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INTERSECTIONS

ABSTRACT

This paper deals with problems related to the capacity and
delay models at unsignalized intersections. The parameters of
various models are calibrated based on the on-site data ob-
tained in the countries where the models were developed. This
paper deals with two problems: The first is the reliability of ap-
plied methodology in general, and the second is the acceptabil-
ity of model parameters for the use in prevailing road and traffic
conditions in Croatia.

The first section presents the background review of the gap
acceptance theory which is the basis for the development of the
capacity and delay models. The mathematical derivation of the
basic capacity models is presented as well as the resulting ca-
pacity models according to the assumed theoretical distribution
of headways in the priority stream. This paper also presents the
methods for the calculation of the capacity considering the exis-
tence of traffic streams of different hierarchies. The results of
various theoretical capacity models testing are presented. The
second section presents a review of queuing theory and the re-
sulting stationary and time-dependent delay models. The un-
derlying hypothesis as well as reliability and limitations of the
delay models are presented. Also, the Highway capacity man-
ual delay model was tested against field data.
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1. INTRODUCTION

Highway alignment design as well as the selection
of cross-section elements is based on the capacity
analysis of every segment of road network (highway
sections, intersections). The purpose of capacity anal-
ysis is to insure that planned highway network could
deal with the present and future traffic flows with sat-

isfying quality; i. e. Level of service (LOS). Since
unsignalized intersections are the most common inter-
section type, their functionality has a great impact on
the quality of traffic flows on the urban street network
and especially on the suburban and rural highway net-
work (at connections of state and county roads).

In the following chapters of this paper, first the de-
velopment of available capacity methodologies is pre-
sented followed by the summary results of conducted
capacity model testing (based on the field investiga-
tion of an unsignalized intersection in Croatia). The
detailed procedure of field data collection, estimation
of the critical gap and follow-up time, as well as the re-
sults of capacity models testing have already been pre-
sented in paper [16]. Next, the development of the
modern delay models based on the queuing theory is
presented. At the end of the paper the results of delay
models testing are presented. Also, the reliability of
the model and the applicability of model parameter
values for the prevailing roads and the traffic condi-
tions in Croatia are discussed.

1.1 Available methodologies

In the Republic of Croatia, according to Guidelines
about the base conditions that rural public road and their
elements need to consider from the safety aspect 1] the
Highway capacity manual HCM methodology [2-4] is
recommended for cross-section elements selection.

Today, a great part of the world (USA, German,
Canada, Australia...) use theoretical models for the
capacity and level of service analysis of unsignalized
intersections. These models are based on the gap ac-
ceptance theory i. e. on the concept of defining the ex-
tent to which the drivers are able to utilize gaps of a
particular size in the major traffic stream to leave the
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stop-line and cross (or merge) the intersection. The
gap acceptance is defined by two main parameters: the
critical gap (t.) and the follow-up time (t7). The critical
gap is the minimum length time interval that allows in-
tersection entry to one minor street vehicle. The fol-
low-up time is the time span between the departure of
one vehicle from the minor stream and the departure
of the next, under condition of continuous queuing.
Thus, the follow-up time defines the saturation flow
rate for the minor street if there were no conflicting
vehicles on the major street. The basic concept of the
gap acceptance theory is illustrated in Figure 1.1.

In reality, the critical gap is not a constant value; it
is a stochastic variable with different values for differ-
ent drivers and for each individual driver in different
conditions. According to the gap acceptance theory
the driver is considered consistent if they always accept
the same gap size. The drivers are considered homoge-
nous if they accept the same gap size under the same
conditions.

Lack of homogeneity and inconsistency lead to
various complicated models. Many investigations [5],
[6],[7], [8], showed that models assuming the homoge-
neity and consistency resulted in minor differences
from the complicated models. For the simplicity, all
the existing methodologies assume drivers homogene-
ity and consistency.

For the critical gap value usually the mean value of
the distribution of accepted gaps is used and for the
follow-up time the average value.

Figure 1.1 - The basic concept of gap acceptance
theory

The second problem that gap acceptance theory
deals with is the distribution of useful gaps in the ma-
jor (priority) stream that appear to the minor street
vehicles making it possible for them to cross or merge
the intersection. The existing models differ according
to the applied distribution of these gaps. Thus, for ex-
ample, HCM, The New German Guideline for Capac-
ity of Unsignalized Intersections [9], and A New
Swedish Capacity Manual/CAPCAL 2 [10], use nega-
tive exponential distribution, while the methodology

developed in Australia (AASIDRA) uses Cowan M3
distribution [11]. The probability density function (f)
and cumulative distribution function (F) of the nega-
tive exponential distribution are given by (1.1).
F(h)=P(hst)=1—¢ ¥ fort =0
F(h)=0,fort <0, and
s = LECSDI_ o

Parameter ¢ is the mean traffic volume of major
stream (veh/hour). This distribution adjusts well to the
real data when the traffic is less than the capacity but
this distribution cannot describe the queue formation
in the major stream. Many authors tried to define
more realistic gaps distribution assuming that the
number of vehicles drive in a queue and other drive
free without the interaction with other vehicles.

From this type of distributions the most commonly
used is the Cowan M3 distribution which models the
proportion of free vehicles a with a shift exponential
distribution, and the rest of 1-a vehicles have the same
time gap t,,,. The probability distribution function for
this type of distribution is given by (1.2).

F(h)= P(h=t)=1-ae "™ fort>1,, and

(1.1)

F(h)= P(h=t)= 0for othert (1.2)
where 4 is given by (1.3).
aq
A (1.3
(1_ tmq) )

This headway model is rather general. For ¢ = 1
the displaced exponential distribution is obtained; for
a = 1 andt,, = 0 the negative exponential distribution
is obtained. This distribution adjusts well to the inten-
sity and characteristics of traffic flow by parameters a
and t,,,.

1.1.1 Basic capacity models

Although on almost all intersections more than
two traffic streams exist, the basic capacity models rely
on the description of only two conflicting streams; the
major (priority) and the minor one. The complicated,
more realistic models are then evaluated from these
basic models. The basic capacity equations are derived
from the number of minor stream vehicles g(z) which
can enter into a major stream gap duration of 7 sec-
onds. The expected number of these ¢-gaps per hour is
equal to g, f(1), and the capacity (veh/hour) of the mi-
nor stream provided with these ¢-gaps in one hour is
3600 g, f(1)g(1,) where f(1) is a probability density func-
tion for the distribution of gaps in the major stream, g,
is major (priority) street volume (veh/sec). To get the
total capacity of minor street Q,, we have to integrate
over the whole range of major stream gaps:

Om =‘Ip.£f(t)g(t)dt (1.4)

72

Promet — Traffic& Transportation, Vol. 19, 2007, No. 2, 71-82




D. Cvitani¢, D. Breski, B. Vidak: Review, Testing and Validation of Capacity and Delay Models at Unsignalized Intersections

Now, the capacity for this simple model can be
evaluated by elementary probability theory methods if
we assume:

- t. and {; are constant values (driver population is
homogenous and consistent),

— probability distribution for major stream head-
ways,

— constant traffic volumes for each traffic stream.

Depending on the selection of two different for-
mulations for function g(¢) we get two different fami-
lies of capacity equations. The first family assumes a
stepwise constant function for g(¢) shown in Figure
1.2. This approach results in:

g(t)= Xnp,(t)

n=0
where p,(t) is the probability that » minor stream vehi-
cles enter a gap in the major stream of durationz, i. e.
pa(t)={lfort,+(n—1)tpst<t.+nty/
0 elsewhere}

(1.5)

(1.6)

The second family of capacity equations assumes a
continuous linear function as shown in Figure 1.2 and
results in the following equation:

g(t)=0forz<tgp, and

t—1t t
0 fort =1, where t =tc——f (1.7)
tf 2
7
6,
5_
34
S
$3
2-
1+

0 t5 t= 10 15
Gap t (sec)
= Average values (E(T),n)

— Regression line t=f(n)

Figure 1.2 - Linear and stepwise function g(f) of
accepted gaps

Combining equations (1.4) and (1.5), using the ex-
ponential distribution of headways in the major
stream one can get the capacity equation (1.8) derived
independently (in a different manner) by Drew [12],
Buckley [13] and Harders [14]:

o (9p/3600)(tc 1)
On=4g
m = 4P g1, 73600 _

(1.8)
1

This model was used in HCM 1985, and again to-
day in HCM 2000 i. e. HCS+. This model is known as
Harders model. Siegloch [15] derived the following

capacity equation of minor stream assuming linear
function for g(1):
Op = @e_q”to/3600 wheretg =1, — 43
t ¥ 2
This model is used by HCM 1994. Both approaches
for g(t) produce useful capacity formulae where re-
sulting differences are small. More general solutions
for the capacity estimation can be obtained by using
the more realistic Cowan distribution and applying the
stepwise function for g(z). Then, the associated more
general capacity equation is:

(1.9)

aqpe_j(tc —tf I )
On=—"—; (1.10)
e 1 -1
aqp )
where 4 = , a = proportion of free ve-

(3600 I'mq p )

hicles, t,,, = minimum inter vehicle tracking headway.
This is the so called Troutbeck modification of Hard-
ers model shown by equation (1.8).

1.1.2 More realistic capacity models

These models describe the interaction among
more streams of different rank of hierarchy. They are
derived from the basic models using impedance fac-
tors from the queuing theory and also using empirical
weighting factors for conflicting volumes of various
traffic streams. Figure 1.3 shows the hierarchy of traf-
fic streams for three-leg intersection.

e
+—5

_____________ E _.4A — e S e

2—»

< I,

T
79
|

Hierarchy —-rank 1: 2, 3, 5
-rank 2: 4,9
—rank 3: 7 I

Figure 1.3 - Hierarchy of traffic streams on
T intersection

The impedance factor py presents the probability
that no vehicle is queuing in the higher priority stream
and it is given by:
po=1-p (1.11)
where p=gq, / Q) (saturation flow rate), g, = traffic
volume on major (priority) stream (veh/hour), Q) =
major stream capacity (veh/hour).

According to the theory vehicle rank 3 can enter
the intersection only when there are no queuing vehi-

cles rank 2, i. e. only during the part py, ,4,x2 of the to-
tal time. Therefore, the basic value of the capacity for
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vehicles rank 3, Q,,, must be reduced to pgQp, to get
the real potential capacity Q, as follows:

Qe,rangS = P0,yang?2 'Qm,rang3 (1.12)
For T intersection this means
Qe7= P04 "Qm7 (1.13)

For each traffic stream the maximum potential ca-
pacity should be calculated by this method using the
sum of all the conflicting traffic volumes with higher
rank than the rank of traffic stream in question. In dis-
tinct methodologies for determining the conflicting
volume the so-called weighting factors are used.
These weighting factors are the result of comparison
of real and modelled capacity. In Table 1.1 some of the
weighting factors used in HCM 1994, HCM 2000 and
German methodology are presented.

Table 1.1 - Weighting factors for conflicting traffic
volumes

. Movement | Conflicting traffic
Subject movement
No. volume g,
Major street left turn 4 qQ2 + q3
Minor street right turn qz + 0.5q3
Minor street left turn i q2+0.5q3+qs+ qq

2. FIELD DATA SURVEY

The following two chapters present the summary
results from the research published in [16] about the
capacity model testing against field data obtained in
Croatia.

For the purpose of capacity model testing a few
hours of video recording have been made at one typi-
cal unsignalized intersection on the state road D8 in
Kastel Stari. For the model testing, many data have to
be collected and evaluated (intersection geometry
data like number and designation of lanes, grades,
sight distance, then traffic flow data for all movements
and gap and headway data for all vehicles). From
these data the capacity and average delay were esti-
mated (measured). Applying the collected data the ca-
pacity and delay models were tested making compari-
son with the true (field measured) capacity and delay.
Also, the critical gap was estimated. Field capacity es-
timation was conducted using the Kyte method [17]:

Om = ﬂ (2.1)
ttl +tmvup
where
Q,, = true capacity of minor stream; t,, = average ser-
vice delay of vehicles at the stop lane; t,,,,,,, =average
move-up time from second position in queue to the
stop line.

This method is based on the assumption that the
service delay is a randomly distributed variable af-

fected by composition and volume of major conflicting
streams as well as by the gap acceptance process. The
sum of service and move-up time is a variable that
presents the average time that each minor stream ve-
hicle is on the stop line. Based on the queuing theory
the capacity is then the inverse of the sum of service
and move-up time.

The values of critical gap and follow-up times used
in the HCM are estimated on the field data from inter-
sections in the USA. Thus, the applicability and reli-
ability of using these data for the prevailing conditions
in Croatia could be questioned. The Troutbeck maxi-
mum likelihood method [18] for critical gap estima-
tion was used in [16] because it gives the consistent es-
timation with respect to traffic volumes changes. It
rests on the hypothesis that a critical gap is greater
than the driver’s maximum rejected gap and smaller
than the driver’s accepted gap. It assumes log-normal
distribution of accepted and rejected gaps.

The investigations conducted in [16] indicated that
there is no significant difference between values on
the analyzed intersection and the values presented in
Table 2.1 which are used in the HCM 2000.

Table 2.1 - Recommended values of critical gaps ac-
cording to HCM

e Single line per direction on the
& i major street
movement MajLT | MinRT | MinTH | MinLT
Crisie gop 41 | 62 | 65 | 71
(passenger cars)
Adjustment factors
Heavy vehicle* 1 1 1 1
grade - 0.1 0.2 0.2
T intersection - - - -0.7

* Combined critical gap is based on the proportion of passenger cars and
heavy vehicles

3. CAPACITY MODELS TESTING

For the capacity model testing, two measures of ef-
fectiveness were used in [16]: mean absolute error
(MAE) and mean absolute percent error (MAPE).
Both measures were used to evaluate the quality of
models by comparison of the modelled and field ca-

pacity.

MAE and MAPE are defined by equations (3.1)
and (3.2)
1 <alqd ;
MAE:_sz_Q} (3.1)
=1
12z Q;{1 —Q}
MAPE= =Y |——— (32)
n. k
i=1 Qf
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where n is the number of data, Q,, is the model capac-
ity and Qr is the field capacity.

Supplemental parameters considered were the re-
gression analysis parameters such as coefficient of de-
termination R2. First, the testing was performed using
the parameters values (critical gap and follow-up
time) estimated in the field, and then with the parame-
ters from HCM 2000. This way, first the quality of the
model was tested, and then the conclusions about the
possibility of using the parameters from HCM for the
prevailing road and traffic conditions in Croatia was
evaluated. The basic capacity models testing indicated
good correlations between the model results and the
field capacity for both tested models (Harders model
and model using Cowan distribution). The Harders
model used in HCM gave better results than the more
realistic model which uses parameter a for description
of free flowing vehicles. Since in Croatia there is no
traffic database needed for evaluating the dependency
of this parameter and the traffic intensity, the simplest
way is to use the Harders model where the unique
model parameter is traffic flow q, which is the parame-
ter commonly measured. Therefore, in [16] only the
Harders model using exponential distribution was
tested for the more complicated capacity models. The
impedance effect, i. e. the impact that the queuing ve-
hicles on the major street have on the minor street ca-
pacity, is tested using the specific field values of model
parameters and the weighting factor of 1 for right turn
manoeuvres from the major stream.

Such model testing as well as field investigations
have shown that a major street left turn has a dispro-
portionate effect on the minor street capacity com-
pared with other movements because of queuing on
the major street. The model testing presented in [16]
showed significant improvement of the model estima-
tion when factor of 2 for major street left turn move-

results were achieved by using the site specific parame-
ters, and the parameters values used in the HCM 2000
gave better results than values used in the HCM 1994.
This investigation showed that the HCM capacity
model resulted in fairly good estimation of the mea-
sured field capacity at one intersection in Croatia.

4. QUALITY OF TRAFFIC FLOW (LEVEL
OF SERVICE)

4.1 INTRODUCTION

The usual way of solving operational problems in-
volving traffic flow at the intersections is to ensure that
the average capacity can handle the average flow, so
that persistent traffic jams do not occur. However, be-
cause flow fluctuates, guaranteeing that highway ca-
pacity can handle traffic demand on the average does
not preclude the formation of bottlenecks.

The quality of traffic flow i. e. Level of service
(LOS) at an intersection is usually represented by con-
trol delay. It is average delay of a vehicle caused by the
type of intersection control type (stop sign, traffic sig-
nal) consisting of queue delay and geometric delay.
Geometric delay is caused by decelerating, accelerat-
ing and merging the intersection. Some parts of the
geometric delay are already included in the queue de-
lay. The average queue delay is a function of flow in-
tensity in major and minor stream g, and g,,,, propor-
tion of free flow vehicles and the distribution of pla-
toon size length in the minor and major streams. The
queuing theory deals with these problems so that the
delay estimations are based on the distributions of ar-
rivals and service times. All models which use gap ac-
ceptance theory are based on the queuing theory.

Figure 4.1 presents the components of delay.

ment as proposed in [8] was used. The results were | Y
symmetrically distributed around the 45 degree line as Distance Tots ey
shown in Figure 3.1. Models testing showed that better ;
Model using field parameters, impedance and _,-~"!
weighting factor /1o Stop delay ;
500 AN i (B2
y = 1,0067x W 5 1o
oy R?= 0,612 e - Acceleration
o Deceleration
2 delay
o o delay
8 300 ot
] /X' .
o
g 200 3
=
100 o
b = GG b AR RO Tt ) B (R RS Ideal vehicle trajectory Tae
0 100 200 300 400 500 ___ Vehicle trajectory assuming gradual
Field capacity (veh/hour) changes in deceleration and acceleration
MAE=23 MAPE=0.07 ___ Vehicle trajectory assuming instantaneous
deceleration and acceleration
Figure 3.1 - Capacity model testing using field
parameters values, impedance and weighting factor 2 Figure 4.1 - Components of delay
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4.2 MAIN HYPOTHESIS OF THE QUEUING
THEORY

The queuing theory developed in order to describe
the behaviour of a system providing services (capacity
Q) for randomly arising demands (flow g). The funda-
mental idea of the theory is that congestion is mani-
fested through delay caused by an interruption in the
flow pattern. To specify the queuing system com-
pletely the following must be known: the distribution
of arrivals, the queue discipline (first-in-first-out or
random service), number and configuration of chan-
nels and distribution of service times of the channels.
In general, the question of interest of the queuing the-
ory are the distribution of the length of queue, the dis-
tribution of the waiting time in the queue and the per-
cent of time during which the system is idle. The an-
swers to these questions depend directly on the nature
of the input and service time distributions. Usually, for
describing the operation at unsignalized intersection
the so-called M/M/1 system is used, where M denotes
random distribution. So M/M/1 denotes a single chan-
nel queue with a random (Poisson arrivals) and ran-
dom (negative exponential) service. For the intersec-
tions with traffic signals the more realistic assumption
is that a vehicle will leave the intersection in uniform
increments i. e. service time is uniformly distributed.

Figure 4.2 presents a scheme of a typical queuing
system.

g = measure of Q = measure of

arrivals departures
100000, [o}—

———
queue Service channel

Figure 4.2 - Presentation of a queueing system

As mentioned above, for unsignalized intersec-
tions random arrivals are assumed. Random arrivals
(or departures) at an intersection can be characterized
in either one of two ways: the distribution of counting
vehicles is Poisson distribution; the gap distribution is
negative exponential distribution. There is another
characterization of randomness as shown by Height in
[19]:

Given random arrivals with mean density g and a
small interval At the probability of number of cars ar-
riving in At is
Pn=0(Af)=1-qAt +o(Ar)
Pn=1(A1)= gt +o(At)
Pn>1(A1)= o(Ar)

Where o(At) represents the quantity having the
property:
At

AB) o

(4.1)

These equations are results of using the Poisson
distribution for the arriving vehicles. These three con-
ditions are equivalent characterization of randomness
of the car in the lane.

Based on these conditions it is now possible to de-
fine the following statements:

— the probability of arrival in a short time interval is
proportional to the length of the interval (with a
proportionally constant g)

— the service time has negative exponential distribu-
tion with mean 1/Q.

Now, the key characteristics of the queuing theory
for single channel random arrangement could be de-
rived from the probability that the queue is in the
some state n at time ¢ considering the possible situa-
tions that a queue would be in state n at time ¢+ As as
shown in [19]. Using the moment generating function
we can see that a queue length is geometric distributed
so that the asymptotic probability of the queue length
probabilities is given by:

pn=(1-p)p" (43)
Thus, the expectation and variance are:
p P
o)== Vim)= =g (4.4)
(1-p) (=5}

For the proper understanding of the behaviour of
the queue it is important to notice that the variance of
the geometric distribution is always greater than its
mean. When the queue approaches saturation, so that
p is nearly unity, the variance becomes very large. It
means that the average queue length is subject to
enormous fluctuations which may lead to substantial
waiting periods i. e. delays. In other words for small
changes in capacity one can get large changes in delay.

4.2.1 Waiting times

The most important parameters describing traffic
operations (merging, crossing) at an intersection is the
distribution of such random variables as the waiting
time v of an arriving vehicle before coming to the first
place in the queue and the total time w spent in the
system i. e. queue delay. The complete mathematical
derivation of the waiting time distribution (in a differ-
ent manner) can be found in [12] and [19]. Here, only
the main hypothesis and results are presented.

The waiting time distribution from arrival until
start of service can be considered in two parts:

I. First, there is a finite probability that the waiting
time will be zero which is the same as the probabil-
ity of the system being empty i. e.
Pw=0)=pg=1—-p,n=0 (4.5)

II. The probability that the waiting time is between
time w and w + dw

lim (4.2) .
At—~0 At P(w < waiting <w+dw) = f(w)dw,n> 0, (4.6)
76 Promet — Traffic& Transportation, Vol. 19, 2007, No. 2, 71-82
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where f(w) is the waiting time density function de-
scribed by (4.5) and (4.6) and illustrated in Figure 4.3.

Jrwdw =
0

w

Figure 4.3 - Waiting time density function

The area below the function represents all possible
combinations that will yield the waiting time between
wand w + dw. Theoretically, such a delay is possible as
long as there is at least one vehicle in queue. This can
be expressed as

P(nz1)= 3 p,

n=1

(4.7)

In order for the waiting time of a vehicle to be ex-
actly between w and dw all the vehicles in the system
ahead of the subject vehicle except the one immedi-
ately ahead must be served in dw. This is the product
of two probabilities:

(Qw)n—l e -QW

ARG PR

Pna(w)= (4.8)
p1(dw)= Qdw (4.9)

Summed over (4.8) and substituted in (4.9) results
in

f(w)dw = Z PnPna(w)prdw =

n=l1
o =1
Thus, the probability density function for the wait-
ing time is

(4.10)

fw)= p(@-q)e ™ML, w>0 (4.11)
And the cumulative form is
i Sy )= e D) (4.12)
w

So the probability of waiting time being less than w
is
w
P(0<w<w)= [ f(wyiw= p— pe ™27,
0

Using the moment generating function the average
waiting time of one vehicle is

5= M= o=~ 0T s

(4.13)

(4.14)

The density function for the total time of an arrival
v in the system may be derived in the same manner as
for w. The result is the following:
1 1
E(v)= ——= E(w)+—
Q-q Q
The relationship between the expected delay E(v)
and the expected number in the system E(n) for the
M/M/1 case is given by
E(n) E(n)
E(v)=——andg=——=
The expected values of state of the system with
random arrivals and for some general distribution of
service times is given by the so-called Pollaczek-Khint-
chine equation:

q 2Var(n) + p2
2(1-p)
where Var(u) is the variance of the service time distri-

bution.

This equation is easy to use since Var(v) is 0 for
regular service and Var(u)=1/Q? for random service
(negative exponential). The expected waiting times

for random and uniform departures are given in Table
4.1.

Table 4.1 Mean values

(4.15)

(4.16)

E(n)= p+ (4.17)

Mean Mean waiting | Mean total de-
queue time in the | lay (waiting and
length queue service time)
E(n) E(w) E(u)
Random i e 19
service i=n O1=p ql-p
Regular | 2p— p’ 2 2-p
service 2(1-p) 20(1 -p) 20(1-p)

4.3 DELAY MODELS

4.3.1 Stationary delay models

Equations presented in Table 4.1 were the basis for
developing of the modern intersection delay models.
Fairly realistic equations for the delay estimates can
be derived from the queuing theory model M/G/1,
where M represents random arrivals, and G some gen-
eral distribution function of service times (time spent
at the first position in the queue until merging or
crossing the intersection) and 1 represents one ap-
proach lane.

Using the queuing theory, as shown above, this de-
lay can be modelled with some variant of Pollaczek -
Khintchine equation

_ pEw)(1-C2)

D, = 21-7) (4.18)
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where
E(u) is average service time (1/Q)
JVar(u)
E(u)
times distributions
Var () is variance of service time distribution.
The total delay of minor street vehicle can be ex-
pressed as
D= Dy +E(u) (4.19)
Generally, the average service time is the recipro-
cal of capacity (1/Q). Using this expression the follow-
ing model of the Pollaczek-Khintchine equations is
derived:

€= is coefficient of variation of service

D= —;—(1 +ﬁ c) (4.20)
where
2
+
ANLLe, (4.21)

2

This is a general formulation and the problem is to
estimate the value of C. Only the extremes can be de-
fined:

- Regular service: Each vehicle spends the same
time at the first position. Thus, it gives Var(u)= 0,
C2=0iC=05

- Random service: the times vehicles spend at the
first position are exponentially distributed. This
gives the followin; solution for M/M/1 system:
Var(u)= E(u)?,CZ =1and C = 1.0.

Using the capacity equation which is a function of
the critical gap and follow-up time (these values are
related with intersection geometry) geometric delay is
indirectly included in the Pollaczek-Khintchine
model. Using various types of distribution of service
time one gets various delay equations. For example
Troutbeck in [20], using the approximation of C values
according to applying service time distribution, sug-
gested the following expressions for calculating aver-
age delay

D= Dpin (1 + (4.22)

ytep
l—p)
where

y, € are constants

P = qm/Qpm is the degree of saturation

Q,» = minor stream capacity

Dyin = 1/ O, average service time

This is a practical approximation of Pollaczek-
-Knitchine equation (4.18) where parameter C is ex-
pressed as (y +¢) and D,,;, is equivalent for 1/ Q,y,.

These terms are the function of the critical gap, fol-
low-up time and the headway distribution. Using dif-
ferent distributions of major stream headway results
in different delay equations.

4.3.2 Time dependent delay models

Each of the above solutions (given by conventional
queuing theory) can be used only for steady state (sta-
tionary conditions) solutions i. e. they are only appli-
cable where the degree of saturation is less than 1.
When the degree of saturation approaches one the av-
erage delay approaches infinity.

Mathematical solutions for time dependent prob-
lem have been developed by Newell [21] but this was
to complicated for practical use. Kimber and Hollis in
[22] developed heuristic approximate solution for
time dependent problem. This is a hybrid model which
for the estimation of delays in under-saturated condi-
tions uses Pollaczek-Knitchine formula, for oversatu-
rated conditions it uses deterministic approach, and in
transition from unsaturated to saturated conditions it
uses a coordinate transformation system.

Although less complicated than Newell theoretical
solution, it is still impractical for engineering use be-
cause it needs the detailed data that are not usually
collected at intersections such as queue length at the
beginning of analyses and the variations of flow in the
peak period.

A simpler equation can be obtained by using an-
other approach to coordinate transformation method.
The starting point of this method is that the steady
state solution is acceptable for sites with a low degree
of saturation and the deterministic solution is satisfac-
tory for sites with a high degree of saturation (say 2 or
more).

The steady state solution is

+
Dg = Dyyip (1+—y L ) (4.23)
1-ps
The deterministic solution is given by
2Ly + = 1), T
Dy = Dt Lo+(Pa = Vam za py >1and
2qm
D, =0 in any other case (4.24)

where

Ly= initial queue length,

T = time of analysis,

gm = entry capacity.

These equations are illustrated as diagrams in Fig-
ure 4. 4.

For a given average delay the coordinate transfor-
mation method gives a new degree of saturation p,
which is related to the steady state degree of satura-
tion ps and the deterministic degree of saturation pg
such that

Pd—pPr=1-ps=a (4.25)
Equation (4.25) ensures that the transformed
equation will asymptote to the deterministic equation

and gives a family of relationships for different de-
grees of saturation and periods of operation.
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Figure 4.4 - Coordinate transformation method

The rearranging of the equations (4.23) and (4.24)
yields two equations for ps and py as a function of de-
lays Dz and Dy
Py = Dg = Dpyin = YDmin

* . Dy~ Dyin +&Dimin

_ 2ADg = Din )= 2Ly / gy

g = T -

and

1 (4.26)

Rearranging by putting D=D;=D,;, p=ps one can
obtain the equation for delay (still complicated). A
simpler equation was developed by Akcelik and
Troutbeck [23]. From (4.25) they expressed a by (4.23)
and then by equalization of degree of saturations val-
ues and rearrangement they obtained the following
equations for delay which can be used in time depend-
ent conditions

1 =1L
p-p_. Ll (=T

= +
2qm 4

2
it Ly +(P_1)T +TDmin()’+5ps)
2 s 4 2

(4.27)

Solution for M/M/1 system can be derived if ¢ is set
to 1,y is set to 0 and D,,;, is set to 1/gq,,

8
D=i+5{<p—1)+1/(p—1)2+—p}
9m 4 gmT

This equation can be used to estimate the average
delay under oversaturated conditions. This formula-
tion was used for delay calculation in HCM 1997 and
the same formulation is used HCM 2000 in the follow-
ing format

(4.28)

o 3600
dm
2, (4, /3600)p
+ =1+, J(p=1)*+—"——1+5 (4.29
900T{(p ) \/(p ) 4507 5 (429)

where constant of 5 sec/veh represents the average
geometric delay in seconds.

4.3.3 Impact of capacity estimation on delay esti-
mation

In the calculation of the capacity of an intersection
it is assumed that the headways in major stream have
some specific distribution. This distribution can be
changed to another distribution and a new equation
for capacity can be developed as shown in Chapter 1.
The capacity models estimates are independent of the
order in which the major stream headways arrive. The
intersection would have the same capacity if the gaps
offered to the minor street vehicles were ordered from
the smallest to the largest as if they were ordered from
the largest to the smallest, but the delay would be sig-
nificantly greater in the former case. So, the delay
models are quite sensitive to distributions of major
stream headways. They can result in significant differ-
ences in results as shown in Figure 4.5. The distribu-
tion of queue lengths in major stream which depends
on the proportion of free vehicles (a) has significant
impact on results, too. This is shown in Figure 4.6.

From the delay equation one can see that the ca-

pacity or degree of saturation p = 4 is the key vari-
m

able for the estimation of average delay. For the same
traffic volume in the major stream, the average delay
for minor street vehicles significantly change for small
changes in capacity in the near-saturated conditions.
A small mistake in the capacity estimation could result
in great mistakes in the estimation of average delay
which is shown in Figures 4.5 and 4.6.

Thus, we can see, although the capacity models
which use deferent headway distributions give almost
the same results, the delay models, for small differ-
ences in capacity can result in significant differences
of delay estimates. Another factor that has a signifi-
cant impact on the average delay estimation is the du-
ration of the peak period 7. This sensitivity is shown by
Figure 4.7.
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Figure 4.5 - Impact of headway distribution on the
average delay results

Note: Major stream flow is 900 (veh/hour)
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Figure 4.6 - Impact of average number of vehicles in a
queue on the average delay results

5. DELAY MODEL TESTING

All of the mentioned models can estimate delay
under steady state condition. Only few models (New-
ell theoretical model, Kimber-Hollis model...) and
some form of the delay model used in HCM can esti-
mate delays for time-dependent conditions. The com-
plexity of the theoretical models and Kimber-Hollis
model limits their use. So, for evaluation and use in
this research HCM delay model was selected.

5.1 FIELD DELAY MEASUREMENT

For the delay model testing it is necessary to mea-
sure the field delay. At the analyzed intersection the
delay was measured for every vehicle from the field
data based on the intervals of 10 minutes. The 10-min-
ute intervals were used to reduce the variance. In or-

Table 5.1 - Field delay measurement data
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Figure 4.7 - Relationship between the duration of
peak period and average delay

der to determine all the delay components the follow-
ing data were derived: pass time of each vehicle,
movement direction, lane usage, vehicle type, time a
vehicle enters queue, time a vehicle comes to the first
position of queue, time a vehicle exits a queue.

The individual delay of each vehicle can be derived
from the data shown in Table 5.1. The difference be-
tween the time vehicle comes to the first position in
the queue and the time it enters a queue is the queue
delay and the time a vehicle spends at the first position
until departure is service delay. Total delay is a sum of
these components.

The delay data were sorted according to the depar-
ture time of the vehicle to keep it consistent with mea-
surements of the flow rate.

In order to be consistent with the delay models
which estimate the average delay of minor stream ve-
hicles during a given period in this study the delay data

P bio s Movement | Vehicle ’Ijime enter- Tig:szvit:‘en Time exit- Queue Service Total delay
type type ing queue queue ing queue delay delay
42:57.0 left 2 42:53.0 42:53.0 42:56.0 3 3
43:09.0 right 1 43:03.0 43:03.0 43:07.5 0 4.5 4.5
44:14.0 left 1 43:03.5 43:10.0 43:16.5 6.5 6.5 13
44:51.0 right 1 43:31.0 43:31.0 43:38.0 0 7 7
46:33.0 left 1 03:00.0 46:20.0 46:31.5 0 11.5 1325
47:49.6 right 1 43:37.0 43:40.0 44:13.5 3 33.5 36.5
49:09.6 right 1 44:12.0 44:15.0 44:18.0 3 3 6
49:52.5 right 1 44:13.0 44:19.5 44:24.5 6.5 5 11.5
49:59.5 right 1 44:20.0 44:25.0 44:26.5 2 1.5 6.5
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were derived from field data by averaging all of the in-
dividual delays experienced by all of the minor stream
vehicles that departed the intersection during a given
interval.

5.2 Model testing

The selected HCM model was tested against the
field data using the regression analysis. Figure 5.1
shows the delay estimation results while using the rec-
ommended values of the capacity model parameters.
Each data point represents an average result for a
10-minute interval.

20
’2 y = 1.0312x v
e :4 RZ = 0.733 = # L
; tas
2 12
& 10 Pal
3 s >
z -
(o] /
e /
2
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0 2 4 6 8 10 12 14 16 18 20
Field delay (sec)

Figure 5.1 Delay model testing

The results show good correlation between field
and estimated delay (0.878). MAE is 0.72 seconds, and
MAPE is 6%. It is worth noting that at the analyzed in-
tersection the saturation was not big. For a more in-
tensive flow, i. e. values of p near 1, small differences
in the capacity could result in great differences in de-
lay estimation. So, it could be expected that testing of
delay models in more saturated conditions would re-
sult in an inferior estimate. It could be stated that the
delay estimation for the near-saturated conditions
(p>0.8) are unstable. For a slightly different estima-
tion of capacity we get significantly different value of
delay. For the under-saturated condition this model
gives good estimates for intersections with normal
traffic and geometric conditions. Until a more robust
model is developed, this model is acceptable for prac-
tical engineering use, especially because in the case of
over-saturation something has to be changed in traffic
(signalization) or geometric (additional lanes) layout
of the intersection.

6. CONCLUSION

Based on the various model considerations and
test results it can be concluded that using the Cowan
distribution, which better describes the real traffic

flow, results in overestimation of the real capacity.
This is probably the consequence of the assumption
that drivers are homogenous and consistent in the
combination with the better description of headways
in major stream flows. Besides, numerous traffic in-
vestigations have to be conducted for different traffic
and road conditions in order to determinate the
proper values of parameter a.

Therefore, in Croatia, it is the simplest to use the
Harders model where the unique model parameter is
traffic flow g, which is the commonly measured pa-
rameter. The capacity and delay model which describe
interaction of more conflicting flows using impedance
effect and weighting factors for conflicting flows (us-
ing negative exponential distribution of headways)
showed good estimates of capacity and delay. Also,
the possibility of using parameters from HCM meth-
odology for description of prevailing road and traffic
conditions in Croatia has been shown.

Finally, based on the consideration of various
models characteristics and the performed tests it can
be concluded that the capacity and delay procedures
according to HCM 2000 methodology give fairly good
results for the intersection with normal (common)
traffic and road conditions.
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SAZETAK

PREGLED, TESTIRANJE I PROVJERA VALJANOSTI
MODELA KAPACITETA I ZAKASNJENJA NESEMA-
FORIZIRANIH RASKRIZJA

U ovom radu razmatraju se postojeci modeli kapaciteta i
razine usluge nesemaforiziranih raskriZja. Parametri raznih
razvijenih modela procijenjeni su na temelju prikupljenih po-
dataka na cestama u zemljama gdje su modeli razvijeni. U
ovom ¢lanku se razmatraju dva osnovna problema. Prvo se
razmatra pitanje pouzdanosti i primjenjivosti modela opcenito,
a zatim primjenjivost parametara razvijenih modela za pre-
vladavajuce uvjete prometa i prometnica u Hrvatskoj.

U uvodnom dijelu prikazane su osnove teorije prihvacanja
vremenskih praznina koja predstavlja temelj za razvoj modela
kapaciteta i razine usluznosti (zakasnjenja). Prikazani su razli-
Citi izrazi za proracun kapaciteta ovisno o primijenjenoj raz-
diobi vjerojatnosti vremenskih praznina u prioritetnom toku.
Opisane su metode za prorac¢un kapaciteta sloZenih modela s
interakcijom viSe od dva prometna toka razlicitog ranga priori-
teta. Prikazani su rezultati testiranja razlicitih modela kapa-
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citeta. U drugom dijelu ¢lanka dan je pregled postavki teorije
repova te razvijenih stacionarnih i viemenskih zavisnih modela
zaka$njenja. Prikazane su pretpostavke te pouzdanosti i ogra-
ni¢enja modela. Takoder je testiran model zaka$njenja koji se
koristi u "Highway capacity" manual metodologiji.
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