
as has been the case with most gap acceptance studies,
This is because most of the candidate intersections
have flarred entries for right turners who could gently
merge with the major flow without necessarily stopping.
However, since left turning vehicles are affected by
main flow in both directions, they had to stop, assess

the traffic situation in both directions before turning.

(d) Adequate sight distance exists to render its effect on
the studied phenomena insignificant. 7The minor road
approaches were approximately perpendicular to the

major road with clear vision of at least 75m on each
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side of the intersection approach,
(e) Left turning vehicles from the major road are few,
if not negligible and are of minimal consequence to
the studied phenomena,
(f) There is no form of control (such as police or traffic

signals) in the vicinity of the intersections,

After a consideration of the above criteria, two
T-junctions were finally selected for the study. At both
locations, the major road is a two-lane two way highway
with a median of approximately 1.5m average width and
traffic lanes of about 4m width each. The selected
intersections are the old Kano and new Kano junctions
along Sokoto Road in Zaria ketropolis. 7lhesc are respee-

tively rcferred to as intersections A and B.1 See Fig. 3.1

and map at back.
4,2 DATA COLLECTION

The field observations were carried out on clear
week .days between 9 a.m, and 12 noon. This was done in
the month of March, 1986 and as it is, at this time of
the year visibility was good.

A chart recorder equiped with three event pens of
different colours was used for field cbservations. The
recorder has a revolving drum (with grooves into which
chart paper could be fitted), which rotated at a chosen
speed. Thc speed was selected as a compromise between
accuracy of measurements and economy of chart paper.,
Naturally, the faster the drum, the more accurate the

results, but the more chart paper that is used and vice

1 The minor road at intersection A scrves mostly resi-
dential arzas around Zaria, while that at B connects

neighbouring cities.
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'versa. After some trial recordings, the speed was

Ve |

finally set at 5mm/s. i
_ | i

The first pen of the recorder was connected via an
automatic counter to a pneumatic tube stretched across
the far traffic lane and secured to the carriageway by
¢clips, One eand of the tube was sealed while the other was
attached to a pressure-actuated diaphram switch incoporated
in the counter housed at the roadside., The passage of a
vehicle over the tube (detector) caused a pulse of air to
travel along the tube moving the diaphram outwards against
a contact point thereby completing an electrical circuit
which actuated both the counter and pen. This constituted
a count and also caused the pen to move to and fro on the
revolving chart paper creating a signal, thus providing
information on vehicle arrivals snd headways on the far
lane of the major road.

The tube detector could have been used to monitor
vehicle arrivals in both directions by mounting the
recorder on the median, However, this was not done for
the near side traffic because of two main reasons. First,
the mere presence of such equipment on the mwedian could
arocuse driver curiousity and thus influence their behaviour,
Secondly, since the recorder needed to be connected to the
mains supply, mounting the equipment on the median would
have meant erecting a polc to deliver a power cable for the
recorder; which presented a practical difficulty, Even if
a small generator had been usced, it would have also aroused
driver curiousity. Hence the near lanc traffic was manually

| _

monitored, |

|

i
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The second pen of the recorder was connected to al
portable batftery with a manually operated switch, When
a vehicle on the near traffic lane on the major road arrived
at the intersection, the battery was instantly switched on
and off, creating a voltage pulse from the battery which
activated the second pen, thus giving signals for arrivals

and thus headways for the near traffic lane,

The third pen was connected to a similar battery.
This was used to monitor both the arrival and departure
of minor road vehicles. On the arrival of such a vehicle
at the stop line, thc battery was switched on and off
activating the pen, thereby giving a signal indicating the
time of arrival of the particular vehicle. By the same
token, when the particular minor road driver just started
accelerating into an accepted gap, the battery was again
switched on and off to indicate the time of entry intoc the
intersection., The letters “A" and "D" were marked with a
pencil against the signals to indicate the arrivals and
departures respectively, When a minor road vehicle was
delayed in a queue before arriving the stop line, it was
ignored and not recorded as part of the data as explained

in Section 3.2, {

L,3 DaTa EXTRACTION AND PREPARATION _ i

At the end of each day's observation, all the recordings

on the chart sheets were extracted. This was done by measuring
the distances between signals in millimetres and recording

them on some ruled sheets. These were leter divided by the
|
|
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drum speed to give the lengths of all rejected gaps,

the accepted gap, and the duration of delay for each

mincr road driver in seconds., The data was further
categorised on the basis of delays experienced while
executing the left turning manoeuvre, such that those

with delays within 0-5,0s5, & 4 :0,0S, 10,1 .15,0, 15.1--20,0,
20.1 -25.0, 25.1~30.0, 30,1-35.03, 35.1-403, LO.1-60.08 and
60,198 where in the same group., Altogether 10 such groups
were established. Only sixteen drivers experienced a

delay of more than 60,2 seconds. Though the sample was

small, it was still considered a group.

The main traffic flow was deduced from the number of
signals recorded for each traffic lcne, the chart speed zand
the length of chart paper for cach day's observation as

follows:
g = N/Lxux3600 v/h . ... .... (L1}

g is the main traffic flow in vehicles per-hour

where,

L is the length of chartpaper in millimetres
N is the total number of signals (vehicles) for the
particular lane,

U is the drum speed in miliimetres per secand,
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The observed flows are given in table 4.1

INTERSECTION| OBSERVATION|NEAR LANE|FAR LANE}TOTAL]AVERAGE i
DATE FLOW v/h |FLOW v/h|[FLOW |FLOW
v/h |v/h

13/3/86 574 613 |1187
14/3/86 555 559 (11114

A 17/3/86 362 LL46 808 | 1004
18/3/86 435 504 943
19/3/86 490 L74 96l
20/3/86 537 504 (1041

22/3/86 506 605 (1113 | 1075
B 21,/3/86 493 526 |1019
25/3/86 512 614 1126

TABLE l4.1: Observed main flows
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CHAPTER FIVE

? . ANALYSIS

AZ indicated in Section 2.4. the maximum likelihood
pethod was employed for the estimation of the gap acceptance
parameters. A summary of the theoretical background of the
technigue is thus presented here, B i' |

- In proposing this approach, Daganzo (1981) made two
major assumptions; which are that the critical gap (Cn)
is a random variable which is normally distributed across
the population of drivers with mean € and variance U'Z and

related to the gap acceptance function as: "
w : R
Ch=jo@ tAGAN(E) v v v v e e e e e (5a1)
where,
Cn is the expected critical gap for the nth driver
‘ﬁ;n(t) is the gap acceptance function of the nth driver;
and that the variance of the gap acceptance function ((Rz)
is identical for all drivers in the populaticn., Studies by
Ashworth and Bottom (1978) (quoted by Daganzo, 1981) indicate
that the variance of the gap acceptance function is mini-
mally correlatel with critical gaps, Daganzo however indicates
this to be of second order effect and he ignored it for the
analyses, T . gy
By conditioning the probability density of a driver's
gaps rejection/acceptance pattern on the unknown parameters
C, § anad ﬁ and further assuming that drivers act indepen-
dently and do not become impatient he derived the likelihood

function for the population of drivers as:
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L (C,T, 6) = _{f%_ Pr (nth driver pattern/C,8§ ,&0) .. (5.2)
=]
and shcweéd that for normal gap acceptance functions the

log-likelihood function can be expressed in terms of the

multivariate normal cumulative function as:
Log L(C,q, & =%' log Pr (Wn&{0....0)/6,d ,@&) ....(5.3)

where,

Fr is the probability mass of obtaining the observed gap
rejection/acceptance pattern.,

€ is the mean critical gap for the population of drivers

@ is the variance of critical gaps over population of drivers

&is the variance of the gap acceptance function.

N is the number of observations (i.c¢, the number of minor
road drivers who evaluated gaps).

Wn is a2 vector of multivariate normally distributed (MVN)
random variables with mean vector and covariance matrix

given respectively by:

E(wn’ - (rin_c! rzn'e, e r'nl'n“e, c-"l[l) et e asnnna (5-143)

and ;2+Qf qz..qg- _d‘?.
a2 62+Cf..........¢gf -62

Cov(ﬂ,.f.-.......................CS.LLb)

‘2 4‘2..........0-2+ & -—02~

X TR A

where,

rip is the i'® rejectcd gap by the n'® driver

th

an is the accepted gap by the n driver.
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The maximum number of rejected gaps was specified
as R and the number of alternatives (See Appendix A) as
R+2 and the gap acceptance parameters can on the basis
of the above derivation be estimated from a multinominal
prebit estimation program "CHOMP'". 'The input of the
multinominal estimation progfam for the particular problem
is a specification indicating how the mean vector g(N)
and the covariance matrix V(N) depend on the parameters
€, ¢ and Jewhile the output gives the likelihood estimates
&6‘ €'¢ and an estimate of the covariance matrix of the
estimater & as given by mlnus the inverse He831an1 of the
log-likelihood function at &, (fand qa o
The specification for £{(N) and V(N) in terms of the

multinominal probit model are thus given by:

t
ju]

it

(@]

Bl y= 1l - & 1-1, 2, 3i...illR

Erl R+2 - &"‘ anR+1 . i. - - ™ - l . - % - - = = (5‘53)

and
r B e
0 0. + + +« « . O
.‘ ___________ o
N ' : .
V(n)— . |COV (L'Jn) . L] - [ ] L - - - - - - - (SOSD)
1
‘ [} 1 :
01 I: 0
o i |
where,
r? is the ith rejected gap by the nt® driver,

R is the maximum number of rejected gaps.

1. The Hessian Matrix is given by the second derivatives
of the log=-likelihood function,
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efimuis the accepted gap by the nth driver,

Cev (Wn) is an ®R#M)x(B+) version of eguation 5.4b.

When the estimation package was usced to estimate €,
¢ and g for field data on 203 drivers in California,

Daganzo (1981) initially cbtained a value of zero for the
variance of critical gaps. This is contrary to the asser-
tion of Ashworth and Bottom (1977) who showed that there
is some variability in driver critical gaps. In order to
correct this ancmaly, he thus introduced a two stage
estimation process whercby the variance of the gap
acceptance function (6?3) is either assumed or first
estimated from the data before the MNP model can be
recalibrated to estimate &and . He then assumed a
value of 1,08 which was obtained by ashworth and Bottom
forQR.. - e W

However, he also proposed an alternative methed for
estimating the variance of the gap acceptance function
from the data. This involves injtially setting the cri-
tical gap Cn of each driver to the average of the accepted
gap and the largest rejected gap. Thus if the gap
accepted by the nbth driver is ap and the largest rejected

gap is maxi (rin}), then: .-
CI] = Jé (an + MaXi(r‘in)) . . . . [} - » PR ) . - - (5.6)

Hence,

Pr (observed pattern/CnJii)z(%% g (SHazrin, g(an—Cn) ~(5,7)
i=1 a* "
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The log=-likelihood of eg. 5.7 could again be estimated
with CHOMP. Once the value of @ is known, it can be
used in equation {5.5b) in conjuction with equation
(5.%a) in recalibrating the multinomial probit model for
the ecstimation of € and ™. This is described in the

documentation of the program given in Appendix A,

el



CHAPTER SIX

RESULTS AND DISCUSSICNS

6.1 PRESENTATION OF RESULTS

The printouts of the various computer runs are given
in Appendix B. The outputs give the observed choice of
each driver, the attribute vector of his gap rejection/
acceptance pattern and the estimated gap acceptance para=-
meters. PAR, No,1 gives an estimate of the mean critical
gap (€), while PaR, . No.,2 gives an estimate of the standard
deviation (ﬂﬁ. A summary of the results on the aggregated

data is presented in Table 6.1a.

' Data Type No, of !lean Critical |Standard

{ Samples |gap (625) 5devj;31°n { p] '
; Intersection A E 377 i 9.99 ! 171 i
| Intersection B | 391 I 0.2 ’; 1.99
fCombination of i | ! ?
4 and B ! 768 ; 10. 44 i 1.8 ;

fFu—

Table 6.1a: Estipated gap_acceptance parameters from the

aggregated data for intersections 4 and B,
The average traffic flow on the main road was found

to be 1040 v/h. From table 4.1, this value is an average

of the observed mean flows at the two intersections.

It was found at the 5% level of significance that there is

no statistical difference between the mean flows at the

two intersections., Thus their average value could be used

for the joint aggregated data. Table 6.1b gives the
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average main flow and the computed capacity of the minor
road for each of the intersections and the Jjoint aggregated
data., The minor road capacity was computed from equation

3.3 as explained earlier,

—

Data Type Mean Critical |average Minor road
gap 6; main flow(q) | capacity(Q)
b S v/h v/h
Intersection A 9.99 1004 g
Intersection B 10.21 1076 113

Combination of _
A and B - 10.44 1040 116

@able 6,1b:

ow_and computed minor road
intersecticns 4 and B and joint

A statistical comparison of the menn critical gaps
for intersections A and § was undertaken along the lines
explained in section 3,5. The test statistics corresponding
to the 1%, 5% and 10% levels of significance are summarized

in table 6,1¢c.

Test Statistics
K(.990) K(.950) K(.200) [{Ca_=_CB)/
a B 3
o * 7B
2.33 1.6l 1.29 1.65

Table 6.1c: Test statistics for comparing mean critical
gaps obtained at intersccticns A and B,
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It is inferred from table 6.1¢ that at the 1% level
of significance, there is no statistical difference between
the mean critical gaps obtained at the two separate inter-
sections studied., This is not surprising since both interw
sections are along the same major road, However, at less
strict significance levels of 5 and 10% the mean critical
gap obtained for intersection B (New Kano Junction) is
significantly higher than the value for intersection A
(01d Kane Junction). This slight difference might be due
to the fact that most ¢f the minor road drivers at the 01d
Kano Junction are regular users of the intersection since
they are residents of Zaria amd are more familiar with the
intersection, while those at the New Kano Junction are
Tout-of-towners" who are occasional users of the intersection.
As explained earlier, the minor road at the 01d Kano Junction
serves mostly residential areas around Zaria, while that at
the New Kano Junction connects neighbouring towns.

The results above indicate that the two data sets
cbtained at the two separate intersections could be pooled
without introducing any significant errofs. Thus the
disaggregated data was Jjointly extracted from that collected

at both intersections,

Table 6.2a gives a summary of the estimated gap

acceptance parameters for the different durations of delay.

[
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Duration ofjlid valuejMean delay{No, of {Mean Standard
delay of delay |for group |samplesicritical |deviation
group (s) gap (C) |(@7 ()
Ls)
4 5.0 3.23 91 20,99 2.36
5.1-10,0 7.55 7.46 209 18.72 1.94
10.,1-15,0 12.55 12,01 91 17.58 1.86
15.1=20,0 17.55 16,52 61 16.31 1.75
20,1-25.0 22,55 21.65 104 9.87 1.7
25.,1=30,0 27455 27.53 66 10.46 1.83
30,1=35,0 32.55 32.74 76 8.62 1.96
35,1=40,0 37455 36,78 48 8.29 1472
40,1-60,0 50.05 46,66 y2 6.78 1.26
Z 60,1 75.85 16 5.32 1.65

Table 6,2a: Estimated gap acceptance parameters for different

Table 6.2b gives the average main flows and computed minor
road capacity for the different durations of delay. The minor
road capacity was computed from equation 3,3. given earlier,

In order for the equation to be applied it is necessary to
estimate the average main flow () for cach duration of
stopped delay. For this purpose, the estimated critical gap
and mean delay for onc;:h group were substituted into equation

3.2 and the value of/determined by an iterative process.
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Buration coflMean delay | Mean critical|Computed Computed
delay (s) [(I) gap (& average main|minor road
(8) s) flow %@) capacity
? v/h g
v/h
y - 5.0 3.23 20.99 L8 1380
5.1=10,0 7.46 18,72 122 984
10.1-15.0 12.01 17,58 198 433
15,1-20.0 16.52 16.31 280 ché
20.1-25.0 21.65 9.87 725 300
25.1-30.0 27.53 10.46 754 - 245
30,1-35,0 32,74 8.62 1085 178
35.1-40.0 36,78 8,29 1206 154
40,1-60,0 L6.66 6.78 1750 10l
Z 60,1 75.85 5.39 2816 56

Table 6,2b:

|

A statistical comparison of each of

Computed average main flow

and minor road capacity

for different durations of delay.

the estimated mean

critical gaps for the different durations of stopped delay

with that estimated from the aggregated data was also undertaken,

The one tail test statistics corresponding to the 1%, 5% and 10%

levels of significance are summarized in Table 6.3,

Since the sample size of the last entry is just 16,

a t- test should have been appropriate.

However, since the

calculated test statistic is quite high, the use of the normal

distribution would not affect the conclusion arrived at from

the test.
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Duration | Mean delay(3d) Test Statistics
of delay & PE—
(s) K(.990)} K(.950) [K(.900) |/ (Ei~C)/
T2 P }
ni Y,
< 5.0 3.23 1.23
5'1_1000 ?cu-6 55-37
10.1-15,0 12.07 2.33 1.64 1.29 | 34.72
20.1-25.0 21.65 3.12
25.1"30-0 27.53 0309
30-1_3510 32071—[- 7-78
35.1-40.0 36.78 8.37
40.1-60,0 WG .66 17.85
Z 60.1 75.85 12.26
Table ©.3: Test statistics for comparing mean critical gaps
obtained from aggregated data and_ those for
' different durations of delay.
5,2 OBSERVATIONS AND DEDUCT IONS

It is evident from table 6.2a that the mean critical

gaps obtained from the disaggregated data show a general

decrease with an increase in mean delay te mincr road drivers.,

The implication of this variation in mean critical 2aps is

reflected in the computed values of the minor road capacity

as inferred from table 5.2bL.

The results indicate that

the minor road capacity decreases severely with a decreasé

in mean

critical g?g

.€. increase in mean delay).
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It is observed from table 6.3 that the mean critical
gaps obtained for the different durations of stopped delay
are statistically different at the 1% level of significance
from the value obtained from the aggregated data except for
those drivers who experienced delays of between 25.,1s and
30.08. The indication then is that the mean critical gap
from the aggregated data corresponds to this group of drivers
and it is within this region that the two results are comparable.
The results indicate that the mean critical gaps obtainable
when the average delay to minor road traffic is less than
25.18 would be higher than that obtainable from an aggregated
data analysis, The reverse situation obtains when average
delay to minor road traffic is more than 30,08. It is evident
that drivers exhibit significant changes in their gap acceptance
behaviour when the average delay is out of this range. The
indication from the results then is that when mean delay to
minor road traffic cexceeds 308, the intersection has to be
controlled somehow. Incidentally, the Highway Capacity Manual
(1985) allows an upper limit of delay of 608 for signal
control to be considered. This will suggest that signal
control is most suitable when the average delay to minor road

traffic is between 308 and 6Cs.

From the results presented in Tables 6.2a and 6.2b and from
a trial by error basis, the relationships between the mean
critical gap (&) and the mean delay (d), mean critical gap
and average main follow (q), mean critical gap and minor

road capacity (Q), were found to be of the following form:



6=a§.1~d2‘_a.....................(6.1)
@ =ty =@y, 3+ + v e e e C e e e e e e (642)

c; = -qb +‘6 In (Q)

where, ;L

“1 ,w,w,mu,u& and 6 2re constants to be determined by

an empirical calibration of the models. These models were
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calibrated by using the “Statistical Package for the Social
Sciences (SPS8)", The following relationships were then

established:

€ = 18.64-0.2263  (r? = .772) « 80 4 4 w44 (6u)
ln(C) = 2.867"0100051@‘ (I"2 = 08?8) '.'“a. T (605)
c = —17.851 + 5-281 ln(u) (l"2=0955) ¢ » » s & & (6.6)

The results including the values obtélﬁed”frdm the
aggregated data are displayed in Figs 6.1, 6.2 and 6.3
regspectively. It is inferred from Fig. 6.7 that for situations
where minor road drivers experience shorter durations of
stopped delay, mean critical gap deduced from the aggregated
data will underestimate actual critical gap for the group,
while for longer durations, the mean critical gap value will
be overestimated. - I

The average main flow corresponding to a mean delay of
308 can be inferred from Fig,., 6.2 using the corresponding
mean critical gap value of 10.46s as 800 v/h, This flow can
be interpreted as representing the average matn traffic flow
beyond which resultant delay to minor road drivers turning
left would cause them to become impatient and start taking
risks by accepting shorter than normal gaps. It must be

appreciated that the assumption of purely random arrivals
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road
on the mainﬁmust be valid for the assertion to bhe stirictly

true, |

It ig evident from Fig. 6.3 that the computed values
of the minor road capacity can be sericusly underestimated
at periods when minor road drivers experience short durations
of delay {(i.e, high mean critical gaps), but mildly over-
estimated at pericds of high durations of delay (short mean
critical gaps).

Egquations 6.4 and 6;5 thus feveal that the mean critical
gap can be considered as consisting of two compoﬂents.

A first component which is constant and a delay/main flow

. component, The r® values imply that equation 6.5 is more

reliable than equation 6.4 if used in the estimation of
critical gaps. However it must be appreciated that the
average mainflow values presented Were deduced from the
mean critical gap values, However, since on the highway,
it is usual and more conventional to measure the average
mainflow than the average delay to minor road traffic,
eguation 6,5 will be more practical in predicting the
mean critical gap. Thus once the mean critical gap has
been estimated, the value could be used in equation 6.6
to obtain an estimate of the left-turning capacity of the

minor road,

6,3 DISCUSSIONS

The value of 10,445 for the mean critical gap for the
aggregated data obtained in this study can be compared with
values reported by some earlier researchers, Cooper gt al,

(1976} got a value of 5.3S, Daganzo (1981) reported a value
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of 6,085, Polus (1983) obtained values of 5.2g and 7.7L8 at
two separate intersections, while Adebisi (1982) reported
a value of L,958 for studies around Zaria. Appar@ntly,
there is a significant difference between the value reported
here and those got by previous authors in that the value
obtained here is much higher., However, whereas the
studies cited were based on right turning movements
(merging behaviour) of minor road drivers, the present
study has investigated left-turning manoeuvres which
involve minor road drivers cutting one traffic stream and
merging with another.

It is relevant to note that from a study of two separate
intersections in Israel, Polus (1983) observed that higher
critical gaps are to be expected when drivers execute left
turning manceuvres. He obtained the following critical gaps
at the two separate intersections: 5.28 (right merge),
6.828 (left turn) and 7.47 (right merge), 7.72i6 (left turn).
His results indicate higher critical gaps for the left turn,
but the mean value is still less than the value of 10,4Lls
obtained in this study. It should be pointed out however,
that he placed a restriction on his data in that all gaps
greater than 16.08 were eliminated and not used in the
analyses. No such restriction were introduced in the present
study. OJecondly, his sample size was limited to a maximum
of 87 drivers while more than 750 drivers were studied in
the present case., Such restrictions must have biased his
values resulting in shorter mean critical gaps,

In general, the higher mean critical gap value for

left turning drivers as compared to values for merging drivers
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implies that driver assessment of ggps in the crossing
manoeuvre differs from the simple merging situation,

The difference in mean critical gaps could then be

due to the additional time required by minor road drivers
when they have to cut cone traffic stream and merge with

arother,

i;; The range of values of mean critical gaps obtained
fgr the different delay situations studied in this work
appears to compare favourably with the range of values
reported for merging behaviour by Adebisi (1982) for
different major flow regimes around Zaria, He got a
minimum value of 4.3S for a major flow of 1360 v/h and

a maximum value of 10,65 for a main flow of 138 v/h.

The corresponding minimum and maximum values got from |
the present study are 5.328 and 20,99S for average delays
to minor road drivers of 75,855 and 3,238 rcspectively.
The present results are thus in ag;ggﬁgﬁﬁiﬁgiﬁi;f gsense that
the mean critical gap is generally overestimated during
periocds of low main flows and underestimated for periods
of high main flows; since minor road drivers would |
experience shorter durations of delay during pericds

of low main flows and longer durations during periods of
:Eigh main flows., The implication then is that if gap |
acceptance data are collected during peak periods, oneN

would expect higher probabilities of short critical gaps

and lower probabilities of long critical gaps and vice versa,

|
|
|
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The observed trend of longer mean critical gaps for
shorter durations of stopped delay and shorter mean critical
gaps for longer durations as depicted in figure 6.1 could
thus be attributed to driver sensitivity toc delay. The
highest value of mean critical gap resulted from drivers
who experienced ep average delay of 3.23s; some of who
accepted lags, Such drivers are likely to be more relaxed
in their assessment of gaps than drivers who have had to
wait for a longer period.

On the other hand, the shortest mean critical gap was
obtained when the minor rcad drivers experienced the hipghest
average delay. This is most likely due to the fact that
some minor road drivérs having rejccted some longer gaps
finally accepted gpaps of a much shorter duration, It will
be recalled that a major assumption made in choice models
is that individuals are rational in behaviour and thus select
the most attractive alternative, In gap acceptance description,
one would naturally expect the most attractive alternative
to be that offered gap with the largest size, However,

a gdance at the data in Appendix B reveals that not all

drivers did accept the largest offered g]p.1

A plausible explanation then could be that, unlike
other choice problems where the choice maker is likely to
assess the various alternatives at a point in time and with
some certainty, the gap acceptance situation is such that
on most occasions, by the time a minor road driver rejects

a gap of a certain duration, he is unaware of the sizes

1 The accepted gap is the last attribute.
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nf future gaps. This may tend to introduce some aspect

of regret on his part for having rejected some longer

gaps; since once a decision (to reject or accept a gap).

is taken, it cannot be revoked, The tendency then is

that once a dreiver has waited for a long time, he becomes
not Just alert, but impatient and more "“aggressive™ in his
gap acceptance behaviour and likely to accept shorter gaps,
Instances of intimidation of main road drivers cannot be
ruled out during these periocds. Ulaganzo {1984), in deriving:

the gap acceptance model employed, assumed that drivers

- do not becowe impatient; but this as can be deduced from

the present study, is not strictly the case.

The trend eof short mean critical gaps for lenger
durations of stopped delay could be partly explained on
the basis of driver start-up times. Urivers who have
stopped for some time at the intersection, will generally
have shorter start-up times since they must have observed
traffic conditisns on the main road and are able to anti-
cipate the arrival of an acceptable gap and are
preparced to move in rapidly. This stresses the imprrtance
af good intersection sight distances, since if these are

poor, such anticipation of gaps will be difficult,

The mean critical gaps obtained thus appear reasonable

i

for the studied turning movements and delay situations,

However, it is worthwhile to note that choice models are
usually specificd in terms of explanatory veriables of both
the various alternatives and characteristics of the choice
maker, A modal split problem for example will have as

attributes of the diffurent alternatives (mode),. such

S A
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variables as travel time and cost by each mode, while the
characteristics of the choice maker will be specified in
terms of his income, family size and other pertinent
characteristics,

In applying the multinomial probit approach to
driver gap acceptance behaviour, only attributes (gap
sizes) of the various alternatives are specified in the
model, though one would naturally expect characteristics
of the choice maker (minor road driver) such as age, sex
and exverience to influence his driving behaviour and
hence his gap acceptance characteristics.

~apparently, the cited characteristics of drivers
have seldom been included in the analysis of gap acceptance

of mean critical gaps

data. However, the rather low standard deviationshpbtained
aré indicative of the limited significance of these attri-
butes. Honetheless, less variability would result if the
variables ore incorporated in the model. 1he observed
variability could alsc be as a result of judgement errors
due to a variability in the approsch speed of the main
road traffic and the direction of travel of vehicles
opening and closing the gap, since the left turning
driver conflicts with two traffic streams, Aanother
important facter is the difficulty of capturing relevant
variables for each minor road driver during field obser-
vations, HOW;VGP, since gap acceptance parameters estimated
in previous studies without considering such variables
have received widespread acceptance and the indication from

the prescnt results is that introducing them would bring

minimal improvement, it is strongly felt that ignoring
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drivericharacteristics would not materiazlly affect the

reliability of gap acceptance studies.

¥

P |
6.4 CONCLUSION

The results from the study presented thus indicote
that the duration of stopped delay experienced by minor
road drivers influences their gap acceptance behaviour.
Drivers are more relaxed and less sensitive to gaps when
they suffer minimial delays but are more sensitive to
gaps after waiting for o longer time. A driver's
response {to accept or reject a gap of a particular
auration) is thus affected by the length of time he has
had to wait before such a gap is presented. Since the
average delay to minor road drivers is dependent on
average main flow, equation 6,5 relating the mean critical
gap to the average main flow can be used to indirectly
account for delay when estimating the mean critical gap
from gap acceptance data collected during periods of
known average main flows,

When minor road drivers experience long delays, they
become impatient. This leads to poor gap acceptance
decisions resulting in tew Dean critical gap values,
inereased cohflicts with the major road traffic and
intimidation of the latter. At high main flow speeds,
the risk can be severe sincgfgggﬁ traffic may have to use
abnormal deceleration rates. Some control measures are
thus reguired in such situations. The study reveals that

|

!
}
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drivers are more erratic in their gap acceptance

Sehaviour when they have been delayed for more than

303, Phis finding, coupled with the recommendations

in the tlighway Capacity Manual is the basis forrecom-
mending traffic signals to cater for situations when the
average delay to minor road traffic is between 308 and
60S. However, the design and installation must be

based oh a careful study of the particular intersection,

In summary then, it can be generally concluded that
minor road drivers are sensitive to the duration of stopped
delay experienced when deciding on whether to reject or
accept a gap of a particular duration, From the study
however, such driver reactions to delay way not be enough
for a universally valid relationship to be established
between the mean critical gap and the duration of stopped
delay, since only unsaturated conditions at the minor
road approaches were investigated. Though the empirie
cally derived equations provide a quicker means of
accounting for delaywhen estimating mean critical gaps
and minor road capacity from bbserved average main
flows, they should be considered applicable only for the
range of delay and particular turning behaviour investigated,
It is hoped that conclusive findings can be established if
and when the study can be extended to include the gueuing

situation.
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APPENDIX A

PROGRAM DOCUMENTATION FOR "CHOMP"

"CHOMP" is a choice modelling program with three
options, It can estimate both multinomial probit and
logit models, and predict with multinomial probit models,
CHOMP is the main program which controls the execution of
all the three options mentioned above. In the estimation
option, the program essentially employs an iterative
procedure to search for the maximum of the log-likelihood
function to obtain the likelihood estimates of the para-
meters in guestion that best fit the observed data.

The program is useful in other transportation problems
such as modal split and traffic assignment. Directives
for the use of the program are given in the user's manual
(Daganzo and Schoenfeld; 1978). However, the relevant
information to be supplied by the user and a summary of
the functions of each of the ten sub-routines are explained
herein in line with their application in the determination

of gap acceptance parameters.

B,1 CONTROL VARIABLES

These consist of a control card with the relevant
information in an appropriate format for controlling the
program according to the user's particular needs, The
card contains the feollowing information in the format

shown:



6l

COLUMNS _=FARIABLE NAME FORMAT

1 - 10 NATTR 110
11 = 20 NPAR I10
21 - 30 NSAMP I10
31 - 4O IALT I10
41 - 50 EPSIL F 10,5
51 = 60 ALPHA F 10.5
61 - 70 WITERA 110
71 - 75 1D I 5
76 - 80 1HESS I 5

where,

NATTR -is the number of attributes in the specification
of the model, Observations on each driver will
thus consist of NATTR attributes (offered gaps)
and an observed choice (accepted gap). Where the
number of rejected gaps for a particular driver
is less than the specified maximum number of
rcjected gaps, the extra attribute values are
each assigned a negative number that is large in
absolute value. A value of =-100.0 was used
(Daganzo, 1981).

NPAR - gives the number of parameters to be calibrated
in the model,

NSAMP - specifies the number of observations in the sample.

IALT - specifies the number of alternatives in the choice
set., As indicated earlier, the number of alternatives

is equal to (K+2). For a maximum number of rejected
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gaps of five, the alternatives were defined in

terms of gap sizes as follows:

ALTERNATIVE GAP RANGE (8)

1 0.0 - 3.0

2 3.1 - 6.0

3 6.%¥ - 9.0

N 9.4 = 12.0

5 12.4 - 15.0

6 15.1 - 18.0

7 ¥8.1

EPSIL - is a number (at least two or three times larger

than the increments used to calculate partial
derivatives) that controls the initial step
size of the bracketing procedure preceding the

Fibonacci search., A value of 0,05 was used.

ALPHA - is a parameter that controls the progress of the

bracketing mechanism and is usually set equal

to 3.0,

NITERA - specifies the maximum number of iterations that
will be allowed before program execution is
terminated. Where convergence is achieved, the
following message is printed:

"OPTIMUM REACHED *** END EXECUTION BY TRANSFER
TO LINE 600 FROM LINE 74". Where any other
message is reported, then convergence has not

been attained, In such a case, the feasible
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region (i.e. initial values) can be redefined.

Ay

is a dummy variable which indicates whether the
user wants probit, laégit calibration, or probit
prediction., It is set to zero or blank for

probit calibration, one for logit calibration

and two for probit prediction, In the present
study, it was set to zero, since probit calibration

is required,

is another dummy variable which specifies if

numerical evaluation of the inverse Hessian of
the log-likelihood function is desired, IHESS
is set to one if evaluation is required and to

zero if otherwise. 1In this case it was set to one,

B,2 DATA CARDS

This set of cards, comes immediately after the control

variables card. The set contains one card for each indivi-

dual observation (minor road driver); thus giving exactly

NSAMP cards in the group. The infermation on each card is

shown below in the appropriate format,

COLUMN VARIABLE NAME FORMAT
1 - 10 ICH(K) I10
11 - 20 T {1I,K) F 10.5
21 - 30 T (2,K) F 10.5
31 - 4o T (3,K) F 10,5

- .

T (NATIR, K) F 10,5




where,

ICH(K) -

T (J,K)~
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is the choice made by the KtB observation
represented by an integer going from 1. to IALT.
For example, if ICH(2) = 4, it means that the

gap accepted by the second driver is in the
fourth range, i.e. it lies between 9, . and 12.C
seconds as specified in the table of alternatives

given earlier.

is the value of the J'P attribute (offered gap)
for the K'Y observation, For example, if T(2,1)

= 12,0, it means that the size of the second

gap offered to the first driver equals 12,0,

If the number of attributes (WATTR) exceeds 7,

the remaining attributes are entered on additional
cards with an F 10,5 format starting on columns

1, 11, 21, ete,

B,3 INITIAL VALUE CARDS

This

set of cards comes immediately after the last

data card. The set contains information relevant to the

parameters to be estimated. This group contains NPAR
cards with the following information for the ith parameter.
COLUMIN VARIABLE NAME FORMAT
1 - 10 PAR (J) F 10.5
11 - 20 XMN PAR (I) F 10,5
21 - 30 XMX PAR (1) F 10,5
31 - 40 XINC (I) F 10.5
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where,

PAR (I) - is the initial value of the ith parameter.
For example, if PAR(2) T 3.0 it means that

the initial value assigned to the second para=-
meter is 3.0.

XMNPAR(I) -~ is the minimum allowable value of the ith
parameter,

XMXPAR(I) - is the maximum allowable value of the i'P
parameter,

XINC(I) = is the increment that will be used to calculate
partial derivatives needed for the search

process for the cptimum of the log-likelihood

function,

B,y SUBROUTINES

The subroutines are specific in function., The functions

are briefly described,

FIBBO - This subroutine is called by CHOMP at each iteration
to perform a one-dimensional Fibonacci search for the
maximum of the log-likelihood function. FIBBO thus calls

YLIKE to obtain the log-likelihood function,

DFP = This is called by CHOMP to compute corrected search
directions, thereby reducing the number of steps required

I'or convergence,

YLIKE - This is the controlling subroutine for calculating
the value of the log-likelihood function in the probit option,
For each sample point, YLIKE calls SPEC to obtain the vector
of means and covariance matrix for the observation. The

ROTA, to re-index the chosen alternative to the last



69
position and CLARK to calculate the probability that the

last alternative is chosen, The logarithm of the proba-
bility of choice for each observation is summed to obtain

the log-likelihood function,

ROTA - This is called by YLIKE to switch the indices of
the chosen alternative to the last position, This is done
because CLARK evaluates the probability that the last

alternative is chosen,

CLARK =~ The subroutine CLARK calculates the probability
that the last alternative was chosen in the probit option,
Values of the standard normal function are evaluated
directly within CLARK if the argument is greater than
8.64361, otherwise MERFC is called,

MERFC - This is called by CLARK to evaluate the comple-
mentary normal function, 1-@(X), where @(X) is the
standard normal distribution function, if an approximation

is not evaluated within CLARK,

LOGIT - This is called by CHOMP if logit estimation is
specified by the user, It evaluates the log-likelihood
function for a given wector of parameters. LOGIT thus
serves the same purpose as YLIKE, ROTA, CLARK and MERFC
in the probit option. LOGIT calls SPEC first, to obtain
the mean vector, then directly calculates the probability
that the observed alternative was chosen. Then sums the
logarithm of the choice probabilities to obtain the log=-
likelihood value,
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HESS - If specified on the control card, execution
transfers to the HESS subroutine at the final iteration
of the parameter estimation process, to calculate the
covariance matrix of the estimated parameters, by
computing the inverse of the negative of the Hessian
matrix at the solﬁtion point. The derivatives are
computed using finite difference techniques while the
matrix inversion is accomplished by use of row reduction

operations,

PRED - If probit prediction is specified by the user,
CHOMFP calls PRED to calculate the choice probabilities
of each of the alternatives., The means and covariance
matrix of the perceived utility vector have to be

specified as the input to the program.

SPEC - This subroutine specifies the form of the model.
In the probit estimation option which has been adopted
for this work, SPEC defines the values of the means and
covariance matrix of the alternatives as a function of
the parameters and attributes. This subroutine thus has
to be supplied by the user of CHOMP. The arguments of
SPEC in the probit option are the attribute array, T;
fhe parameter vector, PAR; the observation number, K;
the vector of measured utilities (gaps), & and the
covariance matrix, V.

The first three statements are thus:

SUBROUTINE SPEC( T, PAR, K, E, V)
DIMENSION T (20,1000), PAR (20)

DIM@NSION%b(ZO), V(20,20), ~ith the following
étatementa specifying the elements of E and V in
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terms of PAR and T.

E(1) =
E(2) =
ELIALT) =
V(1,1) =
V(1:2) »

V(1,IALT) =

1
1
1

V(IALT,IALT) =

Then the following two cards to end the subroutine;

RETURN
ERND
where,

IALT is the number of alternatives in the choice set.

Since the number of attributes (maximum number of
offered gaps) is not the same for the different directions
of stopped delay, different specification subroutines were
supplied for each group. A typical case in which the
maximum number of rejected gaps is five is presented
here for illustrative purposes by focussing on the estima-
tion of the mean and variance of critical gaps.

From equation 5,5b and using the numerical value of the
variance of the gap acceptance function (QBE) as 2° as
indicated in Chapter Five, the covariance matiix (V%) is

thus given by:
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Hence from equations 5a and A.1 the specification
subroutine for the estimation of the mean (c) and

variance (0“2) of critical gaps is:

SUBROUTINE SFEC (T, PAR, K, E, V)
DIMENSION T(20,1000), PAR (20)
DIMENSION E(20), V(20,20)

E(1) = O
E(2) = T(1,K) - PAR(1)
E(3) = T(2,K) - Par(1)
B(4) = T(3,Kk) = PAR(1)
E(5) = T(4,K) = PAR(1)
E(6) = T(5,K) - PAR(1)

E(7) = Par(1) - T(6,K)

v(1,1) = 0, V(1,2) = 0, V(1,3)=0, V(1,4)=0, V(1,5)=0
vV(1,6)=0, V(1,7)=0

V(2,1)=0, V(2,2)= PAR(2)#*2+2+%2, V(2,3)=PAR(2)**2
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v(2,4)=V(2,3), V(2,5)= V(2,3), V(2,6)=V(2,3),V(2,7)=-V(2,3)
v(3,1)=0, V(3,2)=V(2,3),V(3,3),=V(2,2), V(3,4) = V(2,3)
v(3,5)=V(2,3), V(3,6)-V(2,3), V(3,7) = V(2,7)
V(4,1)=0,V(4,2)=V(2,3),V(4,3)=V(2,3),V(4,4)=V(2,2)
V(4,5)=V(2,3),V(L,6)=V(2,3),V(4,7)=V(2,7)
v(6,1)=0,V(5,2)=V(2,3),=v(2,3),V(5,4)=V(2,3)
v(5,5)=V(2,2),V(5,6)=V(2,3),V(5,7)=V(2,7)
V(6,1)=0,V(6,2)+V(2,3),V(6,3)=¥(2,3),V(6,4),,=(2,3)
v(6,5)=V(2,3),V(6,6)=V(2,2),V(6,7)=V(2,7)
v(7,1)-0,V(7,2)=V(2,7),V(7,3)=V(2,7),V(7,4)=V(2,7)
v(7,5)=v(2,7),V(7,6)=V(2,7),V(7,7)=V(2,2)
RETURN
END

When the above subprogram is merged with the main
program (CHUMP) and executed with various data sets,
the maximum likelihood estimates of the mean () and
standard deviation of critical gaps are obtained

respectively as PAR(1) and PAR(2).
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