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ABSTRACT 

The characterization of the quality of traffic service in urban street 

networks has been made according to the Two-Fluid Model of Town Traffic. A 

comparison of traffic related characteristics in various cities around the 

world using the Two-Fluid methodology has given insight into the physical 

network features which most strongly affect the quality of traffic service 

and the model parameters. Through ground experiments and simultaneous aerial 

observations, it has been shown that the model assumptions are reasonable. 

The Two-Fluid model has also been used in before/after studies in Dallas, 

Lubbock and San Antonio, where changes in traffic control strategies and mix 

of vehicles had taken place. The sensitivity of the model parameters to the 

vehicle type used in the data collection has also been investigated. 

Finally, time-lapse aerial photographs of traffic in Austin and Dallas have 

been reduced and analyzed to establish relations among network-wide averages 

of fraction of vehicles stopped, speed, concentration and flow, hence 

improving the Two-Fluid methodology by allowing the comparison of the quality 

of traffic service in variolls networks to be made under similar vehicular 

concentrations. 

KEY WORDS: Two-Fluid Model, Ergodicity, Urban Traffic Network, Collective 
Effects, Quality of Traffic Service, Level of Service, Fraction 
of Time Stopped, Fraction of Vehicles Stopped, Stop Time per 
Unit Distance. Trip Timer per Unit Distance, Running Time per 
Unit Distance. Average Running Speed. Vehicular Concentration. 
Vehicular Flow, Aerial Photography, Chase Car Method 
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SUMMARY 

The Two-Fluid Model of Town Traffic has been shown to be a feasible 

means of characterizing the quality of traffic service in urban street 

networks. The assumptions of the model have been verified through the 

analysis of extensive data obtained from experiments and observations 

conducted on the ground and from the air. The Two-Fluid model has been 

calibrated for various urban networks with diverse features in cities in 

Texas and around the world. Furthermore, the model has been used in 

before/after studies in various cities. Calibration of the model for various 

networks and the before/after studies have helped in identifying those 

physical network features that appear to most strongly affect the quality of 

traffic service and thus the Two-Fluid model parameters. In addition, data 

from buses and passenger cars obtained on the same routes have been compared 

in order to study the effect on the model parameters for a given network of 

the particular vehicle types used in the data collection. 

Time-lapse aerial photography over Austin and Dallas has been employed 

to determine the averages of concentration, speed and fraction of vehicles 

stopped and to examine the relations among such network-wide averages 

including the flow which was measured on the ground simultaneously. The 

results of this phase of the study have indicated that the average flow in a 

street network can indeed be expressed as the product of the space mean speed 

and concentration. Moreover, relations between the fraction of vehicles 

stopped and concentration as well as between speed and concentration have 

resulted in the need to define two additional Two-Fluid parameters. 

Consequently, the Two-Fluid model may be used to predict, for a given change 
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in vehicular concentration in a street network, the resulting changes in the 

averages of speed, running speed, fraction of vehicles stopped, flow, etc. 

This is particularly useful as a performance model in urban planning where 

for a given demand it is desirable to predict the resulting traffic 

conditions. 

Such simple macroscopic descriptions of the character and quality of the 

traffic service in urban networks provide the practitioner with a feasible 

methodology for addressing not only specific engineering questions such as 

the impact of changes in a network on the quality of service but also broader 

issues related to urban planning, transportation economics, as well as 

environmental and energy questions. 



IMPLEMENTATION STATEMENT 

The Two-Fluid Model of Town Traffic has been shown to be a feasible 

means of characterizing the quality of traffic service in urban non-freeway 

street networks. The model has been shown to be reliable and easy to 

establish. The Two-Fluid model can be used in comparing the quality of 

traffic service in various urban networks as well as in the same network 

before and after major changes in control strategy, travel patterns, vehicle 

mix, network topology, etc. The comparison is made through four Two-Fluid 

model parameters, 

T - an estimate of the average minimum trip time m 
per unit distance 

n - parameter relating running speed to fraction of 
vehicles running 

f ~ an estimate of the average minimum fraction of s,min 
vehicles stopped to concentration 

n - parameter relating fraction of vehicles stopped to 
concentration 

It is desirable to have a network with low values of the parameters Tm' n, 

and fs min and a high value of the parameter n. , 

xi 





TABLE OF CONTENTS 

PREFACE •••• 

LIST OF REPORTS 

ABSTRACT 

SUMMARY • 

IMPLEMENTATION STATEMENT 

CHAPTER 1. INTRODUCTION 

TRAFFIC SCIENCE - ITS DEVELOPMENT AND DIRECTIONS • . 
PROBLEM DEFINITION • • • • . . • • 
PREVIOUS WORK . . . • • • . • • • 
OBJECTIVES OF THE PRESENT STUDY 
STUDY APPROACH • • . • • . • 

CHAPTER 2. THE TWO-FLUID THEORY 

CHAPTER 3. VERIFICATION OF THE TWO-FLUID MODEL ASSUMPTIONS • . 

ERGODICITY AND ERGODIC SYSTEMS • . 
EXPERIMENTAL DETAILS • . . • • • . . • • 
ANALYSIS AND RESULTS • . • • • • • • • 
VERIFICATION OF THE ERGODIC ASSUMPTION 
VERIFICATION OF THE SECOND TWO-FLUID MODEL ASSUMPTION 
SUMMARY AND DISCUSSION . • . • • • • • • • • • • 

CHAPTER 4. RESULTS OF TWO-FLUID MODEL GROUND STUDIES • 

OBSERVATIONAL DETAILS • • • • • • 
COMPARISON OF THE QUALITY OF TRAFFIC SERVICE IN VARIOUS NETWORKS 
'BEFORE' AND 'AFTER' STUDIES ••••••••••.•••• 
COMPARISON OF BUS AND CAR-BASED TWO-FLUID MODELS . 
DISCUSSION . • • . • • . • • • • • . • . 

CHAPTER 5. AERIAL PHOTOGRAPHIC OBSERVATIONS 

SPECIFICATIONS • • 
REDUCTION • • • • • 
SAMPLING BY COLORS • 
SPEED MEASUREMENTS • . 
SOURCES OF ERRORS 
DEFINING A STOPPED VEHICLE • 
CONCENTRATION MEASUREMENTS . 
FLOW MEASUREMENTS ••••• 

xiii 

• iii 

v 

• vii 

ix 

xi 

1 

1 
2 
4 
8 
8 

11 

27 

27 
32 
33 
35 
39 
41 

45 

45 
48 
69 
81 
85 

93 

94 
94 
99 

. . 101 
103 

• 114 
120 
120 



xiv 

CHAPTER 6. AERIAL PHOTOGRAPHIC RESULTS • • • • • • • • 125 

EXPERIMENTAL AND OBSERVATIONAL DETAILS • • 126 
AERIAL VERSUS GROUND OBSERVATIONS •••. • • • • • • 128 
RELATIONS BETWEEN FRACTION OF VEHICLES STOPPED AND CONCENTRATION • • 131 
RELATION BETWEEN SPEED AND CONCENTRATION • • 144 
SPEED, FLOW, AND CONCENTRATION RELATIONS 149 
S~Y • • • • • • • • • • • • • • • • • • • • • • 159 

CHAPTER 7. SUMMARY AND DISCUSSION 

SUMMARY OF RESULTS • • • • • 
LIMITATIONS AND EXETNSIONS 

REFERENCES 

APPENDIX A. NETWORK BOUNDARIES 

APPENDIX B. VEHICLE MATCHING COMPUTER PROGRAM 

• • 161 

• • • 161 
• 164 

· 169 

175 

• 181 



CHAPTER 1. INTRODUCTION 

TRAFFIC SCIENCE - ITS DEVELOPMENT AND DIRECTIONS 

Traffic problems are by no means a modern phenomenon. Transportation of 

goods and products to city dwellers is as old a practice as city dwelling 

itself. In ancient Rome, for example, according to the Corpus Inscriptionum 

Latinarum there existed traffic ordinances restricting the use of the city 

street network to authorized wagons only. Permission to enter and use the 

city network between the time of sunrise and the tenth hour of the day was 

granted only to wagon drivers with narrowly defined legitimate business in 

the area. 

While mankind has struggled with traffic problems for a long time, it 

was only half a century ago that a fundamental scientific approach to these 

problems began to be taken. Since then significant advances have been made 

in our understanding of various aspects of the young science of vehicular 

traffic. It is remarkable that vehicular traffic processes which concern the 

interaction of human beings through a machine and a control system can be 

described by a rational approach [Refs 1 and 2]. Such an approach, however, 

involves the application of knowledge in many diverse disciplines such as 

mathematics, theoretical and experimental physics, engineering, psychology, 

and medicine but to mention a few. 

During the past thirty years, a wide variety of questions have been 

examined in this relatively new science, with special attention given to the 

details of the specified traffic processes. The subjects investigated have 

ranged from the basic traffic flow relations and studies of capacity and 

level of service along highways, arterials and intersections, to 
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car-following theory in single lane flow and a kinetic theor:, of multilane 

traffic, to shock waves dnd the propagation of perturbal:ions in traffic 

streams, to network traffic studies including fuel consumpt:lon studies in 

urban networks, and to studies in the economics of transp()rtation and its 

environmental impacts. 

One of the main objectives of this body of scientific work has been to 

understand traffic in urban networks. It is difficult to contemplate how 

this can be achieved on a purely microscopic basis since as a minimum it 

would involve knowledge concerning the detailed movement of the traffic on 

all the links and through all the intersections of the network under 

consideration. It is then to be hoped that the examinatlon of relations 

among the averages of pertinent variables in such a highly complex system 

might lead to some simple functional dependencies as ~,consequence of 

collective effects. 

Problems of this type, i.e. problems comp1e~ in the interre1ationa1 

sense can be termed symplectic problems [Ref 3]. The word synlp1ectic derives 

from the Greek word symplektikon meaning intertwined or complE!x precisely in 

the interre1ationa1 sense. Many modern problems are, indeed, of this 

symplectic type. One of the main reasons for mentioning this class of 

problems is that a purely theoretical approach to the solution of a highly 

complex problem is not at all hopeful. The science of traffic is basically 

an empirical science that can go forward effectively when theI'e is a union of 

theory with observation and e~periment {Ref 3]. 

PROBLEM DEFINITION 

City street networks are subsets of a larger network of roads designed 

and maintained to be responsive to the vital need in modern society for the 

mobility of people and goods. In traffic engineering practicE: there is the 
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continuing problem of determining the quality of traffic service offered to 

the users of an urban street network and along with it to evaluate relative 

traffic quality of a traffic system as a whole. 

Such problems have been addressed to some extent in limited situations 

at intersections or along arterials, and on occasion in limited city networks 

where area-wide traffic control studies, involving substantial resources and 

manpower, have been undertaken. While it is possible to determine the 

effectiveness of various approaches to traffic control on a rather limited 

basis, such as at an intersection or along an arterial, there has not been 

comparable success for area traffic control, where the interactions among 

intersections play such a vital role. In general it seems that 

before-and-after studies of the effectiveness of a given control scheme in a 

sizeable traffic network have not led to definitive answers to the question, 

"How effective has the new control strategy been?" 

The question therefore remains, "How can the traffic engineer determine 

the quality of traffic in a sizeable city network or portion thereof, and 

what tools exist to determine the effect of changes in traffic control 

strategy as well as street and highway modifications on the effectiveness of 

the traffic system and on the quality of the traffic itself?" 

More specifically a practical methodology for assessing the overall 

quality of traffic service provided by existing street networks in urban 

areas is needed. Assessment should be made on a area-wide basis and should 

complement the traditional techniques that are used to evaluate the level of 

service on street links and at intersections. FeasibleYlays of obtaining the 

data required for applying the methodology in evaluating changes in traffic 

system performance with time must be developed and validated. 
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PREVIOUS WORK 

Early attempts to assess the quality of traffic service have been 

generally limited to intersections and single arterials and ro.ads. As early 

as 1950 the Highway Capacity Manual [Ref 4] had put fort'n guidelines to 

determine the performance quality of single arterials and roads through the 

concepts of capacity and level of service. Six levels of ser'vice (A through 

F) were defined in terms of the speed-flow relation. The Manual has also 

defined a performance quality measure at intersections, i.e. the maximum 

number of cars which can be processed per hour of gree~ at a given 

intersection. Contributions of experimental and observational work by 

Greenshield, et al on traffic performance at intersections [Ref 5] were used 

in the development of intersection capacity concepts in the Highway Capacity 

Manual. Experiments and observations were also conducted in England by 

Wardrop and his co-workers on the capacity and traffic perf,~rmance quality 

along highways and arterials as well as at intersections. The:se early works 

included the development of relations among flow, speed and street widths in 

connection with roadway capacity [Refs 6 and 71 as well as rel.ations between 

delay at intersections and flow through intersections [Refs 7 .and 8]. 

Among attempts to characterize the quality of traffic s,arvice in urban 

street networks one of the most common methods employed has be,an to dispatch 

experimental vehicles radially away (or toward) the central part of a network 

with each vehicle recording its travel time and distance at specified times 

or locations. As a result contour travel time and speed maps ,~f the area are 

established. Such multi-dimensional traffic maps of a city traffic network 

would then provide knowledge of the distribution of travel times and mean 

speeds over the network (see for example Ref 9). Such studies, however, 
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require substantial amounts of manpower and with limited resources are 

difficult to perform on a regular basis. 

Moreover, while a pertinent variable, the average speed cannot by itself 

be an accurate measure of the quality of traffic service. For example, in 

two networks with the same average speed during a given time period, the 

average number of stops per unit distance and/or the average running speed 

may be different, thus signifying different qualities of traffic service. 

In the early 1970's, a growing number of theoretical and experimental 

efforts were directed toward describing and characterizing the quality of 

traffic service in urban street networks. Following the speed contour map 

concept, Hutchinson [Ref 10] suggested that the mean speed increases 

approximately as the cubic root of distance from the city center. Vaughan, 

et al [Ref 11] described the traffic intensity as a function of distance from 

the city center, where traffic intensity is the total distance traveled by 

all vehicles on major roads per unit area of road per unit time at that 

distance. In addition Smeed [Ref 12] and Blumenfield [Ref 13], among others, 

were concerned with the effects of road network design features on variables 

such as mean speed, concentration, and flow which was defined as the product 

of mean speed and concentration over the network under consideration. 

Another means of evaluating the quality of traffic service has been 

suggested by Zahavi [Ref 14] through his so-called a-parameter concept. He 

suggested that the length-weighted mean flow, q, is inversely proportional to 

the space-mean speed, v, i.e. q = a/v. In this relation Zahavi suggested 

that a is a parameter describing the quality of traffic service for a 

specified section or a complete road network. He then proceeded to construct 

maps of equi-value a-lines for cities of London, England and Meridian, 

Mississippi to show the spatial distribution of the traffic performance in 
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these two cities [Ref 15]. Examining Zahavi's a-concept, Buckley and 

Wardrop [Ref 16] have suggested that the traditional speed-.f10w relations 

might be at least as helpful and meaningful as the a-concept. They also 

showed that Zahavi's a is strongly related to the value of the space-mean 

speed. The a-concept has also been examined through the u,se of aerial 

photographic data in the work reported here. 

Much of the work in the arena of network-wide characterization of the 

traffic quality of service over the past ten years has been focused on 

attempts to examine general traffic characteristics in various cities with 

the goal of relating the character and quality of traffic to pertinent 

traffic variables, such as average speed, stop time per unit distance, 

standard deviation of acceleration, etc., as well as to the associated fuel 

consumption and exhaust emissions [Refs 17 and 18]. An analysis by Chang and 

Herman [Ref 17] of chase car data generated by Johnson et al [Ref 19] in nine 

metropolitan areas in the United States showed that variables such as stop 

time per unit distance, levels of acceleration or braking, as well as the 

magnitude of the speed variations, are all highly dependent on the average 

speed, i.e., the reciprocal of the average trip time per unit distance. The 

effects of traffic concentration and roadway types on the speed distribution 

function and the acceleration distribution function have also been examined. 

As is now well known it was found that as a result of collective effects 

the average speed is a traffic variable that can be used rather well to 

characterize urban traffic in many respects. For example, in terms of trip 

time, stop time, acceleration noise, etc., the higher the average speed in an 

urban network the better the quality of traffic service in general. It is 

interesting to note that there are rather clear trends among various of the 

traffic variables in many cities around the world. This has been an 
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encouraging sign to the traffic scientists who have continued to pursue this 

and other aspects in order to reach for some global representation of traffic 

in large city networks [Refs 20 and 21]. The main thrust of much of the 

research reported in this paper derives from the Two-Fluid model, proposed by 

Herman and Prigogine in 1979 [Ref 21]. 

Another excellent example of collective effects arose in studies of the 

interrelation of fuel consumption and urban traffic [Refs 22, 23 and 24]. 

Early studies in the Detroit metropolitan area showed that the fuel consumed 

per unit distance, ~ , was, in first approximation, linearly related to the 

trip time per unit distance, T. This result was predicated on the test 

vehicle sampling the entire network, for example, by means of chase car 

techniques. It is noteworthy that many of the other variables correlated 

with fuel consumption are also strongly correlated with the average speed, 

e.g. the number of stops per unit distance. Evans, Herman and Lam [Ref 22] 

examined the effect on fuel consumption of a large number of variables and 

found the above-mentioned simple relation by means of a multivariate 

analysis. They pointed out [Refs 22 and 23] that it is possible to interpret 

such a linear relation between ¢ and T in terms of a model of the 

engine-vehicle system developed by Amann et a1 [Ref 25]. This simple result 

was first indicated by Pe1ensky et a1 [Ref 26] as well as by Evera11 [Ref 27] 

and Roth [Ref 28] on the basis of their observations. 

It is important to emphasize, for such a complex system with perhaps two 

dozen or more variables operating, that there are likely to be collective 

effects which reduce the complicated no~-linear interrelations to relatively 

simple functional dependences. Furthermore, traffic observations of trip 

time per unit distance and stop time per unit distance for vehicles driven in 

urban non-freeway networks have indicated a consistent simple relation 
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between these two variables in a number of cities around the world. The 

Two-Fluid model of town traffic was developed by Herman and Prigogine [Ref 

21] in an attempt to establish a theoretical basis for this parttcular 

observational relation. 

OBJECTIVES OF THE PRESENT STUDY 

As a continuing effort to characterize the quality of traffic service in 

non-freeway urban street networks, the reported research work has addressed 

the following main objectives: 

(1) To experimentally establish 
underlying assumptions of 
macroscopic model formulated 
service in urban non-freeway 

the reasonableness and "alidity of the 
the Two-Fluid model which is a 
to characterize the quality of traffic 
networks. 

(2) To study the feasibility of the use of the Two-Fluid model to 
characterize the quality of traffic service in urhan non-freeway 
street networks. 

(3) To investigate the effects of vehicle types used in (lata collection 
on the parameters of the Two-Fluid model. 

(4) To extend the Two-Fluid model theory to allow the cor~parison of the 
quality of traffic service in various networks under similar 
vehicle concentrations. 

(5) To examine relations that may exist among network-w:lde averages of 
pertinent traffic variables such as speed, concentra1:ion and flow. 

STUDY APPROACH 

The work reported here is largely an experimental and observational 

attempt to explore and develop ways of characterizing the quality of traffic 

service in urban street networks. The theoretical basis for the work has 

been the Two-Fluid model of Town Traffic [Ref 21]. Chapter ~~ describes the 

Two-Fluid model theory and in addition includes a discussion of postulated 

relations among network-wide averages of speed, concentration lind fraction of 

vehicles stopped. 
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The reasonableness of the underlying assumptions of the Two-Fluid model 

is discussed in Chapter 3. The Chapter presents a theoretical discussion of 

the Two-Fluid model assumptions along with the results of experiments and 

observations carried out to examine the validity of these assumptions. The 

ergodic character of traffic is further explored by comparing the time 

averages of variables obtained with a single test vehicle with averages taken 

over all the test vehicles involved in the experiments conducted. 

A considerable amount of data have been collected in various cities to 

evaluate the parameters of the Two-Fluid model for different cities. The 

results are documented in Chapter 4. Comparison of these cities and their 

Two-Fluid model characterization has led to a preliminary list of network 

features, discussed in this chapter, that may affect the model parameters and 

the quality of traffic service in a network. Observations have also been 

made to investigate how the results depend on the particular type of test 

vehicle used in making the observations. Chapter 4 also includes the results 

of before/after studies conducted in cities which had undergone modifications 

in traffic control schemes or other aspects of the urban traffic system. The 

results reported in Chapter 4 have also been published in two separate papers 

[Refs 29 and 30]. The results of a closely related study addressing the 

energy aspects of the quality of traffic service have been presented in a 

paper by Herman, et al [Ref 31]. 

Time-lapse aerial photographs have been taken over the caD networks of 

Austin and Dallas to study relations that may exist 

variables pertinent to the quality of traffic service. 

the techniques used in reducing and analyzing the 

including a discussion of sources of measurement errors. 

among traffic flow 

Chapter 5 discusses 

aerial photographs 
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Chapter 6 contains the aerial photogrpahic results and their comparison 

with the results obtained from the ground observations made simultaneously 

with the aerial photographs. Aerial photographic data have been used in 

Chapter 6 to establish relations among network-wide averages of vehicular 

concentration, flow, speed and fraction of vehicles stopped. The Two-Fluid 

model has been improved through addition of these relations, allowing the 

comparison of the quality of traffic service in Austin and Dallas under the 

similar vehicular concentrations. 

Chapter 7 summarizes the results of the study along with a discussion of 

the limitations of these results. Recommendations for possible 

implementation and further research and extensions are also presented in 

Chapter 7. 



CHAPTER 2. THE TWO-FLUID THEORY 

This chapter presents a discussion and expansion of a theoretical model 

known as the Two-Fluid Model of Town Traffic which is formulated to 

characterize the quality of traffic service in non-highway urban networks. 

The significance of the model parameters with regard to the quality of 

traffic service is also discussed and the quality of traffic service of 

various hypothetical networks are compared using the Two-Fluid methodology. 

The traffic in an urban street network can be considered to consist of 

two "fluids": one fluid composed of the moving vehicles and the other of 

vehicles that are stopped. The stopped "fluid" includes vehicles stopped as 

a result of congestion, traffic signals and other control deVices, as well as 

obstructions caused by construction, accidents, etc.; but it does not include 

parked vehicles since they are not a component of the traffic, but rather 

form a part of the geometric configuration of the streets. Herman and 

Prigogine [Ref 21] first proposed the concept of a Two-Fluid model as an 

extension of their kinetic theory of multilane highway traffic [Ref 31]. 

In the kinetic theory of multilane trafflc [Ref 31] the average speed, 

v, is expressed in terms of the average vehicular concentration, k, as 

-1 v - [ktR(l-P) ] where P is the probability of passing and tR is the 

relaxation time to traffic perturbations, i.e. the time required for the 

effect of traffic perturbations to dissipate. Such a relation is strongly 

mechanism-dependent since both P and tR depend on k as well as on quantities 

such as lane configuration, driver behavior, etc. The relaxation time, t R, 

also depends on the average fraction of vehicles stopped, fs' which itself is 

a complicated function of the concentration. 

11 
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In the kinetic theory, at sufficiently high vehicular con,cent rations the 

speed distribution of the vehicles includes a delta function at v"'O 

representing the motionless fluid or the fraction of the vehicles that are 

stopped, f • 
s 

This is analogous to the Bose-Einstein condensation, which at 

sufficiently low temperatures leads to the splitting of the distribution 

function into two parts, one representing the molecules in the ground state 

and the other, the molecules in the excited states [Ref 2]. The thermal 

energy of the excited molecules is proportional to a power of the fraction of 

the excited molecules present. Similarly, the kinetic theory of multilane 

highway traffic suggests that, at sufficiently high vehicular concentrations 

at which f -7- 0, the average speed of vehicles, V, is a function of the 
s 

fraction of vehicles in motion fr -1-fs ' namely V-U (1-f )aU f , where Uo is a o S 0 r 

characteristic quantity depending on the "desired speed" distribution 

function. 

In the Two-Fluid model the ideas in the kinetic theory of traffic are 

followed by assuming that the average speed of the moving cars, vr ' depends 

on the fraction of the cars that are moving, f r , in the following form: 

v 
r == 

-1 vf 
r = = v (l-f )n 

m s n>o (2.1) 

where vrn is the average maximum running speed in the network system, v is the 

space-mean speed of the traffic and n is a parameter whose significance will 

be discussed later. The boundary conditions are satisfied since for f = a 
s 

and one, the running speed is vm and 0, respectively_ Note that 

f + f == 1 r s 

v = lIT m m 

(2.2) 

(2. 3) 



and 

v 
r 

v 

liT 
r 

liT 
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(2.4) 

(2.5) 

where f and f are the fractions of the vehicles stopped and moving, 
s r 

respectively, T 
r 

is a parameter representing the average minimum trip time 

per unit distance, T is the average running time per unit distance and T 
s r 

is 

the trip time per unit distance. If, in addition, the stop time per unit 

distance is denoted by Ts it follows that 

T = T + T s r 
(2.6) 

In the model it is also assumed that over a sufficiently long period of 

time the fraction of the time stopped for the ith vehicle circulating in a 

network, (T IT)., is equal to the time-mean fraction of the homogeneous 
s 1 

population of cars stopped, <fs>p' over the same time period, namely, 

(2.7) 

For convenience the symbol <x> is used interchangeably with the notation x to 

represent the average value of x. 

The above relation (Eq 2.7) is known as the ergodic assumption. An 

ergodic traffic system is one in which the time-mean performance of any 

single vehicle over a sufficiently long period of time would be identical to 

the mean performance of all the vehicles in the ensemble over the same 

period. A more detailed discussion of the ergodicity property and ergodic 

systems is given in the section on ergodic experiments in Chapter 3. 
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The rela.tion in Eq (2.7) ca.n be theoretically proven f'lr steady state 

traffic conditions. To do this, we will first prove th.lt even under 

non-steady state conditions the mean fraction of time stopt>ed for all the 

vehicles in a network is equal to the mean fraction of all the vehicles 

stopped in that system. 

Assume a traffic network with a population of N vehicles. Over an 

observation period , the probability of the ith vehicle of this population 

being stopped, Pi' can be expressed as the fraction of time stopped for this 

vehicle, namely, 

Pi = (T IT) s· i 

Therefore, we can write for the entire population of vehicles that 

i .,. 1, 2, ••• , N 

(2.8) 

(2.9) 

Dividing both sides of Eq (2.9) by the total number of vehicles we obtain 

i = 1, 2, ••• , N (2.10) 

The left-hand side of Eq (2.10) is the mean probability of finding any 

vehicle of the population stopped, or in other words it is the mean fraction 

of vehicles stopped. On the other hand, the right-hand side of Eq (2.10) is 

the mean fraction of time stopped for the population of the vehicles. 

Therefore, over the observation period T we can write that 

<f > = <T IT> 
s P s P 

(2.11) 

under any conditions. 

In steady state conditions and over a sufficiently long period of time, 

each of the N vehicles will have fully sampled the network area. Therefore, 
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the fraction of time stopped for any vehicle of the population, (Ts/T)i 

will be equal to that of any other vehicle and thus identical to the mean 

fraction of time stopped, namely, 

i = 1, 2, ••• , N (2.12) 

Combining Eqs (2.11) and (2.12) we will have for the steady state case that, 

<f > = <T /T> = (Ts/T)i 
s P s P 

(2.13) 

Equation (2.13) contains the second assumption of the Two-Fluid model as 

expressed in Eq (2.7). 

The ergodic experiments, described in Chapter 3, were designed to 

examine the extent to which the fraction of the time stopped for a single 

test vehicle in a real traffic network satisfactorily approaches the mean 

value of this fraction taken over Nt test vehicles for reasonable times, 

i.e., times short enough so that traffic conditions are not changing too much 

but long enough so that a test vehicle can sample all the streets in the area 

with frequencies corresponding to the traffic utilization of those streets 

and to sample all the different driver behaviors. On the other hand, if the 

time period T during which the traffic conditions are reasonably stable is 

not long enough to allow a test vehicle to properly sample the test area, 

then daily repetitive observations made by a single test vehicle during the 

period T should on the average correspond to the averages obtained over the 

entire population on a typical day during this particular time period. 

Adopting Eqs (2.1) and (2.7), we are now able to derive the theoretical 

relation between the trip time and the stop time per unit distance predicted 

by the Two-Fluid model. Let T be the trip time per unit distance, Tr be the 

running time per unit distance, Ts be the stop time per unit distance, and Tm 



16 

be an estimate of the average minimum trip time per unit distance or the 

reciprocal of the average maximum speed, Vm, in the system. Thus, Eq (2.1) 

can be rewritten as 

T = T f-n 
r m r 

Substituting for fr in Eq (2.14) in terms of fs yields 

T 
r 

T (1 - f )-n 
m s 

Combining Eqs (2.7) and (2.15) we have 

T = T [1 r m 
(T IT)]-n 

s 

Rearranging Eq (2.16) gives 

and knowing that 

T 
r 

T - T . s 

Eq (2.17) can be rewritten as 

or 

T 
r 

Co.bining Eqs (2.17) and (2.20), we have 

1 n 

T - T s 
= Tn+1 Tn+1 

m 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

(2.21) 



or finally the Two-Fluid model formulation 

1 n 

or 

with 

and 

T s 
T _ Tn+l Tn+l 

m 

It follows from Eq (2.19) that 

log T r 
1 

n + 1 
n 

log T + 1 . m n + 

log T 
r A + B log T 

n = BI (1 - B) 

log Tm = A/(l - B) 
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(2.22) 

log T (2.23) 

(2.24) 

(2.25) 

(2.26) 

The parameters nand T associated with a traffic network can be obtained 
m 

from Eqs (2.25) and (2.26) by collecting trip time versus stop time data for 

a test vehicle circulating in that traffic network and performing a linear 

regression between log T and log T to determine A and B. 
r 

It is to be emphasized that in the Two-Fluid theory the variables are 

always meant to be time averages taken over the entire system. 

Observationally, we have determined the values of these parameters for 

various cities using T,T data corresponding to trips one to two miles long. 
r 

The above observations are not averages over the entire system. Therefore, 

the estimates of A and B through regressing log T against log T as obtained 
r 

observationally do not necessarily correspond to the estimates of A and B 

obtained by the regression of log T against log T as specified by the theory 
r 

for system-wide averages of T and T. However, the magnitude of the error 
r 

introduced is not expected to be significant since the non-linearity of the 
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Two-Fluid relation (Eq 2.22), as will be shown later, is slight so that the 

model trend can be approximated by a linear regression of T against Ts • 

To further assess the magnitude of the errors involved, 354 two-mile 

trips in the Austin CBDt have been aggregated into 59 twelve-mile trips. The 

parameters A and B in Eq (2.24) were then estimated using both sets of data, 

resulting in (A
I

,B1) a (0.0923, 0.620) for the unaggregated two-mile data and 

... (0.0837,0.624) for the aggregated twelve-mile data. Two-sample 

t-tests were performed to test the hypotheses that Ho: A I-A 2 versus HI: A I .; 

A2 and Ho: Bl .. B2 versus HI: Bl .; B2• The t-statistics computed for the 

tests of intercepts and slopes were tA • 0.628 and tg .. -0.175, respectively, 

each with 409 (352 + 57) degrees of freedom. The above statistics indicate 

that the difference between Al and A2 is significant at 47 percent confidence 

level, and the corresponding level of confidence for the difference between 

B I and B 2 is only 14 percent. These results show that there is '"irtually no 

change in estimates of A and B when T,T data are averages over two or 
r 

twelve-mile trips. Similar results were obtained when calibratin:l the model 

for one-kilometer versus two-kilometer trips in Mexico Cit:, or one-mile 

versus two-mile trips in San Antonio. These results begin to bldicate that 

the magnitude of the errors in using T, Tr averages of microtri:~s one to two 

miles long instead of system-wide averages of T and T are not significant 
r 

enough to affect the estimates of the model parameters. 

The Two-Fluid model represented by Eq (2.22) yields;! curvilinear 

relation between T and T as shown in Fig 2.1 for T values of 1.5 and 3.0 
s m 

minutes per mile and for n "a1ues of one, two, and three. All of the data we 

have examined from cities around the world appear to fit the model which 

predicts a slightly convex upward curve for T versus Ts' However, the 
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Figure 2.1. The trip time versus stop time relation of the Two-Fluid 
model for n c 1, 2, 3 and Tm = 1.S and 3 min/mile. The 
lines radiating from the origin correspond to lines of 
constant fraction of vehicles stopped, fs = 0.1, 0.25, 
1.0. The area below the line fs c 1 {all vehicles stopped} 
is physically inadmissible. 
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curvature is small in all cases so that for some purposes we ["y approximate 

the model curve with a linear regression between trip time an(1 stop time. 

The slope dT/dT s and the intercept Tm of the CUrVE! represented by 

Eq (2.22) have been used as indicators of the relative qual:lty of traffic 

service in an urban street network. As will be seen later, the quality of 

traffic service refers to tne ability of tne system to carry t:raffic with a 

better system in general having smaller T, T and T for Iche same demand. 
s r 

The slope dT/dT is itself a function of T and n as can be seen from tne s m 

following relation which can be derived from Eq (2.22) following Chang and 

Herman [Ref 20]: 

dT 
dT 

s 
= {1 -[ n/(n + 1) 1 (Tm/T)1 / (n+1)f

1 

(2.27) 

Therefore, the parameters Tm and n are useful in representing the quality of 

traffic service in a network. For the sake of completeness WI! list below the 

various derivatives [Ref 20] which show the manner in which 't, l' , 
r 

and T 
s 

vary with f • s In other words this will allow us to stuliy the effect of 

increasing or decreasing the fraction of vehicles stopped on trip time and 

stop time. From Eq (2.22) and the relation 

f = 1 - (T /T)1/(n+1) 
s m (2.28) 

the following derivatives can be obtained: 

dT/df = (n + 1) T-1/(n+1) T(n+2)/(n+1) (2.29) 
s m 

dT /df r s = nT (2.30) 

and dT /df :: (n + 1) T-1/(n+1) T(n+2)/(n+1) 
- nT (2.31) s s m 
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Since, as mentioned above, a given traffic network can be represented / 

approximately by a linear fit between T and Ts' namely, T a + bT, s the 

entire situation can be viewed in a somewhat simpler manner. In this linear 

representation we have Ts .. (T-a)/b, Tr 2 T(l-l/b) + alb - a/(bT) so that the 

various derivatives can be written as follows: 

dT /df .. [(b-l/alT2 , and dT /df =T2/a.) 
r s s s 

dT/df s .. {b/a)'t' 2 , 

It can be seen analytically from Eq (2.27) or graphically from Fig 2.1 

that for a given value of T or T, the curve with the larger value of n s 

and/or T has a steeper slope. At a fixed value of T the effect of n on the 
m 

slope is considerably larger than that of T • 
m 

A change in the stop time per 

unit distance, T , produces a greater change in the trip time per unit 
s 

distance, T, for the curve having a steeper slope which then implies a poorer 

quality of traffic service for the larger n. Furthermore, the parameter Tm 

is by itself an estimate of the average minimum trip time per unit distance 

or the reciprocal of the average speed that can be achieved in a network 

under the lightest traffic conditions. Therefore, the larger Tm the less 

efficient will be the control system of the network. In short, a desirable 

traffic system is one with a smaller value of Tm' a smaller parameter n, and 

thus a smaller slope dT/dT • s 

The straight lines radiating from the origin in Fig 2.1 correspond to 

lines of constant fraction of vehicles stopped, fs' since fs - Ts/T. The 

region below the line f 2 1 
s (all vehicles stopped) physically 

inadmissible. Note that as the T versus Ts curves are traced to higher 

values the slopes of the curves will eventually approach unity and thus will 

become parallel to the line f ~ 1. 
s It is interesting to point out that 

during the rush-hours when fs can be as high as 40 percent or more [Ref 29], 

the stop time and trip time corresponding to this value will be higher for 
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larger values of n. In this connection it must be emphasized that in this 

representation the data sampled for a system under a varllety of traffic 

conditions has a greater range in T and Ts along the Two-Fluid model trends 

with larger values of n. This effect has already been observt!d for example, 

in a comparison of the Milwaukee and London data [Ref 20]. 

To further clarify the physical interpretation of the T\fo-Fluid model 

parameters it is especially instructive to introduce a var1Lable !J.T, the 
r 

deviation of the running time from Tm' the average minimum trip time (or 

running time, since Ts - 0 at T - Tm> per unit distance, i.e. !J.T .. T - T • r r m 

Then, the trip time per unit distance, T can be said to be COml)Osed of three 

parts: Tm' Ts' and !J.T r , namely, 

T T + T +!J.T 
m s r (2.32> 

The quantity !J.Tr can be tbought of as representing the effec:t of vehicular 

interactions on the running time per unit distance. As such h is expected 

that !J.T, increases with an increase in the vehicular concent'l:'ation, since a 
r 

greater concentration implies a greater level of interaction ~.ong vehicles. 

It can be shown, for example, that at a given T larger v,dues of !J.T 
s r 

are produced in networks with greater Tm and n. Consider two trends each 

with a T - 2.0 min/mile but different n values of 1.5 and 2.5. As shown in 
m 

Fig 2.2, for a T of 3.0 min/mile, for example, the Two-Flui:! curves with n 
s 

values of 1.5 and 2.5 yield incremental running times, !J.T , of 2.4 and 3.8 
r 

min/mile, respectively. The corresponding !J.T values at aT" 6.0 min/mile r s 

are 3.9 and 6.2 min/mile, respectively. It must first be noted that as the 

T value increases from zero to 3.0 min/mile, the trip time is not only 
s 

increased by an amount Ts - 3.0 min/mile but also by an additional amount 

Furthermore, the additional !J.T increase in the trip time is larger 
r 
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Figure 2.2. Incremental running time, ~Tr(= Tr-Tm), versus stop time for 
n • 0.25 to 3.00 in 0.25 increments and Tm C 2 minutes per mile. 
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for greater values of n. For example, for Ts ,. 3.0 min/mile ,1nd T m 
,. 2.0 

min/mile, the value of l'!.T is 58 percent larger for n .. :~. 5 compared to 
r 

n = 1.5. The corresponding percent increase in l'!.T for T ,. 6.0 min/mile is 
r s 

59 percent. The above numerical examples further indicate thl! importance of 

having a street network with a smaller value of the parameter 11. 

Another aspect of the quality of traffic service is how the fraction of 

vehicles stopped is related to the quality of the road facilitles and traffic 

control system. The concentrations of the vehicles stopped, k", and moving, ., 

kr , are related through ks + kr .. k, and by definition fs :. k/k. It has 

been suggested that the single independent variable to which traffic 

variables such as T, Ts' k, v and the flow, q, might be related is the 

fraction of vehicles stopped and it has been suggested that 

(2.33) 

where k is the average maximum concentration at which the tr,lffic jams in 
m 

the system [Ref 21]. The parameter p then, in some sense, wUl measure the 

quality of the traffic network system as it determines thi! fraction of 

vehicles stopped for a given partial concentration. Since k/k is less than m 

one, the higher p the smaller fs will be. Thus, in addition to the 

parameters T 
m 

and n there is another parameter that might be useful in 

describing the character of a traffic network system. 

Noting from Eqs (2.3), (2.5) and (2.15) that 

1 

f = 
s 

1 _ (v/v )n+l 
m 

(2.34) 

and combining this with the postulated relation for f in term:!) of k in Eq 
s 

(2.33), the concentration has the following form [Ref 21]: 
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(2.35) 

The average flow in the network would follow if it were legitimate to assume 

that the average flow were equal to the product of the averages of the 

concentration and the speed in the network. It is not clear that the flow 

would be given by the usual relation since it would depend on how averages 

are taken. This matter is investigated in Chapter 6 through the analysis of 

data from simultaneous ground and aerial traffic studies in the Austin CRD 

network. 

The postulated relation in Eq (2.33) implies that as k + 0, fs + o. 

However. observations in the Austin CRD under very light traffic 

concentrations have resulted in non-zero values of 

(T IT), 0 
s i\,+ 

f 
s 

.. f ". 0 
s,min 

A non-zero average minimum fraction of vehicles stopped, fs min' is expected , 
since even at very light concentrations (k + 0) the control devices continue 

to function. Thus, if a test vehicle were one of a small number of vehicles 

in a network system it could still measure fs,min - (Ts/T)min ~ o. The above 

suggests that the relation in Eq (2.33) can be written more properly as, 

f = f . + (1 - f .) (k/k )TI 
S s,m~n s,m~n m (2.36) 

in which the parameter TI replaces the parameter p as a measure of the 

quality of traffic service; and f ., s ,m~n the average minimum fraction of 

vehicles stopped, is a new parameter also related to the quality of traffic 

service. Once again, since k/k is less than one, the higher n the smaller 
m 

f and the better the quality of traffic service. Therefore, in describing 
s 

the character of an urban traffic network we now have four parameters r, n, 
m 
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f and 'IT ; with a desirable network being one for which T , n, and 
s,min' m 

f . are relatively smaller and 'If is relatively larger. 
s ,ml.n 

The new postulated relation (Eq 2.36) yields the following relation 

between k and v, namely, 

1 1 

_. [ (V/vm)n+l]TI 
k - Km 1 - (1 _ f .) 

s ,ml.n 

(2.37) 

A more elaborate discussion of the relations in Eqs (2.36) and (2.37) is 

presented in Chapter 6. 



CHAPTER 3. VERIFICATION OF THE TWO-FLUID MODEL ASSUMPTIONS 

The derivation of the Two-Fluid model is based on two assumptions. One 

of the assumptions referred to as the ergodic assumption states that the 

fraction of time a single vehicle circulating in a network is stopped, over a 

sufficiently long period of time is identical to the mean fraction of 

vehicles stopped (Eq 2.7). The second assumption of the model postulates 

that the space mean running speed is equal to an average maximum speed in the 

network times the fraction of vehicles running to a power n (Eq 2.1). 

In this chapter the results of four traffic experiments referred to as 

ergodic experiments are presented. The experiments were performed in the 

Austin CBD in order to verify the assumptions of the Two-Fluid model. The 

description of the experimental details and its results are preceded by a 

discussion of the word "ergodic" and its use in the context of network 

vehicular traffic. 

ERGODICITY AND ERGODIC SYSTEMS 

The word "ergode" was first introduced by Boltzmann in Physics; although 

his use of the word was somewhat different from the context in which it is 

presently used in Statistical Mechanics. Ergode derives from the Greek words 

for energy and path. According to Webster the word "ergodic" is an adjective 

relating to a process in which every sequence or sizable sample is equally 

representative of the whole. In physical systems it is often not possible to 

compute time averages because the equations of motion are generally not 

solvable. Quasi-ergodic hypotheses are then invoked to circumvent these 

obstacles by attempting to prove that time averages may be replaced by 

ensemble averages. 

27 
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In the context of a traffic network, it can be said that the system is 

ergodic if the performance of a single vehicle, as measu.red through its 

fraction of time stopped (T IT)., over a sufficiently long period of time 
s ~ 

would be identical to the ensemble mean performance of all the vehicles in 

the system as measured through the time average fraction of time stopped over 

the same population of vehicles, which is identical to th.e ensemble mean 

fraction of the population of vehicles stopped. 

It must be emphasized that in the ergodic assumption (Eq 2.7), (T IT). 
s ~ 

refers to the time average of the fraction of time stopped associated with 

any vehicle i of the population. However, in the course of experiments 

conducted to examine the reasonableness of the ergodic assumption, we have 

measured the time averages of the fractions of time stopped for the test 

vehicles circulating in the network and not those of the ind1.vidual vehicles 

in the population. In What follows we attempt to establish the 

reasonableness of the ergodic assumption by showing that {Ts/T)i for the ith 

test vehicle, and not for the itn vehicle of the population a.s hypothesized 

by the ergodic assumption, has a small variance across the~ test vehicles. 

Furthermore, we show that this variance approaches zero for ICing observation 

times so that (Ts/T)i for any test vehicle i approaches its; mean, <Ts/T>t' 

taken over all the test vehicles Which is then identical t.o the average 

fraction of test vehicles stopped, <f> • 
s t 

In Chapter 6 we then set out to 

show that <f> taken over as few as ten test vehicles is a close estimate of 
s t 

the average fraction of population of vehicle as determtned from aerial 

photographs taken simultaneously with the ground experiments. 

It is important to note that unlike a system of physical particles such 

as identical atoms or molecules, the particles in traffiC, i.e. the 

driver-car units are similar but certainly not identical. Thus, if the 
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traffic system were to be sampled by examining the time averages of various 

traffic variables as determined from different test cars, different averages 

would be expected since, for example, the average value of the fractional 

stop time would depend on driver behavior, the characteristics and 

performance of the vehicle, etc. both across the test cars and the chased 

vehicles. There would, indeed, be a distribution of the individual averages 

of Ts/T around the mean of the individual means with a dispersion depending 

on how dissimilar the drivers and vehicles might be. 

In the case of a test vehicle i sampling the network by passively 

following 'random' vehicles j a number of observations (or realizations) of 

the random variable (Ts/T)ij' the fraction of time a test vehicle i has been 

stopped while following a vehicle j, will be obtained. The mean fraction of 

time stopped for the ith test vehicle, (Ts/T)i' is then the mean of the 

sample obtained by that vehicle and is, as such, an estimator for the mean 

<T IT> over all the test vehicles. Providing that a sufficient number of s t 

test vehicles Nt have been used, then <T IT> s t 
is itself a reasonable 

estimator of the mean Ts/T over the entire population of vehicles using the 

system, <T IT> • 
s p 

Implicitly assumed in the above interpretation is that the probability 

distribution of the random variable (T IT). remains invariant over the time 
s 1 

period during which the sample is collected. It will be shown below that 

this would be the case over a long period of time providing that each test 

vehicle i continues to follow random vehicles while circulating in the 

network. If the test vehicle i followed each vehicle j for an equal time 

duration, then at the end of the observation period each test vehicle would 

report a fraction of time stopped, (Ts/T)t, which is an average over the Nt 

random vehicles it has followed, namely, 
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(T/T) i = ('3.1) 

where (Ts/T)ij is the fraction of time stopped reporteti by the ith test 

vehicle while following the jth random vehicle. Denoting th.e variance across 

2 
for the ith vehicle by ai' then according to the Cent~al Limit 

Theorem the variance of (Ts/T)i across the vehicles followed is of the form 

2 
a(T/T)1 

a2 
i (3.2) 

where Ni as before is the number of random vehicles which were followed by 

the ith test vehicle. Note that since the same population of vehicles is 

being sampled by each test vehicle, it is expected that be constant 

across all the test vehicles, i.e. • , Nt' The 

average fraction of time stopped taken over all the test vehicles, <Ts/T>t' 

can be written as 

<T iT> s t = (3.3) 

with its variance across test vehicles, 

Nt 
L (~/N1) 

2 
a<T IT> 

s t 
== i=l (3.4) 

where Nt is the number of test vehicles involved in the experiment and 

providing that (T IT)'j i"l, 2, 
S 1 

, N are uncorrelated random variables. 
t 

Over a 

2 
a (T IT), 

s 1 

long period of time Eqs (3.2) and (3.4) imply that the variances 

and a~T/T >t tend to zero since the test vehicle i will have 



sampled many vehicles, i.e. N -+- 00 
i 
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The above implications are consistent 

with the Two-Fluid model ergodic assumption that over a sufficiently long 

period of time, the fraction of time a single vehicle circulating in the 

system is stopped is equal to the mean fraction of vehicles stopped in that 

network over the same time period. Note that the above conclusion is also 

subject to the limitation that the quantity (Ts/T)i as determined by the test 

vehicle i is a reasonable estimate of the average fraction of time stopped 

associated with any vehicle of the population. However, this does not appear 

to be a restrictive assumption since the chase-car technique has been used to 

randomize the routes taken by each test driver during the course of the 

experiment rather than to reproduce the trip time history of the "chased" 

vehicle. Moreover, the drivers participating in the experiments were 

untrained drivers who were not able to accurately reporduce trip time history 

even if instructed to do so. Therefore, each test driver in the course of 

the experiment maintains his or her "identity" so that the variance in 

(T IT). across ten test drivers is not expected to be significantly different 
S 1 

from the variance across ten drivers in the population. It is also to be 

noted that each test driver in an experiment using the chase-car technique 

spends a significant fraction of the duration of the experiment in transition 

from one chased vehicle to another. During such transitions the individual 

character of each test driver definitely prevails. It must be noted that we 

speak of ergodic traffic systems in the context of non-freeway street 

networks since freeway traffic is of an entirely different character with 

generally few stoppages and would require a different treatment [Ref 32J. 
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EXPERIMENTAL DETAILS 

In order to investigate the Two-Fluid assumptions, a series of 

controlled experiments were conducted in a delineated area of downtown 

Austin, Texas. The first of these experiments was carried out during the 

evening rush-hour (5:00-6:00 p.m.) of January 15, 1981, in an area of 

downtown Austin approximately 1.5 miles wide and three miles long. The 

experiment involved eight automobiles, each carrying a driver and an observer 

with a digital watch. The odometer of each test vehicle was calibrated, and 

all the watches were synchronized prior to the experiment using radio time 

signals. 

The observations for each vehicle were made continuously over a period 

of approximately one hour in the test area. The one-hour trip for each test 

vehicle was divided into two-mile segments to obtain average values of trip 

time, stop time, and running time, all per unit distance. To randomize the 

routes taken by each driver, the well-known chase-car technique was employed. 

The test vehicles, which were originally outside the test area, entered the 

area and circulated so that they were essentially at random places at the 

start of the observations. Then, each test vehicle followed some car in the 

test area until it either left the area or parked, in which case the next 

nearest convenient vehicle was followed. It is expected that each test 

vehicle, in this manner, will sample the test area according to how it is 

being used by the customers who enter the network in terms of their travel 

time history and the routes they take. This will be the case if the period 

of the ergodic experiment is sufficiently long and if so, one must then 

consider whether the traffic conditions are remaining essentially constant. 

The task of the observers included recording the odometer readings and 

the absolute times corresponding to the start and the end of each two-mi1e 
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trip as well as noting the absolute times associated with every stop and the 

subsequent resumption of motion of the test vehicle. For the purposes of 

these experiments a stop is considered to be the absolute cessation of motion 

of the test vehicle. Naturally the specific pattern of stops would, among 

other things, depend on the behavior of the various drivers who were 

instructed only to follow vehicles in a safe manner. 

In addition, three other ergodic experiments (the second, third, and 

fourth) were also performed in downtown Austin. The second experiment was 

carried out during the noon rush-hour (~12:00- ~l:OO p.m.), February 24, 

1981, in a Bub-area of experiment one, ~O.7 x ~1.5 miles. The third 

experiment took place during the afternoon peak hour (~4:30- ~5:30 p.m.), 

September 11, 1981 in the same area as for the first ergodic experiment. 

Finally the fourth experiment was carried out during two periods, one from 

~ 3:45- ~4:30 p.m., and the other from ~ 4:45- ~"5:45 p.m., November 12, 1982 

in another sub-area of the first experiment, ~. 1.25 x ~ 1.5 miles. 

Simultaneous time-lapse aerial photographs of the network traffic were also 

taken during the course of the fourth experiment. The four experiments 

involved eight, five, ten, and ten test vehicles, respectively. 

ANALYSIS AND RESULTS 

The analysis [Ref 33 and 34] proceeded by first entering into the 

computer all of the absolute start and stop times recorded in the various 

ergodic experiments. A computer program was written to synchronize, 

normalize and access this data at various specific times in order to 

determine, for each time entry, which vehicles were moving and which were 

stopped. In addition, the program generated fractional stop times for each 

of the test vehicles in the four experiments. 
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The fraction of vehicles stopped at a given instant of time (the jth 

time entrY)t f ., was determined at three-second intervals starting from the 
S,] 

beginning of each experiment. The mean fraction of vehicles stopped for the 

first lS-minute period of each experiment, for example, could then be 

obtained by averaging the first 300 values of f . 
S,] 

The uniform three-second sampling interval was used to ensure that 

almost all of the stopping events were counted at least onc;e. Sampling 

intervals of one and two seconds have also been explored, 2lnd it is found 

that using intervals shorter than three seconds does not significantly change 

the average value of the fraction of vehicles stopped, <f >. An examination 
s 

of this question for four five-minute periods in the 1st ergodic experiment 

shows that f changes by 
s 

O.S - 1.0 percent in going from a (me-second to a 

three-second uniform sampling interval. Moreover, for the ~Iecond ergodic 

experiment the influence of sampling size up to ten-second intE!rvals has been 

examined for the entire data set. It is found that in going from a 

three-second interval to an eight-second interval fis reducod by about one 
s 

to two percent. 

percent. 

For II ten-second interval f is reduced by about four 
s 

The advantage of using uniform sampling intervals is that it provides an 

average value for the fraction of vehicles stopped in any sub-period of the 

test data. The disadvantage is that the average value for fs ()ver the entire 

test period can be obtained only after all the data is accesse(i. This is in 

contradistinction to random sampling in which case rather ra)lid convergence 

to the final average occurs after only 300 to 400 entries. This method, 

however, does not provide any information other than the overall average. 
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VERIFICATION OF THE ERGODIC ASSUMPTION 

In Table 3.1 the fractions of time stopped for each test vehicle for the 

indicated periods of the four ergodic experiments have been recorded. In 

addition, the average value of T IT taken over all test vehicles in a given 
s 

experiment as well as the observed fraction of the vehicles stopped for the 

same experiment and time period are also shown. 

It is first noted that <T IT> , 
s t 

the mean T IT taken over all test 
s 

vehicles is very close to <f > , the mean value of f taken over all test 
s t s 

vehicles. Thus, 

<f > = <T IT> s t s t (3.5) 

A further analysis of the data shows that the result stated in Eq. (3.5) is 

independent of the duration of the observational period and the number of 

test vehicles in the experiment. We have shown in Chapter 2 that the above 

result (Eq. 3.5) can be theoretically proven for any time period T as long 

as the observations are made over the same population of vehicles and during 

the same period. Indeed, a comparison of the mean fractional stop time with 

the mean fraction of vehicles stopped for the five observational time periods 

in the four ergodic experiments shows that they agree to 0.2 percent. This 

discrepancy may result from round-off errors. 

It must be emphasized that Eq. 3.5 is not the Two-Fluid model ergodic 

assumption, rather the ergodic assumption states that, 

<f > = (Ts/T)i 
s P (3.6) 

where <,f > is the ensemble population average fraction of vehicles stopped 
s p 

during an observation period, and (T IT). is the fraction of time each s 1 

vehicle i of the population of vehicles circulating in the network during the 



TABLE 3.1. COMPARISONS OF THE INDIVIDUAL FRACTIONS OF TIME STOPPED \-lITH THE HEA.t~ VALUE FOR THE 
INDICATED PERIODS OF THE FOUR ERGODIC EXPERIMENTS IN AUSTIN, TEXAS 

Hean Fraction of Time Stopped in the Ergodic Experiments 

Vehicle First Second Third Fourth 
Jan. 15, 1981 Feb. 24, 1981 Sept. 11, 1981 Nov. 12~ 1982 

17:00:21-17:58:12 12:10:09-12:54:16 16:30:39-17:40:58 15:49:12-16:23:28 16:48:22-17:40:55 

1 0.2008 0.3072 0.2868 0.2793 0.3061 

2 0.2578 0.2452 0.2468 0.3001 0.2656 

3 0.2060 0.2830 0.3152 0.1948 0.2797 

4 0.2598 0.2602 0.2330 0.2177 0.2839 

5 0.2227 0.2311 0.3378 0.2589 0.2753 

6 0.2838 0.3046 0.2466 0.2908 

7 0.2377 0.2993 0.2950 0.2743 

8 0.2674 0.3145 0.2156 0.2518 

9 0.2721 0.2755 0.2496 

10 0.2624 0.3179 0.3076 

<Ts/T> 0.2420 0.2653 0.2872 0.2601 0.2785 

Std. Dev. 0.0301 0.0303 0.0332 0.0408 0.0198 

I <fs> I 
_ 1"\1 .... '" '" ,...,r, n ..,n..,.., 1"\ ..,,.-", n ..",n u.L. ... .)u u. L.OJO U.L.O/J U.L.uv ... V.LII:7 

Std. Dev. 0.1609 0.2040 0.1527 0.1434 0.1422 

~ 

-

W 
0\ 
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same time period is stopped. Using the information in Table 3.1 we can 

investigate whether the mean fraction of vehicles stopped taken over the test 

vehicles, <f > , 
s t 

is equal to (T /T). as determined by the test vehicle i, 
s ~ 

namely, 

<f > = (T /T). s t s 1. 
(3.7) 

As shown in Table 3.1 the fractions of time stopped for the individual 

test vehicles, (T /T)., are rather narrowly distributed around the mean value 
s ~ 

taken over all of the test vehicles in a particular experiment. The standard 

deviations for the five independent periods range from 0.02 to 0.04. The 

variations around the mean decrease considerably as the duration of the 

analysis period increases, as long as the traffic conditions during the 

entire experiment are not changing too radically. In the first ergodic 

experiment, for example, the average standard deviation using five-minute 

analysis intervals is 0.128 compared to averages of 0.070, 0.048, and 

0.030, for 15, 30, and 58-minute periods, respectively. If the average 

fraction of the time stopped is normalized to unity then all of the data 

given in Table 3.1 can be combined. A histogram of the normalized fractions 

of the time stopped for all the test vehicles in the ergodic experiments is 

given in Fig 3.1. As shown, most of the observations for the individual test 

vehicles lie within 11 percent of the normalized mean, the region lying 

between the heavy ±l a pip marks. It is essential to recognize that the 

dispersion in the histogram comes not only from variations in sampling of the 

system by the test cars over the finite test time period but also from 

differences in the behavior of the test vehicle drivers in how they may carry 

out the chase-car technique. 
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NORMALIZED FRACTION OF TIME STOPPED 
Figure 3.1. Histogram of the normalized fraction of time stoppl:d for the 

data obtained with 33 test-cars in four ergodic experiments 
conducted in Austin, Texas, 1981-1982. The pip ma:rks indicate 
the flo limits. Note that there are 43 observations because 
ten vehicles in one ergodic experiment were employed in two 
phases. 
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The narrow distribution of (Ts!T)i around its mean (Fig 3.1) is an 

indication of the reasonableness of Eq (3.7). What still remains to be 

answered is whether the mean fraction of test vehicles stopped, <f; t' is a 

reasonable estimator of the mean fraction of population of vehicles stopped, 

Time-lapse aerial photographs taken over the Austin CBn during the 

fourth ergodic experiment have been used to estimate < f > which can then be 
s p 

compared to < fs > t • The methodology used in measuring the fraction of 

vehicles stopped from aerial photographs is outlined in Chapter 5. A 

thorough discussion of the results are presented in Chapter 6 in the section 

entitled Aerial Versus Ground Observations (see for example Table 6.1). 

VERIFICATION OF THE SECOND TWO-FLUID MODEL ASSUMPTION 

The results of the four experiments described earlier may also be used 

in verifying the second assumption of the Two-Fluid model. This assumption 

states that V - V fn, remembering that V = V f a lIT and V - lIT. In 
r mr rr m m 

Table 3.2 all the information relevant to this question has been organized 

from the results of various ergodic experiments. The parameters T 
m 

and n 

have been separately determined from the data obtained in each experiment.* 

The fraction of vehicles stopped and moving as well as the average speed and 

average running speed when observed are indicated by f (obs), v(obs), etc.** 
s 

The objective is to compare the observed average running speed and the 

observed average speed with values calculated from the assumption v - v f1 r m r 

employing the Two-Fluid model parameters determined from the data. 

* It is to be noted that for the first and third independent ergodic 
experiments, which were carried out in the same area of Austin, the 
parameters T and n are very nearly the same. 

m 

** In Table 3.2 the ratio <v(obs»/<v (obs» - <T (oos»/~T(obs» is r r 
not precisely equal to<f (obs»=<T IT>b It would only be r - r 0 s 
the case if the trip time and running time per unit distance were 
identical for all the test vehicles. 



IExperi­
ment 

(No. of 
/vehicles) 

First 
(8) 

Second 
(5) 

Third 
(10) 

Fourth 
(11) 

TABLE 3.2. COMPARISON OF OBSERVED AND PREDICTED AVERAGE SPEEDS AND RUNNING SPEEDS FOR FOUR 
ERGODIC EXPERIMENTS PERFORMED IN AUSTIN 

Observa­
tion 

Period 

17:00:21 

f (obs) 
r 

to I 0.758 
17:58:12 

12:10:09 
to I 0.735 

12:54:16 

16:30:39 
to I 0.713 

17:40:58 

15:49:12 
to I 0.740 

16:28:28 

Two-Fluid 
Parameters 

Theory 
vr = vm f~ 

Tmt minI 
mile n 

vm=30 
(mph) 
Speed 
Limit 

(vm,mph) 

1.88 
(31. 9) 

2.31 
(26.0) 

1.82 
(33.0) 

1.67 
(35.9) 

1.50 I 19.8 

1.02 I 21.9 

1.34 I 19.1 

2.15 I 15.7 

vm=60/Tm 
(mph) 

21.1 

19.0 

21.0 

18.8 

vr(obs) 
(mph) 

20.4 

19.4 

21. 7 

18.9 

TheorY
n
+

1 v = vm fr 

vm=30 
(mph) 
Speed 
Limit 

15.0 

16.1 

13.6 

11.6 

vm=60/Tm 
(mph) 

16.0 

14.0 

15.0 

13.9 

v (obs) 
(mph) 

15.2 

13.1 

15.6 

13.9 

16-48'22 
Fourth I '.' I ~ ~~~ 1.67 I".," I ./ ~ 'O~ ... 'O... ... 'O" ... 1" n ..... / 

~2) 17:~~:55 U.IL.L. (35.9) I L. • .LJ I .L .... ':I .J./.O .J.o.J .J.U.O .J.L..o .J..> .... 

.p­
o 



41 

The average speed limit posted in the Austin areas used in the ergodic 

experiments is 30 mph. In Table 3.2 we have used this value as well as the 

value lIT obtained from the parameter determination for v. We have also 
m m 

listed values of vr and v calculated from the first assumption in the 

Two-Fluid model. A comparison of these values with those observed in each of 

the experiments is made. The average percent deviation between the observed 

and calculated values of both v and v are ~ 13 percent, when v is taken as 
r m 

30 mph, and ~ 3 percent, when v is determined from the model parameter T • 
m m 

The improvement in using T which gives values of the mean free speed 
m 

higher than the speed limit, may stem from the fact that drivers in this 

system may well not observe the 30-mph speed limit if it is possible to go 

faster. If we accept this interpretation then the second assumption is 

rather well validated. 

SUMMARY AND DISCUSSION 

Four experiments have been conducted in the Austin CBO to investigate 

the reasonableness of the Two-Fluid model assumptions. Following a 

discussion of the background in Physics relating to ergodic theories, the 

ergodic character of network traffic has been examined. It has been 

mathematically shown that for a set of test vehicles over a very long 

observation period it is possible to replace the ensemble averages by the 

time averages, namely that (1 IT). for any test vehicle i can be said to 
S 1 

equal <f > • 
s t 

Such a result while not a verification of the ergodic 

assumption, testifies to its reasonableness. This is particularly the case 

if (T IT). for any test vehicle i were a reasonable estimate of the fraction 
S 1 

of time stopped associated with any vehicle of the population circulating in 

the area during the same time period. Also to be shown is whether or not 
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<f> is a good estimate of < f > , an issue to be addressed jln Chapter 6 on 
s t s p 

the aerial photographic results 

The results of the ergodic experiments further show that Hven for short 

observation periods of no more than one hour, the above matheulatical results 

hold observationally as well, namely that (T /T) for test vehicles are 
s i 

narrowly distributed about their mean <T /T> ::z <f > • This, in turn, is an 
s t s t 

indication that the ergodic assumption is a reasonable one subject to the 

limitations discussed above. 

The experimental results have also been used to VE!rify the model 
n"H 

III v fn or assumption that v v ,.. v f (rable 3.2). In this endeavor the 
r m r m r 

parameters V and n have 
m 

been obtained through the callbrationof the 

Two-Fluid model for the trip time stop time data resulted from each 

experiment. A second value of v corresponding to the average speed limit in 
m 

the network has also been used. 

In the course of these verifications both experimental reSiults and the 

theory suggest that regardless of the length of the observation period, <f > 
s t 

and <T /T> are essentially identical variables by means of whi.ch the quality 
s t 

of traffic service in a network of streets can be expressed. Furthermore, 

the results indicate that a single vehicle circulating in a net.work during an 

observation period long enough to allow the vehicle to prope!rly sample the 

network can by itself provide a good estimate of <f > through its fraction 
s t 

of time stopped (Fig 3.1). As an example, in Table 3.3 the me:an fraction of 

the time stopped in Austin is compared with those in a number e.f other cities 

in the United States. All the values noted in the table were o.btained during 

peak traffic conditions in the central business districts of their respective 

cities. The fraction of the time stopped during the peak period is 

relatively high in Dallas, Houston and New York/Newark, reaching over 40 



TABLE 3.3. AVERAGE FRACTION OF THE TIME STOPPED DURING PEAK TRAFFIC 
IN THE BUSINESS DISTRICTS OF VARIOUS CITIES 

City CBD Fraction of Time 
Stopped 

Austin 
a 

0.242 

Dallas 0.378 

Houston 0.413 

Los Angeles b 0.217 

New York/Newark b 
0.368 

San Antonio 0.300 

a From the first ergodic experiment during 
the late afternoon peak period 

b Reference 17 in which the fraction of the 
time stopped for Los Angeles is given 
incorrectly 

43 
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percent in Houston compared to 20-30 percent in Los Angel.!s, Austin and 

San Antonio. The fraction of the time stopped is an impo'~tant traffic 

variable through which various other variables may be determin.!d and it also 

undoubtedly has a marked impact on the detailed character of th.! traffic as 

well as the behavior of the drivers. It would be of great inte:~est to obtain 

the data required for the expansion of Table 3.3 and include other major 

metropolitan areas around the world. 



CHAPTER 4. RESULTS OF TWO-FLUID MODEL GROUND STUDIES 

During the course of our studies, through observations of trip time and 

stop time per unit distance, the Two-Fluid model has been calibrated for 

twelve street networks in eight cities around the world. Trip time-stop time 

observations have been made in Austin, Dallas, Houston, San Antonio and 

Lubbock, Texas as well as in Albuquerque, Matamoros and Mexico City. Data 

have also been available in the literature for five other city networks in 

Milwaukee, Brussels, London, Sydney, and Melbourne. 

The quality of traffic service in these city networks have been 

compared. A comparison of the results for cities with highly varying 

characteristics has provided insight into understanding which network 

features may affect the parameters of the Two-Fluid model. A further 

examination of the sensitivity of the model parameters to changes in a street 

network has been made through conducting 'before/after' studies in Dallas, 

Lubbock and San Antonio. Finally, in order to investigate the effect of 

vehicular mode on the value of the parameters T 
m 

and n in a particular 

network, trip time and stop time observations were made during 1979 and 1980 

aboard both the student shuttle buses of the University of Texas at Austin 

and passenger cars driven on the same fixed shuttle bus routes. 

OBSERVATIONAL DETAILS 

Traffic observations, consisting of recording the trip time and stop 

time of automobiles traveling known distances, were made in the Central 

Business Districts (CBD) of five major cities in Texas, namely, Austin, 

Dallas, Houston, Lubbock and San Antonio, as well as in the CBD networks of 

Matamoros, Mexico City, Albuquerque, Tehran, and London. The trip time and 

45 
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stop time data were generally taken for micro-trips two miles long. However, 

the micro trips were one mile long wbenever fuel consumption data was also 

taken. The data in Mexico City and Tehran were for two-km and one-km trips, 

respectively_ 

The data collection procedure was similar to the one eUlployed in the 

ergodic experiments. As before, a test vehicle carried a driver and an 

observer. The driver was responsible for the following: informing tbe 

observer of the odometer readings at the beginning and end clf each two-mile 

trip, using the chase car technique, obeying all traffic re!gulations, and 

remaining within the boundaries of the designated street network as much as 

possible. The observer, on the other band, was responsible fo,r recording tbe 

odometer readings and the absolute times corresponding to the beginning and 

end of each two-mile trip and for noting the absolute times a.ssociated witb 

eacb stop made by the test vehicle and the subsequent resump·tion of motion. 

In these cases, time was measured witb Casio Digital watches, Module No. 79. 

Table 4.1 shows a typical data sheet. 

In Austin and Dallas two sub-areas of tbe CBD (referred to as CBD1 and 

CBD2) were also examined. The purpose of these observations was to establish 

the Two-Fluid curvilinear relation between trip time per unit distance and 

stop time per unit distance, Eq (2.22), by determining the model parameters 

T and n from the data through Eqs (2.25) and (2.26). Trip time - stop time m 

data were also collected in three non-CBD networks: two in San Antonio and 

one in Houston. The boundaries of each study area are given in Appendix A. 

The Austin data were collected during tbe years 1980-1983, the Dallas 

and Matamoros data during 1981-1983, the Lubbock and Mexico City data during 

1983-1984, the San Antonio data during 1981-1984, the Houston data in 1982, 

and the Albuquerque data in 1983. The data in all cases were obtained during 



TABLE 4.1. A TYPICAL DATA SHEET FOR A ONE-MILE TRIP TIHE - STOP TIME 
OBSERVATION IN AUSTIN 

Time of Stop 

22:57:27 

58:21 

23:00:04 

00:27 

00:48 

01:28 

End of Trip: 

Date: February 28, 1983 

Driver: Lin Morrisett 

Observer: Ha.rk Pierce 

Starting Mileage: 2069.0 

Starting Time: 22:57:00 

Time of Start 

57:28 

59:13 

00:08 

00:31 

01:09 

01:42 

Time 23:01:58 

Mileage Reading 2070.0 

Conunents 

yield sign 

left-turn signal 

stop sign 

stop sign 

signal 

signal 
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the morning, noon and evening rush-hours as well as the mornlng, afternoon, 

and nighttime off-peak hours. 

COMPARISON OF THE QUALITY OF TRAFFIC SERVICE IN VARIOUS NETWORl~ 

In earlier studies [Refs 17 and 20] attempts were made to examine 

general traffic characteristics in various cities with particular interest in 

relating the character and quality of traffic to pertinent traffic variables, 

such as average speed, stop time per unit distance, standal~d deviation of 

acceleration, etc., as well as fuel consumption and exhaust E!missions [Ref 

18]. When the consequences of the Two-Fluid approach were first examined, 

essentially linear trends for trip time versus stop time WE!re found for 

various cities around the world including nine metropolit~ln areas in the 

United States, Detroit, london, and Melbourne [Ref 32]. The rE!sults for the 

nine metropolitan areas came from an analysis [Refs 17 and 20] of chase-car 

data collected by Johnson et a1 [Ref 19]. Although there is n considerable 

amount of scatter in the data and the trend lines vary in slope and 

intercept, they do fall in a fairly consistent overall trend. This 

encouraged looking further to determine if there were consistE!ncy among data 

taken at various times and under various traffic conditions for a given clty 

when examined in terms of T versus T. This certainly appE!ared to be the 
s . 

case in the present work which led to a further examina1:ion of these 

questions in terms of the quality of traffic service in a n\~ber of cities 

around the world. 

The Two-Fluid model predicts a linear relation between the! logarithm of 

the running time per unit distance and the logarithm of thE! trip time per 

unit distance, Eq (2.24); thus, log T was linearly regressed against log T, 
r 

and the values of the parameters T and n were determined for each case. In 
m 

Table 4.2 are listed the Two-Fluid model parameters T and n together with 
m 



TABLE 4.2. TWO-FLUID MODEL PARAMETERS FOR VARIOUS CITIES AROUND THE WORLD 

Linear 

No. of Points Representation 
City Network 

(2-mile/1-mile) Intercept 
(min/mile) 

Aust in CBDI 354/ - 2.32 
Austin CBD2 122/90 2.68 
Austin CBDl+2 476/90 2.43 
Dallas CBDI 12/1/ - 2.53 
Dallas CBD2 - /136 2.62 
Dallas CBD1+2 124/136 2.59 
Houston CBD - /159 3.07 
Houston Non-CBD - /51 2.18 
Lubbock CBD - /190 2.29 
San Antonio CBD 47/55 2.54 
San Antonio Non-CBDI 14/42 2.25 
San Antonio Non-CBD2 - /39 2.24 
Milwaukee [Ref 20] 24* 1.81 
Albuquerque - /68 2.61 
Average Over Nine 
Major U.S. Cities 32* 2.17 
[Ref 17] 
Ma tamoros, t1exico - /88 4.23 
Mexico City [30J 101** 2.87 
Brussels [Ref 37J 90* 2.13 
London fRef 281 39* 2.74 
Melbourne [Ref 26, 35] 34* 2.00 

, Sydney [Ref 26,36] 95* 2.06 

* These points refer to various trip lengths 

** Two-kilometer trips 

Slope 

1.54 
1.43 
1.50 
1.49 
1.53 
1.50 
1.30 
1.35 
1.39 
1.48 
1.16 
1.31 
1. 61 
1.43 

2.16 

1.62 
1.34 
1.80 
2.00 
1. 62 
1.81 

Two-Fluid lfodel 
Parameters 

R2 Tm n (min/mile) 

0.87 1. 75 1. 63 
0.80 1.95 1.58 
0.84 1. 78 1. 65 
0.88 1. 79 1. 62 
0.89 2.12 1. 36 
0.88 1. 97 1.48 
0.90 2.70 0.80 
0.93 1.92 0.98 
0.88 2.03 0.97 
0.92 1. 96 1.38 
0.81 1.94 0.72 
0.83 1.90 1.12 
0.84 1. 58 1.41 
0.76 1. 93 1. 62 

0.95 1. 74 2.83 

0.82 2.98 2.10 
0.95 1.72 1.63 
0.87 1.26 2.76 
0.90 1. 93 3.02 
0.98 1. 74 1.41 
0.92 1.85 1. 68 

11.
2 

0.82 
0.72 
0.78 
0.82 
0.79 
0.80 
0.63 
0.75 
0.74 
0.85 
0.45 
0.66 
0.81 
0.70 

0.97 
~~~~~.~~ 

0.88 
0.84 
0.92 
0.97 
0.95 
0.88 

.t:-­
\0 
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the correlation coefficient, the intercept and the slope for the linear 

regression of T against T • 
s 

In addition, the numbers of two-mile and 

one-mile trips used in the calculations are given. For purposes of 

comparison the parameters for other cities around the world are listed in 

addition to those for the Texas cities. The data from Albuquerque were 

collected by volunteers interested in the study. The old data from London, 

Mexico City, Milwaukee, Brussels, Sydney and Melbourne were obtained from the 

literature and the respective sources are given in Table 4.2. 

In examining the parameters in Table 4.2 note that the intercept in the 

linear regression corresponds to the intercept T in the Two-Fluid model, and 
m 

the slope in the former case corresponds to the average slope over the range 

of interest in the latter case. The slope in the Two-Fluid case depends on 

both T and n, but mainly on n. Thus, the curves for fixed n but various 
m 

values of T are essentially parallel. The linear regression for the average 
m 

over nine U.S. cities is given by T • 2.17 + 2.16 T • s For the Two-Fluid 

case, T - 2 min/mile and n • 2, Eq (2.27) yields in the range from T - 2 to m 

8 min/mile an average slope of 2.07, in relatively good agreement with the 

slope of the linear regression, 2.16. 

In order to discuss a comparison of cities in Table 4.2 we have chosen 

Austin and Houston. The largest amount of data has been obtained for the 

Austin CBDl+2 for which T - 1.78 min/mile and n • 
m 

2 1.65, with R - 0.78; for 

Houston these values are 2.70, 0.80 and 0.63, respectively. The Two-Fluid 

model equations for Austin and Houston corresponding to the above-stated 

values of T and n are as follows: 
m 

and 

= T - 1.24 TO•623 

T = T - 1.74 TO. 444 
s 

Austin CBDl + 2 (4.1) 

, Houston CBn (4.2) 
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Figures 4.1 and 4.2 are plots of T versus T data obtained in the Austin 
R 

and Houston CBD's, respectively, in which the solid curves are given by the 

equations directly above. Not shown are the best-fit linear regressions 

which closely approximate the data and the slightly convex upward Two-Fluid 

curves. The relatively high correlation coefficients for both the Two-Fluid 

and linear representations indicate that the trends in the data collected in 

Austin and Houston can indeed be modelled by the Two-Fluid theory or its 

linear approximation. Moreover, Figs 4.1 and 4.2 show that the trends do not 

depend on the level of traffic congestion in the networks; rather, as the 

traffic density fluctuates with time of the day, etc., the data points move 

along the trends. 

An examination of the data acquired so fa~ indicates that while there is 

considerable scatter, there generally appears to be a tendency for the data 

to curve slightly as the theory suggests or to have a linear trend in the 

logarithmic representation as shown in Fig 4.3. If the curves for Austin and 

Houston were overlaid one would find that the Houston curve lies above that 

for Austin in the light traffic region indicating that the traffic in Austin 

moves at significantly higher average speed in the off-peak hours. On the 

other hand, the curves are essentially overlapping in the congested traffic 

region. While this implies that the quality of traffic service would be the 

same during congestion, it must be noted that considerably more traffic is 

processed in Houston during the congested periods. The data in the Dallas 

CBD also indicates better quality of traffic service there during the 

light-traffic nighttime period than in the CBD of Houston. These findings 

have been corroborated by various traffic engineers. This situation in 

Houston during uncongested periods may be improved by modifications in the 

signal timing patterns set to serve the peak-period traffic. 
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Figure 4.1. Trip time versus stop time for the non-freeway st.reet network of 
the Austin CBD. Each point represents one test run approximately 
one or two miles long. The Two-Fluid model CUrVE! is the regres­
sion fit of the data to Eq (2.22). The parameters nand Tm are 
obtained using Eqs (2.25) and (2.26). 
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Figure 4.2. Trip time versus stop time for data collected in the CBD of 
Houston t Texas. The Two-Fluid model curve is the regression 
fit of the data to Eq (2.22). 

S3 



54 

1.05 AUSTIN CBO 1+2 

~ 0.90 
LIJ 
...J -
~ 0.75 
U) 
l&.I 
I-
:::l 0.60 z -2 
~OA5 

a-= 
8 0.30 
..J 

0.15 

)C Log Tr =0.0949 +0.6227 Log T 
R2=0.78 
566 points 

o----~--~~--~--~----~--·~--~ 
o 0.15 0.30 0.45 0.60 0.75 0.90 1.05 

LOG T (T, MINUTES/MILE:~ 

Figure 4.3. The logarithm of running time, log Tr , versus the logarithm of 
trip time. log T for the CBD data in Austin, Texas. The line 
is the regression fit of the data to Eq (2.23) for the Two-Fluid 
model. 
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The parameters for various other cities in Texas and around the world 

are also listed in Table 4.2. In previous publications the data for the nine 

metropolitan areas in the United States [Ref 17] and also detailed data for 

Milwaukee [Ref 28], London [Ref 28], Melbourne [Ref 26 and 35], Sydney [Ref 

26 and 36] and Brussels [Ref 37] have been presented. The slope dT/dTs of 

the linear regression approximation represents the increase in the trip time 

per unit distance for a unit increase in the stop time per unit distance. 

Thus, from Table 4.2 it would appear that the street systems of Austin, 

Dallas, Houston and Milwaukee in a general sense possibly have better traffic 

control, geometric and other features than those of, say, Sydney, Brussels 

and London. For example, the traffic network of old central London with 

narrow one- and two-way streets, long-cycled traffic signals, heavily used 

pedestrian crossings with pedestrian-actuated controls, etc. has a slope in 

the linear representation of 2.00 while Dallas with many wide one-way 

streets, short-cycled traffic signals, moderate pedestrian crossings, etc. 

has a slope of 1.50. 

The slope of the Two-Fluid model curve is given by Eq (2.28); thus, for 

a value of T - 3.0 minutes per mile or a mean speed of 20 miles per hour, old 

London has a slope of 3.060 and Matamoros a slope of 3.137, while the 

corresponding values for Austin, Melbourne and Milwaukee are 2.046, 1.875 and 

1.813, respectively. At lower speeds, say, T a 4.0 or 15 miles per hour, 

where the slopes are lower, the slope for old London is 2.679 and 2.672 for 

Matamoros while for Houston and Milwaukee they are 1.556 and 1.719, 

respectively. In other words, when T is 3 minutes per mile dT/dT is 1.5 
s 

times greater for London and Matamoros compared to Austin, Melbourne and 

Milwaukee. Likewise at T - 4 minutes per mile, there are significant 

differences between Matamoros and London compared to Houston and Milwaukee. 
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The above examples show that for a given change in T there is a smaller 
s 

change in T for networks with smaller n values. Examining the relative 

slopes dT/dTs appears to be a way to cOUlpare the quality of traffic service 

in various cities. The significantly larger values of the pa!~ameter n for 

London and Matamoros compared to the other cities in the above examples is in 

agreement with the above results. 

In order to further illustrate the role of the parameters T and n as 
m 

characterizers of the quality of traffic service, the 1wo-Fluid model 

assumption of Eq (2.1) can be rewritten in the form 

or 

v = v 
m 

(1 - f ) (n+l) 
s 

T = T (1 
m 

f ) -(n+l) 
s 

(4.3) 

(4.4) 

FrOUl Eq (4.4) it can be seen that for a given fraction of vehicles stopped, 

the network with the larger value of ~ or n is the one with the lower 

average speed. Since in the urban regime the mean speed is directly related 

to the average delay and fuel utilization, a lower average speed indicates a 

poorer quality of traffic service. Therefore, the higher values of n for 

London, Brussels and Matamoros represent less desirable traffic qualities 

than those, for example, in Austin, Dallas, Melbourne, etc. given that the 

same fs in different networks corresponds to the same level of concentration. 

The relation between fs and the concentration is discussed in Chapter 6 on 

aerial photographic results. 

Figures 4.4 and 4.5 are graphical representations of the Two-Fluid 

trends for SOUle of the city networks in Table 4.2. In Fig 4.4, the Two-Fluid 

model trends for the Texas cities of Austin, Houston, Lubbock, San Antonio as 

well as Matamoros, Mexico are presented. The curve for Dallas lies very 

close to that of Austin and has been omitted for the sake of clarity_ In Fig 
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Figure 4.4. Trip time versus stop time Two-Fluid model trends for CBD data 
from the cities of Dallas, Houston, Lubbock, San Antonio, Texas, 
as well as for lfutamoros, Mexico. 



58 

10.0 

9.0 

Figure 4.5. Trip time versus stop time Two-Fluid model trends for Houston, 
Milwaukee, Matamoros, Mexico City, and Brussels. 
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4.5 the trends for Mexico City, Matamoros, Brussels, Houston and Milwaukee 

are plotted. Many of the points discussed earlier are exemplified by these 

trends. A question that arises at this juncture is whether there are 

significant differences among the various trends for different cities. 

In order to address this question the confidence limits for the linear 

regression to the Austin data are shown in Fig 4.6. These are +1 and +2 

standard deviation limits. The observed data points plotted are those for 

the city of Houston. Note that most of the Houston points lie outside the 

+1 abound especially in the region of small T, T. In Fig 4.7 we have shown 
s 

the confidence limits for the Dallas CBD Two-Fluid trend along with the 

observed data for Matamoros, Mexico. In this case almost all the data fall 

outside +1 a limits and most of the data even lie outside the +2 a limits. 

Figure 4.8 shows the +1 a and +2 a confidence intervals of the Two-Fluid 

trend for Matamoros along with the data from Mexico City. It can be seen 

from Fig 4.8 that not only does nearly all the Mexico City data fall outside 

the -1 a limit of the Matamoros trend but also a great number of the points 

fall well outside the -2 a limit as well. It can then be concluded that the 

Two-Fluid trends for these two cities are statistically different. 

Furthermore, as shown in Table 4.2 the Two-Fluid model parameters 

associated with the Mexico City study network (T - 1.72 min/mile, n - 1.53) m 

are comparable to those of some of the better traffic networks listed in the 

table. This is not surprising since the study network in Mexico City with 

its mostly wide one-way streets and well-designed traffic control system 

appear to efficiently serve the types of vehicular concentrations which are 

considered peak traffic in most of the other cities studied. The traffic 

problems in the Mexico City central network appear to result from the great 
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Figure 4.6. Trip time versus stop time data for the Houston CBD. The lines 
represent the ±la and ±2a confidence bands associated with the 
linear regression to the CBD data of Austin which are not shown. 
Note that most of the Houston data lie outside the +10 limit in 
the region of the low trip time values. 



61 

13.5 

+ 
+ 

"'"" 10.5 + 

~ + -
~ 

" 9.0 
(/) 
LAJ 
t-
::J 7.5 z + -
~ 
~ 

6.0 
LAJ 
~ - 4.5 t-

o. ---DALLAS TWO-FLUID MODEL -0:: 3.0 - DALLAS CONFIDENCE INTERVALS t-
(+) MATAMOROS ceo DATA 

1.5 

0 
0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 

STOP TIME ( MIN U TE S I MILE) 

Figure 4.7. Trip time versus stop time data for the Matamoros CBD data. The 
solid curves represent the ±lo and ±20 confidence bands associ­
ated with the Two-Fluid curvilinear regression to the CBD data 
of Dallas which are not shown. Note that most of the Matamoros 
data lie outside +20 limit of nallas. 



62 

21.0 
....... 
UJ 
-' - 18.0 :i 

" U) 
UJ 

15.0 t-
:::> 
z -:i 12.0 
....... 

w 9.0 :i 
t-

0- 6.0 -l'l: 
t-

3.0 

o 
o 

Figure 4.8. 

+ 

+ 

+ 

+ 

+ 

---MATAMOROS TWO-FLUID IViODEL 
-MATAMOROS CONFIDENCE 

INTERVALS 
(+) MEXICO CITY ceo DATA 

3.0 6.0 9.0 12.0 15.0 ISI.O 21.0 
STOP TIME (MINUTES / MILE) 

Trip time versus stop time data for the Mexico City CBD. The 
solid curves represent the ±lo and ±20 confidence bands associ­
ated with the Two-Fluid curvilinear regression to the CBD data 
of Matamoros which are not shown. Note that most c~f the Mexico 
City data lie outside the -20 limit of Matamoros. 



63 

traffic demand imposed on the network and not a result of a poor quality of 

traffic service. 

In understanding the effects of various physical features of a network 

on the parameters Tm and n, it would be instructive to compare networks with 

significantly different T 
m 

and n values. Among the ten cities studied 

Matamoros (T - 2.98 min/mile, n ~ 2.10) and Lubbock (T = 2.03 min/mile, 
m m 

n ~ 0.97) ranked among the worst and best, respectively, in terms of the 

quality of traffic service. A comparison of physical features of these two 

networks may then be useful in identifying these features which influence the 

values of T and n the most. m 

The Matamoros CBD is a grid network of approximately 1.2 by 1.2 miles, 

where the majority of the streets (~75 percent) are one-way streets about 30 

feet in width with parallel parking allowed on both sides. This leaves an 

effective 14-feet wide through lane. The street pavements in this area are 

marred with potholes, frequent patches, and severe rutting and warpings. At 

intersection areas usually the crowns of the major streets remain unaltered, 

thus resulting in the slow down of the crossing traffic stream. 

In contrast to Matamoros, the Lubbock CBn is a grid network of 

approximately one by two miles, where the majority of the streets (~80 

percent) are two-way streets. A considerable fraction of the streets are 

very wide, having five to seven through lanes. Unlike Matamoros, pavement 

surfaces in Lubbock are generally surfaced with brick and offer a high riding 

quality. However, as is the case in Matamoros, the crowns of the major 

streets remain unaltered at most of the intersection areas. 

In terms of control devices, in Matamoros about half of the 

intersections in the CBD area are signalized and the remainder have two-way 

or four-way stop signs. Traffic signals have fixed timing patterns and the 
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same timing scheme remains in effect throughout the day. At intersections 

with stop-sign control, it is not clear whether the control is a two-way or a 

four-way stop. Stop signs are also posted at the signalized intersections. 

This is partially because there are frequent power failures. These auxiliary 

stop signs also serve as a warning to the drivers facing a green display to 

beware of the widely-practiced running of the red. Right-turn and 

'straight-through' movements on red are common occurrences even though they 

are both prohibited in Mexico. 

In the Lubbock CBD, containing some 476 intersections (not counting 

intersections with small alleys) more than half are controlled by stop sign 

with the majority of them being two-way stop signs. Among signalized 

intersections about half have timing patterns with more than two phases. The 

cycle lengths are generally long and mostly exceed 90 seconds in duration. 

Cycle lengths as long as 150 seconds with red phases lasting more than one 

minute have also been encountered. Long cycles and red phases are in 

operation partly to allow pedestrians to cross streets which are at times as 

wide as 100 feet. While the very wide streets may minimize the vehicular 

interaction at relatively high concentrations, thus contributing to a small 

value of n, the consequent long cycle lengths and red phases may result in a 

high T value. 
m 

Among the twenty-one networks listed in Table 4.2, the T value of 2.98 
m 

minutes per mile for Matamoros is by far the highest. This implies high 

values of running time per mile even under very light traffic conditions. A 

contributing factor to a high minimum running time is that even at very light 

traffic concentrations in Matamoros, a driver must approach a green signal 

indication with extreme caution. This is partly due to the lack of adequate 

sight distance for cross streets caused by the proximity of buildings to 
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intersection corners. Inadequate sight distance at intersections combined 

with the common practice of vehicles running the red as well as rough 

pavement surfaces in the intersection areas are major factors in reduction of 

the speed and flow of vehicles through intersections in Matamoros. Such 

reductions in speed would force further increases in values of Tm and n. 

Another important characteristic of any network is the ease with which 

it handles a given level of traffic. In this regard, the geometry of 

streets, the mix of vehicles using the network, and the socio-economic 

characteristics of the locale and the character of its population are key 

factors. The narrow streets of Matamoros are utilized by highly diverse 

modes of transportation, each noticeably present. These include transit 

buses, mini-buses, taxis, passenger cars, delivery and service trucks, 

hand-pulled and animal-pulled carts, motorcycles, bicycles, etc. In the 

interaction of these modes, aggressivity of the driver and size of the 

vehicle playa major role in the determination of the right-of-way. Crowded 

buses, emitting black exhaust fumes into the atmosphere, indulge in evasive 

maneuvers and nudge their way through the intersections while drivers of 

smaller vehicles can only honk in frustration. To add to the problems, 

pedestrians also encroach on the path of the vehicular traffic when the 

narrow sidewalks become over-saturated. OVerfilled sidewalks or not, 

J-walking is a frequently occurring "random" event. Such conditions force 

intimidated vehicle operators to drive cautiously, stop frequently, and 

maintain a low running speed even though they may have the opportunity to , 
drive faster. 

In the Lubbock CBD, on the contrary, wide intersections with adequate 

sight distance allow vehicles facing green to clear the intersections without 

reductions in their approach speeds. However, at intersections where the 
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pavement crown of tbe major street is unaltered tbrougb tbe intersection area 

a bump is generated wbicb often acts as a 'speed bump' for drj~vers familiar 

with the area. Tbe interaction of vehicles is damped not only as a result of 

wide streets whicb leave ample room for maneuvering but also due to a mix of 

vebicles consisting mostly of passenger cars and pick ups l,itb occasional 

delivery vans. transit buses, motorcycles and bicycles. In addition to the 

above, pedestrian crossing usually occurs at intersections I!xcept near the 

Texas Tech campus area. All tbese conditions appear to contribute to 

relatively lower T and n values. 
ill 

The average stop time per mile in Matamoros is one of tb«! bighest among 

tbe cities studied. The stop delay is bigh even when tbere is little or no 

traffic in tbe network provided tbat one obeys tbe traffic ordinances. A 

major factor is tbe bigb density of traffic signals in tbis ar«!a coupled witb 

tbe unusually long cycle lengtbs of about 90-150 seconds. Althougb a major 

portion of tbis area is geometrically ideal for a network-wide signal 

coordination plan (a grid network of one-way streets), any signal 

coordination plan is unlikely to succeed mainly because tbere are a great 

number of interactions among tbe vehicles along the links, and these 

interactions build up rapidly witb a slight rise in l:he vebicular 

concentration. For example, tbe frequent stopping of buses. taini-buses, and 

service trucks to load and unload often results in the blockagc! of tbe only 

througb lane available, tbus rendering any signal progression plan useless. 

Another cause of long stop times in Matamoros migbt bl! traced to the 

transit agents, i.e. traffic officers. During peak traffic conditions, tbey 

often override tbe signal timings. Tbey tben assign priority to the approach 

whose queue is tbe longest until tbe queue is emptied or until tbe outbound 

approacbes to tbe vebicles in that queue are saturated. The agents overlook 
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the adverse effects of this prioritization rule, for example, on the 

neighboring intersections. As a result, they often aggravate the traffic 

conditions as a whole. The only contributions they might possibly make are 

to prevent the spill back of outbound approaches into their local 

intersection area and to quickly clear the intersections in the event of 

minor accidents. 

The high level of vehicular interaction and long stop times, caused by 

the above-mentioned phenomena in Matamoros, result in a Two-Fluid model trend 

with high values of the parameters Tm and especially n. A higher value of n 

means a steeper T,T trend. As the stop time per unit distance is increased 
s 

by an amount AT, the vehicles are also penalized through an increase in 
s 

their running time per unit distance, AT • 
r 

For the same AT , the magnitude 
s 

of AT is greater in the networks whose Two-Fluid trends have greater n r 

values. For example, a Ts increase from zero to 2.0 minutes/mile would mean 

a AT of +1.2 minutes/mile in the Lubbock CBD (n - 0.97) but a 
r 

+2.7 minutes/mile in Matamoros (n - 2.10). 

AT of 
r 

While the T values for Matamoros and Lubbock are 2.98 and 2.03 m 

minutes/mile, respectively, the value of n for the latter network is more 

than two times smaller. In light of the above, a comparison of the physical 

features of the Matamoros and Lubbock CBD's can be most instructive in 

identifying those network characteristics that affect the Two-Fluid model 

parameters. In the past, attempts have been made to explore differences and 

similarities between metropolitan areas. For example, Golob et al [Ref 40] 

have used statistical methods such as stepwise discriminant analysis on 15 

variables selected out of 53 variables initially considered in order to 

investigate similarities and differences between metropolitan areas with 

respect to their arterial transportation needs and requirements. For our 
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purposes we have proposed the following preliminary lht of network 

components pertinent to the quality of traffic service: 

1. Fraction of one-way streets 

2. Density of traffic signals. stop signs. etc. 

3. Average number of lanes per street 

4. Average cycle length 

5. Fraction of protected left-turn signals 

6. Average block length 

7. Percent buses 

8. Percent trucks 

9. Percent motorcycles/bicycles 

10. Pedestrian density 

11. Fraction of streets with parallel parking allowed 

12. Grades 

13. 

14. 

15. 

16. 

17. 

Degree of success in signal 

Degree of success in demand 

Level of driver aggresstvity 

Level of driver obedience to 

Diversity of vehicular modes 

progression 

responsive signal timing 

traffic ordinances 

The above 17 features can then be rated as being high (R), medium (M), 

or low (L) for each study network. As an alternativ(! to the above 

qualitative rating scheme, it is possible to quantify most of l:hese features. 

For example, the density of traffic signals may be expressed au the number of 

signals per mile of roadway and the fraction of protected left-turn signals 

may be expressed as the ratio of number of signalized int(!rsections with 

protected left-turn phase (excluding the intersections of two one-way 
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streets) to the total number of signalized intersections. While determining 

some of the above network features such as the average block length or the 

fraction of one-way streets is not very involved, considerable effort is 

required in quantifying a majority of the features listed above. It is 

however possible to develop efficient sampling and measurement techniques for 

these purposes. 

Network comparisons such as the above comparison between Lubbock and 

Matamoros begin to indicate that it is possible to capture differences and 

similarities among the various cities through the Two-Fluid representation. 

Furthermore, a systematic comparison of features and characteristics of 

various networks, as suggested above, would enable traffic engineers to 

identify the network elements that affect the quality of traffic service the 

most. In this connection it should be noted that data taken in a given city 

area day after day fall well on the trend line that is established for the 

area unless the study area undergoes major changes in its geometric or 

control features. The following section presents the results of before/after 

studies performed in the cities of Dallas, Lubbock, and San Antonio to 

examine the effect of changes in network timing patterns and geometric 

features on the parameters of the Two-Fluid model and the distribution of the 

T,T data along their respective trends. 
s 

'BEFORE' AND 'AFTER' STUDIES 

A question of special interest in any characterization of the quality of 

traffic service in a network is whether the approach is sufficiently 

sensitive to detect effects arising from changes in the traffic system, such 

as modifications in the signalization, alterations in one-way street 

patterns, etc. As an initial attempt to answer this question, before/after 

studies have been performed in Dallas, Lubbock and San Antonio. 
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In the Dallas CBD prior to early October 1982, there were three timing 

plans in operation for the morning peak (0:15-9:00 a.m.), afternoon peak 

(3:30-0:15 p.m.), and off-peak hours and weekends. During lat.! October 1982 

through late January 1983, the timing plan was changed so l:hat there were 

different timing schemes for the following periods: morning pf!ak (6: 15-9 :00 

a.m.), mid-day and weekends (9:00-3:30 p.m.), afternoon peak (:1:30-6:15 p.m), 

evening (0:15-8:00 p.m.) and deep night (8:00 p.m.-6:15 a.m). 

The above timing plan changes in the CBD of Dallas providc!d us with an 

opportunity to see whether the Two-Fluid approach would be useful in 

detecting changes in the quality of traffic service associatl!d with these 

changes. The T, T data were taken, in the manner already dellcribed, in the 
1;1 

before study on September 23, 1982, and on January 0 and 7, 1983 for the 

after study in the CBD area where the timing changes had been taade. In Table 

4.3 the pertinent informat ion is recorded, namely, T, the averllge t rip time 

per mile for the number of one-mile trips indicated in parenl:hesis; f , the 
s 

average stop time per mile; and the various standard deviation!1 for the five 

time periods during which the before/after data were taklm. The timing 

scheme for the later period, 9:34-11:12 p.m., was the same for the 

before/after studies since those changes were made in late January. 

The results for the morning period, 7:50-8:20 a.m., indicllte that both T 

and T are larger after than before. 
s 

This result correlJponds to the 

qualitative assessments of the Dallas traffic engineers. We 11nderstand that 

the timing scheme for this period will be changed again to attl!!mpt to improve 

the traffic service. In the case of the next three time periods of the 

observations, namely 10:01-10:45 a.m., 12:02-12:50 p.m., and 4:53-5:50 p.m., 

both T and T are reduced; this result was also in agrl!ement with the 
s 

conclusions of the Dallas traffic engineers. In the last peril)d, 9:34-11 :12 



TABLE 4.3. COMPARISON OF THE TRIP TIME AND STOP TIME PER UNIT DISTANCE IN THE DALLAS CBD NETt.JORK 
BEFORE AND AFTER MAJOR MODIFICATIONS IN THE TRAFFIC SIGNAL TIMING PATTERNS 

Dallas 'Before' Study Dallas "After' Study 
September 23, 1982 January 6, 1983 

Period Statistics 
T, min/mile Ts ' min/mile T, min/mile Ts ' min/mile 

(No. of Points) (No. of Points) (No. of Points) (No. of Points) 

7:50- 8:26 Mean 4.72 1.72 5.94 2.00 

Std. Dev. 1.01 0.73 1.34 1.00 

(7) (7) (6) (6) 

10:01-10:45 Mean 5.38 1. 70 4.45 1.22 

Std. Dev. 1. 29 0.81 1.17 0.76 

(8) (8) (16) (16) 

12:02-12:50 Mean 6.08 2.07 4.67 1.39 

Std. Dev. 2.08 1.37 1.47 0.99 

(8) (8) (9) (9) 
---------------

Mean 6.26 2.62 5.58 1.94 
16:53-17:50 Std. Dev. 1.45 1.10 2.00 1.07 

(9) (9) (10) (10) 
----------

21:34-23:12* Mean 3.58 0.68 3.49 0.62 

Std. Dev. 0.84 0.44 0.62 0.47 

(13) (13) (12) (12) 
L.....--. 

* The signal timing scheme for this period was the same for both the before and after studies. 

NOTE: The study is bounded by Thornton Freeway, Houston Street, Woodall Rodgers, and Hall Street. 
'-I 
....... 
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p.m., for which there were no timing changes, the results are E!ssentia11y the 

same before and after. 

A one-sided two-sample t-test was carried out for the befclre/after study 

with the following results. The differences in the average trip times per 

unit distance, in the Dallas before/after study, for the first: through the 

fifth periods were significant at the following levels: 0.96, 0.95, 0.94, 

0.78, 0.61, respectively. Therefore, at the 90 percent level the worsening 

of the average trip time per unit distance, T, in the first time period is 

found to be significant. The improvement in T for the second ~md third time 

periods is also significant at the 90 percent level while for the fourth 

period there is no significant difference at this level. Finally, no 

significant difference is found for the fifth time period at the 90 percent 

level. The statistical test applied assumes that the standard deviations for 

the various quantities are the same before and after. Since this assumption 

is not necessarily valid we also performed a variation, namely, the 

Behrens-Fisher approximate t-test, in which the standard deviations are 

assumed to be different. This test generated significant levels of 0.95, 

0.95, 0.93, 0.79 and 0.62 for the first through the fifth study periods, 

respectively. These results were very close to those of the previous test 

and did not change any of the results mentioned above. 

We are inclined to place more reliance on the fact that the results 

appear to correspond well with other observations regarcling perceived 

improvement or worsening of the traffic. The before and after data along 

with the Two-Fluid trend for the combined before/after data arE! shown in Fig 

4.9. The parameters for this set of observations correspond to Dallas CBD2 

for which T - 2.12 min/mile and n - 1.36. These parameters hnve also been m 

obtained by dividing the data into before and after cas~!s reSUlting in 
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Figure 4.9. Trip time versus stop time for CBD data in Dallas before and 
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Two-Fluid model, Tm = 2.12 min/miles and n = 1.36. Note that 
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(T , n) - (2.03, 1.43) and (T , n) ,.. (2.17, 1.34) for the before and after m m 

cases, respectively. These values are quite close to the aver~lge and to each 

other. This can also be shown through performing t-tests on the intercept A 

and slope B of the regression of log T against log T, from \lhich the value r 

of the parameters T and n are calculated. In comparing the intercept of the 
m 

before case to that of the after case in Dallas a Va1UE~ of -0.745 was 

computed for the t-statistic, indicating a two-sided confidE!nce level of 

about 54 percent; i.e. the differece in A for the before and the after cases 

was not found to be significant. The corresponding values of t and the 

confidence level for the slope B were 0.420 and about 33 percent, 

respectively, again indicating no significant difference in B for the two 

cases. This implies that the Two-Fluid model representation for the Dallas 

CBD2 area is much the same before and after the timing changes .. 

the values of T and n depend on many other factors. 
m 

Undoubtedly 

Although the changes in signal timing did not modiLfy the model 

parameters, an improvement is apparent in terms of the distribution of the T, 

Ts data along the Two-Fluid curve. It appears from Fig 4.9 that the data for 

the after study lie further down the curve closer to the intel~cept T m than 

the before data. This is in agreement with the conclusion of the t-tests 

discussed above that there is an improvement in the quality of the traffic 

service. 

A study similar to the Dallas before/after study was pElrformed in the 

Lubbock CBD area in which major network-wide changes in signal timing 

patterns were scheduled to take place. In September 1983 "hen the before 

study was performed there were two timing patterns, a peak and an off-peak 

plan. The off-peak plan was in operation during all periods eJ(cept from 7:45 

a.m. to 8:30 a.m. and from 5:00 pam. to 6:45 p.m. when the peak timing plans 
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~ould be invoked providing that the traffic volumes were heavy enough. On 

the other hand, in late June 1984 when the after study took place five new 

timing patterns, three peak and two off peak plans, were implemented. The 

three peak plans were morning peak (7:00-8:30 a.m.), noon peak (11:00 

a.m.-1:30 p.m.), and afternoon peak (4:30-6:15 p.m.). An off-peak plan was 

in operation from 8:30-11:00 a.m., 1:30-4:30 p.m. and 6:15-7:30 p.m •• After 

7:30 p.m. all signals except those on Broadway Avenue were put on the 

flashing mode with drivers on major approaches facing the flashing amber. 

The analysis of the before and after data resulted in (Tm, n) (1.93, 

1.13) • (2.14, 0.82), respectively, where T is in minutes per 
m 

mile. The R2 values were 0.78 and 0.70 for the before and the after cases, 

respectively. As shown by the above results, the Two-Fluid trend for the 

after case in Lubbock had an 11 percent increase in T and a 27 percent 
m 

decrease in n. The significance of these differences can be statistically 

established through performing t-tests to compare the intercepts and slopes 

of the regression of log T against log T for the before and the after cases 
r 

in Lubbock. A t-value of -2.903 corresponding to a level of confidence of 

99.6 percent was obtained in comparing the intercept A of the before case to 

the after case, indicating that the difference in A for the two cases is 

highly significant. The corresponding t and confidence level values for the 

slope B were +2.682 and 99.3 percent, respectively. Therefore, the 

difference in B for the two cases was also found to be highly significant. A 

significant increase in A and reduction in B in the after case imply a 

worsening of the service during off-peak periods and an improvement of 

service during peak traffic periods. Figure 4.10 further illustrates this 

point by showing the one and two standard deviation confidence bands of the 

T~o-Fluid trend for the before case along with the after study T,T data. As 
s 
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can be seen, in the low T,T regime ~ 20 percent of the after data falls s 

outside +1 a limit of the before trend while in the high T,T s regimes ~ 10 

percent of the data fall outside -1 a limit out of which ~ 4 percent fall 

even outside -2 a limit of the before trend. Such differences are not 

readily apparent when the before and after data are combined, as shown in Fig 

4.11 which also includes the Two-Fluid trends for both before and after case 

separately. However, a closer examination of the data points reveals that at 

regions of relatively high T,T , the after data points by and large lie below s 

the before data points indicating a slight improvement for the after case. 

It must be noted that even improvements as moderate as these could be 

significant if they occur in the high trip time - stop time regime, as is the 

case here. This is so because high T,Ts regimes generally imply heavy 

vehicular concentrations. An elaborate discussion of the latter point is 

given in Chapter 6 on the aerial photographic results. 

In the San Antonio CBD, data were collected in November 1981 and later 

in April 1984. OVer the three-year period no major changes were made in 

geometry or control of the network. However, in 1984 there were 194 more 

transit buses (total of 471 buses) in the vehicle mix {Ref 38]. In addition, 

for tourism purposes a number of horse-drawn coaches and 20 rubber tired 

street cars were also in operation in the CBD ~rea in 1984. In April 1984, 

there also was a noticeable reduction in the level of construction activities 

as compared to November 1981. 

The Two-Fluid model fit to the old and the new sets of data from 

San Antonio resulted in (T ,n) - (1.89,1.53) and 
m 

respectively, where T is in minutes per mile. 
m 

(T, n) - (1.99,1.33), 
m 

The R2 values were 0.84 and 

0.81 for the 47 old and 55 new data points, respectively. Figure 4.12 is a 

plot of the old and new data and their respective Two-Fluid trends in San 
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Antonio. As can be seen from Fig 4.12, the new data is virtually along the 

old trend and the differences between the two trends are nClt significant. 

This is verified by a two-sided t-test showing confidence levels of about 52 

percent and 63 percent for differences in intercept and A ctnd slope B (Eq 

2.24), respectively, indicating that these differences are not significant. 

The major difference between the two data sets, obtained over c.omparable time 

periods during the day, is that the ranges in T and T are, respectively, s 

'V 50 percent and 'V 84 percent greater for the new data set relat ive to the 

old one. The highest (Ts ' T) observations in minutes per mile were (3.2, 

7.0) and (5.9, 10.5) for the old and the new data, respectively. It is, 

however, important to note that these substantial increases in Ts and T for 

the new observations have been, as predicted, along the old Two-Fluid trend. 

These increases may be attributed, among other factors, to the growth of 

traffic in terms of vehicular concentration as well as to changes in the 

vehicular mix resulting in a greater number of vehicles with relatively 

slower performance characteristics. This is not to suggest that introducing 

transit buses in the traffic stream will be detrimental to the quality of 

traffic service. It would not be so if the buses were well utilized, in 

which case significantly more passengers are processed through the traffic 

network per unit time despite higher trip times and stop times. A separate 

study has been conducted in Austin to investigate the effect of vehicle 

performance characteristics on the Two-Fluid model parameters. The results 

are discussed later in this chapter. 

The before/after studies in Dallas, Lubbock, and San Antonio have shown 

that the trip time - stop time and the Two-Fluid model representations can be 

used as means of assessing the impact of major changes in urban traffic 

networks. These studies have also provided information regardi:ng some of the 
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vehicular. geometric and control features in a street network which could 

affect the Two-Fluid model parameters. Such before/after studies may, for 

example, be conducted in a network such as Vasastaden street network in 

Stockholm, Sweden where minor streets have been blocked off to the traffic to 

provide a smoother flow in the major streets [Ref 38]. 

COMPARISON OF BUS AND CAR-BASED TWO-FLUID MODELS 

To examine the dependency of the Two-Fluid model parameters on the 

vehicular type used in collection of trip time stop time data, an 

experiment involving passenger cars and buses was carried out. Trip time 

stop time data were collected aboard buses and passenger cars on same bus 

routes. The Two-Fluid model was then calibrated for the routes studied once 

using the car data and a second time using the bus data. The results are 

reported in this section. 

The University of Texas shuttle buses operate on fixed routes and 

schedules. Trip time and stop time data were collected on three of the 

routes which run through non-freeway street networks including low 

speed-limit campus streets as well as residential and other non-arterial 

streets. The round-trip lengths of the routes were 2.64, 4.66 and 2.77 

miles. The shuttle buses were International Harvester chassis and motor with 

a Wayne coach; they were 33.5 feet long with a 44-seat capacity. 

The bus data were collected by an observer equipped with three stop 

watches. The total trip time, traffic stop time and the unloading/loading 

time were accumulated and recorded for each round trip. It was found that 

for the particular bus routes under study the chances were small of an 

overlap occurring between the traffic stop time and the loading/unloading 

time since all bus stops were located at mid-blocks and not at intersections. 

Therefore, the overlap time was neglected in the analysis. Trip time and 
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stop time data were also collected on the same three fixed bus routes in the 

usual fashion using a passenger car whose driver was instructed to drive with 

the traffic. 

The bus and passenger car data were obtained during 1979 and 1980. An 

analysis of the data is shown in Table 4.4 where the parameters of the linear 

representation and the Two-Fluid model are displayed. The 1it'l.ear regression 

of T against T 
s 

2 for the bus data has a relatively low R of 0.60 because the 

routes consist of different types of streets. One route consists of mainly 

residential streets, the second is on arterials and the third mostly on 

campus streets with a high level of pedestrian interaction, and as a 

consequence there appear to be some systematic differences in the data for 

the three routes. In the Two-Fluid model the value of n is considerably 

greater for the buses and Tm is smaller possibly as a result of the steep 

slope. 

Figure 4.13 shows the +1 a and +2 a confidence bands and. the Two-Fluid 

trend for the car data. Also shown in Fig 4.13 are the bus da.ta and their 

corresponding Two-Fluid trend. Note that most of the bus dalta lie outside 

+2 a limit of the car trend indicating statistically significatlt differences 

between the trends of the two data sets. 

The significant differences between the Two-Fluid trends of the bus and 

car data may be addressed in the following fashion. Buses are vehicles with 

low performance, I.e. low acceleration and deceleration charsLcteristics and 

also low maneuverability. Although the loading/unloading time is subtracted 

from the trip time of the shuttle bus, the effect of these 10ELding/un10ading 

stops on the remaining trip time (the automobile equivalent trtp time) is not 

completely removed. This is so because every stop made for the purpose of 

passenger loading and unloading introduces an additional dece1eration-



TABLE 4.4. RESULTS FOR BUSES AND AUTOMOBILES ON THE SHUTTLE BUS 
ROUTES OF THE UNIVERSITY OF TEXAS AT AUSTIN 
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Linear Representation Two-Fluid Parameters 
Vehicular No. of 

Mode Points Intercept Slope R2 Tm R2 
(min/mile) (min/mile) n 

Buses 179 3.21 1.81 0.60 1.47 4.88 0.87 

Cars 96 2.77 1.66 0.75 2.20 1.92 0.76 
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acceleration cycle to the trip history of the bus. Thus, the automobile 

equivalent trip time per unit distance for a bus is considerably longer than 

that for an automobile driven on the same route and subject to identical 

traffic conditions. In other words the running time per unit distance for 

the bus is greater; however, the traffic stop time per unit distance for the 

bus and automobile will be essentially equivalent. Consequently, the trip 

time - stop time linear representation and the Two-Fluid model fit for a bus 

will be steeper than that for an automobile driven on the same route. The 

value n - 4.88 for the bus compared to n • 1.92 for the car further 

illustrates the above point. 

In conclusion, this portion of the study, i.e. the comparison of a bus 

with a passenger car on the same routes, shows that the parameters obtained 

for a given network differ in value depending on the vehicular mode used in 

the collection of the data from which they are determined. It is also 

important to take into account the manner in which the data is taken. The 

data from the bus corresponds to the special properties of that vehicle as a 

member of the population, whereas the data from the test car is taken from a 

vehicle driven in a manner to represent an average member of most of the 

population. 

DISCUSSION 

In Chapter 2 on the Two-Fluid theory a term II T - T T, the 
m r r ., 

incremental running time per unit distance was introduced. It was argued 

that as the stop time per unit distance increases from zero to T , the trip s 

time per unit distance departs from its minimum value T by an amount m 

T + llT , i.e. T - Tm + T + llT , where the magnitude of T and II T varies 
s r s r m r 

from network to network and as such is a measure of the quality of traffic 
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service in the street system. The Two-Fluid model simply predicts, for a 

given network, what ~T is for a given value of T • r 8 

The Two-Fluid model is a logarithmic linear relation between the trip 

time T - T + T + ~T and the running time T - T + ~T. The strength of 
8 m r r m r 

the correlation between logTr and 10gT, therefore, depends on how well T8 and 

~Tr are correlated. In other words, for a network with high correlation 

between T8 and ~Tr' 10gTr and 10gT are also highly correlated. On the other 

hand, if in a network there is no correlation between ATr and T8 , i.e. if 

AT remains constant with changes in T , then 10gT will be constant and 
r 8 r 

totally uncorrelated with 10gT. Consequently, the slope B of Eq (2.25) wtl1 

be zero resulting in a value of zero for n. In such a network, where n ~ 0, 

~ Tr and therefore the running speed of vehicles are both independent of T8 • 

But T is a function of vehicular concentration and increases for an increase 
8 

in concentration due to longer queue lengths at intersections, etc. Then it 

can be said that in a network for which n - 0, the running speed of vehicles 

is constant and not a function of the level of concentration. 

The above arguments begin to indicate that the correlation between 10gTr 

and 10gT of the Two-Fluid model is stronger, the greater the value of n. 

Table 4.2 verifies this conclusion since for the twenty one networks listed 

2 
in this table it can be seen that the R to the Two-Fluid model fit is in 

general higher for the networks with higher values of n. 

A greater interaction among vehicles is more likely in networks with 

features that restrict the maneuverability and relaxation opportunities of 

individual vehicles; features such as narrow streets, parking on both sides, 

short block lengths, a mix of vehicles with highly varying size and 

characteristics, frequent occurrence of turning movements, etc. On the other 

hand, calibration of the Two-Fluid model for the networks listed in Table 4.2 
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has shown, in general, that higher values of T and especially n are obtained m 

in those networks which possess some of the physical features described 

above. Therefore, a higher value of n implies a greater level of interaction 

among vehicles; and since a desirable network is one in which the interaction 

among vehicles is minimal, it is then desirable to have a network with 

relatively small values of Tm and especially n. 

The trip time - stop time data used in determining the Two-Fluid 

parameters of cities of Austin, Dallas, Houston, Lubbock, San Antonio, 

Matamoros, Mexico City, and Albuquerque also included information on the 

number of stops per unit distance, N , for each micro-trip. An examination 
s 

of the data revealed that T, T and T all increased with increasing Nand 
s r s 

that the general rate of increase as determined through weighted linear 

regressions of T, T and T against N varied significantly for cities with a r s 

different T and n values. The linear regressions were weighted according to 
m 

the value of N since the variance in T, T and T appeared to be greater for 
a s r 

greater N values as shown, for example, in Figure 4.14 for the Houston CBD. 
a 

The results of these weighted regressions are summarized in Table 4.5. 

Also given in this table are T , the average stop duration in minutes per 
s 

stop and the parameter T and n for each of the eight cities. The regression 
m 

of T against N was forced through the origin to satisfy the boundary 
s s 

condition that when there are no stops (N - 0) the stop time per unit s 

distance is zero (T OIl 0). s 

Let the resulting three weighted linear regressions be in the forms: 

T = a + b N s 
(4.5a) 

T = a + S N r s 
(4.5b) 

and T = YN , 
s s 

(4.5c) 
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TABLE 4.5. WEIGHTED LINEAR REGRESSION PARAMETERS FOR REGRESSIONS OF TRIP TIME, RUNNING TIME AND 
STOP TIME PER MILE AGAINST THE NUMBER OF STOPS PER MILE FOR EIGHT CITIES AROUND THE 
WORLD. ALSO GIVEN ARE THE AVERAGE DUI~TION OF STOP, T , AND VALUES OF PARAMETERS 
T AND n FOR EACH CITY. S m 

T = a + bN T = Ct. + I3N T = YN s r s s s 
--- Ts Tm City No. of 

CRD Points a b 
R2 

Ct. 13 
R2 

Y ? (mini (mini 
(min! (min! (min! (min! (mini R- stop) mile) 
mile) stop) mile) stop) stop) 

Austin 545 2.32 0.426 0.76 2.48 0.137 0.56 0.262 0.87 0.275 1. 78 

Dallas 259 2.41 0.447 0.79 2.32 0.188 0.65 0.272 0.90 0.271 1.97 
-

Houston 159 2.73 0.358 0.57 2.61 0.147 0.66 0.229 0.79 0.228 2.70 
---

Lubbock 190 2.49 0.279 0.52 2.15 0.133 0.69 0.207 0.72 0.238 2.03 

San 
102 2.26 0.542 0.73 2.32 0.208 0.65 0.325 0.88 0.326 1.96 Antonio 

Nata- 79 2.96 0.431 0.67 3.77 0.167 0.39 0.194 0.88 0.171 3.98 
moros 

Mexico 
101 2.04 0.765 0.94 2.86 0.187 0.78 0.486 0.92 0.1.60 1.72 City 

Albu-I querque 
68 2.53 0.336 0.73 

----
2.31 0.162 0.55 0.213 0.87 0.218 1.93 

n 

1.65 
-~--

1.48 

0.80 

0.97 

1.38 

2.10 

1.63 

0.62 

00 
\0 
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where the parameters a and a are in minutes per mile and b, Band yare in 

minutes per stop. The values of these parameter for each of the nine cities 

are given in Table 4.5. Note in Table 4.5 that the parameters obtained 

through regressions to the data for each city appear to be related to one 

another as follows, 

a ~ a 

and b ~ B + y 

(4.6a) 

(4.6b) 

with a deviating from a by an average of 11.6 percent with a standard 

deviation of 9.5 percent and b deviating from B + y by an average of 9.1 

percent with an associated standard deviation of 6.8 percent. 

(4.6a) and (4.6b) need to be met approximately since T 

Equations 

T + T • 
s r 

Furthermore, the parameter Y is an estimate of the average duration of a 

stop and therefore is approximately equal to T • 
s 

In connection with the determination of the quality of traffic service, 

it must be noted that the parameters Band y signify the average penalties 

in minutes per mile which are imposed on the running time and stop time for 

each additional stop. Likewise, the parameter b ~ B + Y is the penalty to 

the trip time in minutes per mile for each additional stop, made. On the 

other hand, a ~ a is an estimate of the minimum trip time pet' unit distance 

since T ~ a when N - o. 
s 

Also note that the parameters a and b in Table 4.5 vary \liride1y in value 

for different cities with a ranging from 2.04 to 3.20 minute~s/mUe and b 

ranging from 0.279 to 0.765 minutes/stop. As may be expected" the value of 

the parameter a in Table 4.5 is greater for cities with greatel' T values and 
m 

likewise the parameter b is greater for cities with greatE!r values of n. 

Therefore, the number of stops per unit distance appears also to be an 
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important macroscopic variable in the determination of the quality of traffic 

service in urban street networks. 





CHAPTER 5. AERIAL PHOTOGRAPHIC OBSERVATIONS 

The reduction and analysis of aerial photography, although cumbersome 

and time consuming, is a means of recording a very large amount of traffic 

data in a short period of time. Time-lapse aerial photography has been used 

over the years in various traffic studies by many investigators. 

In freeway studies aerial photography has been employed, for example, to 

determine the effect of bottlenecks on freeway traffic [Refs 41, 42 and 43], 

to make estimates of travel time delay and accident experience due to freeway 

congestion [Ref 44], to study merging freeway operations [Ref 45] and freeway 

interchange operations [Ref 461, to determine the traffic flow 

characteristics of a facility [Refs 47, 48, 49 and SO], and to study headway 

and speed distributions and their correlation in freeway traffic [Ref 51]. 

In the arena of non-freeway traffic, aerial photographs have been used, 

for example, to measure the vehicular concentration in a network of streets 

{Ref 52], to conduct origin-destination surveys [Ref 531, to perform parking 

studies [Ref 541, and to measure the effectiveness of traffic control systems 

in a network [Ref 55]. 

In the present work time-lapse aerial photographs have been analyzed to 

investigate the accuracy of simultaneous ground observations in estimating 

network-wide variables related to the quality of traffic service. These 

variables include the average fraction of vehicles stopped, the space mean 

speed, and the mean vehicular concentration. The work reported here does not 

intend to promote aerial photographic traffic surveys as a routine means of 

collecting traffic data or determining the quality of traffic service; rather 

the objective is to develop simple means of estimating values of pertinent 

93 
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network-wide traffic variables on the ground as an alternat:lve to aerial 

photographic surveys. 

SPECIFICATIONS 

The aerial photographs were taken by the Texas Stat.! Department of 

Highways and Public Transportation over the Austin CRD on Novelliber 12, 1982. 

The area of study was bounded by Martin Luther King Roulevarii on the north, 

first Street on the south, Red River Street on the east and L.unar Rou1evard 

on the west. 

The photography was done in four periods: 8:00 a.m., 1:~:00 noon, 3:30 

p.m., and 5:00 p.m. A Cessna 206 turbo-engine aircraft, a U3.28 TIID RC10 

Wild Lens cone camera, and a 9" by 9" diapositive color film 1iere used. The 

aircraft was flying at 120 mph at an altitude of 3000 feet above street 

level. The photographs were taken on the average 2.66 seCOllds apart (with 

elapsed time standard deviation of 0.40 seconds). The abi)ve conditions 

resulted in 90 percent longitudinal overlap on successive frames. To cover 

the study area, the photographs were taken along two parallel I"trips with 5 

percent lateral overlap. 

REDUCTION 

The first step in the reduction of the aerial photograph:lI was to assign 

a scale to each frame. It must be noted that aerial photographs are 

perspective projections so that a location with higher e1evatil)n is closer to 

the camera lens and thus its image has a greater scale [Ref 51)1. However, 

for relatively flat topography one may assume a constant av.!rage scale for 

each photographic frame. As will be discussed in the section i)n sources of 

errors, this is not an unreasonable assumption for the study a:l:'ea in Austin. 
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The scale determination for each frame was made through measuring photo 

distances between fixed monuments on the ground (control points) as well as 

the ground distances between those points. The control points were selected 

after the photographs were taken. The ground measurements were made using a 

Keuffe1 & Esser Electronic Distance Measurement apparatus. On the average 

for each frame four pairs of control points were used for scale determination 

resulting in four independent scale measurements, the average of which was 

used as the scale for that frame. For the 71 frames reduced, the average 

scale ranged from 1" • 471.2' to 1" = 537.3' reflecting the various sources 

of errors discussed later in this chapter. 

A Keuffe1 and Esser Mono-Digital comparator (Fig 5.1) was used to 

determine the Cartesian coordinates of the location of each vehicle. The 

position of each vehicle was represented by the x,y coordinates of its front 

left corner which were recorded on a computer card. The Cartesian coordinate 

system for each frame was arbitrarily defined by setting the coordinates of 

5 5 
the lower left corner of the photograph at x = 10 , y = 10 microns and 

selecting an ordinate approximately parallel to the left edge of the 

photograph. 

In addition to the coordinates of the position of each vehicle on the 

photo, each computer card also contained the frame serial number and a 

three-digit vehicle identification number. The three digits in the 

identification code represented, from left to right, the size, color, and 

direction of travel, respectively. Travel directions were coded from one to 

eight, with oneindicating a northerly travel direction, two representing a 

north-easterly direction, three indicating an easterly travel direction etc. 

The codes are shown in Table 5.1, according to which a subcompact silver car 
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Mono Digital Comparator 

AnoIutlon of one micrometer. 

Repeatability of :tone micrometer. 

Fully air bearing supported and guided 
X-V 1ItIIg .. for rapid and errortlea 
poIItloning of e"gee. 

I opemor-Mlectable retlcl .. with ver!­
able illumination control. 

Projected reticle ayatem mounted 
Independent of viewing ayItem for 
Increased accuracy a~d atability. 

Binocular. at.,8O mlcroecope viewing 
e)'ltem with 8.8X to 52.5X zoom en­
largement range. 

Accepts film or gl ... plat .. up to 
'" X 11" (229mm X 4S8mm). 
MetrlGraphlc Terminal with 2 
... and I-dlglt dleplay per axIa for 
eeml-end automatic output recording 
of poInta and IMOClated 1dentI, ...... 
Claplay .... de dlrectty In mlcrornetera. 

Programmable. formated recording 
output with InterfaClll aVIIlabie for te ... 
type. punched carda. megMtlc tape 
CMMtte or FlS-232-C Datali\k. 

It. Subs.(!·a'y 01 I(.u".' & b .. ' Company 

The Mono Digital ComPirator Ie 
primarily a tlrat order phoIogrammetrlc 
meuurlng Inatrument for analytical .. ro­
triangulation. which may be effeettYely 
uaed to back-up tlrat order plott.,.. fI'M­
Ing them for large ecale mapping ualgn­
menta. HowtMw,It Ie alao ldeallyeulted 
for dlverae appllcatlona In the flelda of 
aatronomy. nuclear phyalca. medical 
ana I)'Ile. microcircuit dealgn. In fect, 
the Comparator Ie an effeetlve and 
economical cholca whenever preclalon 
meuurMIent of X-Y coordlnat .. , with 
high productlvlty. repeatability and com­
puter CGmPltibie micrometer recording 
of point Image data Ie required. 

Figure 5.1. Keuffel and Esser Mon-Digital comparator used in reduction of 
aerial photographs to determine the cartesian coordinates of 
the location of each vehicle. 



TABLE 5.1. INTERPRETATION OF THE 3-DIGIT CODE NUMBER USED IN IDENTIFYING 
EACH VEHICLE ON AN AERIAL PHOTOGRAPH 
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Left Digit Center Digit Right Digit l 
Code Size Code Co1or* Code Travel Direction 

1 Pick ups, Jeeps, 1 Red** 1 Northerly Station l.]agons 

Motorcycles and 
Small Cars (e.g. 

2 2 Yellow 2 Northeasterly 
Honda, Chevette, 

Toyota) 

Medium Cars (e. g. 
3 Mustang, Camaro, 3 Blue 3 Easterly 

Fairmont) 

4 Buses 4 Green 4 Southeasterly 

Large Cars (e.g. 
5 Cadillac, 5 Orange** 5 Southerly 

Continental) 

6 Vans 6 Black 6 Southwesterly 

7 Delivery Vans 7 White** 7 Westerly 

8 Single-frame 8 
Silver or 

8 Northwesterly 
Trucks Grey** 

9 Trailer Trucks 9 Brown 

* Color of the hood except for vehicles with very small hood area, in which 
case the color of the roof is considered 

** Colors used in vehicle sampling 

NOTE: The three digits represent, from left to right, the size, color, and 
direction of travel, respectively. 

I 
I 
I 
I . 
I 
I 
I 
I 

! 
I 
I 
I 

I 

I 
J 
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travelling east~ard, for example, is coded as 283. This three-digit number 

was then followed by the frame serial number on which the vehicle appeared. 

Using the above coding convention, a Fortran program~as written to 

trace a vehicle from one frame to the next (see Appendix B). For a pair of 

time-lapse photographs consisting of a master frame (the first photograph 

taken) and a conjugate frame, the program searches the conjugate frame for a 

match to each vehicle appearing on the master frame. The search on the 

conjugate frame is confined to a circular area centered at the position of 

the vehicle on the master frame ~hose location on the conjugate frame is 

determined. The radius of this search area is taken arbitrarily to be the 

photo distance in microns travelled by the vehicle at 60 mph, ,1 speed rarely 

exceeded by the downtown traffic. 

Once the search is narrowed to all the vehicles on the cOiiljugate frame 

that fall within this limited circular area, the program th.:!n selects the 

match vehicle with an identical code as the key vehicle. If ml)re than one 

potential match vehicle exists, all the alternatives and their coordinates 

are printed. If no such matches exist, the codes and x,y positions of all 

the vehicles contained in the circular area of search are print.:!d. 

When a direct match is not possible, either because there are more than 

one possible matches or because there are no direct matches, tht! data analyst 

would then try to make the match manually. First, all the vl!hicles in the 

list for which the shifts in x and y from the master to the cOlljugate frame 

are not consistent with the coded travel direction are eliminated. In doing 

so, a turning movement is considered as a possibility. Then l:he size and 

color codes of the vehicles remaining as potential matches arl! examined for 

operator inconsistencies in coding. For example, due tt) changes in 

orientations of shadows of buildings and other objects as a result of the 
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change in position of the aircraft a white vehicle on the master frame could 

be coded as silver or gray on the conjugate frame and vice versa; or a medium 

size car near the center of a frame due to relief displacement effects 

discussed later in this chapter could be coded as a large car once it has 

moved farther away from the center and vice versa. 

A manual matching process such as the above could result in more than 

one possible match for a key vehicle. In such cases, for vehicles coded as 

travelling east or west the match vehicle with minimum change in its y 

coordinate is chosen. Likewise, for vehicles travelling northward or 

southward the match vehicle with minimum change in its x coordinate is 

chosen. For vehicles travelling in any of the other four directions no match 

is made. 

SAMPLING BY COLORS 

In the reduction of the first 25 percent of the frames all the vehicles 

were considered and their locations were determined. In the reduction of the 

remaining 75 percent of the frames a sample of only white, silver, gray, red 

and orange vehicles were considered, since vehicles with these five colors 

were more easily recognizable and together constituted 45 percent of the 

population of vehicles. As shown in Table 5.2 the average speed determined 

using such a sample deviated from the population average speed by ~ 0.1 

percent to ~ 6.6 percent. In general it appeared that such a sampling 

strategy did not result in either a significant deviation of the sample mean 

from that of the population or a bias in these deviations. 
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TABLE 5.2. A COMPARISON OF THE POPULATION AVERAGE SPEEDS OF VEHICLES WITH 
THE CORRESPONDH'!'G SAMPLE AVERAGE SPEEDS USING ONLY RED, ORk~GE, 

WHITE, SILVER AND GREY VEHICLES 

Population Sample 

Photo Pair % Difference 
Average No. of Average No. of in Means 

(mph) Vehicles (mph) Vehicles 

7282 - 83 12.04 293 12.68 132 - 5.3% 

7283 - 84 14.23 284 13.92 136 + 2.2% 

7288 - 89 14.59 243 14.00 108 + 4.0% 

7289 - 90 15.31 332 16.28 166 - 6.3% 

7323 - 24 15.83 210 15.09 94 + 4.7% 

7324 - 25 16.30 283 15.23 125 + 6.6% 

6583 - 84 13.01 527 12.98 296 + 0.2% 

6584 - 85 12.24 578 12.25 336 - 0.1% 

6654 - 55 13.22 263 12.93 170 + 2.2~ 

I 6655 - 56 14.40 224 14.72 135 - 2 .2~1, I 
I 
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SPEED MEASUREMENTS 

To determine vehicle speed, the photo displacement of each vehicle, 

/::,'X" was measured as /::,£ ~[(xl - X2)2 + (Y1 - Y2)2]1/2 where (xl' Y1) and 

(x
2

, Y2) are the coordinates of the vehicle on the master and the conjugate 

frames, respectively. The above computation assumes that vehicles travel on 

a straight line during the elapsed time between two consecutive exposures. 

Given the short elapsed time, /::,t, between successive frames, the above 

assumption does not introduce a significant error in the measurements. For 

example, for a /::'t of 'V 2.5 seconds and a scale of I" - 500', a vehicle 

moving at 30 mph would travel only 'V 110 feet corresponding to a displacement 

of 'V5588 microns on the photographs. Let us now assume that the above 

vehicle has been actually travelling at 30 mph along the zigzag path ABCDE, 

rather than the straight path ACE, as shown in Figure 5.2 which schematically 

depicts a hypothetical case of an extreme lane-changing maneuver. Then the 

actual distance travelled in 2.5 seconds is AB + Be + CD + DE = 110' while 

the photographic estimate of the travelled distance is ACE - 108.72', a 

discrepancy of only 1.3 percent. 

Once a /::,'X, is determined in microns using the above procedure, it is 

converted to the distance travelled on the ground, /::'L, through the relation 

/::'L - /::,'X, x (scale in feet per microns). However, in measuring /::''X" it is, of 

course, necessary that the coordinates of a vehicle on the master and the 

conjugate frames be measured with reference to a common coordinate system. 

This was achieved through the transferring of the Cartesian coordinate system 

of the conjugate frame to that of the master frame, using the fixed control 

points that appeared on both frames. The transfer of coordinates allowed for 

not only a shift In x and y but also a rotation of the conjugate coordinate 

system relative to the master coordinate system, as shown schematically in 
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Figure 5.2. The schematic path of a vehicle conducting an extreme lane­
changing maneuver during the 2.5 second elapse time between 
two successive photographs. The hypothetical vehicle has 
travelled the zigzag path ABCDE (a distance of 110 feet at 
running speed of 30 mph) while the photo reduction procedure 
has measured the length ACE = 108.72 feet. 
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Figure 5.3. 

Once the three transformation parameters xo' YO and G were determined 

the vehicle coordinates on the conjugate frame, (x', y'), were expressed 

relative to the master frame coordinate system, namely, 

x x' cos 

y = x' sin 

SOURCES OF ERRORS 

- y' sin 

+ y' cos 

(5.la) 

(5.lb) 

The vehicle speeds obtained in the manner described in the previous 

section are subject to errors from a number of different sources [Ref 57]. 

The more significant of these sources are the non-level topography of the 

test area, parallax, relief displacement, tip and tilt of the airplane, and 

the operator. 

The non-flat topography of the area is a major source of error. Unlike 

a map which is an orthographic projection and has a uniform scale, an aerial 

photograph is a perspective view and its scale varies from point to point due 

to variation in terrain elevation in addition to parallax, etc. For example, 

the areas on the photograph with higher ground elevations are closer to the 

lens of the camera and thus have a larger scale, since scale ~ (focal length 

of the camera)/(aircraft altitude ground elevation). As a result of 

variation in terrain elevation, using a constant average scale for an aerial 

photograph is bound to produce errors so that a vehicle travelling on top of 

a hill at speed v appears to have moved a longer distance during the time t 

than a vehicle travelling at the same speed v at the bottom of that hill, 

i.e. v(bottom) < v < v(top) (Fig 5.4). 

Parallax is another systematic source of error in photographic 

reduction. Parallax is defined as the apparent displacement of the position 



104 

y 

\ y' 

\ 
\ 
\ 
\ 

~ 
X' 

\ ;~ 
~ 

\0' ~ ~ 
~~ 

9 

__ \(XO,YO) 

0 

\ 
\ 
\ 

Figure 5.3. Schematic diagram showing the relative positions of cartesian 
coordinate systems of a pair of successive aerial photographs. 
In transferring the coordinates of one frame to the other a 
shift in origin of (xo,Yo) as well as a rotation e of the 
conjugate coordinate system relative to the master coordinate 
system was assumed. 
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AB= CD 
ab<cd 

p 

Camera Focal 
Length 

=-~~--~~--~------~~---

diagram showing the effect of variations in terrain 
elevation on the scale of an aerial photograph. Note that 
while ground distances AB and CD are equal, due to variations 
in terrain elevation their images on the photographic plate 
abcd are not of equal length, hence (ab/AB) f (cd/CD). By 
the same token, a vehicle travelling the length AB = L during 
~t would appear to have moved a shorter distance on a pair of 
time-lapse photographs than a vehicle travelling the same 
length CD = L. 
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of an object with respect to a frame of reference due to a shUt in the point 

of observation [Ref 561. Using the aerial photographic plane as a reference 

frame, parallax exists for all images appearing on successive I,hotographs and 

is larger the greater the elevation of the point. This apparent movement 

between successive exposures takes place parallel to the direction of flight. 

The parallax phenomenon affects the transformation of coordinate systems 

since the fixed control points used in the transformations are assumed to 

have the same elevation. Having this in mind, the control points used in 

these transformations were chosen to not vary substantially irl elevation and 

at the same time be widely scattered in the network area so that at least 

three control points appear on each photograph. A total of 2e, fixed control 

points lIere used for transformation purposes. The relief displacement, while 

not as major an error source as the parallax, does generate pt'oblems such as 

the masking due to highrise buildings. The relief displacement is defined as 

the shift in position of an image caused by the relief or the height of the 

object [Ref 561. In vertical photographs, 1.e. those taken when the focal 

plane of the camera is parallel to the ground, the relief displacement occurs 

along radial lines through the point in the photograph located directly below 

the camera lens (the principal point). 

The relief displacement is greater, the farther the object is from the 

principal point and the greater the height of the object. Consequently, the 

determination of the pOSitions of vehicles which have greater heights or are 

further away from the principal point is subject to greater magnitude of 

error. However, since the vehicle heights are negligibly small compared to 

the flight altitude, the errors due to relief displacement are not 

considerable. Nonetheless, the relief displacement due to tall buildings 

often obscures parts of streets, a problem often referred to as masking. 



107 

An assumption in the reduction of the aerial photographs is that they 

are vertical photographs. Such is not the case if the aircraft is tipped or 

tilted with respect to the plane of its altitude at the time of exposure. 

Since tips and tilts are usually no greater than three degrees, the errors 

due to tip and tilt can be considered negligible [Ref 58]. 

The non-systematic operator errors are present in all steps of the photo 

reduction process but the two most error-prone steps have been the proper 

placement of the comparator reticle on the desired points and the reading of 

the clock image on each frame. To measure the degree of consistency of an 

operator to place the reticle of the mono-digital comparator on the same 

point, five repetitive measurements were made on a set of twenty vehicles. 

The five measurements on a given vehicle were not made successively. These 

results showed mean standard deviations of 13.5 microns for measurements in x 

and 11.6 microns in y in determining the position of a given vehicle. 

Assuming a scale of 1" .. 500' and a IJ. t = 2.5 seconds, these deviations 

correspond to 0.07 and 0.06 mph respectively. The greatest error ranges 

encountered in measurements made on the same vehicle were 85 and 56 microns 

in the x and y directions, respectively_ Using the same scale and IJ.t as 

above, these maximum errors correspond to speed values of 0.46 mph and 0.30 

mph respectively. 

The determination of the elapsed time between two consecutive 

photographs, IJ.t, was made by reading the image of a clock on each frame. 

The close divisions were to the nearest second whereas the clocks were to be 

read to the nearest tenth of a second. Three independent readings were made 

for each frame. The lowest and highest readings never differed by more than 

0.2 seconds while often all three readings were the same. However an error 
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of 0.1 seconds in 6t would result in a 3 to 5 percent error in. the value of 

mean speed for the corresponding pair of frames. 

To correct for each of the above-stated systematic errors individuallY 

requires the lay-out of many control points prior to photography as well as a 

tremendous increase in the level of effort required for reduction of the 

photographs. Moreover, for the purposes of these studies, where one often 

deals exclusively with averages, such tedious efforts to secure high levels 

of accuracy are not warranted. The question that arises is whether or not 

the directions and magnitudes of errors from these sources are random enough 

to yield meaningful averages. 

To investigate the above question a study of the apparent 'speed' of 

parked cars was undertaken. On three pairs of frames the apparent 'speed' 

and the apparent 'travel' direction (drift angle) of parked cars were 

determined. Figures 5.5 to 5.7 show the vector fields of velocities for the 

three pairs of frames studied. In these diagrams the lengths of the velocity 

vectors are exaggerated with respect to the scales of the abscissa and the 

ordinate for visual clarity. Each figure also includes histograms of the 

magnitude and the direction of the velocity vectors corresponding to the 

respective pair of frames. The velocity directions (drift angles) are 

measured counter-clockwise from the abscissa of the Cartesian coordinate 

system for each master frame. The angles range from 0-360 degrees. 

An examination of these vector fields (Figs 5.5 to 5.7) shows that for 

each pair of frames there are local patterns in the magnitude and the 

direction of the velocity vectors. Because of these local patterns it is 

necessary for the observed parked cars to be uniformly scattered in the 

frames studied if one is to examine whether or not the drift angles for each 

pair of frames are uniformly distributed. Otherwise, as is the case here, 
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100~ __ ~~ ____ ~~ __ ~~ __ ~~ __ ~~ ____ ~ ____ ~ __ __ 
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Figure 5.5. Vector field of apparent velocities for parked cars from the 
pair of frames 6587-6588 in the Austin CBD. The lengths of 
the velocity vectors are 25 times exaggerated with respect to 
the scales of the abscissa and the ordinate for visual clarity. 
Also shown are the histograms of the magnitude (apparent speed) 
and the direction (angle of drift of the parked cars) of the 
velocity vectors. The angles are measured counter-clockwise 
from the abscissa of the cartesian coordinate system of the 
master frame (frame 6587). 
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Figure 5.6. Vector field of apparent velocities for parked carf> from the 
pair of frames 7246-7247 in the Austin CBD. The lfmgths of 
the velocity vectors are 25 times exaggerated with respect to 
the scales of the abscissa and the ordinate for viuual clarity. 
Also shown are the histograms of the magnitude (apl)arent speed) 
and the direction (angle of drift of the parked cars) of the 
velocity vectors. The angles are measured counter··clockwise 
from the abscissa of the cartesian coordinate SystE~ of the 
master frame (frame 7246). 
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Vector field of apparent velocities for parked cars from the 
pair of frames 6660-6661 in the Austin CBD. The lengths of 
the velocity vectors are 25 times exaggerated with respect to 
the scales of the abscissa and the ordinate for visual clarity. 
Also shown are the histograms of the magnitude (apparent speed) 
and the direction (angle of drift of the parked cars) of the 
velocity vectors. The angles are measured counter-clockwise 
from the abscissa of the cartesian coordinate system of the 
master frame (frame 6660). 
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the peaks in the histograms of the drift angles will be associated with tlte 

locations with greater concentrations of parked cars. 

To reduce such local effects, the three vector field diagrams (Figs 5.5 

to 5.7) have been combined into one (Fig 5.8) resulting in a more uniform 

spatial distribution of parked cars. Also shown in Fig 5.8 are the speed and 

drift angle histograms corresponding to the velocity vectors. ,~s can be seen 

from the histogram of the drift angles in Fig 5.8, the angles are rather 

uniformly distributed. Such global randomness of the drift an:lles suggests 

that in measuring the velocities of the moving vehicles, vr ' the errors in 

magnitudes of these velocities are essentially random and the resulting 

estimate of the average running speed, vr ' can be assumed unbLased. On the 

contrary, the measured mean overall speed, v(estimate), is Ukely to be 

greater than its actual value v since the stopped vehicles contribute to this 

average by an amount v , the average apparent speed of the stop·t>ed vehicles, 
s 

i.e., 

N v + N v 
v (estimate) ;: r r s s 

N + N 
(5.2) 

r s 

where Nand N are the number of vehicles running and stopped, respectively. 
r s 

On the other hand, the unbiased estimate of the mean overall sp4!ed, v, is 

N v 
r r v ;: --=----=----

N + N r s 

(5.3) 

Therefore, to obtain an accurate estimate of the mean overall speed it is 

necessary to develop a criterion for defining the stopped vehicles and set 

their apparent speeds to zero. 
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Figure 5.8. Combination of the three vector field diagrams of Figs 5.5, 5.6 
and 5.7 •. Also shown are the combined histograms of speeds and 
drift angles. Note that the drift angles are rather uniformly 
distributed. 
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DEFINING A STOPPED VEHICLE 

Stopped vehicles were defined as all vehicles travelling below a cutoff 

measured speed, C. To establish a reasonable cutoff speed, the speed of all 

the vehicles in the overlapped areas on four selected pairs of frames were 

determined. In addition, all the vehicles situationally ~Ierceived to be 

stopped were coded as stopped. Consequently, for each pair of frames a 

perceived fraction of vehicles stopped, a distribution of app'arent speed of 

stopped vehicles, f(v ), and a distribution of speeds of vehicles perceived 
s 

to be in motion, f(v ), were obtained. 
r 

In defining the cutoff speed it was assumed that the perceived fraction 

of vehicles stopped was the "true" fraction of vehicles stopped. The 

reasonableness of this assumption depends on the accuracy of the operators' 

perception of whether a vehicle on the photographic frame being reduced is 

stopped or in motion. 

To examine the relative accuracy of the operators' perception of the 

status of a vehicle (stopped, running, or parked), a study was conducted 

involving three operators. In this study the three operators recorded their 

opinion of the status of 200 randomly selected vehicles. Each vehicle was to 

be classified as running, stopped in traffic or parked. The results, shown 

in Table 5.3, indicate perceived fractions of vehicles stopped of 0.358, 

0.367 and 0.361 for operators A, Band C, respectively; i.e. a maximum 

deviation of only 2.5 percent in the perceived fs Note that a given 

vehicle could be 
3 classified in 3 m 27 different combinations by the three 

operators. Operator A can classify a vehicle in three ways and this is the 

case for operators Band C, as well. For example, a vehicle can be called 

running by A, stopped by B and running by C or parked by A, parlc.ed by Band 

stopped by C, etc. As shown in Table 5.4, only 14 of the 27 possible 



TABLE 5.3. RESULTS OF A STUDY INVOLVING THREE OPERATORS TO DETER}fINE 
OPERATOR'S ACCURACY IN JUDGING WHETHER A VEHICLE Ot>; A 
PHOTOGRAPH WAS RUNNING, STOPPED IN TRAFFIC OR PARKED 

Number of Vehicles Fraction of Vehicles Operator Stopped Running Stopped Parked 

A 115 64 21 0.358 

B 114 66 20 0.367 

C 115 65 20 0.361 

NOTE: The three operators examined the status of 200 vehicles on three 
aerial photographs. 

115 
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TABLE 5.4. VAF.IOUS OUTCOMES OF A STUDY IN WHICH THREE OPERATORS 
CLASSIFIED THE STATUS OF 200 VEHICLES ON AERIAL 
PHOTOGRAPHS AS RU1~ING (R), STOPPED IN TRAFFIC 
(S), OR PARKED (P) 

Operator A Operator B Operator C Number of Occurrences I 
R R R 

S S S 

P P P 

R R S 

R S S 

R S P 

R P P 

S R R 

S R S 

S S R 

S P S 

P S P 

P P R 

P P S 

R R P 

R S R 

R P R 

R P S 

S R P 

S S P 

S P P 

S P R 

P S R 

P S S 

P R S 

P R P 

P R R 

109 

56 

15 

1 

3 

1 

1 

2 

2 

3 

1 

3 

-I 

2 

-
-
-
-
-
-
-
-
-
-
-
-
-

I 

! 
j 
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combinations actually occurred in the course of the study. There were 180 

unanimous classifications by the three operations. A stopped car was 

perceived to be in motion three times by operators A and e and twice by B. On 

the other hand, a running car was called stopped only twice by operator A and 

once bye. A car was considered stopped or running when two of the three 

operators classified it as stopped or running. 

To summarize the results of this study, the fractions of vehicles 

stopped as perceived by the three operators were very close to each other 

with a maximum deviation of 2.5 percent. Moreover, in 180 out of 200 cases 

(90 percent of the time) there was unanimous agreement regarding the status 

of vehicles. In the remaining 20 cases of disagreement the judgement of 

operators A and B was a majority judgement 13 times while operator e was in 

majority 12 times. In general, it appeared that the fraction of vehicles 

stopped as perceived by any of the three operators could be used to represent 

the 'true' fraction of vehicles stopped in the following analysis which led 

to a definition of the cutoff speed. 

A cutoff speed, e, was to be chosen so that for each pair of frames the 

value of the fraction of vehicles with speeds less than e was a close 

estimate of its corresponding value of the perceived fs for that pair. 

Furthermore, the sum of apparent speeds of stopped vehicles exceeding e was 

not to be greatly different from the sum of running speeds less than e, i.e. 

1: (v > e) ~ 1: (v < e) 
s r 

(5.4) 

The latter condition (Eq 5.4) was required to ensure that the calculated mean 

overall speeds based on setting all the speeds less than e to zero, vee), was 

not a biased estimator of the actual V, namely, 

Vee) = 
N (e)v (e) 

r r 
N 

Nv 
r r 
N 

(5.5) 
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where N (C) and v (C) are the number and mean speed of vehicles with speeds 
r r 

greater than C, respectively. N is the total number of vehicles. 

For the four pairs of frames studied eight cutoff speeds of 1.75 mph to 

3.50 mph at intervals of 0.25 mph were examined. The results, as tabulated 

in Table 5.5, show that for the four pairs of frames at the cutoff speed of 

2.5 mph the deviations of f (C) from the perceived fare 1.6 percent, zero s s 

percent, 1.3 percent, and 9.7 percent. The above deviations are individually 

small and their sum is also minimum compared to those at other cutoff speeds. 

Furthermore, L: (v )0 2.5) is not highly different from z: (v < 2.5) and the s r 

mean overall speed, v(C), obtained by setting all speeds less than C to zero 

does not vary more than 3.1 percent for the wide range of cutoff speeds 

examined. 

On the basis of the above results, a cutoff speed of 2.5 mph has been 

selected and for each pair of frames analyzed all the speeds less than 2.5 

mph were set to zero. Estimates of f s ' V, and vr were made in the following 

manner: 

f ::: 
S 

v 

V 
r 

N(v :5 2.5) 

N 

E(V > 2.5) 
N 

== 
L:( v )0 2.5) 
N(v)o 2.5) 

(5.6) 

(5.7) 

(5.8) 

where N(v > 2.5) and N(v < 2.5) are the numbers of vehic1,es with speeds 

greater than and less than or equal to 2.5 mph, respectively and N is as 

before the total number of vehicles. 



TABLE 5.5. AN EXAHINATION OF THE FRACTION OF' VEHICLES STOPPED AND THE HEAN OVERALL SPEED FOR FOUR 
PAIRS OF FRAHES AT EIGHT DIFFERENT CUTOFF SPEEDS 

Frames 6654 - 55 Frames 6655 - 56 

Cutoff Perceived I(V
s 

> C) ~Vr =:. C) Perceived I(Vs > C) ~Vr .:: C) Speed 
f f (C) 

V(C) 
f f (C) 

V(C) 
(mph) s s (mph) (mph) (mph) s s (mph) (m~hL (mph' 

3.50 0.278 25.7 22.7 13.16 0.317 20.7 49.1 14.1 

3.25 ...-i 0.274 25.7 19.4 13.17 " 0.312 20.7 l15.8 14.1~ 
11'"\ C") 

3.00 N 0.274 25.7 19.4 13.17 N 0.304 23.9 42.7 14.22 . . 
0 0 

2.75 II 0.262 28.6 13.6 13.20 u 0.286 23.9 31. 3 14.21 

2.50 - 0.255 34.0 13.6 13.22 - 0.237 44.6 23.4 14.4C C") ~ 

'" N 

2.25 N 0.247 36.3 11.2 13.24 N 0.183 70.9 21. 2 14.52 - -'" C") 

2.00 '" 0.232 40.6 6.8 13.28 11'"\ 0.152 79.6 14.7 14.59 ......., 
'-" 

1. 75 0.202 53.7 4.8 13.33 0.138 85.2 14.7 14.62 
Frames 6656 - 57 Frames 6657 - 58 

Cutoff Perceived 25Vs > C) 25Vr =:. C) Perceived L(Vs > C) 25Vr .:: C) Speed 
f f (C) 

V(C) 
f f (C) V(C) 

(mph) s s (mph) (mph) (mph) s s (mph) (mph) (mph) 

3.50 0.247 42.6 33.8 12.96 0.313 4.3 68.0 12.04 

3.25 C") 0.247 42.6 33.8 12.96 00 0.298 4.3 37.8 12.09 C") '" N N 

3.00 . 0.237 51.9 27.5 12.99 . 0.280 32.4 34.7 12.14 0 0 

2.75 II 0.235 54.8 27.5 12.99 II 0.265 46.8 23.1 12.19 - -2.50 " 0.230 60.0 24.9 13.01 co 0.242 75.4 17.9 12.24 N " 11'"\ 11'"\ 

2.25 - 0.194 96.0 17.7 13.10 - 0.222 101.3 15.6 12.29 C") 11'"\ 
N 11'"\ 

2.00 ...-i 0.159 130.1 11.2 13.17

1 

...-i 0.196 128.7 11. 3 12.35 '-" '-" 

1. 75 0.138 146.8 7.6 13.21 (j.170 151. 2 5.9 12.40 
- - _._---

NOTE: Also tabulat<,'d for each pair of frames are the perceived fraction of vehicles stopped, tlte sum of 
apparent speed!;; of stopped vehicles which are great'.'!r than th(~ cutoff speed and the sum of speeds 
of t.he running vehicles which are le~s tb.an or eqnal to the cutuif speed. 

...... 
\.0 
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CONCENTRATION MEASUREMENTS 

The determination of the vehicular concentration for each frame involved 

counting the vehicles (excluding the parked cars) and measurtng the total 

lane-miles of streets in the part of the study network which appeared on each 

frame. For each frame, the ratio of the number of vehicles to the total 

lane-miles would then be the vehicular concentration in vehicles per 

lane-mile. The average concentration for a pair of frames wasl obtained by 

dividing the total number of vehicles in both frames by the sum of the total 

lane-miles covered by the two frames. 

The total 1ane-mi1es of streets in the portion of the study network 

covered by each of the two fUght paths (strips A and B) WE!re obtained by 

dividing the street network into 19 east-west links each coverJ.ng the entire 

width of a strip and 162 south-north links for strip A and 1.98 south-north 

links for strip B. The south-north links did not include thE! intersection 

areas so that the intersection areas would not be included twice in 

determination of the total lane-miles. The length of each of the 198 links 

was then measured using 1" .. 200' maps of the Austin CBD. The number of 

lanes for each link was determined using the aerial photographsl and was also 

verified through site inspection. For each of the two flight Eltrips a matrix 

of link lengths in lane-feet was then established. Knowing the inclusive 

street boundaries of a photographic frame, we were then ELble to use the 

matrix of link lengths to determine the corresponding lane-milE!s of streets 

encompassed by those boundaries. 

FLOW MEASUREMENTS 

The aerial photographs in Austin were taken during four periods and in 

two strips, each strip composed of about 30 exposures two to three seconds 

apart. A meaningful estimate of the vehicular flow, i.e., the number of 
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vehicles passing a fiducial line per hour, cannot be obtained for time 

periods as short as the duration of a strip of aerial photographs (60 to 90 

seconds). Therefore, an estimate of the average flow in the network must be 

based on ground observations made during relatively longer time periods. 

To determine the average flow in the Austin study network, 29 observers 

were assigned to various locations in the network (Fig 5.9). The 

observations were made simultaneously with the taking of the aerial 

photographs and the ergodic experiments on November 12, 1982. Each observer 

was instructed to make five-minute counts over two one-hour periods of all 

the motor vehicles (including motorcycles) passing the observation point. 

The observation periods were from 3:30 to 4:30 p.m. and from 4:45 to 5:45 

p.m. 

The assignment of observers to various locations in the network was 

based on the following procedure. The streets in the study network were 

first classified into seven categories. The categories were based on the 

street type and the dominant land use, as shown in Table 5.6. The number of 

observers assigned to streets of each category was made proportional to the 

fraction of total lane-miles that belonged to each respective category. 

Within each category observers were assigned to random links. Observations 

were made at mid-block locations rather than at intersections. Observers 

assigned to two-way streets made vehicle counts at both directions but were 

not asked to separate the counts for each travel direction. 

The flows reported by observers assigned to each street category were 

averaged to yield a mean flow measurement for that category (Table 5.6). The 

mean flow in the network for each observation period was then calculated as 

the arithmetic mean of flows for the seven street categories weighted 
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Figure 5.9. The Austin CBD aerial photographic study area. Five-minute 
volume counts were taken over two one-hour peri.,ds at the 
29 locations marked with X in order to determine the average 
flow in the network. 



TABLE 5.6. STREET CATEGORIES IN THE AUSTIN CBD AND THEIR RESPECTIVE MEAN FLOW VALUES 
DURING TWO PERIODS ON FRIDAY AFTERNOON, NOVEMBER 12, 1982 

Street Dominant Lane-Miles Flow Flow 
Code Veh/(lane hr.) Veh/(lane hr.) Type Lane-Use Percent 3:45 - 4:30 p.m. 4:45 - 5:45 p.m. 

Commercial 1-2 33.9 132.3 164.7 

Co11ector- Government 1-3 2.6 274.3 286.5 
Distributor Industrial 1-4 4.1 59.9 62.4 

Residential 1-5 6.5 167.3 199.0 

Residential Industrial 2-4 1.8 84.0 83.5 

Residential 2-5 8.0 33.8 40.4 

Arterial Connnercial 3-2 42.2 355.7 365.8 

Mean Flow in the Network 220 238 

,..... 
tv 
W 
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according to the percent of lane-miles encompassed by each category (Table 

5.6). 

The reduction procedure described in this chapter resulted in direct 

observations of average speed, average concentration, and fraction of 

vehicles stopped for each pair of frames. In addition, estimates of average 

speed and fraction of vehicles stopped were obtained through the ergodic 

experiments. Ground observations also yielded estimates of the average flow 

in the study network. In the following chapter the analysis of these 

observations and the results obtained are presented. 



CHAPTER 6. AERIAL PROTOGRAPHIC RESULTS 

The use of aerial photographic traffic surveys as a means of measuring 

network-wide traffic variables such as speed, flow, and fraction of vehicles 

stopped is by no means feasible on a routine basis. Enormous resources are 

required to obtain the photographs, to establish minimal controls for their 

proper reduction, and to carry out their reduction and analysis. What is 

feaSible, however, is to perform aerial photographic surveys in order to 

search for ways of estimating the above-stated pertinent variables using 

ground observations. The main objective of our aerial photographic studies 

of urban street networks has indeed been to explore any relations that may 

exist among the pertinent traffic variables such as speed, flow, 

concentration, and fraction of vehicles stopped. Such relations would then 

allow one to estimate the above-mentioned pertinent traffic variables through 

network-wide ground observations, estimates which in turn can be used as 

measures of the productivity and the quality of traffic service in urban 

street networks. 

Over the years, various efforts regarding the aerial traffic surveys of 

urban street networks have been made. These undertakings have been mostly 

descriptions of available methodologies for such studies. Only a few of the 

works have been observational, out of which a handful have included 

simultaneous ground observations. Methodologically, Peleg, Stoch, and Etrog 

[Ref 571 have presented a rather thorough discussion of equipment, flight 

planning and reduction procedures suitable for aerial traffic surveys of 

urban networks. Ashwood and Inglis [Ref 59], Vanmans [Ref 60], and Smith 

[Ref 611 have also discussed the procedural aspects of network-wide aerial 

traffic surveys. 

125 
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Due to the tediousness and expensive nature of network-wide aerial 

photographic surveys of urban traffic only a few observational studies, each 

very limited in scope, have been undertaken in the field of traffic. Godfrey 

[Ref 52) has investigated the relation between average speed and 

concentration using ground observations of 

concentration measurements from aerial photographs. 

here we have also examined such relations but 

speed and simultaneous 

In the work reported 

on a much larger scale 

including direct measurements of speed, concentration, and fraction of 

vehicles stopped from aerial photographs as well as simultaneo~s estimates of 

speed, fraction of vehicles stopped, and vehicular flow from ground 

experiments and observations. 

Other aerial observational work on the urban network traffic surveys 

include a study conducted by Baker and Owens [Ref 62] in Glasl~ow to assess 

methods of coordinating the traffic signals in a network. Thlair report [Ref 

62] is a testimony to the problematic nature of aerial photography as a 

routine means of conducting traffic surveys. In a simultanlaous ground and 

air speed observations William and Gordon [Ref 63] have discussed the 

accuracy of aerial photography to determine speed through t~Qe-lapse aerial 

photographic surveys along with simultaneous ground experiment!J to determine 

the speed of buses in the traffic stream. Garner and Uren [Ref 64] have also 

undertaken a study of speeds of vehicles in the central netwl)rk of Leeds, 

using a reduction procedure conceptually similar to the one j!mployed in our 

studies, as described in Chapter 5. 

EXPERIMENTAL AND OBSERVATIONAL DETAILS 

The scope of the studies reported in this chapter have been to make 

network-wide aerial measurements of speed, concentration, and fraction of 

vehicles stopped and correlate them with simultaneous ground estimates of 
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speed, flow, and fraction of vehicles stopped in order to establish relations 

among these variables. Such relations may then be used to characterize the 

quality of traffic service in urban street networks. The study has included 

four south-north fly-overs made over the Austin central network described in 

the previous chapter. The four fly-overs, each consisting of two strips with 

~ 5 percent lateral overlap, have been made in four periods starting at 8:00 

a.m., 12:00 noon, 3:30 p.m., and 5:00 p.m. and each lasting 2.5 to three 

minutes. During the latter two periods, i.e. from ~ 3:30-4:30 p.m. and 

~ 4:45-5:45 p.m., ten vehicles were also circulating in the area and 

recording, for one-mile trips, their total trip time and the absolute times 

of each stop and the subsequent resumption of motion. In addition 29 

observers were assigned to mid-block locations in the study area to make 

five-minute counts of vehicles passing their observation points over the two 

one-hour periods. 

The analysis of the time-lapse aerial photographs resulted in direct 

observations of average speed, V, average concentration, k, and fraction of 

vehicles stopped, f , for each pair of frames analyzed as well as for each of s 

the two strips and the four time periods. An attempt was made to 

observationally verify theoretically postulated relations among the variables 

f , v, and i. s 

The ground observations during the two afternoon periods, on the other 

hand, provided estimates of the average speed, the fraction of vehicles 

stopped, and the average vehicular flow in the network during their 

respective study periods, i.e. 3:30-4:30 p.m. and 4:45-5:45 p.m. These 

observations enabled us to compare the ground estimates of v and f to those 
s 

obtained from the air and to explore relations among network-wide averages of 

speed, concentration, and flow. 
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AERIAL VERSUS GROUND OBSERVATIONS 

The ergodic assumption of the Two-Fluid model postulates that over a 

sufficiently long period of time the fraction of time each vehicle is stopped 

in a network is identical to the average fraction of vehicles stopped in that 

network during the same time period. Five ergodic experiments performed in 

the Austin CBD using five to ten vehicles circulating in the network for 

about one hour showed that, for each experiment, the fractions of time 

stopped reported by the test vehicles were narrowly distribut.ed around their 

average value which itself was identical to the average fraction of the test 

vehicles stopped for each respective experiment (see Fig 3.1). 

In order to fully verify the Two-Fluid model ergodic assumption, it was 

necessary to determine Whether or not the average fraction of test vehicles 

stopped was a reasonable estimate of the average fraction of the population 

of vehicles stopped. During the last two ergodic experiments in the Austin 

eBD, simultaneous time-lapse aerial photographs of the nE~twork were also 

obtained to investigate the above question. From these photographs the 

average fraction of the population of vehicles stopped for each of the two 

experiments were determined using the reduction techniques de~lcribed in the 

previous chapter. 

The aerial photographs corresponding to the two ground E~xperiments were 

taken from 3:34:38 to 3:41:43 p.m. and from 4:55:52 to 5:02:1.6 p.m.. The 

average f s 
for the population of vehicles during these l:wo periods were 

determined from the aerial photographs to be 0.214 and 0.246. respectively. 

The averages of f from the ground experiments were 0.236 and 0.260 for the 
s 

same general periods, respectively. These reAults are shown :Ln Table 6.1. 

As shown in Table 6.1, the fractions of vehicles stopped estimated by 

the vehicles involved in the ergodic experiments are :Ln rather close 
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TABLE 6.1. COMPARISONS OF THE ESTI¥~TES OF THE FRACTION OF VEHICLES STOPPED 
AND THE AVERAGE SPEED AS OBTAINED FROM THE AERIAL OBSERVATIONS 
AND THE GROUND EXPERIMENTS 

Fraction of Vehic1.es Stopped Average Speed (mph) 
Experiment 

Air Ground* % Deviation Air Ground* % Deviation 

3-PM 0.214 0.236 10.3 15.32 14.63 4.5 

5-PM 0.246 0.260 5.7 13.79 12.82 7.0 

* The ground values correspond to the durations of aerial observations and 
not to the entire durations of the two ergodic experiments reported in 
Table 3.1. 
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agreement with the f for the population of vehicles determined from the 
s 

aerial photographs with a maximum deviation of ten percent. Combining the 

above results with those of the ergodic experiments, it can be concluded that 

the fraction of time stopped for any test vehicle in the ergodic experiment, 

(T IT)., is a close estimate of the average fraction of time stopped averaged 
s ~ 

over all the test vehicles, <T/T>t. Furthermore, during the same time 

period and over the same vehicles <T/T>t is identically equal to the average 

fraction of test vehicles stopped, <f? t' which itself closely estimates the 

average fraction of vehicles stopped of the population of vehicles, 

namely, 

<T IT> 
s t 

<f > 
s t 

<f > 
s p 

<f > , s p 

(6.1) 

Hence, the ergodic assumption of the Two-Fluid model appears to be a 

reasonable assumption based on both the ground experiments and the aerial 

photographic observations. 

The aerial and ground observational results can also be compared in 

terms of the observed average speeds. The aerial photographic observations 

during the 3:00 p.m. and the 5:00 p.m. periods yielded average speeds of 

15.32 mph and 13.79 mph, respectively. The corresponding averages for the 

ground observations were 14.63 mph and 12.82 mph, respectively. As shown in 

Table 6.1, the deviations of the ground average speeds from the aerial 

average speeds were 4.5 percent and 7.0 percent for the 3:00 p.m. and 5:00 

p.m. periods, respectively. These results suggest that as few as ten 

vehicles circulating in an area can provide relatively reliable estimates of 

the average speed over the entire population of vehIcles. 
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RELATIONS BETWEEN FRACTION OF VEHICLES STOPPED AND CONCENTRATION 

In comparing two networks with the same Two-Fluid trends, i.e. the same 

values of T and n, a given fraction of vehicles stopped would result in the 
m 

same values of T and T , thus implying the same quality of traffic service. 
s 

However, comparing these two hypothetical networks under the same fs is not 

necessarily equivalent to comparing these networks under the same 

concentration k since the relation between f and k would likely not be the 
s 

same for different networks. Hence, a functional relation between f s and k 

is required to complement the Two-Fluid picture and allow the comparison of 

networks under similar traffic loadings. 

A simple functional dependence of concentration on the fraction of 

vehicles stopped has been postulated by Herman and Prigogine [Ref 21]. The 

relation is of the form 

f = (k/k)P 
s m 

(6.2) 

where k is the average maximum concentration at which the traffic jams in 
m 

the system, and the parameter p is, in some sense, a measure of the quality 

of traffic service of the street network as it determines the fraction of 

vehicles stopped for a given partial concentration, k/~. Since k/~ is 

smaller than 1, then for a given k/km the higher p the smaller fs and the 

better the quality of traffic service. 

Figure 6.1 is a theoretical plot of fraction of vehicles stopped versus 

concentration for values of p in the range 0.10 to 2.0 in 0.10 increments. 

Superimposed on this plot is the data from the Austin CBD for the 71 frames 

analyzed. To plot the data in Fig 6.1, a maximum (jam) concentration of km -

100 vehicles/lane-mile is used. If we were to assume that each vehicle on 

the average occupied 30 feet of lane length, then a physical upper bound of 
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Figure 6.1. Theoretical plot of fraction of vehicles stopped. f s • versus 
concentration, k, according to the relation fs = (k/km)P for 
km = 100 vehicles per lane-mile and p values in the range 
0.1 to 2.0 in 0.1 increments. Also shown are the aerial 
photographic· data from the Austin eBD for which .p = 0.720. 
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176 vehicles/lane-mile is determined for k. In reality, however, due to 
m 

instability of flow in vehicular platoons such as those discussed in the 

car-following theory [Refs 65 and 66] the jam concentration is expected to be 

reached at k < 176 vehic1es/lane-mile. A recent study [Ref 67] of the 
m 

relation between f and k/k using the NETSIM [Ref 68] simulation model 
s m 

revealed that a run with an intended k of 150 vehicles/lane-mile showed 

extreme congestion levels with prevailing spi11backs at most intersections 

which effectively delayed the complete loading of the vehicles onto the 

network. In determining the values of the parameters in the relation between 

f and k we have used a k = 100 vehicles/lane-mile. s m 

The data in Fig 6.1 was also aggregated into eight points each 

representing a flight strip and a time period. The aggregation was also made 

for concentration intervals of one vehicle/lane-mile starting from k - 8 

vehicles/lane-mile. The parameter p - 1n(f
s

)/ln(k/km) was determined through 

regressing 1n(f ) against 1n(k/k ) and forcing the regression through the 
s m 

origin. In this manner, p values of 0.720, 0.719 and 0.720 were obtained for 

the unaggregated data (71 points), the data aggregated over each strip and 

time period (8 points), and the data aggregated over ~k - 1 

vehicle/mile-lane (17 points), respectively. Using a p • 0.720 for the 

Austin CBD we may then write 

f = (k/k )0.720 
S rn 

(6 • .3) 

The postulated relation in Eqs 6.2 or 6.3 implies that as the 

concentration approaches zero, the fraction of vehicles stopped will also 

approach zero. However, observations of trip time and stop time taken in the 

Austin CBD under very light traffic concentrations of early morning hours 

indicate that a non-zero lower bound, (T /T) • 0.189, exists for the 
s min 
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fraction of vehicles stopped in Austin. This non-zero minimum fraction of 

time or vehicles stopped exists because traffic control devices continue to 

function even when vehicular concentrations approach zero. Consequently, we 

have postulated a new relation between fs and k to meet the lower boundary 

condi tion that f ;. 0 wben k -+ 0, namely, 
s 

f = f i + (1 - f i) (k/k )~ 
S s,m n s,m n m 

(6.4) 

where f i is the average minimum fraction of vehicles stopped and n is 
s,m n 

the new Two-Fluid parameter replacing p as a measure of the quality of 

service in urban street networks. Figure 6.2 shows the family of f versus 
s 

k/k curves for f i - 0.15 and ~ values in the range 0.1 to 2.0 in 0.1 
m s,m n 

increments. Note that in the new formulation (Eq 6.4) as k -+ k. , 
m 

f -+ 
s 

1 

and as k -+ 0, f -+ f • 
s s,min 

Williams, et al [Ref 69] in a series of NETSIM 

simulation runs for a five node by five node grid network of 40 two-way 

street links have also obtained a family of four f versus k curves with a s 

general resemblance to those of Fig 6.2 for n < 1. These simulation runs 

have b~en performed for concentration levels ranging from about 8 to 60 

vehicles per lane-mile. The four curves correspond to four different levels 

of interactions (activity levels) among the vehicles in the network. It is 

also interesting to note that when the Two-Fluid model parameters T and 
m 

n 

were determined separately for each activity level, similar values of T but 
m 

different values of n were resulted for the data under different activity 

levels [Ref 69]. 

The model of Eq 6.4 has been calibrated for the aerial photographic data 

obtained for the Austin CBU. This has been achieved through performing a 

non-linear regression to the Austin data of the form 

f 
s 

a + b (k/k )n 
m 

(6.5) 
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Figure 6.2. Family of fraction of vehicles stopped, fs, versus partial 
concentration, k/k,m, according to Eq (6.4) for parameters 
fs,min • 0.15 and TI values in the range 0.1 to 2.0 in 0.1 
increments. 
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subject to the condition a + b - 1. For the 71 unaggregated data points the 

above constraint (a + b - 1) was met at 1T .. 1.177 with a .. 0.n3 (Fig 6.3). 

The data was then aggregated for intervals in k of 1 veh:lcle/lane-mile 

starting at 8 vehicles/lane-mile. For this case the constraint a + b - 1 was 

satisfied at 1T .. 1.276 and a - 0.168 (Fig 6.4). Finally when the 

aggregation was made over each strip and each time period, resulting in eight 

pairs of data points, 1T .. 1.216 and a - 0.161. Figure 6.5 sholls these eight 

data points along with a family of f 
s ' 

k curves for 11" values in the range of 

0.1 to 2.0. For all the above three cases, the value 
2 

of R fOl~ the model in 

which a + b .. 1 was very close to the 2 which ach:leved for maximum R was an 

unconstrained non-linear regression to the three respective delta sets. The 

results of these calibration efforts are presented in Table 6.2. 

While the parameter values remain rather stiff, the best f:lt is obtained 

when the data is aggregated for each flight strip and time period. 

Therefore, adopting this method of aggregation we can write fOl~ the Austin 

CBD that 

f = 0.161 + 0.839 (k/k )1.216 
s m (6.6) 

In the above relation as k -+ 0, f -+ 0.161. This implies an:E ... 0.161 
s s,mln 

in the Austin CBD. Note that observationally (T /T). 
s fll1n 

- 0.189 in this 

network yielding rather close agreement with the above approach. 

Aerial photographs of the Dallas CBD also resulted in a Sl!t of 20 f , k 
s 

unaggregated points obtained over five time periods. Calibratil)n of Eq (6.5) 

for the data results in 1T - 0.950 and f a 0.176 for the Di:llias CBD with 
s ,min 

2 
R - 0.790. These parameters for the Dallas CBD are to be ,::ompared with 

11" - 1 • 216 and f .. 0.161 for the Austin CBD. 
s,min 

The f , Ilc. data for the 
s 
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Figure 6.3. Plot of fraction of vehicles stopped versus concentration for 
the 71 unaggregated Austin CBD data points shown. The solid 
curve corresponds to Eq (6.4) calibrated for the data shown 
using km • 100 vehicles per lane-mile. The resulting ~arameters 
for Austin CBD are ~ • 1.177 and fs,min • 0.153 with R • 0.53. 
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Figure 6.4. Plot of fraction of vehicles stopped versus concentration for 
17 data points in Austin CBD aggregated for concentration 
intervals of one vehicle per lane-mile. The solid curve 
corresponds to Eq (6.4) calibrated for the data sh,)wn using 
km = 100 vehicle per lane-mile. The resulting par,ameters for 
the Austin CBD are n = 1.276 and fs,min = 0.168 with R2 = 0.80. 
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Figure 6.5. Family of fraction of vehicles stopped. f s • versus concentration, 
k. according to Eq (6.4) for parameters fS.min = 0.161. km • 100 
vehicles per lane-mile and TI values in the range 0.1 to 2.0 in 
0.1 increments. Also shown are the Austin CBD data points 
aggregated over each of the two flight strips and four observa­
tion periods. Calibration of Eq (6.4) for the data shown results 
in TI = 1.216 and fs,min = 0.161 with R2 • 0.90. 
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TABLE 6.2. RESULTS OF THE CALIBRATION OF THE MODEL f = a + (1 _ a) (k/k )TI 
FOR THE AUSTIN CBD s m 

Type of f = a + s (1 - a) (k/km)TI 

Data TI R2 2 a ~ax 

Unaggregated 1.177 0.153 0.527 0.528 (71 points) 

Aggregated over 
6k = 1 1.276 0.168 0.802 0.804 
(17 points) 

Aggregated over 
each strip and 1.216 0.161 0.902 0.919 time period 
(8 points) 

NOTE: The model was calibrated using unaggregated data ,as well as 
two sets of aggregated data. The aggregation was once made 
over concentration intervals of 1 vehicle/lane-mile and the 
second time over each flight strip and time period. The 
maximum possible R2 for an unconstrained regressi4;n is also 
shown. A k ::: 100 vehicles/lane-mile has been us,ad. 

m 

I 
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Dallas CBD are plotted in Fig 6.6 along with a family of curves for 

f - 0.176 and s,min w values in the range of 0.1 to 2.0. While f . in s ,ml.n 

Austin is slightly greater than in Dallas (8 percent greater) the value of 

w in Austin is greater than the Dallas value by 28 percent, implying an 

overall better quality of traffic service in the Austin CBD. These findings 

are found to be consistent with our earlier results [Ref 29] of a preliminary 

examination of the relation between fs and k in the two cities. 

Having established a relation between fs and k, each point along a 

Two-Fluid trend can now be associated with a fraction of vehicles stopped as 

well as with a demand in terms of the vehicular concentration. This is shown 

for the Austin CBD2 trend in Figure 6.7. For example, a (T,Ts ) point of 

(6.0, 2.1) minutes/mile on the Austin CBD2 Two-Fluid trend is associated with 

- T /T - 0.35, s and for this point a vehicular concentration can be 

calculated using Eqs 6.4 and 6.6 namely, 
1 

k = 

or 

k .. 

(

f - f w 
k s S,min) 
m 1 - f . s,ml.n 

1 

100 0.3. = 
( 

5 _ 0 161)1. 216 
1 - 0.161 

(6.7a) 

29 vehicles/lane-mile (6.7b) 

Note that for the Dallas CBD (T - 1.79 minutes/mile, n - 1.62) the same 
m 

value of f - 0.35 corresponds to (T,T) - (5.5, 1.9) minutes/mile and 
s s 

k • 19.5 vehicles/lane-mile. As can be seen, while under the same value of 

f in the two networks the T, T values are not significantly different, the 
s s 

Austin CBD accommodates 1.5 times greater vehicular concentration, signifying 

a better quality of traffic service. 
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Family of fraction of vehicles stopped, f s , versus concentration, 
k, according to Eq (6.4) for parameters fs,min "" 0.176, ~ "" 100 
vehicles per lane-mile and ~ values in the range 0.1 to 2.0 in 
0.1 increments. Also shown are the Dallas eDD 20 aerial photo­
g~aphic data points for which fs,min "" 0.176 and n "" 0.950 with 
R II: 0.79. 
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Figure 6.7. The Two-Fluid trend for the Austin CBD2 newtork (Tm = 1.95 
minutes/mile, n = 1.58). Various points along this trend are 
associated with levels of concentration according to the frac­
tion of vehicles stopped versus concentration relation for the 
Austin CBD2 network (Eq 6.6) with parameters fs,min • 0.161 and 
rr • 1.161. Also shown are lines of fs,min associated with k c 0 
and fs • 1 associated with k c ~. 
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In the context of the Two-Fluid model, we have compared the quality of 

traffic service of various street networks under the same fraction of 

vehicles stopped. However, the same fraction of vehicles stopped in 

different networks is not necessarily equivalent to the same vehicular demand 

as shown above for Dallas and Austin. Nonetheless, a comparison under 

similar traffic loading conditions is possible once the parameters ~,min and 

TI of Eq 6.4 are determined for the networks of interest. 

RELATION BETWEEN SPEED AND CONCENTRATION 

Equation 6.4 when combined with the Two-Fluid assUlDption, 

v "" v (1 m 
fS)n+1, implies a relation between the average speed and 

concentration, namely, 

v ... 
n+1 

vm [ 1 - fs,min - (1 - fs,min)(k/km)TI] (6.8a) 

or 

v = (6.8b) 

Figure 6.8 shows a family of v/v versus k/k curves based on Eq 6.8b 
m m 

for values in the range of 0.1 to 2.0 in 0.1 intervals. Williams, et a1 

[Ref 69] in their NETSIM simulation runs have also obtained a family of v 

versus k curves resembling the curves of Fig 6.8 for TI < 1. In constructing 

Fig 6.8, values of v = 30.77 mph (T - 1.95 minutes/mile), n • 1.58 and 
m m 

f "" 0.161 have been used. These values correspond to the Austin CBD 
s.min 

network in which aerial photographic data is available. As can be seen in 

Fig 6.8, in comparing the performance of various networks, those with the 

larger values of TI are associated with a greater average speed for a 

given vehicular concentration. Hence, the greater 1:he value of 

n , the better the quality of traffic service. 
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Using the aerial photographic data for the Austin CRD, the parameters 

f and ~ in Eq 6.8b have been determined. Again, three sets of data are 
s,min 

used: the 71 unaggregated data points, the 17 data points aggregated over 

~k intervals of 1 vehicle/lane-mile, and the 8 data points aggregated over 

four time periods and two flight strips. As shown in Table 6.3, the best fit 
2 

(R • 0.790) is obtained using the last set of data resulting in a ~ - 1.239 

and a fs,min • 0.18l. These values of ~ and f i are to be compared to s,m n 

~- 1.216 and fs ,min - 0.161 (Table 6.2) obtained through the regression of 

f against (k/k ) using the same data set. This corresponds to a two 
s m 

percent difference in ~ and an 11 percent difference in f s,min 
. Hence, for 

~ - 1.239 and fs •min - 0.181, the following relation between average speed 

and concentration is obtained for the Austin CRO, 

(6.9) 

Figure 6.9 shows a graphical representation of Eq 6.9 as a solid curve. Also 

shown in Fig 6.9 are the data used in determining the parameters ~ and 

f . used in Eq 6.9. s,ml.n The dashed curve in Fig 6.9 represents the 

speed-concentration relation inferred from the relation between fraction of 

vehicles stopped and concentration (Eq 6.6), i.e. ~ • 1.216 and f 
8,min 

0.161. While the differences between the solid and the dashed curves are not 

highly significant, evaluation of the values 

regression of f 
s 

against k is preferable 

of 

since 

and f 
s ,m:Ln 

through a 

it does not involve 

assumptions about values of v and n. The latter point is further apparent 
m 

through a comparison of 
2 

the R obtained in regressing f 
s 

2 
against k (R -

0.90) versus that in regressing v against k (i • 0.79). Therefore, in our 

discussions hereafter we will use 1f. 1.216 and f . - 0.161 for the 
S ,ml.n 



TABLE 6.3. RESULTS OF THE CALIBRATION OF THE MODEL 
v = v (1 - f . )n+l[l _ (k/k )TI]n+l 

m s,m~n m 
FOR THE AUSTIN CBn 

--
Type of v = v (1 -m fs,min)n+l[l - (k/Iu) TI] n+1 

Data TI fs,min R2 Riax 
Unaggregated 1.272 0.lB5 0.320 0.321 (71 points) 

Aggregated over 1.341 0.197 0.724 0.724 flk = 1 
(17 points) 

Aggregat ed over 
each strip and 1.239 O.lBl 0.790 O. B08 time period 
(B points) 

NOTE: The model was calibrated using unaggregated data as 
well as two sets of aggregated data. The data 
aggregation was once made over concentration intervals 
of 1 vehicle/lane-mile and the second time over each 
flight strip and time period. The regressions of v 
against [1 - (k/kro)TI]n+1 were made subject to a zero 
intercept constraint. The maximum R2 for an unconstrained 
regression is also kno~~. A km = 100 vehicles/lane-mile, 
vm = 30.77 mph, and n = 1.SB have been used. 
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Figure 6.9. Speed versus concentration for the Austin CBD aerial photographic 
data shown. The solid curve is a regression fit to the data 
shown resu1tin~ in parameters iT .. 1.239 and fs,min .. 0.181 (see 
Eq 6.9) with R = 0.79. The dashed curve represents the speed­
concentration relation inferred from the relation between frac­
tion of vehicles stopped and concentration (Eq 6.6) with para­
meters iT = 1.216 and fs,min = 0.161. 



Austin CBD as obtained from a regression of 

aggregated over two strips and four time periods. 

SPEED. FLOW, AND CONCENTRATION RELATIONS 
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f against k for the data s 

The time-lapse aerial photographs of the Austin CBD were taken over two 

strips ~ 4500 feet wide and ~ 3 miles long. The photographs were taken on 

November 12, 1982 from 3:35 to 3:45 p.m. and from 4:55 to 5:05 p.m. 

During these periods 29 observers were assigned to seven categories of 

streets. The number of observers assigned to streets of each category was 

proportional to the fraction of total lane-miles contained in each category. 

Weighted mean flows were determined based on the four ten-minute ground flow 

observations corresponding to the aerial photographic observation periods. 

The weighted mean values were computed according to the procedure outlined in 

the section on flow measurements in Chapter 5. 

The aerial and ground observations of speeds, concentrations and flows 

during the two ten-minute periods and along the two strips result in four 

independent observations of speed, v, concentratlon, k, and flow, q. as shown 

in Table 6.4. A regression of q against the product of k and v using the 

data of Table 6.4 yields the relation 

q ;: 13k v (6.10) 

where 13 - 1.023. The regression is, of course, forced through the origin to 

meet the boundary conditions that as k approaches zero, so will the mean flow 

q. 

A hypothesis may then be tested to see whether HO: - 1 or 

HI B; 1. For this purpose a t-statistic with three degrees of freedom is 

calculated for 13 as follows: 



TABLE 6.4. INDEPENDENT OBSERVATIONS OF THE MEAN SPEED, CONCENTRATION, AND FLOW IN THE 
AUSTIN CBD OVER TWO PHOTOGRAPHIC STRIPS AND TWO 10-MINUTE PERIODS 

Strip Period Speed, v Concentration, k Flow, q 
(mph) (vehicles/lane-mile) (vehicles/lane-hour) 

1 3:35 - 3:45 P.M. 14.54 12.1 196 

1 4:55 - 5:05 P.M. 12.64 17.3 280 

2 3:35 - 3:45 P.M. 16.18 10.9 140 

2 4:55 - 5:05 P.M. 14.73 15.0 190 

~ 

\.II 
o 
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B t' - B es 1.mate Ho 

s(8) = 1. 023 - 1 
0.116 = 
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0.198 (6.11) 

where s( B) is the standard deviation of the estimated B. Since t • 0.198 

corresponds to a level of significance greater than 85 percent, then if we 

reject the null hypothesis (H : B-1), there is a high probability ( 85 
o 

percent) that a correct hypothesis has been rejected. In other words, the 

very small value of t (- 0.198) indicates that the difference between 

and its hypothesized value of 1 is statistically not significant. 
estimate 

The above analysis enables us to postulate that in urban street networks the 

relation among the average speed, flow, and concentration is similar to the 

relation among these variables along a single roadway, namely 

q = k v (6.12) 

Equation 6.12 can be combined with Eq 6.8b to give 

[ r1 
q = kv (1 - f )n+l 1 _ (k/k )TI 

m s,min m 
(6.13a) 

or 

q = K~ (1 - f )n+l (1 _ KTI)n+l 
s,min 

(6.13b) 

where K - k/k is the partial concentration and q - k v. Note that 
m m III m 

q - k v is not physically possible since when the concentration approaches 
m m m 

k , the speed will approach zero and not v • 
m m 

Equation 6.13b provides a relation between the average flow and 

concentration. Figure 6.10 shows a family of q versus k curves for the fixed 

values of v and n for the Austin CBD and TI values in the range 0.1 to 2.0. 
m 

The maximum flow in a network may then be estimated by solving the equation 

S 
dK - 0 for K and q, as follows! 

~ = 
dK 0(6.14) 
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Figure 6.10. Family of flow versus concentration curves (Eq 6.13b) for the 
fixed values of vm,n and fs,min of the Austin CBD2 t ~ - 100 
vehicles per lane-mile, and n values in the range 0.1 to 2.0 
in 0.1 increments. 
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From the above equation we obtain the partial concentration for which q is 

maximum, i.e., 

K(o ) 
iJlax 

I 

[1 + 1T(n + 1)] 1T (6.15) 

Combining Eqs 6.13band 6.15 we can then write 

Eq 

= q (1 - f . )n+1 
m s,m1n 

n+1 
[1T(n + 1)] 

n+1 + 1/1T 
[1 + 1T(n + 1)] 

(6.16) 

Figure 6.11 shows a family of speed versus concentration curves based on 

6.8b and using the values of vm' n, and f i for the Austin CBD (30.77 s,m n 

mph, 1.58, and 0.161 respectively) and 1T values in the range of 0.1 to 2.0. 

Also shown in Fig 6.11 are the speed-concentration data from the Austin 

aerial photographs and the locus of the maximum flow, Q of Eq 6.16 for v , iJlax m 

nand f . values for the Austin CBD at different values of 1T. As S,m1n 

discussed earlier a non-linear regression through the data shown in Fig 6.11 

yields 1T • 1.216 and fs,min • 0.161 which implies a maximum flow of 

qmax • 298 vehicles/lane-hour in the Austin CBD (Tm • 1.95, n • 1.58) 

occurring at k(q ) - 31.1 vehicles/lane-mile and v(q ) - 8.36 mph 
max max 

corresponding to a maximum flow of 224 vehicles/lane-hour are obtained. Once 

again note that although the CBD networks of Austin and Dallas have similar 

T and n values, the Austin CBD with a higher value of 1T yields a greater 
m 

and thus a better quality of traffic service. This point is further 

illustrated in Fig 6.11 in which the locus of a ascends in the direction "max 

of increasing 1T values. 

The data in Table 6.4 also enables us to examine a network performance 

relation known as the a -relation, formulated by Zahavi in 1972 [Ref 15]. 

Zahavi has postulated that for a given urban street network 
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Figure 6.11. Family of speed versus concentration cruves (Eq 6.8b) for the 
fixed values of vm,n and fs,min of the Austin CHD2, km I: 100 
vehicles per lane-mile, and 1T values in the range of 0.1 to 2.0 
in 0.1 increments. Also shown are the aggregatj~d aerial photo­
graphic data in Austin as well as the curve representing the 
locus of the maximum flow, qrnax' according to Eq (6.16) for the 
Austin CBD2 parameters. Note that for the Aust:ln parameters 
qmax I: 298 vehicles per lane-hour corresponding to k I: 31.1 
vehicles per lane-mile and v I: 9.58 mph. 
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qv ... = a. = constant (6.17) 

where q, v, and k are the average vehicular flow, speed, and concentration, 

respectively. According to Zahavi the parameter a. is supposed to be a 

measure of the quality of traffic service in the network. Zahavi argues that 

a. can be thought of as the "kinetic energy" of the traffic through the 

2 " resemblance of kv to 1/2 mv-, where m is the physical mass [Ref 70]; and 

that it represents the interaction of flow and speed which is related to the 

ability of a roadway network to hold and pass through it a certain amount of 

traffic "kinetic energy". Hence he suggested that the higher a. , the better 

the quality of traffic service. 

The data in Table 6.4 yield two values of a. for strip 1, namely a. ,. 

2 
2850 and 3539 vehicle-miles/(lane hour ). They also provide two a. 

2 
and 2799 vehicle-miles(lane hour ). for strip 2, i.e. a. ,. 2265 

values 

These 

results are tabulated in Table 6.5. The deviation of a. within each strip is 

~21 percent of their respective means. In addition, the deviation of the 

average values of a. for each of the two strips from the overall mean is 23 

percent. The above results indicate that the variation of a. within each 

strip is as great as the variation across strips. 

The data in Tables 6.4 and 6.5 also indicate a high positive correlation 

between a. (- qv) and the concentration k, i.e. (R2 - 0.79). Such a 

significant correlation level is contradictory to the hypothesis that the 

quantity a. (- qv) is constant. Buckley and Wardrop [Ref 16] have also shown 

that a. is highly correlated with the space mean speed which is itself highly 

correlated with concentration. 

According to Zahavi's a. parameter concept (Eq 6.17), a relation between 

the average concentration and speed is implied, namely, 



TABl·E 6.5. THE a-PARA..'fETER VALUES FOR THE Tt-lO PHOTOGRAPHlC STRIPS OVER THE AUSTIN CBn DURING 
TIvO OBSERVATION PERIODS 

-- Concentration, k Strip Period a == q v 
(vehicle-miles/lane/hour2) (vehicles/lane-mile) 

1 3:35 - 3:45 P.M. 2850 12.1 

1 4:55 - 5:05 P.l-i. 3539 17 .3 

2 3:35 - 3:45 P.M. 2265 10.9 

2 4:55 - 5:05 P.M. 2799 15.0 

NOTE: Also given are the concentration values. The correlation coefficient between a 
and k is +0.89. 

..... 
\J1 
0\ 
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(6.18) 

A regression of v against (k)~1/2, forced through the origin, for the Austin 
? 

CBD data yields a - 2794 vehicle-miles/(Iane hour-). Equation 6.18 with 

a - 2794 is plotted in Fig 6.12. In addition, Fig 6.12 shows the curve 

based on the Two-Fluid v, k relation of Eq (6.8b) calibrated for the Austin 

CBD data which is also shown in the figure. The corresponding parameters are 

TI - 1.239 and f - 0.181, with Et - 0.79. In Fig 6.12, despite the 
s,min 

relatively short range of the data it appears that the Two-Fluid trend of Eq 

(6.8b) is more reasonable than Zahavi's a -relation (Eq 6.18) since as k+ 0 

the speed must approach the finite value v(k - 0). The point shown in 

asterisk near the intercept in Fig 6.12 is a speed observation made for the 

very low vehicular concentration at midnight and early morning hours in the 

Austin CBD network. Note that while this point has not been used in 

establishing the two trends in Fig 6.12, it nevertheless lies very close to 

the intercept of the trend of Eq (6.8b). On the other hand, at very high 

concentration levels the average speed must approach zero at a faster rate 

than implied by the trend of Eq (6.18) because of the existence of a finite 

jam concentration. A physical limit to the level of concentration is reached 

at 176 vehicles/lane-mile, assuming that each vehicle occupies an average 

of 30 feet of the lane length. Operationally, however, because of 

instability in flow of vehicles in a platoon at very high concentrations, a 

jam concentration would probably occur at concentration values lower than 176 

vehicles/lane-mile. 
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Figure 6.12. Speed versus concentration curves according to Zahavi's 
a-concept (Eq 6.18) and the Two-Fluid relation (Eq 6.8b) both 
calibrated for the Austin aerial photographic o.ata shown with 
x. The point shown is asterisks near k • 0 is a speed observa­
tion made in the Austin CBD during midnight anei early morning 
hours. Note that while this point has not beer: used in cali­
brating either of the two trends, it lies very close to the 
intercept of the Two-Fluid trend of Eq (6.8b). 
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SUMMARY 

In assessing the quality of traffic service in a street network, it is 

helpful to study the relations among network-wide variables such as the 

averages of speed, flow, concentration, and fraction of vehicles stopped. 

Such relations allow comparisons of the level of performance of networks 

under similar traffic loading conditions, and in addition provide a measure 

of the productivity of the network through variables such as the vehicular 

flow. In this context, it is also important to note the rate at which the 

average speed in a network decreases if the fraction of vehicles stopped 

increases with increases in the concentration. Such rates are themselves 

measures of the quality of traffic service in an urban street network. 

Data from time-lapse aerial photographic observations in Austin and 

Dallas have been analyzed and used to establish relations among averages of 

speed, concentration, fraction of vehicles stopped, and flow. These 

relations have involved two parameters, namely f which is an estimate of s,min 

the average minimum fraction of vehicles stopped in a network and ~ which is 

a parameter. We have shown that the parameters f of and ~ can be used as s,m .... n 

measures of the quality of traffic service. As an example the CBD networks 

of Dallas and Austin are compared through the values of T , n 
m 

f • 
s,min 

, ~, and 

In determining the values of parameters and f for the Austin s ,min 

CBD, similar results are obtained using speed versus concentration data or 

fraction of vehicles stopped versus concentration data. For each data set, 

however, the values of ~ and fs ,min depend on an assumption regarding the 

value of the maximum or jam concentration in the network, k • 
m 

A value of 

km • 100 vehicles/lane-mile has been used in our analysis. It is not clear 

whether this parameter itself is a function of the quality of traffic service 
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or its value is constant for all networks. We have assumed the latter in our 

analysis. In the case of speed versus concentration data, values of the 

Two-Fluid model parameters T and n are also necessary for the determination 
m 

of f . and 1T • 
s,mJ.n 

On-the-ground flow observations made simultaneously wIth the aerial 

photographs have also been used in establishing relations ame)ng the averages 

of flow, speed and concentration. Our limited data suggl!sts that like 

arterial traffic, the traffic flow in a street network may also be described 

by q .. kv conditioned upon the proper definitions of the averages involved in 

the relation. Finally, the independent observations of How, speed, and 

concentration suggest that the Zahavi I s a parameter, namely a - qv is not 

constant over our study network. Rather it is found that a is highly 

2 correlated (R - 0.79) with the vehicular concentration in the network and 

consequently is not particularly constant for a given network. 



CHAPTER 7. SUMMARY AND DISCUSSION 

Some years ago a Two-Fluid model of town traffic was developed by Herman 

and Prigogine [Ref 21] as an outgrowth of their Kinetic Theory of Multilane 

Traffic [Ref 31]. The work reported in this dissertation is an attempt to 

validate, expand and apply the Two-Fluid theory as a means of characterizing 

and rank ordering the quality of traffic service in urban street networks. A 

summary and discussion of the results including possible extensions of the 

work are presented below. 

SUMMARY OF RESULTS 

Experiments and observations have been performed to validate the two 

basic assumptions of the Two-Fluid model, namely, that (1) the average 

running speed of the traffic in a street network is proportional to the nth 

power of the fraction of the vehicles that are moving, and (2) the fractional 

stop time of a test vehicle circulating in a network is equal to the average 

fraction of vehicles stopped, i.e. T IT - f during the same period. A 
s s' 

series of four ergodic experiments were carried out in Austin during a 

two-year period. The results have shown that for any given number of 

vehicles the value of <T IT> is identical to <f>. Moreover, with various 
s s 

numbers of test vehicles, each employing the chase-car technique of passively 

following 'random vehicles', we find that the mean fraction of time stopped 

for each test vehicle closely estimates the sample mean taken over all the 

test vehicles, and as such is an estimator for the population mean <T IT> • 
s p 

The overall results show that the fractions of the time stopped for the test 

vehicles were narrowly distributed with a coefficient of variation of only 11 

percent. 

161 
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This then shows, for a given test vehicle, that (Ts/T\ 

<fs>t' Simultaneous aerial photographic observations 

have, on the other hand, shown that <f > :::! <f > • The results have also 
s t s p 

been shown to verify the first assumption, namely, v • v fn. 
r m r 

A discussion is given of how T,T data and the parameters T and n of 
s m 

the Two-Fluid model are obtained and used to compare the quality of traffic 

service in a number of Texas cities, namely, Austin, Dallas, Houston, 

Lubbock, and San Antonio as well as Albuquerque, and Matamoros, Mexico. 

Comparisons are made with other cities around the world. In examining the 

data from the cities studied and comparing the Two-Fluid model for those 

cities, it was noted that (1) there existed relations between T, T ,T and 
s r 

the number of stops per unit distance, Ns ' and (2) these relations had 

significantly different parameter values for those cities with different 

values of T and n. In general it is shown that for a given increase in the 
m 

fraction of vehicles stopped, that system has the better quality of traffic 

service which has smaller values of the parameters T and n and therefore the 
m 

smaller associated increase in T as well as in T. This method of rank 
s r 

ordering the quality of traffic service can be employed using a single 

vehicle and collecting data for several hours over a few days, and therefore 

provides a rather simple and efficient engineering technique. 

Before and after studies were also conducted in the CE.D networks of 

Dallas, San Antonio, and Lubbock to determine whether the Two-Fluid 

methodology is sufficiently sensitive to detect major modifications in 

network control strategies, street patterns, etc. In the before/after 

studies in Dallas and San Antonio the Two-Fluid model paralllleters did not 

change significantly. However, the distributions of the (T, Tc) data 
" 

along 
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the Two-Fluid trend for the before/after cases in Dallas and San Antonio were 

significantly different. 

On the other hand, the before/after studies in Lubbock resulted in 

considerable changes in the parameters T and n. 
m 

The Lubbock after study 

indicated an 11 percent increase in T and a 27 percent decrease in n m 

compared to the before case, thus implying a worsening of the quality of 

service during off-peak periods and an improvement during peak periods. The 

before/after studies in the three cities have shown that Two-Fluid 

representation can be used as a means of assessing the impact of major 

changes in urban traffic networks. In addition, comparisons of the Two-Fluid 

trends in cities with highly different network characteristics have shed 

light on the specific network features that may most strongly affect the 

quality of traffic service and thus the Two-Fluid model parameters. 

The effect of the vehicular mode used in the collection of data on the 

Two-Fluid model parameters has been studied. Data have been obtained from 

buses and a passenger car on the same University of Texas shuttle bus fixed 

routes. The application of the Two-Fluid model to these data has indicated 

that the parameter n is significantly greater when buses rather than the test 

passenger cars were used to sample the traffic on the same routes. It then 

appears that different vehicular types may have different 'perceptions' of 

the quality of traffic service in the same street network, i.e. they 

interact in a different manner with the overall population of vehicles. 

Time lapse aerial photographs of the Austin CBD network have provided 

direct observations of averages of speed, concentration, and fraction of 

vehicles stopped. Simultaneous ground experiments and observations have 

resulted in estimates of average speed, fraction of vehicles stopped as well 

as average flow in the study network. In addition, aerial photographs taken 
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over the Dallas CBD have been used to determine the fraction of vehicles 

stopped, f, at different concentration levels, k. The resu.lting data have 
s 

been used to establish relations among the fraction of vehicles stopped, 

concentration, speed, and flow as well as to examine the accuracy of the 

ground estimates of speed and fraction of vehicles stopped. The relation 

between f and k, or between v and k has given rise to two additional 
s 

Two-Fluid model parameters, namely nand f .• s,m1n In determining these 

parameters for Austin and Dallas a value of 100 vehicles per lane-mile has 

been assumed for the maximum concentration, k • m The quality of traffic 

service in the Dallas and Austin CBD networks has been compared through the 

parameters n , fs,min' Tm and n. In general it has been shown for a given 

increase in demand, i.e. an increase in the fractional concentration k/km, 

that the system which has the larger value of the parameter n and the 

smaller values of the parameters Tm' n, and fs,min has the better quality of 

traffic service. 

LIMITATIONS AND EXTENSIONS 

The Two-Fluid characterization of traffic in various cities around the 

world as well as the before/after studies have been helpful in identifying 

the physical features of an urban network which have the greatest influence 

on the quality of traffic service and thus on the Two-Fluid model parameters. 

From the standpoint of traffic engineering it is of utmost interest not only 

to characterize the quality of service in a network but also to be able to 

implement modifications which improve the service. It is from this vantage 

point that further work related to the sensitivity of the model parameters to 

changes in various network features is of special importance. Such studies, 

of course, would not be conclusive unless they include careful documentation 

of the changes involved. 
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Furthermore, calibration of the Two-Fluid model for a given street 

network using passenger cars as well as buses has begun to indicate that the 

values of the model parameters may vary depending on the type of vehicle used 

in data collection. It would be interesting to expand the scope of this 

preliminary investigation to include a wider range of test vehicles such as 

trucks, buses, vans, mini cars, and possibly motorcycles to study the 

interaction of these various vehicles with the population as a whole. 

In the course of ground observations made to calibrate the Two-Fluid 

model the chase-car technique has been employed. This technique has been 

used in order to sample the network streets according to the manner and 

frequency of their utilization by the users of the network. A question not 

addressed in this body of work is the effect of driver behavior on the values 

of the parameters Tm and n. In the high trip time - stop time traffic 

regime, the behavior and desire of drivers are strongly influenced and 

dictated by the collective behavior of the surrounding traffic. However, in 

the low T,T regime individual drivers have greater control over their 
s 

running speed. Therefore it is possible that in a given street network, data 

collected by a conservative versus an aggressive driver may result in 

significantly different values of T and n. The influence of driver behavior 
m 

on the Two-Fluid formulation presents itself as a limitation requiring 

further investigation. 

The chase-car technique has been used as a means of "randomizing" the 

routes taken by the test vehicle based on whose data the model is calibrated. 

Aside from the above-stated driver behavioral questions, another aspect is 

whether or not the Two-Fluid methodology can be applied to fixed rather than 

"random" routes. Preliminary studies bus routes in Austin have yielded 

favorable results regarding the application of the model to fixed routes. 
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This aspect of the work, however, remains a limitation of the methodology and 

warrants further studies. Along the same lines, it is alsc) important to 

point out another limitation of the methodology regarding the impact of the 

selected network street boundaries on the outcome of the stt~ies involving 

application of the chase-car technique. For example, H' all the street 

boundaries consist of major arterials, as has been the case ill most of our 

studies, then the test vehicles spend a significant fract:Lon of the study 

duration circulating in the boundary streets. The effect on the model 

parameters must be the subject of further investigation. 

Aerial photographic studies have also been used to establish a relation 

between fraction of vehicles stopped and concentration as well as relations 

among network-wide averages of speed, concentration and flow. Such relations 

allow comparisons of the quality of traffic service in varioun networks under 

similar traffic loading conditions. In addition, these rel~ltions provide a 

measure of the relative productivity of a network under a givtm demand level. 

The relation between fraction of vehicles 

concentration, K, includes the parameters f 
s ,min' 

stoPl>ed, f , 
s 

1f and K. 
m 

and 

The 

determination of these parameters requires direct observation~1 of f and k. s 

While direct observations of f and k involve photographJr from some high 
s 

vantage point, it is possible to estimate the value of these variables 

through ground observations of averages of speed, flow and fraction of time 

stopped. Efficient ways of estimating these variables through ground 

observations is another aspect of the present work which requires further 

study. 

Moreover, in determining the parameters fs,min' 1f and k it is 
m 

necessary to make an assumption regarding the value of one of the three 

parameters. In our analysis we have chosen an average maximu~! concentration 
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k • 100 vehicles per lane-mile for both the Austin and Dallas CBD networks. m 

The maximum or jam concentration, k , is defined as the concentration level 
m 

at which the traffic jams in the system as a result of instabilities. The 

value of k in a given network is, of course, subject to fluctuations and is 
m 

not expected nor is implied to be a constant. It is for this reason that we 

speak, in a loose sense, of an average maximum concentration. The values of 

f . and TI , however, depend on the specific value chosen for the average 
s,m~n 

k • 
m 

Furthermore, it is reasonable to assume that k itself is m a 

network-specific parameter. Despite all the above difficulties, it must be 

noted that high correlation coefficients are obtained for the non-linear fit 

to the aerial photographic v versus k and f versus k data in Austin and 
s 

Dallas when a k - 100 vehicles per lane-mile is employed. m 

The work reported here has been pursued with the conviction and hope 

that as a result of collective effects among the large number of pertinent 

traffic variables associated with an urban network various simple relations 

may be found that make it feasible to assess efficiently and simply the 

quality of traffic service in city street networks. In addition to 

attempting to characterize traffic in various metropolitan areas, we have 

also been searching for ways to evaluate relative 'quality of traffic 

service', 'traffic quality', and possibly 'quality of traffic system'. The 

term 'quality of traffic' might be reserved more to take into account the 

human behavioral aspects and the perceptions of the driver users of the 

system, an important aspect which has not been addressed within the scope of 

this work. The term 'quality of traffic system' then might be used to 

incorporate the attributes of both the quality of traffic service and the 

quality of traffic. 
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The overall results of the present research have indicated that it is, 

indeed, feasible to characterize, with rather minimal resources, the quality 

of traffic service in an urban traffic network according to the Two-Fluid 

model. Having done so, then for a given level of vehicular concentration, 

one can estimate the averages of quantities such as speed, flow, fraction of 

time and vehicles stopped, etc., in the network of interest. From the 

perspective of both short-term and long-term planning, the transportation 

analyst is then in a position, through the Two-Fluid methodology, to predict 

the resulting traffic conditions associated with a given demand in a network. 

Furthermore, having calibrated the Two-Fluid model for different zones of a 

city network or having established a contour map of the Two-Fluid parameter 

over a city network, difficult as it may be to accomplish, it is then 

possible to utilize the results as a tool for making assignments of trips 

destined from one city zone to another along various routes connecting the 

respective zones. Thus, the Two-Fluid model and the fuel consumption model 

together constitutes a relatively simple and a straight forward means of not 

only addressing specific traffic engineering questions such as the impact of 

changes in traffic control strategies, etc., but also addressing broader 

issues in urban planning and transportation economics in urban street 

networks. 
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Austin CBD1 (~1.5 x ~3.0 miles) 

Inclusive Boundaries: 

38th Street on the north 
1st Street on the south 
Red River Street on the east 
Lamar Boulevard on the west 

Austin CBD2 (~1.25 x ~1.5 miles) 

Inclusive Boundaries: 

Dallas CBDI 

Martin Luther King Boulevard on the north 
1st Steet on the south 
Red River Street on the east 
Lamar Boulevard on the west 

Consisted of three one-mile wide corridors centered along Elm, 
Ross and Hall Streets. The Elm and Ross corridors were each 
three miles long, both starting from Stemmons Freeway and stretching 
eastward and northeastward, respectively. The Hall corridor was 
4.5 miles long, beginning at Wycliff Street and stretching south­
eastward. 

Dallas CBD2 (-1.5 x -1.5 miles) 

Inclusive Boundaries: 

Hall Street on the northeast 
Thornton Freeway on the southeast (exclusive) 
Woodall Rodgers on the northwest 
Houston Street on the southwest 

Houston CBD (-1 x -2 miles) 

Inclusive Boundaries: 

Franklin Street on the northeast 
Westheimer on the southeast 
Smith Street on the northwest 
Chenevert Street on the southwest 
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Houston Non-CBD (-2 x -3.5 miles) 

Inclusive Boundaries: 

Westheimer on the north 
Bellaire Boulevard on the south 
West Loop Freeway frontage road on the east 
Hillcroft Avenue on the west 

Lubbock CBD (-1 x -2 miles) 

Inclusive Boundaries: 

4th Street on the north 
19th Street on the south 
Avenue A on the east 
University Avenue on the west 

San Antonio CBD (-2.5 x -2.5 miles) 

Exclusive Boundaries: 

IH-35 on the north 
Durango Street on the south (inclusive) 
IH-37 on the east 
IH-10 on the west 

San Antonio Non-CBDl (-2.5 x -2.5 miles) 

Inclusive Boundaries: 

Culebra Avenue on the north 
Ceralvo Street on the south 
IH-10 frontage road on the east 
N.W. 24th Street and Cupples Road on the west 

San Antonio Non-CBD2 (-1.5 x -2.5 miles) 

Inclusive Boundaries: 

Hildebrand Avenue on the north 
Culebra Avenue and Cypress Street on the south 
North Expressway (Hwy 81) on the east (exclusive) 
N. Elemendorf Street on the west 



Albuquerque CBD (-0.75 x -0.75 miles) 

Inclusive Boundaries: 

Lomas Boulevard on the north 
Coal Avenue on the south 
Broadway Boulevard on the east 
10th Street on the west 

Matamoros (State of ~amaulipas, Mexico) CBD (-1.25 x -1.25 miles) 

Inclusive Boundaries: 

Hidalgo, Iturbide and Constitucion Avenues on the north 
Rio Bravo and Canales Streets on the south 
1st Street on the east 
21st Street on the west 
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