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ABSTRACT

The behavior of two lanes of vehicles under the 

control of a stop sign is modeled using a general Markov 

process. A single queue of vehicles under the control 

of a traffic light is also describe using a discrete 

time model. Data was collected at a major stop sign 

intersection to compare the prediction of the model to 

"real life." Also the models were used to find the 

effect of hypothetical traffic lights on the total delay 

of all the vehicles using the intersection over a given 

period of time. See Chapter 5 for a discussion of the 

results.
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Chapter 1 

INTRODUCTION

The ability of scientists and engineers to assemble 

complex systems is exceeded only by their inability to 

analyze them thoroughly. The increase in large and complex 

systems is partly responsible for the development of the 

"systems approach" for analyzing these systems. The inter

disciplinary techniques necessary for a thorough "systems 

approach" have defined a new engineer - the systems 

engineer.

The definition of a system "is an integrated 

assembly of interacting elements, designed to carry out 

co-operatively a predetermined function." (Flagle et al., 

1960). "A man-machine system is an organization whose 

components are men and machines, working together to 

achieve a common goal and tied together by a communica

tion network." (Gagne e£ a_l., 1965). The activity of 

a systems engineer can be divided into four general 

areas: systems definition, systems synthesis, systems

analysis and systems optimization. The subject of this 

thesis is the study of a man-machine-environment system 

- a traffic intersection - which involves the first three' 

areas of systems engineering.

1
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THE PROBLEM

The phenomenon modeled in this study is a highway 

intersection in Tucson, Arizona, at Miracle Mile and North 

Oracle Road (see Fig. 1). Both roads have provisions 

for two lanes of traffic in each direction. The layout 

of the intersection is shown in Fig. 2. Both directions 

of traffic on Miracle Mile have right of way while the • 

south bound lanes of North Oracle Road must stop before 

they enter Miracle Mile.

The problem investigated in this thesis can best 

be presented in the form of a question. "What effect 

would the installation of traffic signals have on the 

total vehicular delay at this intersection?" Solving 

this problem required work in two separate areas: model

ing and data collection. The two tasks could not be 

isolated; that is, refinements were made to the model 

because of what was being learned from the data collection 

and vice versa.

REVIEW OF OTHER WORK

Extensive literature exists in the area of queu

ing and traffic theory. Two extensive bibliographies 

were prepared by Haight (1964) and Saaty (1966). Other 

references can be found in the Bulletin of the Highway 

Research Board and Operations Research Journal, among 

others.
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Maradudin e_t al̂ . (1962) and Evans e_t £1. (1964) 

have respectively written two articles of particular 

interest to this study concerned with side street queues 

of vehicles waiting to merge in the main traffic flow. 

Kleinecke (1964) and Darroch e_t a K  (1964) discuss the 

formation of queues at traffic lights. All of the above 

studies are theoretical in nature; several are supported 

by output from computer simulations.

Kell (1963) and French (1956) wrote two other 

articles concerned with a question much like ours. Both 

authors used simulation techniques on digital computers 

to study the effects of control devices and traffic 

volumes on vehicular delay at an intersection.

These six articles are but a few of the many that 

have been published in these areas. They are mentioned 

here because they were found pertinent to this work.

Judging from what has been published, little work 

has been done in the area of modeling specific inter

sections. Even less has been done in applying the result

ing model to "real life."

OUTLINE OF THIS THESIS

In Chapter II, a model of the selected intersection 

is developed. The model describes a minor street with 

two lanes in each direction entering into a major street. 

The two lanes of vehicles entering or crossing the major
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street are under the control of a stop sign. Throughout 

this paper this is referred to as a "two lane stop street." 

Five parameters are needed to describe this configuration. 

There are two arrival rates; AC for the center or left 

lane and AE for the edge or right Jane. There are three 

service rates; vC for the center or left lane, vE for 

the edge or right lane and vD for both lanes together.

If the arrival distributions are Poisson and the service 

distributions exponential, then the model will yield the 

'steady-state* state probabilities p(i,j) from the above 

five parameters. The total expected waiting time of all 

the vehicles using the intersection in T seconds is then 

computed from the state probabilities.

An original feature of this model is the double 

departure rate. The effect of traffic on the major street 

- Miracle Mile - is to hold the minor street traffic at 

the stop sign until a gap appears in the main traffic 

stream. Thus we hypothesize a double departure rate, 

yD. That is, the probability that one car from each 

lane will leave within h seconds after the gap has 

arrived is yD4h. Had the two lanes at the stop sign been 

independent, the formula for a single-queue system could 

have been applied to find the average waiting time.
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Figure 3 shows the proposed signalization of our 

intersection. ("our intersection" will be used to refer 

to the intersection of Miracle Mile and Oracle Road 

throughout this paper.) One phase of the light will stop 

the south bound traffic on Oracle Road to allow the 

Miracle Mile traffic to pass through. The other phase 

will allow the south bound Oracle Road vehicles to proceed 

while holding up both E-S bound lanes of Miracle Mile 

and one N-W bound lane. One north bound lane of Miracle 

Mile will always allow north bound vehicles to continue 

north on Oracle Road.

The behavior of a single lane of vehicles under 

the control of a traffic light is modeled in Chapter 3. 

This model is applied to each lane of the signalized 

intersection. Since traffic lights, not gaps in a traffic 

stream, are controlling the movement of the vehicles, 

each lane can be assumed independent of the others and 

the results can be combined.

Chapter 4 describes the data collection and 

analysis process. Some of the problems which were en

countered and their solutions are described. Graphs 

were made of the inter-arrival and service time dis

tributions. The Kolmogorov-Smirnov statistic was used 

to test the fit of the observed distributions to the 

exponential.
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Chapter 5 discusses the results and conclusions.

Recommendations for further study are made.



Chapter 2 

STOP STREET MODEL

A procedure for measuring the delay, caused by a 

stop sign is developed for a two lane stop street. The 

behavior of the vehicles in the two queues is modeled by 

a general Markov process which defines a relationship 

between arrival rates, service rates and queue lengths.

Then, a formula developed by J. D. C. Little (1961) is 

applied to relate the expected number of units waiting in 

the system to the expected waiting time of one unit.

Roughly, a random process is a Markov process if the 

future behavior of the system depends only upon the present 

condition or state of the system and not on its past 

history. To introduce the idea of a general Markov 

process, the mathematically simpler case of a birth and 

death process is considered. The simplification is due 

to the restriction which allows transitions only to 

neighboring states.

BIRTH AND DEATH PROCESS

The following development is mainly taken from 

Feller (1961) Chapter XVIT. We start with some definitions. 

Let P(n;t) be the probability of n arrivals in time t.

10
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Then 1-P(o;t) is the probability of one or more arrivals 

in time t. We assume that

lim
t-»o m o m .  x. ( 2- 1)

Thus, the probability of one or more arrivals in 

time h is:

l-P(o;t)"Xh*o(h^),

where o(h^) represents terms of order 2 and higher in h. 

Also, if En represents the state of a queue with n vehicles, 

then En _j and are the neighboring states of E .

We are now ready to set down the postulates that 

must be satisfied by a birth and death process.

1. The process must be homogeneous in time. If 

P{E. at t+h|Ej at t) means 'the probability that the 

process will be in state E^ at time t+h given that it 

is in state E^ at time t ', then the process is homogeneous 

if

P(E^ at t+h|Ej at t ) ■ P(E^ at t+T+h|Ej at t+T) 

for T>0 and i,j ■ 0,1,2,... .

2. Transitions can be only to neighboring states. 

This means that at any given instant, at most one arrival 

or one departure can occur. This is expressed as follows 

P(En<l>1 at t*h|En at t) ■ xnh*o(h2)

P{En _1 at t*h|En at t) - w^h+o(h2)
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P{more than one arrival or departure during 

(t,t«-h) }-o(h2)

where and are the arrival and service rates when 

the system is in state .

The above postulates limit the behavior of the 

system to the following rules. The system will be in 

state En at time t+h if:

1) it is in state Efi at time t and neither an 

arrival nor a departure occurs during the next h seconds. 

The probability of no arrivals or departures in h seconds 

is

(l-Xnh-o(h2))(l-Mnh-o(h2))

■ 1-xnh-vnh^ nvnh2*0 Ch2)2-2o(h2)*o(h2)(Xnh*unh)

■ l-Xnh-unh*o(h2)

2) it is in state E . at time t and an arrivaln -1
occurs during the next h seconds. The probability of 

this is

X̂ li-lh+oCh2)
3) it is in state E^+^ at time t and a departure 

occurs during the next h seconds. The probability of 

this is

Un.lh»o(h2)

4) it is in a state that is not a neighbor of 

En at time t and the appropriate number of arrivals or
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departures occur during the next h seconds. The pro

bability of this is o(h^).

Since these four events are mutually exclusive and 

exhaustive, their probabilities can be added and we have 

P(n;t*h)-(1-\nh-ynh)P(n;t)*xn _1hP(n-l;t) ' (2-2)

♦Vn*ihp(n*1;t)*°Ch2)

where P(n;t) means the probability of being in state Efi 

at time t. Subtracting P(n;t) from both sides and then 

dividing by h:

P(n;t+h)-P(n;t) . .(xn.„n)P(n;t)*xn.1P(n-l;t) (2-3)

♦vn4.1i>(n*i;t)*o (h)

where o(h) represents terms of order 1 and higher in h. 

The left hand side of (2-3) is the difference ratio of 

P(n;t). Thus as h-*0, we get

P'(n;t)- -(Xn*yn)P(n;t)*Xn _1P(n-l;t) (2-4)

This equation is defined only for n^l.

For n=0 we obtain:

P(o;t*h)-(l-Xoh)P(o;t)4v1hP(l;t)*o(h2)

P'(o;t)--X0P(o;t)*y1P(l;t). (2-5)

The initial conditions for the system are:

P(i;o)-l and P(n;o)-0, n>0 and nfj, (2-6)

if the system is in state at time zero. Equations
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(2-4) and (2-5) define an infinite system of simultaneous 

differential-difference equations. Feller (1961, p.408) 

states the following theorem which he proved in 1940:

For arbitrarily prescribed coefficients x>>̂ 0,
yn>P, there always exists a positive solution
P(n;t) of (2-4), (2-5) and (2-6) such that 
ZP(n;t)<l. If the coefficients are bounded 
(or increase sufficiently slowly), this 
solution is unique and satisfies the 
regularity condition £P(n;t)-l.

This model is difficult to apply because of the 

difficulty in solving equation (2-4) and (2-5). However, 

Feller goes on to state:

More generally it can be shown that the limits

exist and are independent of the initial con
ditions (2-5); they satisfy the system of linear 
equations obtained from (2-3) and (2-4) on 
putting P 1(n;t)-0.

This system of linear equations can be written

lim P(n;t)*p 
t-- n (2-7)

as:
[A]P-0

where P1 - (p^Pj, •. ),» • • •

( 2- 8)

and
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r-x o
X0
0

0 0

~X l ' v l "2

X1 -X2‘u2

0

0 . . .

u3

[A]«

X •i-1 “Xi'pi "i+1

The statement P(n;t)*pn as does not mean that the

system eventually remains in one state, but that the 

state probabilities stabilize with time.

To apply the birth and death model to a simple 

queue, let X^-X and vn«v. Then (2-8) becomes

M>0 - up1

U * u)pn - lPn .1*»Pn, 1

Solving these recursive equations inductively for p. 

in terms of po we get

Pl ■ V u  p 0 

p2 * (1/'‘)2P0
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However, a closed form solution is not always possible 

in the general case, so the techniques of numerical analysis 

must be applied to solve (2-8) . In order to restrict the 

problem to a finite number of equations, an approximation 

is made for p as follows:

In general, if A/y<l, an N can be found that gives 

accurate results. Under condition (2-10) , [A] becomes:

n>N ( 2- 10)

X0 ‘ "2

X1 *X 2 *p 2 w3

0

[A]-

0 X N - 2  " X N - 1 ~ * N - 1 N

XN-1 ■XN ‘WN_

( 2 - 11)
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GENERAL MARKOV PROCESS

As was mentioned in Chapter 1, our model of the 

two lane stop street does not treat the two lanes of 

traffic waiting at the stop sign as two independent 

queues. The observed behavior of the vehicles led to 

the additional assumption:

lim „ uD (2.12)

where P(o;t) is the probability of o double departures

in time t. A double departure is defined here as the

simultaneous departure of one car from each queue.

Because yD is non-zero, the postualtes for the birth and

death process are not satisfied. This places our model

in the category of general Markov processes.

We will describe the two lane model in a manner

analogous to the above. Define a two dimensional state

E. . where i is the number of cars waiting in the edge 1 * J
lane and j the number in the center lane. The postulates 

now become:

1) The process must be homogeneous in time. That 

is:

P{E^ j at t + h | 1 at t} ■ P{E^  ̂ at t+T+h|E^  ̂ at t+T)

for all T>_0 and i , j ,k, 1 ■ 0,1,2,... .

2) P{E... . at t+h|E, . at t>- XCh ♦ o(h2)i. , j 1 , J
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P(E. . . at t*hjE. . at t}* XEh ♦ o(h2)

P ( E , . , at t+h|E, . at t }■ yCh ♦ o(h2)l p j  l|j

P{E. . . at t+h|E. . at t}■ yEh ♦ o(h2)1 9 J ~ l 1 p J

P{E. . . .  at t+h|E. . at t}» yDh ♦ o(h2)1 • i. , j • 1 1 » J

The behavior of this system is more complicated than the

simple birth and death process. It will be in state

E. . at time t+h if:1 I J
1) it is in state E. . at time t and no arrivalsi »3

or departures occur in either lane in the next h seconds. 

The probability of this 1 -XCh-XEh-yCh-yEh-yDh+Ofh2) ,

2) it is in state E^  ̂  ̂ at time t and an arrival 

occurs in the center lane during the next h seconds with 

probability XCh*o(h2),

3) it is in state E. . , at time t and an arrival1 1J - *
occurs in the edge lane during the next h seconds with 

probability XEh+o(h2),

4) it is in state j at time t and a departure 

occurs in the center lane during the next h seconds with 

probability yCh*o(h2),

5) it is in state j+j at time t and a departure 

occurs in the edge lane during the next h seconds, with 

probability yEh+o(h2),

6) it is in state E^+^ at time t and a double

departure occurs during the next h seconds, with prob

ability yDh+o(h2), or
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7) it is in a state other than one of those 

mentioned above and the required number of arrivals and/ 

or departures occurs during the next h seconds with 

probability o(h^).

These seven events are also mutually exclusive 

and exhaustive allowing equations similar to equation 

(2-2) to be derived. If P(i, j;t) is the probability

of being in state E. . at time t , then:
°  2 P(i,j;t*h) - A+B+C+D+E+F+C+H+J+K+L+o(h^)

where

SYMBOL

A

B

C

D

E

F

G

II

J

K

L

TERM

P(i,j;t) 

-P(i,j;t)hxc 

-P(i,j;t)hXE 

-P(i,j;t)hyC 

-P(i,j;t)hvn 

-P(i,j;t)huD 

♦P(i-1,j;t)hxC 

♦P(i,j-l;t)hxE 

♦ P(i + 1J j ;t)huC 

♦P(i,j+1;t)hyE 

+P(i+l,j+l;t)hyD

BOUNDARY CONDITIONS 
<_i<̂  <j <_

0 IM 0 JM

0 .1M -1 0 JM

0 IM 0 JM-1

1 IM 0 JM

0 IM 1 JM

1 IM 1 JM

1 IM 0 JM

0 IM 1 JM

0 IM-1 0 JM

0 IM 0 JM -1

0 IM-1 0 JM - 1
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IM and JM correspond to N in the birth and death process. 

That is

P(i*IM,j;t) * 0 i,j - 0,1,2,...

P(i,j*JM;t) * 0 i,j - 0,1,2,... .

As before, we find the difference ratio of P(i,j;t) and 

let h-»0 to yield an equation for P(i,j;t). Finally p. .1 • j
is defined as lim P(i,j;t) • p . . and we can writet-M. 11J

[A] P - 0 ( M 3 )

-XC-XE viE 0 . . .  0 yC yD 0 . . . 0

XE -yE-XC-XE yE 0 . . 0 0 yC yD 0

fA],
(See Fig. 4)

t
- " (Poo’P0l.... PoJM’Plo’* * * *

Even if the arrival and service rates are assumed to be 

constant, as was implicityly done here, equations (2-13) 

offer no closed form solution. Thus numerical techniques

must be applied to solve for the p. .'s.1 I J



XC-AE VE 0 uC uD 0 0 0 0

XE -pE-XC
-XE

yE 0 uC vD 0 0 0

0 XE -yE-AC 0 0 vC 0 0 0

XC 0 0 -yC-XC
-XE

yE 0 liC yD 0

0 C 0 XE -yD-yC-yE
-XC-AE

wE 0 vC yD

0 0 XC 0 XE -yD-yC 
-yE-XC

0 0 vC

0 0 0 XC 0 0 -yC-AC-XE yE 0

0 0 0 0 XC 0 XE -yD-yC-yE
-XC»XE

yE

0 0 0 0 0 XC 0 XE -yD-yC

Figure 4

Example of [A] When
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USING THE MODEL

We have now calculated the values of p. . - the

probability that the system is in state E. ., or the1 1J
probability that there are i+j vehicles in the system.

The mean of this random variable can now be calculated.

It is the expected number of vehicles waiting at the stop , 

sign. If NV is the total number of vehicles in the system, 

then

E(NV) - l l (i+j) p. .. (2-14a)
i-0 j-0 *3

Since p. . * 0 whenever either i>IM or j>JM, we cani , j —  —

rewrite equation (2-14a):

IM JM
E(NV) - Z E (i + j) p. .. (2- 14b)

i-0 j-0

To relate E(NV) to the expected waiting time 

per vehicle, we turn to the work of J. D. C. Little 

(1961). He proves the following. Let L be the mean 

number of vehicles in a queue, 1/X the mean time 

between arrivals of two consecutive vehicles and W the 

mean time a vehicle remains in the system. If the three 

means are finite, if the corresponding stochastic pro

cesses are strictly stationary, and if the arrival 

process is metrically transitive with non-zero mean, 

then:
L - AW.
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According to Papoulis (p.300, 1965) , "A stochastic 

process, X(t), is stationary (in the strict sense) if its 

statistics are not affected by a shift in the time
i

origin." This condition is satisfied by a Markov process 

because of its time homogeneity. Also, our Markov process 

is metrically transitive because it has no transient states 

or isolated subchains (Doob, Ch. X, 1953). '

Here, L is replaced by E(NV) and X by XOxE; 

the expected waiting time of one vehicle using our system 

becomes

E(W) ■ E(NV)/(xOxE) seconds per vehicle.

Let E(NA;T) be the expected number of arrivals in time T. 

Then the total expected waiting time, TEWT, of all vehicles 

using the system during time T is 

TEWT ■ E(NA;T)E(W)

- T (XOxE)E (NV) / ( X O  XE)

- (T)E(NV)

IM JM
* T z Z (i+j) p. . vehicle-secs. (2-16) 

i-0 j-0 1,J

PROGRAMMING THE MODEL

A program was already available for inverting 

large matrices. This program worked in triple pre

cision, using magnetic tapes for temporary storage. It 

was written by Dr. Kurt W. Just of the Physics Department 

for the IBM 7072 at the Numerical Analysis Lab at the



University of Arizona. Two additional program were
i

written: one reads the five input parameters XC, xE,

vC, yE and yD and arranges them in the proper order to 

create the matrix [A] on a magnetic tape; the second 

reads the inverted matrix from magnetic tape and 

calculates the p^ j's and E(NV) which were then printed 

out.

Given the two Poisson arrival rates and the three 

exponential service rates, the total model calculates the 

total expected waiting time of those vehicles using the 

stop street. Since all other lanes at our intersection 

have the right-of-way (i.e. no other vehicles wait), the 

TEWT for the stop street is also the TEWT of the whole 

intersection. In the next chapter a model is developed 

to find the TEWT of the same intersection under the control 

of traffic signals.
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TRAFFIC LIGHT MODEL

In this chapter a discrete time model - due mainly 

to Kleinecke (1964) - is reviewed. This model describes 

the behavior of the vehicles in a single lane of traffic 

which is under the control of a traffic light. The 

objective is to find an expression for the total expected 

waiting time of all the vehicles using the,intersection 

during a given time.

A first approximation to the average delay of a 

vehicle using a signalized intersection is suggested by 

Newell (1960). Let T seconds be the length of a full 

cycle of the light and 6.T seconds be the length of the 

red light. The probability that a vehicle will be 

stopped is 8, if arrivals are Poisson, and the average 

delay of a vehicle that is stopped is one half of the 

red light time, or 8.T/2. Thus we have a random variable 

X that can take on two values: X-8.T/2 with probability 

0 and X«0 (that is there is no delay if the vehicle 

arrives during the green light) with probability 1-8. . ,

The expected value of X is

E(X) - 9(8.T/2)*(0)(1-0)

- 02 .T/2.

Chapter 3
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This expression for the expected value of the 

delay of any vehicle entering the intersection is easy 

to apply. However, the model assumes that any vehicle 

arriving during the green light is not delayed at all.

In other words, any queue built up during the red light 

must disperse instantly when the light turns green. 

Kleinecke's model recognizes that the queue will remain 

for the first part of the green light.

THE MODEL

Consider the queue of vehicles at a traffic light 

as two state queuing process. When the light is red, the 

arrival rate is X and the service rate is 0. When the
1

light is green the arrival rate is still X but the 

service rate is now some function of time and queue length. 

Kleinecke suggests that as long as there are any vehicles, 

still queued up, let the service rate be a constant U.

Once the queue has dispersed, then cars will pass through 

the intersection unimpeded.

Let the interdeparture time of vehicles leaving the 

queue during the green light be TI-l/U seconds. Define 

the traffic light cycle time to be NI of these intervals 

and the red light time to be LRED intervals long where 

NI and LRED - 0,1,2,... . Therefore the light will be 

red for TI.LRED seconds and green for TI(NI-LRED) seconds.
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The single lane queue can now be described as a 

superposition of three discrete time processes. For all 

three processes the expected number of arrivals per 

interval is unchanged. During the red light the number 

of departures is zero per interval. For the part of the 

green light when there is still a queue, the number of 

departures is one per interval. After the queue has 

dissipated, the number of departures is equal to the 

number of arrivals. Hence the vehicles experience no 

delay.

To develop the formula for these processes, we 

need a more accurate description of the arrival process. 

Let Q(n) be the probability that n vehicles arrive during 

any one interval. Let the random variable X(i) represent 

the state of the system at the end of interval i. (Our 

system - the queue of vehicles at the traffic light - is 

in state n at the end of interval i if there are n cars 

waiting at the light at that time.) Define P(n,i) 

as the probability that X(i)-n. We can now write re

currence relations for P(n,i). If interval i falls 

during the red light;

P(n,i)«P(n,i-l)Q(0)*P(n-l,i-l)Q(l)*...*P(0,i-l)Q(n)

- E P(n-j ,i-l)Q(j).
j-o



The equation for a green interval must take into account 

the one departure per interval if there is a queue;

n
P(n,i) ■ £ P(n-j*l,i-l)Q(j) n>0.

j-o
However, during the green light, the state corresponding 

to "zero" cars in the queue" is an absorbing state since 

the system will never leave it while the light stays 

green. Therefore;

P(0,i)-P(0,i-l)*P(l,i-l)Q(0).

In other words the probability of being in the ground 

state (X(i)-O) is equal to the probability of already 

being in the ground state plus the probability of 

entering it during interval i.

Kleinecke goes on to derive a closed form solution 

for the probability distribution of the queue length at 

the end of each cycle. However we are interested in the 

probability distribution of the queue length at the end 

of each interval. For this, a "bootstrap" method was 

used to calculate the P(n,i) from the initial values:

P(n,0). If there wer k vehicles in the system at the 

start of the red light cycle, then:

P(n,o) - 0.0 nfk

2%

1.0 n*k.
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Once the P(n,i) have been calculated, the mean 

queue length for any interval, i, can be found by

calculating the expected value of X(i):
##

' EQL(i) - E (X (i)) ■ t nP(n,i) vehicles.
n»0

If there are EQL(i) vehicles queued up during interval 

i and interval i is TI seconds long, then the expected 

waiting time of vehicles during interval i is

EWT(i) - EQL(i) -TI - T I T  nP(n,i) vehicle
n*0

seconds. Finally the total waiting time over the first

cycle of the light is:
NI

TEWT ■ r EWT(i) vehicle-seconds/cycle, 
i-1

when TEWT is the total expected waiting time per cycle. 

COMPUTER RESULTS

A computer was programmed to do the calculations 

for the Kleinecke model. The inputs were IN - the initial 

state, Q(n) - the probability distribution of the number 

of arrivals per interval, NI - the number of intervals per 

cycle, TI - the length of an interval in seconds and LRED 

- the length of the red light in intervals. However a 

Poission arrival scheme was hypothesized with an average 

arrival rate of X vehicles per second.
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Thus the Q(n)1s were computed by the formula:

Q(n) ■ (X«TI)ne using a computer

program.

Several sets of input data were prepared to 1

compare the Newell and Kleinecke models. The results 

are shown graphically in Figure 5. Newell's results 

are slightly lower at the low arrival rates. But as X 

increases, Kleinecke's predictions increase more rapidly 

than Newell's. This is reasonable if we remember that 

Newell's answers do not include the delay experienced by 

the vehicles still queued up during the green light. And 

as X increases, the queue length increases thus com

pounding this effect.

The applicability of Keinecke's model depends upon 

the validity of the following assumption. If there are 

any vehicles queued up at the traffic light when it turns 

green, these vehicles will leave the queue at some con

stant rate. This assumption seems reasonable if the 

queue is defined in a temporal sense rather than a spatial 

sense. In other words, we say that the vehicle has left 

the queue at a certain instant. This instant occurs 

when the vehicle has achieved acruising speed. Let the 

time that it takes the first vehicle to reach cruising 

speed by RT(1)*AT(1) seconds after the light turns green. 

RT(1) is the reaction time of the driver and AT(1) is
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NI - Length of Cycle ■ 60 Intervals 

TI - Length of Interval ■ 1 sec.
1200-

A — A. Newell (Hand)

O — O  Kleinecke (Computer) 
_ , LRED

1000 -

600 - 9-1/3

9-2-3
P —  —

400-

9-2/3

Arrival Rate - X Vehicles/Interval

Figure 5

Total Waiting Time as a Function of Arrival Rate
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the acceleration time of the vehicle-driver system. If 

the second driver reacts RT(2) seconds after the first 

driver, then he will leave the queue - that is, come up 

to cruising speed - RT(1)*RT(2)*AT(2) seconds after the 

light changes. And the nth vehicle will leave the queue 

RT(1)*RT(2)*..,RT(n)*AT(n) seconds after the light changes.

Assume that AT(1)-AT(2)-...-AT and RT(1)-RT(2)- 

...■RT. Now the nth vehicle will leave the queue AT+nRT 

seconds after the light changes. Therefore one vehicle 

leaves the queue every RT seconds after the first AT 

seconds has passed. Thus under these reasonable but 

rather restrictive conditions, the assumption is satisfied.

It should be recognized that under heavy traffic 

conditions the queue will be quite long by the time the 

light changes to green. The last vehicle may be up to 

speed - and so have left the queue - before it is clear 

of the intersection. In other words, "departure" in this 

context does not necessarily mean the vehicle has left 

the influence of the traffic signal. At low flow rates, 

however, this is of no concern.

We now have two models for determining the total 

expected waiting time of all the vehicles using our inter

section. One is applicable for the intersection as it now 

stands - with a stop sign -, and the other can predict 

what the delay would be if the intersection had traffic



lights installed. The use of these models will be 

described in the next two chapters.



Chapter 4

DATA COLLECTION AND EVALUATION

I

The problem, as originally stated, was to determine 

the effect, if any, which the installation of traffic 

lights would have on the vehicular delay at our inter

section. If our hypotheses are correct, the models 

developed in chapters 2 and 3 will answer this question. 

This chapter describes the procedures used to collect 

the necessary data for these models. The parameters that 

are required by the stop street model are arrival rates 

XC and XE and service rates vC, vE and vD. The traffic 

light model requires arrival rates XC, XE, XNW and XES.

The hypotheses that will be reviewed are that the inter

arrival times and service times for the respective para

meters are exponentially distributed.

The following variables were needed to satisfy 

the above requirements:

a) the inter-arrival times of south-bound vehicles 

in the center lane of Oracle Road,

b) the inter-arrival times of south-bound vehicles 

in the edge lane of Oracle Road,

c) the service times of south-bound vehicles 

leaving from the center lane of Oracle Road,
34



35

d) the service times of south-bound vehicles 

leaving from the edge lane of Oracle Road,

e) the service times of double departures,

f) the inter-arrival times of the vehicles in 

both east-south-bound lanes of Miracle Mile, and

g) the inter-arrival times of the vehicles in 

both north-west-bound lanes of Miracle Mile.

Due to the layout of the intersection, variable d) had to 

be observed in two parts:

d-1) the service times of south-bound vehicles 

leaving straight ahead from the edge lane of Oracle Road 

and

d-2) the service times of south-bound vehicles 

turning right from the edge lane of Oracle Road.

EQUIPMENT

A continuous-time paper chart recorder with two 

input channels provided the basis for the data collection 

system. The recorder was coupled to two pulse generators, 

each capable of emitting five different pulses. A 

portable power supply made it possible to place the re

corder at the road's edge. Thus, we were able to record 

the time of each arrival and departure from the stop sign.
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OPERATION

Due to the number of events that had to be re

corded, two different sets of data were collected. The 

events that were observed for the first set are listed in 

Table 1 and those for the second set are shown in 

Table 2. The intersection was observed five days for 

each set. However, one day of the second set was not 

usable.

The relative position of the observers to the 

intersection is shown in Figure 6. Observer A was 

responsible for events 5, 6, 7, 7a, and 7b of the first 

set. Observer B was responsible for events 1, 2, 3, 4 

and 8. Only observer B was used for the second set.

An actual data tape was a series of spikes of 

different heights. Since most of the analysis was to 

be done by computer, these spikes had to be transformed 

into numbers and punched on cards.

The operation was done in two steps. A relative 

time scale was assigned to each tape. Time "zero" was 

made to correspond with the time the observations began. 

Using this scale, a time was written on the tape next to 

each spike. Then, for each spike, a card was punched with 

the event number and the time it occurred. Finally the 

cards were sorted in increasing time order. Appendix A 

shows two figures of the pulse generators used. Figure 12



Table 1

A. Events Recorded For First Data Set

1. A car turning right from the edge lane.

2. Departure of a car from the edge lane but
not the center lane.

3. Departure of a car from the center lane
but not from the edge lane.

4. Simultaneous departure of a car from the
center lane and a car from the edge lane.

5. Arrival of a car in the edge lane.

6. Arrival of a car in the center lane.

B. Additional Events Recorded For First Data Set

7. System just emptied.

7a. Arrival of marker car.

7b. Departure of the marker car.

8. A N-W bound car passing through the inter
section on Miracle Mile.



38

Table 2

Events Recorded For Second Data Set

1. Miracle Mile traffic in near lane (N-W bound).

2. Start of a double service time interval at stop sign.

3. End of a double service time interval at stop sign.

4. Double departure from stop sign.

5. Miracle Mile traffic in far lane (E-S bound).
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Utility/

Observer

ecorde r

Observer B

Figure 6

Placement of Observers and Equipment



40

is the set up used for the first set of data, and Figure 13 s 

shows the assignments for the second set. A sample of 

the data tape and a listing of the data cards that were 

punched from that tape are included in Figures 14 and 15

DATA COLLECTION PROBLEMS

The initial recording of the first data set was 

made by one observer. Several things were learned from 

the recording and analysis of this pilot sample. The 

most important one was that one observer was insufficient. 

Another problem was the sensitivity of the analysis to 

counting errors. The state history of the system was 

recreated from the data tape by keeping track of how many 

vehicles had arrived and departed in each lane. In othfer 

words, the nth arrival was associated with the nth 

departure. From the moment an arrival or departure was 

missed (or an extra one recorded by accident) this 

association was invalid. Thus a single error could render 

a whole data tape useless.

The addition of an observer made a great improve

ment in the quality of the data. To reduce the effects 

of a counting error, observer A was assigned three 

additional events 7, 7a and 7b. Event 7 was marked when

ever the system emptied. Thus the above association 

could be validated each time the system was empty. During



41

moderately busy periods when the chances of making errors 

was greater, the system was seldom empty. However, it 

was often possible to pick out a particular car and 

follow it through the system. Recording the time such 

a marker car arrived, event 7a, and the time it departed, 

event 7b, also made it possible to check the association 

necessary for the interpretation of the data.

Several mornings of recording showed that the 

observer would often notice when he had made a mistake

in counting. It was thus decided to add two more events

called "error" and "delete, " 9 and 10 respectively.

Both observers had switches for these on his pulse

generator. If the wrong event was marked, "error", or

9, was recorded and followed by the correct event. If

an extra event was marked, "delete", or 10, was used. For

example,

TAPE INTERPRETATION

Event Time Event Time
A 1348 B 1348
9 1352 C 1380
B 1355 D 1402
C 1380
C 1382
10 1384
D 1402
9 1404

10 1406
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The two observers shared the responsibility for 

ten events not including 9 and 10. It was felt that the 

added complexity of the recording process due to events 

7, 7a, 7b, 9 and 10 was compensated for by the obtainment 

of more accurate data.

DETERMINATION OF MODEL PARAMETERS

The punched cards mentioned above were put into the 

data analysis programs. (See Appendix B). There was one 

for each of the two data sets. Each program monitored 

the inter-arrival times and service times. At the end 

of each day's data, the sample means and the observed 

frequencies for each inter-arrival and service distribution 

were printed. The means are presented in Table 3 and 

Table 4.

The sample mean of a random sample

is y" I y—  . If this sample is taken from an
i-1 Ai

exponential population with mean y, then y is the maximum 

likelihood estimator of y. Since the service times for 

the edge lane were observed in two parts, the two means, 

yR and yS, were combined to find yE using the formula £■ 

P'yR+(l-p)yS where p is the fraction of vehicles turning 

right.



Table 3

Estimators From First Data Set

Day Arrival Rates
Vehicles/Sec

Center Edge
Lane Lane
AC AE

Mon. .0771 .1002
Tue. .0854 .1046
Wed. .0665 .0960
Thur. .0760 .1031
Fri. .0624 .0926

Average .07348 .09930

Service Rates
Vehicles/Sec

Center Edge Edge Edge
Lane Straight Right Sum
vC yS »R vE

.1179 .1155 .1603 .1399

.1353 .1278 .1968 .1582

.1217 .1073 .1299 .1193

.1202 .1120 .1551 .1329

.1290 .1235 .1450 . 1350
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Table 4

Estimators From Second Data Set

Double Arrival Rates
Service Vehicles/Sec
Rate N-W E-S
Vehicles/Sec Bound Bound
vD XNW AES

Wed. .04793 .03801
Wed. .03873 .03811 .07883
Thur. .04518 .03720 .08543
Fri. .04296 .04248 .08990

Average .04331 .03867 .08381

I
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The cumulative frequency distribution tables of 

the different inter-arrival and service time distributions 

were developed from the output of the data analysis 

programs. Graphs were plotted from these tables and 

the Kolmogorov-Smirnov test used to compare their dis

tributions with the exponential distribution.

Let A(X;t) represent the fraction of the 

observations of a random variable X that are greater 

than or equal to t. If X is sampled from an exponential 

distribution, the semi-logarithmic plot of A(X;t) as a 

function of t will be a straight line. If the probability 

density functions is

P(X-t}- Xe"Xt,

the slope of the semi-logarithmic plot will be -X. If 

P{X<6} -0, the population distribution is a shifted 

exponential:

P(X-t) - Xe"X(t-4) t>»,

and the graph of A(X;t) versus t will be straight line 

with slope -X shifted A units to the right.

Semi-logarithmic plots were made of the eight 

variables under observation. Several of the graphs were 

approximately straight lines. The Kolmogorov-Smirnov 

Statistic was used to test the fit of the corresponding 

variables to the exponential distribution. The dis

tributions of the inter-arrival times for the E-S and
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N-W bound lanes of Miracle Mile were found to fit the 

exponential distribution according to the Kolmogorov- 

Smirnov criterion. (That is, the null hypotheses were 

not rejected at the 951 level.) Their graphs and A(t) 

functions are shown in parts A and B of Figure 7.

Graphs C and D in Figure 7 represent the inter

arrival distributions for the left and right lanes of 

North "Oracle Road. These both have a break that is 

characterisitic of platooning. R. M. Oliver and 

B. Thibault (1962) have suggested a model for platooning. 

Physically, we have slower vehicles at the head of a 

group of vehicles who are trying to go faster. Therefore 

the headway distribution of the slower or "unrestrained" 

vehicles is different from that of the "restrained" 

vehicles. Here we are measuring the headway in seconds. 

Let a be the probability, that a vehicle is "restrained"; 

let Xj and Xg be the respective parameters of the 

exponential headway distributions for "restrained" and 

"unrestrained" vehicles; and let A (t) be the fraction 

of vehicles with headways >_ t seconds.

Then,

A(t) - 1.0 t<A
A(t) - ae-^lCt-6)4.(1.o)e-X2(t-A) (4-1)

where A is the minimum possible headway.
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Graph C in Figure 7 has been enlarged in Figure 8 

to show how the plot of A(t) can be resolved as the sum 

of the two exponentials. A straight line id passed through 

the points to the right of the break on the graph. The 

slope of this line is Xg and the /-intercept is (l-o).

The straight line representing the e component

of A(t) can then be found by plotting the difference 
between the observed distribution and (l-o)e~*2(t-A)^

Graph D was also analyzed in this manner. The Kolmogorov- 

Smirnov statistic was used to test the fit of these 

observed distributions. The null hypothesis was not 

rejected at the 951 level.

With this type of distribution (equation (4-1)) 

the future is dependent on the past. For example, the 

mean arrival rate changes from to X2 after a vehicle 1 

arrives, if it has been preceded by a long period of 

inactivity. Therefore A(t), as defined in equation (4-1), 

does not have the Markovian property. However, for our 

case (o ■ .19 and .15) the behavior is predominately 

Markovian.

The semi-logarithmic plots of the service times 

are shown in Figure 9. In each case the linear trend 

has been extended upward to the y l . O  line to emphasize 

the non-linear characteristic of the graphs. Graph C , 

evidently the nearest in shape to the exponential, was



A(
t)

49

t-seconds

0464

-.0464t

-1.24

Figure 8

Inter-Arrival Time - Center Lane 
A(t) as a Function of t



50

A(t) __

A. Center Lane B . Edge Lane 
Straight

A(t) __

C. Double Departures
Right Turn

Figure 9

Service Times - A(t) vs. t



subjected to the Kolmogorov-Smirnov test. The null 

hypothesis was rejected at the 951 level. For graphs 

A, B and D the null hypothesis was also rejected.

A possible explanation of the form of these graphs 

may be related to the method of data collection. The 

service time of a vehicle in the system starts at one of 

two instants in time. When a vehicle arrives in the system 

its service time will start immediately if there is no 

queue. When there is a queue, the vehicle's service time 

starts at the instant when the vehicle directly ahead 

of him leaves the system. For our data recording, the 

arrival time of a vehicle was that instant when it passed 

between observer A and a utility pole (see Figure 6).

In either case a vehicle was not physically at 

the stop line when his service time started. Thus the 

service times that have been observed here actually 

include a "moving-up time." This suggested the Erlang 

family of distributions. Their probability density 

function is

g(t;v ,k) - Cktk”1e‘kl,t

where y is the mean, k the family parameter and 

Ck ■ (vk)k/(k-l)! Physically, "a servicing station in 

which a unit goes through r independent service phases, 

each exponential with mean time l/ry, will have service 

times obeying the rth Erlang distribution with parameter

51
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v•" (Sasieni et ., 1959). Several of the curves of 

the Erlang family are shown in Figure 10. Notice that 

the exponential is the one phase Erlang (k-1).

The frequency polygon plots (Figure 11) give an 

indication of an Erlang distribution with k>l. However 

the physical situation recommends the two phase Erlang. 

But a K-S test performed against this distribution 

rejected the null hypothesis at the 95% level for graphs 

A, B and D, and accepted it for graph C. However it is 

still possible that we have an exponential or Erlang that 

is obscured by the moving up distribution. The double 

departure service time distribution appears to support 

this.

Due to difficulties with the first set of data, 

the double departure service time was observed again when 

the second set was recorded. Because of a change in 

method, the service time was not started until there was 

at least one vehicle waiting at the stop line in each 

lane. Therefore most of the effects of the moving-up 

time were eliminated and the observed variable more 

faithfully represented the actual double departure 

service time. The plot of this variable, Figure 9-C, 

is more linear than A, B and D, but the K-S test rejected 

the null hypothesis that the double departure service 

time distribution is exponential.
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Service time

Figure 10

The Erland Family of Service Time Distributions
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In conclusion there is no evidence that would 

indicate the inter-arrival time distributions do not come 

from a population with either a pure exponential or sum 

of exponentials distribution. But we reject the 

hypothesis that the service time distributions are 

exponential. We feel the discrepancies were partially 

caused by the data collection techniques which actually 

included a "moving up time" in the measurement of the 

service time. Another reason for the discrepancies is 

the possibility that the distributions really are the 

two phase Erlang type. The two phase Erlang, also a 

Markov process, physically represents the combination 

of two sequential exponential service facilities. Also, 

the K-S test did not reject the null hypothesis when 

testing the double departure distribution against the 

two phase Erlang. Therefore both the physical con

siderations and the statistical results support the 

possibility that the two phase Erlang is a better model 

for the service facility. Further data would have to be 

taken to verify this conjecture and the model would have 

to be substantially enlarged to incorporate Erlang 

service time distributions.



Chapter S

RESULTS, CONCLUSIONS AND RECOMMENDATIONS

»

In this chapter, the estimators of the arrival 

rates and service rates are put into the stop street 

and traffic light model. The results indicate that, under 

the present conditions, the total expected delay of all . 

vehicles using the intersection will not be improved by . (

installing traffic lights. Further discussion of the 

results is followed by conclusions and recommendations.

STOP STREET MODEL

The inputs required by the stop street model are 

XC, XE, 11C, vE and wD. The values of the first four 

parameters are in Table 3 and vD is in Table 4. The 

expected number of vehicles at the stop sign is found by 

the model for each day of observation. The data analysis 

program was used to compute the average number of vehicles 

at the stop sign from the observed data. These two 

results are shown in Table 5-A for each day observations 

were made. The mean waiting time per vehicle was cal

culated using Little's formula. These results are 

summarized in Table S-B.

56
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Table 5

A. Expected Number of Vehicles at Stop Street

From From

Mon.
Observations

2.132
Tue. 2.106
Wed. 2.317

Thur. 2.153

Fri. 1.820

Average 2.1056

B. Average Delay (secs.) of

Mon.

From
Observations

12.0
Tue. 11.1
Wed. 14.3

Thur. 12.0

Fri. 11.7

Model

2.606

2.413

2.731

2.793

2.144

2.7374

Vehicle At The Stop Street

From
Model

14.7

12.7

16.8 

15.6 

13.8
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TRAFFIC LIGHT MODEL

The traffic light model required four inputs; X, 

TINC, NI and LRED. The first, X vehicles per second was 

a function of the lane that was being modeled. The last , 

three were assigned values as follows.

TINC is the length of the basic interval for the 

model. Its reciprocal is U, the average departure rate 

of vehicles from the green light queue. Kleinecke (1964) 

suggested a value of one or two seconds for TINC. One 

second was used thus establishing U at one vehicle per 

second. Bartle, £t al. (1955) discussed the measurement 

of the average spacing, in seconds, between vehicles 

leaving a traffic light queue. They reported the spacing 

to be 1.36 seconds for observations at eight intersections 

where parking was not allowed.

NI, the number of intervals per traffic light 

cycle, was set at 60. The resulting cycle length of 60 

seconds is common in actual practice today (Manual on 

Uniform Traffic Control Devices For Streets and Highways, 

1961).

Let LRED represent the length in intervals, of 

the red light for the Miracle Mile traffic. Then the 

red light of Oracle Road is 60-LRED intervals long. 

Different sets of data were computed for LRED ■ 30, 35

and 40 intervals to show the variation in the total delay 
as a function of LRED.
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The output from the model is summarized in Table 

6-A. The E-S arrival rate was divided because the 

traffic was able to share two lanes. However, the pro

posed signalization only allowed one lane for traffic 

continuing NW on Miracle Mile. Thus the NW arrival rate 

was not changed. The average delay per vehicle is given 

in Table 6-B.

DISCUSSION OF RESULTS

Table 5-A shows that the expected number of 

vehicles in the system predicted by the stop street model 

is, in all cases, higher than the value computed from 

the observed data. Since the service time parameters 

were estimated from distributions that were not exponential 

(the null hypothesis was rejected at the 951 level, by 

the K-S test) the results seem quite reasonable. In 

practice, some classes of models, for example those that 

possess the property of linearity, exhibit the property 

of robustness, that is insensitivity to changes from 

standard conditions. Our results seem to indicate that 

Markov process also belong to this class.

The final results arc summarized in Table 7. The 

total vehicular delay predicted by the traffic light model 

is slightly less than the delay predicted by the stop 

street model and 141 higher than the "observed" delay. 

These results indicate that, under the present conditions,
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Table 6

A. Total Expected Waiting Time Per Cycle at Traffic Light
(in vehicle seconds)

NI « 60 intervals TINC - 1. 0 second
Lane X \  LRED 30 35 40

Veli/Sec \  Intc rvals

Center .07348 36.97 25.85 16.72

Edge .0993 SI.45 35.98 23.27

NW .03884 18.81 25.49 33.17

E-S/2 .04198 20.40 27.64 35.97

E-S/2 .04198 20.40 27.64 35.97

Totals 148.03 142.60 145.10

B. Average Waiting Time Per Vehicle (secs.)

Lane X \  LRED 30 35 40
Vch/SccXlntervals

Center .07348 8.22 5.75 3.72

Edge .0993 8.63 6.04 3.90

NW .03884 8.07 10.94 14.23

ES/2 .04198 8.09 10.97 14.27



Table 7

Comparison of Results
Total Expected Waiting Time Per Cycle (60 secs.)

Lane Present
Model Observed

Signalized Model

Vehicle-Seconds Per Cycle
Center

Edge
1S1.0 125.0

25.85

3.5.98
NW 0 0 25.49

E-S/2 0 0 27.64

E-S/2 0 0 27.64

Total 151.0 125.5 142.6
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the total delay experienced by all the vehicles using 

our intersection over a given period of time will not 

be significantly improved by the installation of the 

proposed traffic signals.

We chose the total vehicular delay as the measure 

of performance for the intersection. We do not intend 

to imply that this is the only, or even the most appro

priate, measure of performance for an intersection. In 

Tables 5-B and 6-B, another parameter is shown, the mean 

delay per vehicle. This is of interest if the objective 

involves the expected delay per vehicle. For example, 

let D(i,j) represent the mean waiting time per vehicle 

of lane j in intersection i , where j*C,E,ES/2 or NW and 

i*SS or TL(8). SS represents our intersection with the 

stop street and TL(8) represents our intersection with 

traffic signals which have an offset (fraction of the 

cycle that light is green) of 8 for the Miracle Mile 

traffic. Then, one possible objective could be defined 

as

MIN ( MAX (D(i,j)))
i-SS,TL(6) j-C,E,NW,ES/2

o<8<!

The objective function of this expression,

MAX (D(i,j)),
j-C,E,NW,ES/2

represents the maximum, over the 4 lanes, of the mean delay

I



per vehicle. The total objective is to minimize this 

maximum delay.

Another possible objective function is,

Z ENV(j;T)D(i,j)k
j-C,E,ES/2,ES/2,NW

where ENV(j;T) is the expected number of arrivals in lane 

j during time T. When k-1, this expression is equal to 

the total expected waiting time per cycle, the original 

objective function of this study. If k-2, the longer 

waiting times have greater effect. This is one model 

of a human's "impatience factor." The choice of an 

appropriate objective function should be based on a 

human factors oriented theory of value assessment and 

decision making.

CONCLUSIONS

Our conclusions are that the inter-arrival time 

distributions for the free flowing traffic on Miracle Mile 

are exponential while those for the traffic approaching 

the stop sign on Oracle Road are a mixture of exponentials. 

The only conclusion that could be reached about the service 

time distributions was that they are not exponential. The 

general Markov process model of the two lane stop street 

seems approximately applicable in spite of the problems 

with the input data. No recommendations could be made to
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signalize our intersection on the basis of total expected 

vehicular delay. However other considerations from the 

Human Factors area which were mentioned indicate there 

may be other justifications for the installation of 

traffic lights.

RECOMMENDATIONS

Several areas of this study merit further attention. 

The general Markov process model of the stop street was 

developed assuming there was no lane changing. It should 

not be too difficult to modify the model to include this 

behavior (Gazis eJL a_l. , 1962). Also the manner in which 

the right turn vehicles were accommodated by the model 

should be re-evaluated.

A sensitivity analysis of the model would be of 

interest. This could be done by taking more data at 

different intersections. A more practical approach would 

be to simulate the intersection on a computer. (Kell,

1962, 1963) This would allow a more accurate analysis 

of the effects on the model results due to a change in the 

simulated intersection parameters.

Other areas of further study concern the service 

time distribution. Perhaps the theoretical work that has 

been done in a gap acceptance (Maradudin e_t aJU , 1962) 

can be applied here to explain our service time
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distributions. Also more precise data should be collected. 

If the hypothesis of the two phase Erlang distribution 

is supported, then the stop street model should be modified 

to account for this.

The human factors aspects of determining an 

appropriate measure of performance for an intersection 

have already been mentioned. Another problem that needs 

study is the definition and measurement of delay. (Berry 

and Van Til, 1954) When does delay start and end? Is 

it adequate just to measure the seconds of delay, or 

should the psychological make up and environment of the 

driver be also taken into consideration?

General Markov process models are applicable in 

many areas. A list of some of the fields that have been 

studied includes brand switching in Marketing, Ecological 

models, contagious disease models, waiting lines, water 

storage models, inventory models and military combat 

models. The apparent robustness further extends the 

utility of this class of models. The range of application 

and flexibility make the general Markov process model a 

powerful systems engineering tool.
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ILLUSTRATIONS OF DATA COLLECTION METHODS
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9 Error 
Push Once

Arrival 
Marker Car

Arrival 
Edge Lane

10 Delete 
Push Twice

Departure 
Marker Car

l \  ....................... .........................  .. \ ,

8 Cross Traffi 
Push Once

Right 2 Service
Turn Edge Laneo O 9 Error 

Push Twice
Double 3 Service
Departure Center Lane

10 Delete
Push Thrice

Observer B

Figure 12

Pulse Generator Assignments - First Data Set



1 Arrival 
N-W BoundO

5 Arrival 
E-S Bound
Pushy0!re*x

2 Start 
Double 
Service 
Time

9 Error 
Push Twice

©
4 Double 

Departure
3 Stop Double 

Service Time

10 Delete 
Push Thrie

Figure 13

Pulse Generator Assignments - Second Data Set
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145

133

124

Event Number (See Table 1 and 2)

Relative
Time
5ecs —  

160

Z 145-145

137__
— 136

—  132
—  130

—  129
Z 126-111

125 —

110 —

105 —

— 102

Figure 14

Sample Data Tape - First Data Set



U
4

L
n

U
4

ts
JO

>
C

‘'U
4

^
iL

n
i-

l
O

'L
n

^
»

L
N

t/
iL

n
C

t

70

102 
105 
110 
119 
121 
121 
121
124
125
126 111
129
130
132
133
136
137 
139

1 145
7 145 145

Figure 15

Listing of Data Cards Punched From 

Figure 14 Data Tape



APPENDIX B

OUTLINE OF DATA ANALYSES PROGRAMS
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Variable
Name/
Value*

IN
1
2
3
4
5
6 
7

8,9
10

12
13
14

ITIME

I LATE

Table 8

Date Base From First Set of Data

Description/
Meaning

Event number 
Departure, lane 4** 
Departure, lane 1 
Departure, lane 2 
Departure, lane 3 
Arrival, lane 1 
Arrival, lane 2 
System empty or marker 

car arrival at ILATE 
and departure at 
ITIME

Used for debugging 
Initialize for new but 

save totals 
Print results 
Arrival, lane S 
Initialize completely 

for new day 
Time of occurrence of 

this event relative to 
the time observing was 
started

See IN»7, above

Card Col. 
Position

1-5

6-10
11-15

*See Table 1 for variable values
**See Figure 16 for lane numbers
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Table 9

Data Base From Second Set of Data

Variable Description/
Name/ Meaning
Value*

Card Col. 
Position

IN
1
2
3

4
5
10
12
14

ITIME

Event number 1-5
Arrival, lane 5**
Start clock-double 

service busy time 
Stop clock-double 

service busy time 
Departure, lane 3 
Arrival, lane 7 
Initialize for new day 

but save totals 
Print results 
Initialize for new day 

completely
Time of occurrence of 

this event relative to 
the time observing was 
started 6-10

*See Table 2 for variable values
**See Figure 16 for lane numbers
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I

rt, turn ( 4

Figure 16

Lan Numbers for Tables 8 and 9

I
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Card
to

Tape
Program

Data
Bases

Duplicator

Main
ProgramDuplicates Action Accumulates

of Traffic Statistics

Unusual or 
Illogical Conds

Results

Output 
Unusual 
Conds. 
Daily $ 
Weekly 
Statistics

Figure 17

Organization of Fortran Data Analysis Programs
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Table 10

Computer Program Variables 

A. Stop Street

Variable Name Description Applicable Lanes
INPUTS
IDCT Double departure filter 3
ISTRT START looking time-actual NAI STOP STOP looking time-actual NAIN, TIME, (See Table 8 § 9)

I LATE
OUTPUTS
LARCT(3) Arrival count 1,2,5
LSVCT(4) Service count 1,2,3,4
LSVBT(4) Service busy time 1,2,3,4
ARATE(3) Arrival rate 1,2,5
SRATE(4) Service rate 1,2,3,4
IAIL(200,3) Inter-arrival times- 

frequencies
1,2,5

IQWT(200,3) Queue waiting times- 
frequencies

1,2,4
ISWT(200,3) Service waiting times - 

frequencies
1,2,4

ISCA(250,6) System variable-
transition frequencies 
state occupation times

NA

ENIS Expected number in 
systern

B . Double Traffic

NA

Variable Name Description Applicable Lanes
INPUTS (same as STOP STREET above)
OUTPUTS
ICCT(2) Arrival count 5,7
IDBT Service busy time 3
ISVCT Service count 3
SRATE(3) Arrival/service rate 3,5,7
ICCI(200,2) Inter-arrival times- 

frequencies
5,7

IDIT(200) Service waiting times - 
frequencies

3
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