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ABSTRACT

THE APPLICATION or SYSTEMS

mscnmsamc TECHNIQUES TO

URBAN TRAFFIC FORECAbTING

By William Louis Grecco

The research reported here shows the application of systems

engineering techniques to the problems of urban traffic forecasting.

The traffic forecasting model contains three parts; trip generation,

trip distribution and trip assignment. Onlgyr trip distribution is

analyzed here. The problem resolves itself into determining exactly

what prOportion of the trips (for each purpose) originating in one zone,

shall have destinations in each of the other zones. Specifically, the

work trip distribution system was chosen for detailed analysis.

An extensive review was made of the known techniques of traffic

forecasting, prior to presenting a new systems engineering model. To

deal quantitatively with the interaction of the components of a system,

each component must be describable mathematically and must be incor-

porated into the system in accordance with the requirements of linear

graph theory.
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A smnmary of the requirements and procedures of linear graph

tneory is presented to provide a brief insight into its use. The analysis

Of the problem was based on these requirements, which are:

1..

3.

The basic component must be describable mathematically by

relating two valid measurements on the components.

when the components are arranged in a systems graph; one of

the measurements taken on the component, which is noted as

"x”, must sum to zero when the summation is made around a

circuit; and the other measurement "y" must sum to zero

at the vertiees of the systems graph.

The x measurement must be related to the y measurement

through a linear or nonlinear function.

The results of the synthesis and analysis processes when applied

t&>'the system and its components can be stated as postulates below:

1. The best components of those evaluated for the system are:

a. Residential zone components

b. Employment zone components

c. Route components

The most logical measurements established and tested on the

components are:

a. Residential Zone

(1) y is the actual number of work trips generated

(Za) x is the pressure in terms of desire to generate

work trips.

(2b) x is the pressure in terms of money available to

generate work trips

b. Employment zone
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(1) y is the actual number of work trips attracted

(2) R is the relative attraction of each employment zone

0. Route system

(1) R is a resistance value eXpressed as a friction to

travel due to travel time

(2) R is a resistance value expressed as a friction to

travel due to travel costs

3. A single terminal equation form relating x and y was used

for all components
:
1
0

II

e
l
a

The equation form for the individual values of R, x and y

from items one and two above is expressed as a function of

its parameters and is generally more complex.

4. In order to evaluate the possible use of the postulates noted

above, four illustrative solutions are presented. The

results, when compared with other models, indicate that the

systems approach, using linear graph theory can offer a

useful tool for predicting trip distribution in an urban area.

This research has established an initial evaluation of a systems

engineering approach to traffic forecasting. An analysis process was

used to identify the problem and the units and a synthesis was employed

to disclose a number of possible solutions. Further analysis and

testhng is necessary to fully evaluate and interpret what is presented

here.





THE APPLICATION OF sysms

mvemssame Tscmuouns To

URBAN TRAFFIC FOAECASTING

By

Nilliam Louis Greece

A THESIS

Submitted to

Michigan State University

in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Civil Engineering

1962



hhhhhhhh

 





ACKNd-memmT
S

The writer desires to express his apprecia-

tion to Dr. S. 14. Breuning for his guidance and

criticism in the preparation of this report. The

guidance offered by Dr. II. E. Koenig and Dr. H. K.

Kesa 'an is also deeply appreciated.

ii



TABLE OF CONTENTS

.ACKNOWLEDGEMENTS

LIST OF TABLES

LIST Q" ILLUSTRATIONS

INTRODUCTION

BACKGROUND

History of Traffic Flow Studies

Literature Review

SYSTEMS THEORY

Introduction

Operational Techniques

Analysis by Linear Graph

DISCUSSION OF THE APPLICATION POSSIBILITIES OF

SYSTDXS THEORY TO TRAFFIC FORECASTING

General

System Identification

Choice of Components

Measurements on Components

Terminal Equations of Components

Systems Graphs

Solution of System Graphs to Establish the System Equations

Numerical Solution and Computer Use

ILLUSTRATIVE SOLUTIONS OF THEORETICAL SYSTEMS USING POSTULATES

DEVELOPED IN PART IV

Illustrative Problem One

Illustrative Problem Two

Illustrative Problem Three

Illustrative Problem Four

iii

Page

ii

C
"
)
U
1

83

85

98

99

100

102

107

130

132

134L

135

1&5

165

177



. ‘\

c o ‘A

v- - d I

.F‘ v

-' -q.

Dy.“.-

1‘

vi. -

n

u
‘ -o

. _. v

I

I. -.

'. ._ vo"- -

...—r~ -...— a



Table of Contents.-—Continued

Page

SUEHARY

Components 191

System Solution 193

COKCLUSIONS 195

LITERATURE CITED 1/8

iv



Table

13.

14.

15.

 

 

LIST OF TABLES

Measures of correlation between trips per dwelling

place and distance, density, income and car-ownership.

Correlation of residents' daily trips per dwelling unit

with various combinations of independent variables, as

measured by a study of 95 census tracts in washington,

D. C. on an average weekday in l9n8.

Percentage of person trips from all origins classified

according to purpose.

Home-based trips by urban residents in study areas

according to purpose.

The apparent factors affecting the destinations of trips

starting from a residential area.

Effect of travel time on frequency‘of travel.

Projected car-ownership per household

Baltimore : 1980

The average trip length for home-based trips by purpose.

Component information necessary to solve the linear graph.

Component information necessary to solve the linear graph.

Results of illustrative problem one showing trips to

employment zone.

Component information necessary to solve the linear graph

of alternate 3A.

Component information necessary to solve the linear graph

of alternate BB.

Component information necessary to solve the linear graph

of alternate 30.

Resulting matrix product

51. 52

145

157

158



  

nt‘)‘

Ill..
.,

a!

ti‘

‘.



List of Tables.--Continued

17.

20.

21.

22.

230

24.

Work trips from each residential zone to each employment

zone by the three alternate methods of establishing

route resistance.

Comparison of systems engineering approach using not

normalized Mij'l and the gravity and electrostatic models

for work trips from each residential zone to each em-

ployment zone.

Component information necessary to solve the linear graph.

Summary of solution of the input x values and the

(2 Girl for the subgraph of the residential zones.

The results of illustrative problem three.

Estimated cost of Operating a motor vehicle.

Summary of solution to x input values for residential

zones.

Summary of the solution of Rij by the sum of the vehicle

and time costs.

The results of illustrative problem four, alternates

A and B.

vi

Page

163

164



4.

In.

I.

 

'-. x...

I

to .II.

I... ‘0

I‘!

t a

.tn

D .l.)

'l,

:o .I.

0".

. 1

J...
v.

I):

u.. - ..

V

‘0‘!

1‘1...

I‘D .‘

l».
a. ....

Dull t..-

I)!
1.II

..

I..,.1 I

w
‘..l

I.)

.v\(( I

.

J's. v a

1.}. n

i

.

O. t

.9. (1

J

   

'u

C, I. .
'l (D.

t
.
[yr

..(II



LIST OE” ILLUsTit‘ITICI.S

Trips per person vs. p rsons per vehicle. C cities

Distribution of tIip s from dwelling units by purpose

of trilp

Percentage distribution of weekday person trips by

land use related to trip making per family.

Effect of cars per dwelling place on trip making per

dwelling unit.

Effect of distance from city center on t‘ip making

per dwelling unit.

Effect of income index on trip making per dwelling unit.

Effect of net residential density on trip making per

welling unit.

uto driver trip 5 generat by the CED. heasure of

city size for urban areas, 50,000 to 600,000 population.

Auto driver trips generated by the CED. Measure of popu-

lation-vehicle ownership ratio.

Auto driver trips genera.tedbyCED. Measure of city

compactness.

The relationship between total work trips and uraan

area pepulation.

Percentage distribution of trips from each purpose to

each purpose.

Distribution of work trips between zones.

Distribution of commercial trips between zones.

Distribution of social trips between zones.

Distribution of school trips between zones.

vii

l
\
)

[
O

L
)
\

t
;

\
l





Distribution of work trips between zones.

Distribution of coznereirl trips etween " ne;.

Distribution of social trips between zones.

Distribution of school trips betveen sexes.

“Isccllancoas tlips oJ irxternsl residents—-all nodes.

The relationship of t:ips made to vehicles owre; in

0.. I. ' .I. A 4

can Disbe, Califoxnia.

The reletionsh:p of tIips m:dc to the nunecr o: employed

persons in San Diego, Calufiornia.

he relatioIslip of trips mIde to the I.Icer oI c nner-

ial acres for Vallejo, CaliIornic.

Steos in the solution of a physical system by linear

,I. . I

C

The organisation of research on the x measurement.

Relationship» betneen resistance on residential zones

and incone index.

{
‘
3

f
3
J

Relationship between resistance on residential zones

car-ownership.

Relationship between resistance on residential zones

and the distance to the OLD.

Relationship between resistance on residential zones

and pepulation density.

Relationship of consumption toodiSpOSable income.

Relationship of transportation consumption to total

consumption.

The relationship betweezi travel time and t:e work rip

resistance factors develOped from trip frequency.

Relationship of the travel time, de to the reciprocal

J.

of the actual trips per unit of probability interchange,

-l

ij

viii

\
\

C
I
)





Figure

LiJe

35. S;.'st an graph develOpment. 1:3

35. System graph and Cl‘CE. l,l

37. System graph and tree.
15-:

38. 3'stem graph and tree.
171

39. System graph and tree.
13.?

3.x



THE APPLICATION OF SYSTEMS ENGIKEERING

TECHNIQUES TO URBAN TRAFFIC FORECADTING

INTRODUCTION

An advancement is made in a new engineering science when the

engineer has, through preper formulation, established a mathematical

approach to the problems. In any of the relatively new engineering

sciences, preliminary emphasis must, through necessity, be with the

qualitative and judgement decisions.

How do we proceed from the qualitative to the quantitative, from

an engineering judgement decision to one based on a mathematical

formulation of the problems? Here, it is possible to observe what

others have done. They collected data and studied it. When it was

possible to control such collection, they hypothesized and made a design

of exPeriment which would better insure that data collection would not

be too little and prove valueless or too much and be costly. From

studying the preperly collected data, the hypothesis can be verified or

altered and a postulation drawn. In sequence, these postulates are

compared with empirical data and a re-evaluation made to provide a

better eXperimental design on which to base new data collection. The

process will go on until some degree of confidence is reached. Even

then, continued research can be expected to show up shortcomings, since

many of the long accepted theories have required drastic revisions.

As more factors are included and the problem becomes more complex,

a Stage is reached when a rigorous solution is impossible without the

aid of mathematics.



The trend in many areas of traffic engineering is toward a more

mathematical and theoretical approach. In relation to the other sciences,

traffic engineering is yet in its infancy, but it is growing up. This

fact is evidenced by the writings, of Herman, Schneider, Howe, Bevis,

and others. One has only to refer to the bibliography of the Special

report by F. A. Height (1) to conclude that traffic engineering is on

the verge of a break-through. ENen.witb the variable item of individual

human choice or behavior, many phases of the traffic problem will evolve

to a scientific level comparable to that of the physical sciences. The

traffic engineering profession will probably have to settle for somewhat

less replicability than the physical sciences because only two of their

ingredients are physical, the vehicle and the facility, whereas the

third, the user, presents different and still unsolved problems. This

does not imply that the user problem is insurmountable. Although the

individual has shown immunity to prediction, groups of many such indivi-

duals have shown that patterns can be observed.

The bulk of the work by the traffic theorists has been in the

areas of carefollowing theory. queuing and waiting line theory, and

traffic simulation. In the area of theoretical origin and destination

studies, there have been attempts at formulation utilizing such techniques

as the gravity model, the electro-static model, the Opportunity model

and linear programming.

The work reported in this thesis deals with develOpment of

methodology for solving traffic flow in a road network by a mathematical

model. Preliminary theoretical testing of systems analysis as a

technique for theoretical origin and destination studies has been

accomplished during the study. The theoretical results obtained with



k
0

this technique are shown to compare very closely with those available

with other techniques. In the analysis of systems as a means for

achieving a simple systematic procedure for formulating the system

equations, the theory of oriented linear graphs, developed as an abstract

mathematical tepic, is utilized.

Origin and destination (0 and D) survey techniques have improved

since their initiation less than twenty years ago. They have become

more comprehensive in nature and have focused more Specifically on the

problem.to be solved. The primary purpose of this type of survey is

to provide the information necessary for present and future planning of

an urban major arterial system. The arterial system is so strongly

related to the urban gr wth of the area that it is essential to the

develOpment of a comprehensive master plan.

Data collection strictly for research has found funds to be quite

minimal. Analysis must be made on data collected in the process of the

comprehensive O and D survey. Although these studies placed primary

emphasis on the job to Ix: accomplished, they have produced much data

from which travel patterns can be synthesized. he travel patterns

can then be expressed mathematically as traffic models.

The comprehensive type origin and destination survey,as performed

recently in the metrOpolitan areas of Detroit and Chicago.has proved

successful. When this type of survey is followed by a continuing

prOgram, the data remains current, to provide the basis for future

planning. The chief deterrent to the use of this type of solution is

the cost involved. The Chicago Area Transportation Study had a cost

estimate of over $2% million, which didn't include an apprOpriation

necessary for the continuing study.



The justification for the work that follows is:

l. The natural deveIOpment of a new science requires it,

2. The travel patterns from many comprehensive surveys are

available for ana ysis,

3. There is the economic consideration.

In summary, this dissertation will review what has been

accomplished by others and will then present a new approach to urban

traffic forecasting.
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HISTORY OF TRAFFIC FLow STUDIES

As early as IQIQ, a consulting firm had done an O and D study of

workers in Chicago. (2) During the early 1930's, improvements made to

the main rural routes had established definite traffic flows. It was

realized that future growth of the nation's highway system should be on

a scientific rather than a haphazard basis. (3) Up to this time, the

greater portion of highway funds had been used on_tll¢_,m€l_i{1_._179¥al_ routes.

Although these routes, as well as the urban streets, were quite inade-

quate, the question of where the limited money available should be

spent could not be answered from the available data.

The Federal-Aid Act of 1934 authorized an expenditure not exceed-

ing one and one-half per cent (lap) of the Federal-aid funds apportioned

to each state for the making of surveys, and engineering investigations

on future construction projects. During the following years, 0 and D

studies were undertaken primarily to determine the status of the rural

system. These early studies showed that the_intrg*urbanfitrave -s

mufhfmgrgflsignificant than had b¢¢§"29%}EZ?d- Rural traffic increased

prOportionateLy as the highway approached the city or town. Prior to

this analysis, it was erroneously assumed that a large part of this

traffic was bound to destinations beyond the city and that if this

traffic would bypass the city, then the traffic congestion of the city

would be relieved. (3)
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The early 0 and D surveys were designed to determine where the

traffic originates and where it is destined. There are many common

methods (4) of making this type of study, of which the following are

the most important:

Moving vehicle driver interview

Moving vehicle driver postal cards

Moving vehicle license plates

Parked vehicle license plates

Tag on vehicle

Dwelling unit interview

Motor vehicle owner mail questionnaire

Transit terminal passenger questionnaire

Transit route passenger questionnaire

0
O

I

\
0
C
0
'
\
7
0
\
\
n
-
F
‘
\
.
O
N
}
-
’

O

The following discusses two approaches to traffic planning. One

evaluates the street network strictly by volume count and the second

utilizes data from O and D studies. The definition of traffic planning

used herein, can be established through context. The two approaches

have specialized application and should not be used interchangeably.

The first approach, which we will label as an objective approach,

has application to an urban street network, which has proper location

throughout or cannot justifiably be changed or when only a small portion

of the system is to be studied. This approach is simply a matter of

evaluating an urban network, street by street. Each street's adequacy

is determined on the basis of the volume it carries in comparison with

its capacity. The whole system is then rated on the basis of now the

individual parts collectively meet this criteria. In order to plan the

location and capacity of future streets in the network, it is not

sufficient to know the number of vehicles using the street during a

given period of time. The vehicular counts reveal only the existing

volume and is not necessarily, indicative of the preferred route of the



drivers. It is not possible to determine where a new eXpressway should

be located and what its design capacity should be, merely by observing

traffic volumes at selected locations. The results of this type study

would give us wider streets in the future at the same location. Only

through a comprehensive knowledge of existing trip origins and destina-

tions can the preper location and adequacy of preposed facilities be

determined. This, then, is the reason for the general decrease in the

use of the first approach and an introduction into the second.

The second approach, that of desired flow, is so titled because

the evaluation of the network is made on the basis of how closely the

street network satisfies the desired flow. The earLy simplified type

of O and D survey was the start of this method, and the first step

toward satisfying the traffic engineer's need to know more about traffic

flow characteristics. There has been a definite cerrelation between

the advances made in predicting and evaluating traffic flow and the

amount of pertinent data asked by the O and D survey. Early studies

asked from where did you come and where are you going. The number of

questions has increased over the years until the more recent surveys

ask not only where, but how (mode of travel), why (purpose of trip),

and when (peak movements), and many questions on parameters which affect

traffic movement. As techniques improved, there was added to this

travel inventory, a study of land use inventory and an inventory of

existing transportation facilities.

Today, the methods for carrying out 0 and D surveys range from

the simple external cordon survey in small communities, to the compre-

hensive home interview tranSportation study for the larger cities and
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metrOpolitan areas. Since 1953, notable large-scale comprehensive

transportation studies have been undertaken in several large metrOpolitan

areas. Special study staffs made up of a team of Specialists from the

various professions and disciplines were used throughout the work.

These studies were generally a c00perative effort encompassing all

levels of government; city, county, state and federal. The Detroit

and Chicago studies have been completed. Studies are underway in

Pittsburgh and Philadelphia. Although there have been other studies,

these provide the most recent and comprehensive approach.

LITERATURE REVIEW

Prior to 1950, most of the literature of this field discussed

the techniques of actually conducting origin and destination surveys.

Those interested in these early works, are referred to the review of

literature and bibliography of R. E. Barkley (5). Significant contri-

butions published after 1950, are presented here.. Some of these deal

with the broad aSpect of traffic forecasting rather than with the

Specific area of urban traffic forecasting.

Urban traffic planning requires a knowledge of future travel

patterns“ For this reason traffic engineers have devoted much time and

effort in the develOpment of procedures for traffic forecasting. The

procedures preposed to date are reviewed under two general categories;

that of trend forecasting and theoretical forecasting.

Methods of Trend Fogecasting

The Eno publication by Schmidt and Campbell (6) contains an

extensive discussion of trend forecasting. This discussion is briefly
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summarized here and supplemented by the writings of others. Schmidt

and Campbell subdivide trend forecasting into two procedural types;

mechanical and analytical.

Mechanical Methods

The mechanical methods assume that future travel patterns will

be continuations of past experience, and then, simply project the

composite past trend forward.

Ratio.--The growth of the city is estimated on the basis of the ratio

of its past growth to past state growth and then projected in terms

of estimated state growth.

Coggglation index.--Several growth trends have been correlated somewhat

to traffic growth, included are gasoline consumption, national income

and the gross national product. Correlation indexes might serve for

the composite growth of travel in the United States or in a whole state

inasmuch as data may be obtained relative to income, production and

gasoline consumption on a national or stateawide basis. Such data are

usually not obtainable nor are they as applicable, for estimating on a

one-project or local basis.

Analgg1.--This method requires that a situation be found which histori-

cally parallels the subject situation in several attributes and has

adequate records of traffic behavior growth whereas the subject

situation doesn't have these records. The trend in behavior and growth

of traffic may be apprOpriated as a pattern for the subject situation

and used as a guide in projecting future growth. While analogy can pro-

vide a pattern and helpful guide in estimating, it should be used with

care.
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fizojection of Composite Trends.--The record of traffic volumes are

plotted and the curve is extended. This extension should reflect an

informed judgement based on foreseeable changes in competition created

by new facilities, changes in mode of travel, changes in land use, or

approach of the saturation point in land use or in capacity of facili-

ties.

Generalized Growth Formulas.--Formulas have been used to forecast

future traffic volumes in accordance with various concepts of growth

such as:

1. Straight line formula where the future volume equals the base

year volume plus the number of years times the annual growth

increment.

2. Compound interest curve formula where the base year volume

is multiplied by the quantity of one plus i, the quantity

to the nth power. The yearly percentage increase is i and

n equals the number of years.

3. General growth law which came from the biolOgical sciences

and has been applied to population and new industries as

well as to traffic.

This general growth concept assumes a slow but constantly accelerating

rate in the early years, then a period of rapid and steady growth

followed by a decelerating rate until the curve continues on with

minimum.or no further growth when the saturation point is reached.

\

Analytical Methods

The analytical method rec0gnizes the fact that traffic growth is

a product not only of time but of certain varying internal forces and
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external stimuli that Operate to affect the rate of growth of each

contributing factor to the composite growth. Some of these forces,

referred to as Operative factors, are level of economy, extent and state

of improvement of the highway system or subject project, changes in

competition, purpose of travel, change in land use, promotion of travel,

decentralization of homes and industry and consolidation of schools,

and tradition and habit. There are two general types of analytical

methods:

Ezojection of Component Tgepd5.-‘The choice of this method presupposes

that historical data are available for each of the following categories:

1. Change in pOpulation (growth and distribution)

2. Change in persons--vehicle ratio (by vehicle type)

3. Change in average vehicle use (by vehicle type).

Upon the completion of the projection of these three individual deter-

minants through the forecast period, the estimate of traffic for any

particular future year can be made by determining the ratio of the

future year to the base year. The ratios of each of the categories

are then multiplied together to form a single index for the future

year. In forecasting passenger car travel, a variation of the above

method, substitute driver pOpulation for pOpulation and licensed drivers

per car instead of persons per car.

Ezpansion of Existigg Patterns.--A knowledge of present interchanges is

required, in order to predict future travel patterns by this method.

Although there are several methods detailed here, they are only varia-

tions of a basic growth factor method.
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Uniform Factor Method.-—This is the simplest approach to exoanding

trips. An average growth factor is determined for the entire area

( 5—) and this is used to multiply existing or base year zone to zone

movements (tij). The expansion formula to produce future trips between

zones i and j (Tij) can be stated mathematically as:

This method assumes only small variations of growth in the

individual zones from the average area growth. When this does not

hold true, the method overestimates on the zones of lower growth and

‘ O

underestimates the zones with growth values igher than the average.

Average Facto; Method.-—The Minnesota State highway Department,in

c00peration with the U. S. Bureau of Public Roads,deve10ped this method

in 1953. A traffic growth factor (Gi ) for each zone within the area

is computed as a ratio of traffic resulting from the anticipated land

use develOpment to the traffic currently generated. The future zonal

interchange is found by multiplying the present interchange by an

average of the growth factors for the origin zone and the destination

zone as follows:

ij tij

This method shows a variation between the sum of the trips

destined to a zone and the total trips originating at the zone. The

variation can be eliminated by a series of iterations using a correction

term (K):

=% w.+%)
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Where F1 is the ratio of actual trip ends in zone i divided

by the sum of all calculated trips to zone i, and similarly for zone

' F..j or 3

These approximations are continued until the value Kij

approaches unity. Brokke and hertz (7) discuss this method and point

out that:

One of the inherent disadvantages of the average factor

method is that the calculated trips into zones with higher-

than-average growth factors generally total less than the

predicted number of trips. Conversely the calculated trips

into zones with lower-than-average growth factors total

more than the predicted total of trips. This systematic

bias of the predicted values could result in an inordinate

number of approximations and may affect the accuracy of the

method.

Fratar Method.--This method, which was the first to successfully use

successive approximations in distributing future zonal trips, was

develOped by Thomas F. Fratar (8) in connection with forecasts made for

Cleveland, Ohio. The distribution of trips from any zone of origin is

considered to be proportional to the present trips out of that zone

modified by the growth factor for the destination zone. The volume of

zone to zone movement is computed for the zone of origin and similarly

for the destination zone. The results are then averaged for the first

approximation. Using variables previously defined, the above can be

described mathematically for the zone of origin (i) as:

tij - uj °.thij - Gi

 

ij
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This expression for the zone of destination (j) can be stated

 

 

as: n

tji - oi . Z tji - G].

T = i=L

31 n

'12::1 (tji . ui)

Then:

T.. + T..

T!. 2 ll 31
13 2

Similar to the average factor method, the calculated trip ends

in a zone will probably disagree with the predicted volumes so it

requires the use of a correction term.

  

  

r m n -

l I

21 tia '21 tlj
Kij = Fi ' Fj - % m ’ + l ‘

t! . "' f t!. - G'

Then:

I = o

Tij T13 Kij

The new values are signified by the prime mark and the process

is repeated until the growth factor (G) approaches unity. This method,

according to Fratar (9) is somewhat similar to the Hardy Cross method

of moment distribution in that the attractiveness factor used in the

above equations is comparable to the stiffness factor used in moment

distribution.

The Detroit Method.--This method was established as part of the Detroit

Métropolitan Area Traffic Study (10). PrOper consideration was given

t0 the previously discussed method before a procedure was evolved.
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According to Bevis (ll), before a model could be used to predict zonal

interchanges, certain criteria had to be established. These criteria

are:

1. All trips within the system should be duly considered

because certain factors cause peeple to substitute

certain types of trips for other types. This substi-

tution may be intra-zonal for inter-zonal trips, short

for long trips, motorcar driver for transit passenger

trips, or any of many other possible substitutions;

2. The sum of the future interchange volumes terminating

at any zone must equal the postulated number of trips

generated by that zone;

3. Results must be internally consistent. That is, the

predicted trip volumes should be independent of the

grouping or partitioning of zones into different size

units except as this affects the number of trip termini

for the zones in question.

To establish future interzonal volumes, the existing volume is

Imfltdplied by the ratio of the product of growth factors at both origin

and.destination to the area growth factor as follows:

GioG.
-ffl. J

'0'"

 

When estimating future intrazonal trips, the equation for zone

1 becomes: 2

G.

#
3 II F
* . p

 

C)
l

In the case of interzonal trip volumes, trip balance was achieved

by successive iterations similar to the previous techniques.

In discussing the techniques used in Detroit, Bevis emphasized

the factors which govern trip distribution. These are (l) a measure of

the relative attractiveness of the zonal interchange (2) the amount of

friction for the interchange relative to all other possible interchanges.





/

lb

The equation for interzonal volumes clearly relates item one from above

with the expression (Gi - Gj / G- ). A measure of the friction

effect is recognized as the cause of the difference between the actual

interchange and the probable interchange. Since they assumed equal

indices of friction for the future and the present, the equation was

modified and the friction term drOpped out. This last assumption is

consistent with the previously discussed techniques.

Theozetical Fogecastipg Methggs

As far back as 1954, F. C. Ikle (12), an urban sociologist,

pointed out the need for a concentrated effort toward the development

cfl'theoretical logic concerning the flow of traffic. His work, which

will be discussed more fully later, sets the framework for this develOp-

ment. He cautioned traffic engineers then, that much research was

needed to define the theoretical factors which‘influence traffic-flow.

The prOblem of theoretical formulation can be categorized as (l) trip

generation, (2) trip attraction and distribution, and (3) trip purpose.

In the light of the research which will be reported, it seemed advisable

to separate,wherever possible, into these divisions.

Trip Generation

In the trend forecasting methods cited previously} it was

Possible to use the travel patterns established by any 0 and D survey

and to expand them to a future date by one of the techniques cited in

the above section. Most of those methods required some procedure which

cOuld also be used for those areas which were at that time undevelOped

and which showed zero trips at the time of the O and D survey. If



 

. .-
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these 0 and D surveys could be used to establish a synthetic pattern,

where none existed, it seems possible that further synthesis of the

0 and D data might establish these predictable patterns into a group of

tools for forecasting traffic based upon a number of easily measured

parameters. Among the studies reported here, there has been little

agreement on where the trip is actually generated. Whether a shopping

trip is generated in the residential where it begins or by the commer-

cial area where it ends, has been a point of disagreement. In the

light of this, it was difficult at times to record the literature in

the proper division. The divisions used were residential, commercial

and industrialzand rather than deviate from this, it was necessary to

review the same paper several times.

Residential Generation.--Many of the previous studies emphasize the

home as a generator of trips. About 82 per cent of all urban area

trips are made either to or from the home, or some 41 per cent originate

in residential areas. Previous studies show a high level of correlation

between vehicle ownership and the number of daily trips. Patterns of

trip generation has been presented by the following writings.

Schmidt (6).--On the basis of a tabulation by the Bureau of Public

funds, it was estimated the average total daily trips per dwelling unit

was 5.61 or 8.94 trips per vehicle and 1.76 trips per person. These

values were found from an analysis of #9 cities with varying pepulations.

Although the cities in the highest pepulation group showed the lowest.

rmmber of trips per dwelling unit and those with the lowest pOpulation

tmd.the highest value, the papulation groups between these extremes





showed no significant trend. Since 41 per cent of all trips originate

in the residential areas, the previously stated values of trips per

dwelling or person would be reduced accordingly. When the number of

trips per person by all modes was plotted against a pOpulation-vehicle

ratio, the patterns were quite similar. (See Fig. 1)

Using 0 and D surveys of some 36 cities, Schmidt established a

correlation between total daily trips from a residential area per

dwelling unit and the vehicles per dwelling unit that was nearly linear.

(See Fig. 2.) This curve, from the Eno Report, seems most significant

for the estimation of trips from residential zones, and trip purpose,

but needs to be up dated.

Wynn (13).--An extensive analysis of the traffic study conducted in

Washington, in 1956, is reported by Wynn. The report presents a family

of curves which relate the most significant parameters to trip produc-

tion. Trips made by the persons in each zone have been related to:

‘\_ A ..

income levels; car ownership; distance from the metr0politan center;

and a degree of isolation in the outer fringe area. As average income

level increases,the number of trips increased from a low of 1.35 trips

per person per day to a high of 2.45 trips per person. The number of

work trips shows the least correlation to income level. In the areas

of high car ownership, there was a higher rate of trips per person, but

Wynn's study shows that car ownership is a much less significant pre-

dictor than level of income. Because, as the range of car ownership

narrows, the effect of ownership tends to become constant. As the

distance outward from.the center of the city increases, the number of

trips increases. A curve representing this relationship was presented
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in his study, although it was felt that the distance factor was inter-

related with income levels. The fourth variable, that of isolation,

was only significant in the outer suburban areas where the intensity

of land use was quite low. The lack of trip Opportunities within some

short distance can discourage trips, therefore, the isolation factor

has a negative effect on trip production. This can eliminate the

errors which generally occur in the outlying districts at some large

distance from the city‘s center.

Hall (14, l5).--The analysis of O and D data, gathered on two residen-

tial subdivisions in San Diego, deve10ped relationships between land

use and traffic generation. Origin factors per dwelling unit were

established to develOp weekday origins for the horizon year. The

horizon year is defined as a stage on development and not by date.

This factor includes commercial origins generated in the zone when the

acreage in commercial use is not over one per cent of the gross useable

land. For residential areas these factors are:

1. Areas with less than 1.0 vehicle/dwelling unit - 2.7 origins

per dwelling unit

2. Areas with 1.0 to 1.5 vehicle/dwelling unit - 3.2 origins.

per dwelling unit

3. Areas with over 1. 5 vehicle/dwelling unit - 3.7 origins per

dwelling unit.

Carroll (16, l7).--Qf the metropolitan tranSportation studies completed

t0 date, the two for which J. D. Carroll, Jr. served as study director
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are most noteworthy. Since the repOrts are quite extensive, only a

brief resume of their presentation on residential traffic generation

will be presented here.

Several methods were used to estimate future trips for the

Chicago study. The future year land use forecast was used by assuming

that the study year generation rates per acre would hold constant for

the future year. The present land use rates were computed for each

distance ring. A preliminary estimate was found by multiplying the

trip rates per acre for the study year by the future estimates of

acreage of land in the various land use categories.

Trips were next evaluated on the basis of future residential

pepulation. Since it has been established that trips per family is a

function of car ownership and population density, it was necessary to

predict these parameters for the future year. From these projections,

it was possible to establish the future year level of car ownership at

the individual zones. Zone forecasts of p0pulation density were

established as part of the future land use forecasts. The trips per

dNBlling unit (Ii) for each zone were estimated on the basis of car

cmmership (X1 - cars per 100 dwelling units) and net residential

density (X,2 - dwelling units per 10 acres). The equation used was:

Y1 = 682.81+ + 3.8109X1 - 0.1939 Log KB

The total future year estimate of person trips was based upon

the latter method. As a papulation based forecast, this estimate reflects

more<directly the needs of peOple to travel. Travel satisfies that

tmsic requirement of humans for work, shOpping, recreation and etc.



The formula was applied to all future year zones to establish a

total estimate of person trips per average weekday. These total trips

were then allocated to each of the major land uses. In distributing

the trips by land use, Figure 3 was used as it relates the per cent of

trips for each purpose to the number of trips per family. Trips from

each zone were then summarized for each land use. The number of origins

on the residential land of a given zone can be established from Figure

3. For Chicago, in the year 1980, the sum of the estimates averaged

55.8 per cent of all trips going to residential land.

The procedures for estimating total trips described above were

developed in the Detroit study. Volume One of the Detroit report shows

the effect of the four variables on trip making per dwelling unit.

These are shown as Figures 4, 5, 6 and 7. The relationships are also

;presented in equation form through the use of multiple correlation

techniques as Table 1.

Keefer (18).--The problem of trip generation is one of correlating

current trip ends with individual zone variables, so that future

trip origin forecasts can be made. Keefer notes that there are alternate

approaches available and the tranSportation study staff must find that

combination of explanative methods which yields the best over-all

Infixiiction of trip making. It seems unlikely that the trip generating

Ififllis for a residential zone at a certain.distance from the CBD will

1‘main stable for some future year. This requires that trip generation

rates must be adjusted in accordance with certain parameters such as

“(30316. residential density and car ownership. Preliminary work on the
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Table 1. Measures of correlation between trips per dwelling place

and distance, density, income and car ownership

Correl- Std. Coef.

Inde- ation Error of Var-

Sym- pendent Coeffi- of iation Estimating

bol Variables cients Estimate (fl) Equation

Xi Car 1

Ownership 0.889 19.88 113.9 = -.047+6.59 Kl

X2 Net Resi-

dential2

Density -.748 11.27 120.1 . = 15.07-4.23 Leg X2

13 Distance3 0.812 11.12 117.7 . =4.33 + 5.8L» Leg 213

Kn Incomeu

Index 0.725 11.32 120.9 = 3.69 + .526 in

X1 and 0.907 19.81 112.8 . =-2.22 + 2.10 Leg X3

13 + 4.88 Al

X2 and 0.832 11.07 116.9 = 1.87 +-4.26 Log 13

X2, X3 0.882 19.91 114.2 = 0.957 + 3.686 Leg

and Xfi X3 + 0.195 X“

-1.12# Leg X2

Xi,X2,X3 0.908 19.80 113.0 = -0.1958 + 1.7288

Le x + 0.0008

and in g 3

+ 4.6480 Li

1. Cars Owned divided by dwelling place in zone.

2. Dwelling places in tenths per net acre in residential use in zone.

2. Straight line distance in tenths of mile from zone to City Hall.

Income index develOped by dividing 1950 U.S. census tract median

income into deciles and assigning an index to each tract.

SOURCE: Reference 17 .
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Pittsburgh study deve10ped a predicting equation which showed only a

‘1 5 per cent error between actual and predicted values.

where Y1 = trips per person from residentially used land

X1 = automobiles per person

12 = Persons per million square feet of residential land used

Sharpe, et a1 (19).--The 0 and D studies made for Washington, D. C.

were most significant of the limited number of repeated studies com-

pleted to date. Because of this, there has been much written on the

analysis of this data. The report presents the results of an analysis

of the effect that differences in pepulation, car ownership, income

per household, distance from the CBD and population per net residential

acre had on the number of person trips attracted to and generated by

residential land. EBtimating equations were deve10ped for predicting

future traffic potential in terms of total residents trips and these

equations were tested by comparing actual 1955 trips with the estimated

values from the equations. In this study it was established that the

use of all four variables combined did not significantly increase the

accuracy of predicting trips over that which was obtained, using only

automobile ownership and pepulation density combined. The most reliable

Single predictor was found to be automobile ownership and very little

additional accuracy was gained by combining it with pepulation density.

This report presents three general methods for estimating future

traffic potential or residential areas, assuming that the travel patterns
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of the Washington metrOpolitan area are not unlike the travel patterns

of other cities. The Specific procedures of each method are detailed

below (19):

1. method one-~using the tabular data from an 0 and D study.

a. Compute the residents trips per person for each zone,

in the area for which pOpulation and trip data are given.

b. Compute car ownership (passenger cars owned per 100

persons) for each zone.

c. Letting x = cars per 100 persons, y = trips per person,

and n = number of zones, solve the following simultaneous

equations for a and b:

{if

{so

d. Determine estimating equation

an +'b 2:x

2

a x +-b»2:x

y = a +'bx

This equation provides an estimate of the trips per person

correSponding to the car ownership in a particular area for an

over-all citywide car ownership (Xx/n) existing at the time of

the survey. To apply this relationship to a future time, it is

necessary to compute the parallel curve for an over-all car

ownership estimated for the future data (.Z.x'/n). This is done

by assuming "y" and ”b" remain constant and solving for the new

"a" in the following equation:

5’: a' +‘bE'

The trips per person for each area can then be calculated

by substituting in the new equation ( y = a' + bx' ) for each

estimated value of car ownership in the study areas.

Although this has not been tested, instead of using car

ownership data, it should be possible to utilize these techniques

bw'substituting p0pulation density, income, distance from the

GED, or a combination of these variables.

23. Method two--Using the tabular data from an O and D study.

a. Compute the ratio of residents trips per person for each

zone in the area. ‘

b. Estimate the future pOpulation of each zone.

c. Multiply a times b for each respective zone.

d. In zones for which prior trip data are not available,

estimates can be made by comparison with zones having similar

characteristics.



:1

 

01'

.3

1..

.ln

  



32

3. Method three--Using the tabular data from an O and D study.

a. Determine the number of trips and the cars owned for each

zone in the area.

b. Estimate the future cars owned in each zone.

c. Multiply the number of trips by the ratio of future to

present cars owned.

The application of the most desirable method of estimating

the potential trip generation in residential areas is dependent

upon the availability and reliability of correlative data.

Hertz and Hamner (20).--This study was undertaken to determine the

effect of automobile ownership, pepulation density, distance from.the

CBD, and income per household on the number of vehicular trips residents

made in washington, D. C., on an average weekday in 1948.

It was found that the use of all four variables combined did not

produce a significant increase in the accuracy of predicting trips over

that which was obtained using automobile ownership and population

density combined. Furthermore, automobile ownership was found to be

the most reliable single predictor with very little additional accuracy

gained by combining it with pepulation density. The results of this

analysis are shown in Table 2.

ngmegcigl Gggeration.-q s was noted in the discussion of Carroll's (16)

work, there are two philosophies of trip generation. Trips can be

generated on the basis of the acreage of a land use or on the pepulation

0f the area. Those who follow the latter scheme discuss commercial

attraction rather than generation and this will be presented later.

Trip generation for commercial land use should be separated into CBD

trips and trips to off-center commercial areas (6).
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Table 2. Correlation of residents' daily trips per dwelling unit

with various combinations of independent variables,

as measured by a study of 95 census tracts in

Washington, D. C. on an average weekday

in 19Q8

Independent Trips per Dwelling Unit Predicting

Variables (Dependent Variable) Equation

88£ffi339é8€ Spfisgflgte

Automobile own- Y1 = 3.80 +-3.79 11

ership & popula- 0.835 0.8 0 0033 x

tion density " ' 2

Automobile

Ownership 0.827 0.39 Y1 = 2.88 +-4.60 x1

Population den- Y1 = 5.49 -0.0089 39
. p a.

Sity and Income 0.764 1.02 + O 227 A“

Population Density -.718 1.10 Y1 = 7.22 -0.013 A2

Income 0.655 1.20 Yl = 3.07 +-0.4# Kn

Distance from

CED 0.575 1.30 Y1 = 3.55 +'0.74 13

Note: Y’ is residents' trips per dwelling unit

X1 is auto ownership (cars per dwelling unit)

.X is pepulation density

X is distance from CBD

it“ is income

Source 3 Reference 20.
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Schmidt (6 ).--The number of trips to the CBD will depend on many factors.

Some of these are the population of the city and its metrOpolitan area,

how the pepulation is distributed at varying distances from the CBD,

workers in the CBD, car ownership, availability of public transit,

goods and services offered and competition from other areas.

Wynn (21).--An estimate of the internal auto driver trips generated by

the CBD can be. obtained from the use of three charts presented by Wyrm.

One must know the pepulation of the metrOpolitan area, the car ownership

and pOpulation of the zone, and the distance from the CBD. The charts,

noted here as Figures 8, 9 and 10 are used in sequence to provide an

estimate of trips per day. Given a zone i, at a Specified distance

from the CBD and located in a metrOpolitan area of some population

value, Figure 8 will give an estimate of the trips generated. Figure 9

uses the distance value and car ownership to provide a second value

which is added to the first. Figure 10 relates the percentage of the

metropolitan area pepulation within designated radius distances of the

CED to trips generated. This value is subtracted from the sum of the

PreVious two in order to establish the number of trips per car per day

generated by the CBD.

Wynn reconnnends that zones be chosen of equal size or population

and the population and car ownership be carefully determined. The

centroid of the population distribution is established for each zone

and the shortest distance between that centroid and the center of the

CED determined, as measured along existing streets. The papulation

Vehicle ratio and pepulation compactness for each zone is determined

before the curves are used to make the estimate.
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0.4
miles

7.0 miles

miles
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Figure 8. Auto driver trips generated by the CBD.

Measure of city size for urban areas,

50,000 to 600,000 population.

Source: Reference 21
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Hall (lh).--Listed below are the factors deve10ped for weekday origins

in San Diego. These are expressed as origins per net acre.

1. Commercial (Factor to be applied to the commercial acreage

in excess of one per cent of the gross usable land)

a. Mature trend areas and strip deveIOpment - 215 origins

b. Community and regional sh0pping centers - 275 origins

a. Central core - 700 origins

b. Professional district - 550 origins

0. Mixed commercial district - 250 origins

d. Industrial areas - 180 origins

e. Bay front district - 150 origins

f. Apartment district - 200 origins

g. Schools - 60 origins

Harper and Edwards (22).--This report was an attempt to correlate the

generation of person trips with the amount of various floor areas

present within a GED. Three broad categories of floor area usage was

adOpted and coded X1 - Retail floor area, X2 - Service floor area, and

X3 - Manufacturing-Warehouse floor area, and each is expressed in 1000

square feet of space in use. Similar equations were evolved for Detroit,

Philadelphia and Baltimore and the authors feel that these equations

could be valid estimates of one true equation which would work for all

Cities, but no effort was made to predict this equation. The equation

for Detroit will be the only one shownlhere:

1' (the person destinations) = 13.918 x1 + 4.613 x? + 1.717 x3 -. 2280

S or w k Tr Ge e '0 .--Studies have shown that from thirty

t° fifty per cent of all daily trips, are made to and from work. Couple

this llPith the fact that these trips are usually made during the periods

°f Peak flow, one then realizes the importance of work trips to urban

 

 





travel. A more thorough understanding of work trip movements can do

much to improve the techniques of urban planning (23). A later section

will discuss the factors through which a work area attracts trips. In

contrast to this, a few articles will be presented, which deal with

the industrial area as a trip generator.

lfinu1(21).-4Work trips were segregated from trips made for other

purposes because work trips were more completely reported in the home

interviews than other trips. Analysis of studies made, showed that the

labor force made up about forty per cent of the residents of each zone

and this was distributed throughout most of the area prOportionally to

the population distribution. wynn, then proposed that if the same

preportion of the labor force in each city can be expected to work

each day, then it seems logical that work trips would be made in direct

proportion to the population. The results of his investigation on

twenty cities are shown in Figure 11.

Hall (14).--The following factors are used for develOping weekday

origins for industrial areas. The values are expressed as origins per

net acre .

1. Aircraft

a. Without parking - 180

b. With some parking - 110

c. Parking provided - 60

Modern industrial parks - 65

Research parks - 35

Distributional industrial area - 85

Bay front and shipbuilding - 25

Large warehousing - 50

Open storage and materials plants - 10\
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Figure 11. The relationship between total work

trips and urban area population.

Source: Reference 21
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2+1

lapin (21+, 25).--The importance of work trips to the overall urban

travel pattern is noted because of the relative volume of work trips

and their possible use as a basis in predicting total urban trip

generation. Lapin points out that work trips are more completely

measurable. If a multiplier could be found to predict total patterns

from work trips, tremendous cost savings could be realized in data

collection.

Regular patterns were found for the proportional distributions

by mileage or time rings of residence origins of workers about employ-

ment centers. The longer the distance from an employment center, the

smaller the number of workers that will commute to it. This commuting

pattern is also dependent upon the size (number of workers) of the

employment zone. Measurable characteristics of the origin zone

(pepulation density and distance from the CBD) are related to the work-

trip distribution pattern.

Lapin presents a work-trip analysis model of the future and

describes the procedure in the following steps (25):

1. Prepare origin and terminal trip-end data for each area

unit, based upon current information.

2. DevelOp inter-relationships of area units through gravity

formulations, utilizing varying constants, weights for

individuals, and varying exponents for systems of trips,

location of area units, etc. Where functions are excess-

ively complex, apply graphical solutions.

3. Modify trip-end and trip-exchange data in terms of inde-

pendent forecast measures.

4. Test work-trip production and interchange findings by

means of graphical distribution analysis.

5. Test total trip-production and distribution findings by

means of derived relationships between work-trip systems

and other systems of travel.

Lapin suggests that graphical analysis can lead the way toward

generalization in algebraic formulation. Where a consistency of pattern
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1+2

is indicated, and where a lOgical basis exists for selection of a parti-

cular type of equation, then further and more detailed study is probably

warranted.

Trip Purpose

It should be apparent from the literature review so far that

travel patterns within a particular urban area vary. One of the basic

reasons for these variations is trip purpose. Because of this variation,

tri 'bution models. which are presented in the following section,

generally are solved for a Specific trip purpose. Each model uses a

distinct set of parameters which reduces the variability. F‘orthemore,

trip purposes can be associated with a particular land use and the

present trend of forecasting future trip origins is predicted upon

future land uses. It seems essential that a search be made to

establish patterns of trip purpose from O and D data.

A most comprehensive analysis was made by the Bureau of Public

Roads and was reported by Curran and Stegmaier (26). Their report is

sIllnmatrized in the following figure and tables with some additional data

included by this writer. Table 3 shows the percentage of person trips

from all origins to Specific trip purposes. The number of person

trips from home only by trip purpose is given in Table 4 (55). Figure

12 Shows the varying percentages of person trips from each origin to

each destination according to purpose. Percentage values within the

Chart represent the individual per cent of all trips.
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Table 3. Percentage of person trips from all origins

classified according to purpose

0 and D

Study

4 Cities*

Papulation over

1,000,000

6 Cities*

Population

500,000-l,000,000

3 Cities*

Pepulation

250 , 000-500 , 000

20 Cities“

P0pulation

150, 000-250 , 000

112 Cities*

100 , 000-150 , 000

5 Cities*

Ekzpulation,less

than 50, 000

111:1 50 Cities*

.Aanerage of 6

gfifloups above

Chicago Area Trans-

Iflzrtation Study

(1956)

Detroit MetrOpoli-

taui Transportation

Study (1953)

Sources: Reference

Reference

Reference

Work &

Business

28.9

28.9

28.4

25.4

26.5

24.0

27.9

30.8

28.6

26*

17

Social &

Recreation

10.?

10.9

13.8

14.3

14.8

17.5

12.0

12.8

12.1

ShOpping

6.3

708

8.0

8.9

7.9

8.8

7.5

5.5

8.2

Miscel-

laneous

14.5

9.5

10.4

11.3

10.2

11.9

11.8

7.4

Home

39.6

42.9

39.4

40.1

40.6

3708

40.8

43.5

39.5
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Tripfttraftionfiam Distribution

 

It seems feasible from the preceeding sections that, given the

amount and location of future land uses and p0pu1ation, the number of

trips generated in each area can be calculated. These generation rates

would come from an analysis of many past origin and destination surveys

which contained inventories of trips and of land uses. It also seems

possible that future trips can be classified according to purpose, time

of travel and mode of travel. 50 that given the trips generated in an

area and knowing their division by purpose, one needs only to know how

these various trips are attracted to available destinations in order to

be able to draw a desired line flow for an urban area. The following

sections will be a brief presentation of the methods used or prOpOSed

to date.

ngwity M0de1.--A discussion of the early attempts to develop travel

.ftumuflas was reviewed by Schmidt (6). The earliest reference to

Pkmwton's law of gravitation for traffic attraction was in a paper

Published in 1930 by a Swedish investigator, H. N. Pallin. The refer-

ences that follow show modifications made to the general formula by

Pallin; his equation can be stated:

Where:

V is the number of trips (persons or vehicles)

P1 is the population (or vehicles registered) of area 1

P2 is the same for area 2.

D is the distance between areas 1 and 2.
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x is some power of D, usually 2.

K is a constant sed to adjust the variation in dimension

Variations of this basic equation, which do not warrant greater

amplification,will be stated briefly here. Schmidt (6) discusses a

formula deve10ped by w. R. Bellis for computing inter-area traffic

volume in the state of New Jersey.

 

Where:

V is the volume of traffic from area 1 to area 2

R1 is the number of motor vehicles registered in area 1.

f2 is the force of attraction which area 2 exerts on area 1.

T is the total elapsed time to travel from area 1 to area 2.

A modification of the gravity model was used by Willa Mylroie

(27?) to evaluate intercity travel desire. Her formula for the inter-

Citar travel desire factor (F) is shown below using previously defined

tsrnus.

P ° P

F=_.l__2__2

D

These equations are sometimes referred to as the P/D relationship.

A-OCXnIxrehensive discussion of the relationship of traffic to pOpulation

and distance can be found in the article by Ikle (12). The effect of

Populxaizion.size upon the frequency of trips can be best shown with a

50918-1 or visit trip between zones. Ikle reasons that since such a

trip inVOIVes a person from a zone who visits a person in another zone,

that the greater the number of possible pairs , the more likely or
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frequent the trip. The number of possible pairs between zones of

populations P1 and P2 is the product Pl times P2. He explains the

distance effect as the greater the distance, the greater the cost and

time of traveling; the greater the distance. the less likely is an

actual relationship, between a potential pair of people, that might

lead to a trip. This type of equation, which relates pOpulation ard

distance, can be expressed as:

P. - P.

._ . _1____.1

3'13 K Dij

Where: K is a constant used to adjust the different dimensions.

The leaders in pr0posing this hypothesis were John Q. Stewart

(28) and George K. Zipf (29). They applied this formulation to tele-

phone calls, letters, and bank checks as well as traffic. Inherent in

their logic was the fact that the distance factor could not assume any

other but the inverse linear function. Ikle's work led to a reformulation

of the hypothesis with distance expressed to an exponent b.

P. . P.

= K o L—I-I—‘l

1.] D b

iJ'

Voorhees (30, 31, 32. 33).--Strongest advocate of the gravity model is

Voorhees, as evidenced by his mamr articles on the subject. His model

Shows that trip destinations reflect a competition between existing

land uses which is dependent upon the attraction of the zone and the

travel time to it. His basic equation is:

X

T . .-_- Ti El / (Dij) __

1'3 J . X

§ (hj / (Dij) )
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Where :

Tij is number of trips from zone 1 to zone j.

T1 is number of trips from zone i

M. is some measure which reflects the attraction of zone U

for certain type trips

Dij is the travel time from zone i to zone j.

x is the empirically determined exponent

In Table 5, which follows, Voorhees (30) lists his early concepts

of attraction units and exponents for various purposes.

The gravity model can be applied as a single model for all trips

or separate models can be deve10ped for each trip purpose. In applying

the model to peak hour patterns, Voorhees (31) used a trip purpose

model. By knowing the percentage of trips made for each purpose that

occur during the peak hour, one can establish peak flows through the

use of separate models. An analysis of work trip patterns based on a

Sample of O and D data showed close agreement on the empirically

established x values. The values determined by method of least

squares are: Baltimore (1946) - 0.647, Wichita (1955) - 0.680, South

Bend (1947) - 0.703, Oklahoma City (1948) - 0.745, Fort Wayne (1946) -

0-865 and Philadelphia (1947) - 0.805. This range in exponent values

w01111:). have less than a ten per cent variation in trip estimates.

Voorhees feels that the correlation between cities is significant.

A more recent application of the gravity model is also reported

by Voorhees (32). In arriving at trip frequencies for Baltimore, it

was found that commercial and social trips were a function of car

Ownership. For every 1,000 cars garaged in a residential area, there

would be 900 commercial and 700 social auto trips originated in that area.

 





Table 5. The apparent factors affecting the destinations of

trips starting from a residential area

Unit to express Effect of

Purpose of Trip "size of attractor" "distance factor”

_1_

Work No. of workers employed D‘2

Social Dwelling units D3

Sheppina 3

Convenience Goods Floor area in foods 8: drugs D

Shapping Goods Floor area in apparel D2

Business (1) (1)

Recreational (l) (1)

Other (1) (l)

(1) In light of existing research it is recommended that

I these trips be considered as shOpping goods trips.

Source: Reference 30

W

W

Work trips were related to employment rather than car ownership. The

total number of employed persons in each work area was used as an

indication of the attractor size for work trips. For commercial trips,

the retail employment for each zone was used. The number of pe0ple

living in each area was chosen to indicate the attractor size for

3001811 trips. The influence of travel time on trips for various

Pm‘POSes is shown as a series of factors given in Table 6.

h
'r

'
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Table 6. Effect of travel time on frequency of travel

Travel Time Relative Frequency of Trips by Type

in Minutes Work Social Commercial Non-Home-Based

2 4.00 5.00 8.0 8.0

3 2.86 3.33 7.0 7.0

4 2.28 2.50 6.0 6.0

5 1.90 2.00 4.0 4.0

6 1.60 1.62 2.7 2.7

7 1.40 1.42 2.0 2.0 ..

8 1.21 1.25 1.5 1.5 g

9 1.11 1.11 1.2 1.2 I»

10 1.00 1.00 1.0 1.0

11 0.93 .91 .80 .80 i

12 .85 .83 .6: .68 2;

13 030 077 o 57 O 57 in!

14 .75 .71 .50 .44 T

15 .70 .67 .44 .40

16 .66 .62 .40 .35

17 .62 .59 .35 . 2

18 .59 .55 .32 .28

19 o 56 0 :)~ 0 28 o 25

20 .53 .50 .25 .22

21 .50 .46 .23 .19

22 .47 .43 .21 .16

23 .44 .40 .20 .13

24 .41 .37 .18 .10

25 .39 .34 .16 .08

26 .36 .32 .15 .06

2 .33 .30 .14 .04

28 .31 .28 .13 .02

29 .27 .26 .12 .01

30 .25 .25 .11 -

31 .23 .23 .10 -

32 .21 .21 .10 -

33 .19 .19 .09 -

34 .18 .18 .08 .-

35 .17 .17 .08 -

36 .16 .16 .07 .-

37 .15 .15 .07 —

38 .14 .14 .07 —

39 .13 .13 .07 -

40 .12 .12 .07 -

41 .11 .11 .07 -

“2 .10 .10 .06 -

43 .09 .09 .06 -

“4 .08 .08 .06

45 .07 .07 .05 —

:6 .06 .06 .05 -

a; .05 .05 .04

.05 .05 .04
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Effect of travel time on frequency of travel (continued)

Travel Time Relative Frequency of Trips by Type

in Minutes Work Social Commercial Non-Home-Based

49 .04 .04 .04 _

50 .04 .04 .03 -

51 .03 .03 .03 -

52 .03 .03 .03 _

53 .02 .02 .02 -

.02 .02 .02 -

55 .02 .02 .02 _

56 - 6O .01 .01 .Ol -

Source: Reference 32

 

Since car ownership is very important to the prediction of trips

.for'this formulation, it was essential that a method be selected to

.forewast car ownership. The method selected was based on a study by

the Bureau of Public Roads. This study showed that the type of resi-

dewrtial area and the income of the household influenced the number of

Carma per household. It also showed an increase in car ownership up to

inccnne levels of $8,000 to $10,000 per year but then leveled off beyond

this range. Therefore, there was a ceiling for car ownership for

Varixmus types of residential areas. The ceilings for car ownership

are shown in Table 7.

In his latest writings on this subject, Voorhees (33) has

rWised the estimate of trip production from what was noted earlier.

Helficmi estimates that for each 1,000 cars in a residential area there

Will 1M3 about 1,600 commercial trips. The number of trips for a

Specif1c purpose, except work trips, increases directly with car

Wnership_ Work trips reach a ceiling at approximately 400 cars per

1.
00° Persons due to the limitation in the size of the labor force.

“
N
B
W
W
H
f
M
M
Q
Z
W
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Table 7. Projected car ownership per household

Baltimore: 1980

 

Residence Type Autos per Household

Single Family

new area 1.6

old area 1.0

Two Family

new area 1.2

old area 0.9

Ron'House

good transit and poor parking 0.4

good transit and good parking 0.6

poor transit and good parking 1.0

High Rise

good transit and poor parking 0.2

good transit and good parking 0.4

poor transit and good parking 0.6

Source: Reference 32
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Best use of the gravity model can be made when trip models are

Separated by purpose. In the Baltimore and Hartford studies, four trip

purposes were used: (1) home-based work trips,

(3) home-based social trips, (4) non-home based

(2) home-based

commercial trips ,

trips. In both studies, the value Mj from the gravity model was

expressed in terms of employment in dealing with work trips and

commercial trips; p0pulation was used for social trips and for non-home

based trips: a factor that equals the population plus twenty-five tins-s

the retail employment for the zone.

The gravity model was used in seven cities in Iowa. The trips

were divided by purpose as follows: (1) home-based work trips,

(2) other home-based trips, (3) non-home based trips. The Ivlj value

used for the other home-based trips equaled the pOpulation plus

twenty-five times the retail employment plus employment for each zone.

The value for non-home-based trips is computed in the same way.

Friction Ractlugthog (34, 35).--The friction factor method was

deve10ped by W. B. Calland (34), in process of forecasting future traffic

volumes for San Diego. After carefully examining all the known methods,

they decided to use a model based on the gravitational principle, where

the attraction of the zones could be related to the trips generated

' and m'Ddified by the "friction" incurred in traveling. This theory can

be Sta-ted in equation form as:
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Where:

Tij is the volume of trips from zone i to zone 3

Ti is the trip origins in zone i

T3 is the trip origins in zone 3

fij is the factor which denotes relative friction in

traveling from zone i to zone 3'

The problem was to predict the values for fij for each possible

zonal interchange. Preliminary investigation revealed that it would

has necessary to separate the trip with respect to the CBD, cordon

Iljaae and other areas. The cordon line is a hypothetical line which

delimits the metrOpolitan area. Trips were divided into the following

categories:

1. Trips with either origin or destination outside the cordon

2. Trips with both origin and destination within the CBD

3. Trips with either origin or destination within the CED

4. Other interzonal trips

The friction factors f for each category were calculated from

data; available from a 1952-1953 0 and D survey. These values were

fourxi by using the equation:

T. . T.

f..=w

13
T.

13

The friction values were then plotted against a distance value

far eflaxzh of the above categories. This method requires a separation of

tr198 into the various categories before future trip movements can be

comP‘11iexi. The curve for other interzonal trips (category four) can be

m
a
?

1

1
"
!
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e
-
w
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Stated mathematically as f = K - d ”1'43 where k is a correction

factor. In the use of any gravity type model, one generally finds

first an unbalance between the total trips originating in a zone and

the sum of all the distributed trips from that zone. The unbalance is

corrected by using the ratio of these two values and is called K.

The friction factor curves deve10ped for San Diego were tested

in Sacramento by D. A. Merchant (35). Following a similar procedure,

Merchant found variations in the curves and by comparison: f =

K o d “0'72 . Unlike the San Diego study. friction factor curves

were obtained for only the interzonal trips and trips from the CBD to

all other zones. A second set of these curves were obtained using a

mCDdii‘ied approach. In this approach the trip generation volumes for

T1 and T3 included all trips regardless of whether they had a destina-

tion outside of the cordon. Merchant feels that the modified approach

is much sinpler and more accurate. He also states that the curves

Obtained in San Diego are not applicable to Sacramento.

BPR Model.--A discussion of this model is presented by Lynch (36). In

d-I-'LS<:uss.’|.ng past and present 0 and D studies. lynch points out the

uniqueness of the Chicago study. This study was the first to make a

detailed classification of land uses at trip ends. The collection of

this information serves two important purposes. First, it is important

tom ,Sietermine, the number of trips attracted to each type of land use and

t0 relate the trips to some measurable parameters such as pepulation,

an:1-3'3mobile ownership, employment, dollar sales or area. Secondly, the

effeczt of distance or travel time on trip interchange for various pur-

P0333 can be studied. These are the factors which are important to
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am interarea travel formula such as the gravity model. he formula

used by the Bureau of Public Roads in evaluating the data collected for

the Washington Survey is shown as follows:

‘33. A1 K. . = + T. -— —-Tm (Tim Jung)

1:1

in which:

Tij is the number of primary trips between zones i and j,

that is trips with one end at home

T. is number of primary trips produced in zone i by resi-

dents of zone i

T. is number of primary trips produced in zone 3 by

residents of zone j

A is number of primary trips attracted to zone i by non-

residents plus intrazone trips by the residents

A. is number of primary trips attracted to zone 3 by non-

residents plus intrazone trips by the residents

Z A is the number of primary trips attracted to all zones

Dij is the travel time distance between zones i and j.

K is a constant

x is the empirical exponent

Before the equation can be applied, values of K and 1: must

be established for each purpose by utilizing existing 0 and D data.

AS in other modifications of the gravity model, it can be expected that

the volume of trips attracted to and from each zone will differ. This

unbalance of trips will then be neutralized by some method such as the

311<3<.‘.essive approximation method.
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Electrostatic Bfééi' --The only writing on this type of model has been
 

done by Robert T. Howe (37, 38, 39). In his theory, he considers

people as electrons, so that a residential zone is assumed to be a

dd_stribution of negative charges. Employment zones are represented as

IK>sitive charges. The probability of movement between these two zones

is; predicted on the basis of electrostatic field theory.

Preliminary application of this theory has been made in the area

oi? work trip prediction. Although the model shown below seems quite

SiJnilar to the gravity models presented previously, Howe emphasizes that

hiss model was arrived at theoretically by assuming that the movement of

Ifiecrple can be represented by that of electrons in a field of positive

0 harges. The equation can be stated:

.31 .P,
R.. 1

AL— (1 = l, 2, --. n)

i J ft Qi

j=1 Ria-

<
1

II

V is defined as the probability of directional movement

i .‘i

from i to j.

Pi is the number of workers living in zone i

Qj is the number of jobs available at center j

{13 is the straightline distance from i to j if the

field contains no physical bariers. Where such barriers

exist, R. would have to be the straight line distance

from i to the point of passage across the barrierl

plus that from the point of passage to j.



Similar to the gravity model, this model does not take into

:account the total number of workers at each employment zone and there-

.ft>re, usually overassigns or underassigns workers to the various job

centers. A balanced assignment can be achieved through the use of the

cc>rrection equations noted below.

Corrections in this computation are based on the following

equations:

Step a. Multiply first assignment by the appropriate

correction factor C. for

 

j = l, 2, ----. m

Step b.

C. = Q3

3 f VP. Q.

i=1 1 3

Step c. Multiply the second assignment by the apprOpriate

correction factor Ci for i = l, 2, ---- n

Step d.

C  a P1
1

i=1

Step e. Repeat steps a through d for each successive

assignment.

HOWe applied this model to Lafayette, Indiana and Cincinnati, Ohio,

with only limited success in Lafayette. At the time of the latest

I'eport, the test of the theory on Cincinnati was not completed.
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_ @teractwce Model.--The scope of the paper by Wynn and Linder (#0) is
 
 

limited to the discussion of current travel patterns for three metrOpoli-

tam areas. These travel patterns were deve10ped by the use of inter-

ac tance formulas derived from existing 0 and D data.

An analysis of the O and D data showed that 80 to 90 per cent of

all person-trips reported in home interviews either begin or end at

home. Trips in this study have been reclassified by purpose, according

to the purpose at the non-home terminus. Work trips were defined as

those trips between work and home. Trips between home and personal

business, medical-dental, shopping and eat-meal purposes are grouped as

commercial trips. Social trips and school trips are as usually defined.

Trips between work and commercial generators, with neither terminus at

home, are classified as miscellaneous trips.

Several advantages are gained by analyzing and projecting person

trips separately for each of these basic purposes. It is obvious that

trip production for each purpose will be related to different land use

Variables, thereby greatly systematizing the procedure of estimating

trip ends. Of even greater significance, however, is the distinct

difference in distribution patterns for each of the various purpose

categories. For example, work trips are longer than trips for the

Other purposes.

The most significant factors related to trip generation were

mediam family income, vehicle ownership. p0pulation density and relative

dec’entralization. DeSpite the variability observed between populations

of different characteristics in certain trip categories, such as social

and school trips, they felt that consideration of the four variables
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in conjunction with each other tends to give a balanced picture of the

factors influencing trip production by residents. Trip production at

non-home termini showed even greater variability.

The problem resolves itself into determining exactly what

proportion of the trips (for each purpose) originating in Zone A shall

have destination in each of the other zones.

In order to estimate the number of shOpping trips made by Zone A

residents to the retail outlets in Zone B, consideration must be given

to:

1. Total number of home-based shopping trips made by residents

of Zone A.

2. Total number of trips made for shopping purposes to Zone B

by residents of all zones.

3. Total number of shOpping trips made to all other zones.

4. Travel time between Zones A and B.

The interactance formulas were derived from data collected in

0 and D studies for Charlotte, North Carolina (41), St. Louis (42), and

Kansas City (43). Population statistics and trip length studies were

used to develop a series of curves relating the average off-peak

driving time and the relative number of trip attractions to travel

desires for each purpose between zones. Although the lepes of the

curves for each purpose varied considerably, they all showed an inverse

relationship between trip production and travel time. Work trips had

the slowest rate of decrease as driving time increased. Social trips

temed to be somewhat longer and not so sensitive to increased travel

time. Commercial and miscellaneous trips decreased quite rapidly,

a:L‘l’ohough not as rapidly as school trips.
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The interactance curves presented are those established for

Kansas City (43). Figure 13 represents the relative attraction of jobs

at different distances from a zone as trip rates. The curve for each

ring was separated from the others by raising or lowering the curve.

Therefore, the actual values obtained from the curve must be adjusted in

Order to be meaningful. This is done by taking a residential zone at

some Specific ring and using the travel times to each employment zone,

in order to establish the relative values of work trips from the curve.

The actual number of work trips generated in the zone (the control total)

is divided by the sum of the relative estimates from the curves and this

Provides a correction factor. The correction factor is applied to

each curve estimate to give the number of work interchanges. Work trips

are also distributed by the curve in Figure 11+ as trips to and from

employment zones. Two separate estimates are provided for work trips

between amr two zones. Since it is unlikely that the computed averages

"13.1 balance, an iteration procedure must be used. Figures 15 and 16

are shown for distributing commercial trips. Social trips, school trips

and miscellaneous trips are distributed in accordance with Figures 17,

18 . 19, 20 and 21. This method establishes travel characteristics from

cPvurrent 0 and D data and then applies these to future land use estimates

in order to synthesize future travel patterns.

WModel. --This model was deve10ped in the Chicago study for

predicting travel between zones. The basic premise for this model is

that: a trip has a tendency to remain as short as possible, subject to

the probability of finding an acceptable destination. The probability

or any Specific trip origin stopping at any randomly chosen destination
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(Trips to and from Home-All Modes-All Rings)

Source: Reference )3
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Source: Reference 1:3



W
e
r
k
T
r
i
p
s
p
e
r

1
,
0
0
0

J
o
b
s

i
n
Z
o
n
e

p
e
r

1
,
0
0
0
L
a
b
o
r

F
b
r
c
e

a
t

3
M
i
n
.

I
n
t
e
r
v
a
l
s

lC)0.0

BCL

6C1

4C1

2(1

67
 

  

 

%
—
0
—
.
—
—

A
»
—
<

>
—
-
—
—
—
—
1
)
—
-
—

 

 

 

 

  
 

 

 

 
 

 

 

 

 

 

\
\
        \\   

l2 30 36

Driving Time Between Zones (Minutes)

Figure 17.

‘42

/

Distribution of‘flbrk Trips Between Zones

(Trips to and from Employment-All Modes)

Source: Reference h3

‘48



68
 

l00.0

80.0

80.0

 

 

 

 

40.0

  20.0 7
/

  l0.0 X

 

 

/
/

A I A /

 

:
“
o

 
2.0

 

 

 

           C
o
m
m
e
r
c
i
a
l
T
r
i
p
s
p
e
r
M
i
l
l
i
o
n
D
o
l
l
a
r
s
R
e
t
a
i
l

S
a
l
e
s
p
e
r
1
,
0
0
0

P
O
p
u
l
a
t
i
o
n

 

0.8

0.4 \

0.2

o ,

o e :2 us 24 so so 42 48

Driving Time Between Zones (Minutes)

Figure 18. Distribution of Commercial Trips Between Zones

(Trips to and from Commercial Purposes-All Modes)

Source: Reference 1:3



S
o
c
i
a
l

T
r
i
p
s
p
e
r

1
,
0
0
0

S
o
c
i
a
l

T
r
i
p
s

p
e
r

1
,
0
0
0

P
a
p
u
l
a
t
i
o
n

l00.0

80.0

80.0

40.0

20.0

l0.0

8.0

8.0

4.0

2.0

l.0

0.8

0.8

0.4

69
 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

0.2

\ 
          

6 l2 '8 24 3O 36 42 48

Driving Time Between Zones (Minutes)

Figure 19. Distribution of Social Trips Between Zones

( Trips to and from Social Purposes-All Modes)

Source: Reference 10



S
c
h
o
o
l

T
r
i
p
s

p
e
r

1
,
0
0
0

S
c
h
o
o
l

T
r
i
p
s

p
e
r

1
,
0
0
0

P
o
p
u
l
a
t
i
o
n

4') .

(
D

l
’

0
)

7O
  

  
 

 
 

 

 

    
 

  
 

 
 

 

 

 

   
 

 

   
 

 
 

         
 

C 0‘ .f
.

r: P‘ —— ---—~—.e._.._..- __ I
‘1'”, g ---—--—-4 T

i l
O O L“'—" 7‘ * I i

j 7 l

I I .‘* r“—__h.-'%-h_fi_—‘n4

i l
!

i

!

I

+—-~—-t_~_——~+aa—«-—-

I k
4.0 i

i l \

\ l

2.0 r"—- i L

\ [

|.O ? \

i

a T.
.e r-———+———-——~._4L_ \

0.4 t-m \

“\

0.2-F-—-

O l

O 6 12 18 24 3O 36 42 48

Driving Time Between Zones (Minutes)

Figure 20, Distribution of School Trips Between Zones

(Trips to and from School-All Modes)

Source: Reference h3



M
i
s
c
e
l
l
a
n
e
o
u
s

T
r
i
p
s

p
e
r

1
p
e
r

c
e
n
t

(
R
e
t
a
i
l

S
a
l
e
s

+
E
m
p
l
o
y
m
e
n
t
)

 

  

 

 

 

  

 
 

 
  

 

  
 
   

 

 

 

 

 

  
         

i , i

2 C ;"“ '0 ~ i- 1
N l

I
I

i I j g

i ‘ I
I.Oj»-— a a; \ l

as l- e — ' \

0.6 r~ L

l

0.4 s
\

o. 2 e-~—~«—----L-—_.. \

a \
l

I
N\\\

O r 1
J

O 6 l2 IS 24 50 36 42 48

Driving Time Between Zones (Minutes)

Figure 21. Miscellaneous Trips by Internal

Residents—All Modes

(Trip Rate vs. Auto Driving Time)

Source: Reference h3



\
3

m

Spot is designated as L. The chance that this trip will get to this

Specific destination point is dependent on the number of available like

destinations (Opportunities) encountered sooner. The probability of

getting to this destination can be expressed as (1 - L)v where V is

the number of Opportunities closer. The probability of stopping at

this Specific destination then becomes L (l-L)V. A complete derivation

of the equation can be found in Carroll (16) and Schneider (44). The

final form of the mathematical formula is:

s

v,, = XV. (S) [e -L(S) V(s) __ e 'L(s)(v(s) + v3(5)]

13 l 1

Where:

vij is trips from zone i to j.

is is trip origins in zone 1 for sub-population 5.

V8 is all destinations closer in time to zone i than

zone 3' for sub-pOpulafions s.

L is the probability per destination of the acceptability

of destination at the zone under consideration.

(LS is a constant for the sub-pepulathml s.)

In order to use the above equation, it is necessary to order all

possible destinations by travel time from the zone and secondly, to

establish values of L. .It was found that a single L value would not

suffice and that a stratification of trips was necessary. Short trips

with the higher L 'values were grouped for a Single L value. Longer

trips, which had lower L values were then subdivided further into

groups of long residential trips and long non-residential trips. Within

these sub-populations, a constant value for L could be determined.
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In discussing this model, Schneider (1+5), notes that it shares

two flaws with the gravity model: there is usually an unbalanced

number of trips to a zone in comparison to the number generated, and the

problem of establishing preper L values for future prediction has

been difficult.

This same model is being used presently in the Pittsburgh study.

Witheford (1+6), makes a limited comparison of the Opportunity model

with the gravity model. He concludes that the Opportunity model is

much better at describing trip characteristic ard at simulating the

distribution of trips. In contrast to the techniques used in Chicago

for forecasting future trip distribution, Witheford (1+7 ), notes that

Pittsburgh was at that time using the same value of L for present and

future trips.

Litmar Programming l-Iethod.--I..inear programming is a mathematical

X

 

 

technique which maximizes or minimizes the linear functions of varying

Parameters, subject to certain constraints. The use of linear pro-

Era-fining for traffic problems has been limited to date. The potential

01' this technique is recognized. A paper by w. R. Blunden (148).

describes the procedure briefly and discusses some possible applications

in the field of tranSportation and traffic problems. For a more complete

discussion of the solution procedures, the readers are directed to the

"Wk 01‘ Charnes (’49). Linear prOgramming was used by E. L. Killin (50)

f°r estimating the traffic flow into a highway interchame. Using a

some radius area, an estimate of the four approach volumes was

found. Volumes were established from the use of such factors as

population and distance. A constraint was established from the fact
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that the volume of the traffic approaching and leaving the interchange

in any direction must be equal to the sum of the traffic movement

volumes on the interchange serving this approach.

The use of linear prOgramming, which is of most interest here,

is reported by Bevis (51). The research which was conducted by the

Chicago Area TranSportation Study, indicate that a combination of the

gravity model and a linear programming technique provides a sound basis

for forecasting. In the Chicago model, the following constraints were

used:

1. M c
f

[
.
4

l
l

M
4
.

6
'

P
'

(
.
1
.

l 13

3. tij a: 0

Where:

ti is the trips originating in zone i

tj is the trips originating in zone j

tij is the interchange of trips between zones 1 and j.

The capacity measure, which is the upper limit of interchange

between two zones, was found first by calculating a potential constant

and multiplying this by the ratio of average intrazonal travel friction

for the two zones and the travel friction between zones. To establish

the value of the potential constant, it was necessary to establish

values empirically for x, an eXponent, and C, a constant.

3

Ti_i = C(Zti - ‘1; t.. )x
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Where:

*
9

is number of intrazonal trips for zone i.
1-i

ti is number of trips originating at zone i.

r
a
f
fl
e
»

F
J
P
4
P
°

tij is number of trips attracted to zone i.

From empirical data, values are established for C and x from the

P. . fl ( z t I ) ( Z t )

Where: P13. is the potential constant for trips between zones

i and j.

Thus:

F. +'F

= .2;.__J. F..

Lij Pi: 2 / 13

Where:

Lij is the upper bound of any zonal interchange between

zones 1 and j.

F. is the travel friction for zone i measured as a

straight-line distance

F3 is the travel friction for zone 3 measured as a

straight-line distance

F1.]. is the travel friction between zones 1 and j

measured as a straight-line distance.

For this model, trips were divided into residential and non-

residential trips. The equations used for predicting the potential

°°nStants are:
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i

For residential: Pi = 0.108 (2: ti) 0'753

l

i 0. 524
For non-residential: Pi = 0.1144 (2 ti) ,

1

To determine the potential constant for residential to residential

movements, the reSpective potentials are multiplied tOgether. A

similar procedure is followed for the non-residential linkage potentials.

Multiplying the residential and non-residential potentials by 3.11 will

provide a residential to nonpresidential potential. This model, when

checked on a sample of zone to zone movement, had a correlation value

of 0.89 as compared with a gravity model of only 0.78. Bevis (51)

states that the tests reveal that this model provides a satisfactory

and reliable procedure for forecasting traffic.

The~hEitipleflgegression‘hethod:-—The research for the deve10pment of

this method was done at the California Division of Highways under

the supervision of Sam Osofsky (52). This type of solution became

possible with the availability of a medium size computer and personnel

trained in the necessary mathematics and statistics.

A fundamental assumption of this method, as well as others, is

that the parameters which establish travel variations today will remain

valid for future trips. Osofsky presented several corollaries based upon

the travel patterns of present traffic.

1. Trips will increase prOportionately to the pepulation of the

zone and will decrease as distances between zones increase.

2. Trip volumes between zones will have the following relation-

ships when other parameters are held constant:

a. Trips increase proportionately to car ownership (See

Figure 22)

b. Trips increase as the number of employed persons increases

(See Figure 23)
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c. Trips increase in accordance with an increase in

commercial acreage. (See Figure 24)

3. Selection of best parameters for use depends on:

a. Can it be measured or estimated now and for the future.

b. Will it consistently reduce errors of estimation.

c. Will the factors used establish a design year estimate

of trip volumes that is both reasonable and acceptable.

These factors were used to establish the feasibility of the regression

method. The steps involved in his multiple regression method are:

a. Select an equation form determined from experience and

theory. Using trip interchange and independent variable

values from the survey data, obtain a set of coefficients

relating a specific single zone to all zones. including

itself. Repeat this process treating each zone as a Specific

zone. A different set of coefficients (a1, a2, a3, a4, and

a0) for each zone and each cordon station is determined.

b. Estimate the theoretical trips at the survey period by

using the coefficients and the independent variable values

of Step a. Then analyze the differences between theoretical

and survey trips. Step a will be repeated if the analysis

warrants modification in equation form.

c. Estimate the independent variables at the design year.

d. Use the estimated independent variables at the design year

with the coefficients of Step a to calculate the theoretical

trips at the design year.

In this regression method, a single equation form was used for

all zone and cordon stations. A set of regression coefficients was

calculated for each zone and for each cordon station. For each movement

there were two estimates, which were then averaged. Mr. Osofsky also

noted that a single overall equation was possible with one set of '

regression coefficients for all intra- and inter-zonal movements and

another set for cordon station to zone trips. Applications of this

method in California showed variations in the equation form most appli-

cable to each area. The equation forms are noted below:
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Figure 22. The Relationship of Trips made to

vehicles owned in San Diego,

California

Source: Reference 52
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Figure 23. The Relationship of Trip made to

the number of employed persons in

San Diego, California

Source: Reference 52
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Modesto Equation Form:

.2

Y=A +A1_L__+A __2____+A _.I__+.i,,_£__

° 2 2 2 3 2 “" 2
(1+0) (1+D) (1+D) (1 +D)

San Diego Enuation Form

.-_-A + i-i-A E2 +A VV+A
o A1131.5 2 D1,5 3 4D1.) D

 
  

Vallejo Equation Form:

.1“

a

= PV) +A ———3-EZ +A C +A *1

Y A° “1 (1+9)2 2 (1%))“ 3 (1+9)2 "' (Mug

 

Where the variables are noted by the following symbols:

Y Trips between zones or cordon station and zone

D Straight-line Distance between zones or frOm station

to zone

Population in each zone

Ehployed persons in each zone

Vehicles owned by persons in each zone

Commercial acreage in each zone

Industrial acreage in each zone

t
"

H
O

<
[
1
1

"
U

N

= Land use index of each zone

There are several limitations to multiple regression method that

must be considered. The effect of individual parameters on an equation

form must almost be empirical when the net regression effect of the

factors is not completely developed or understood. Also an equation form

developed for the present data may not adequately predict trip inter-

changes for a design year. With this method it is possible to compute
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negative trip values, which then must be set to zero. Results from the

California research indicate that it is not advisable to use these

estimating equations deve10ped in one area in another area.





SYSTE‘IS THEORY

INTRODUCTION

The pertinent material presented here has been abstracted from

two of the prominent texts in the field, Seshu and Reed (53), and

Koenig and Blackwell (54). For a complete discussion of the details

of the subject, the reader is referred to the above books and their

bibliOgraphies.

"Systems engineering" has moved to the fore as one of the many

new and sophisticated terms of this age. There are those who believe

that it is the same old engineering process with a new title. Others

believe that it is both new and different because of its multi-disciplin-

ary approach and of its emphasis on the system, as Opposed to the

component approach. This difficulty is not aided by the ambiguity of

the word: system. System, on the one hand, is used to mean a collection

of rules for procedure and on the other hand, it can be a collection of

similar or interrelated things. The definition implied in this work for

systems engineering is a combination of both designations. A system is

defined as an orderly arrangement of interrelated elements acting

together to achieve a Specific purpose. Thus, a system must have an

avowed purpose, and must be free of extraneous or mathematicalby

redundant parts and must have the elements or components joined in an

orderly fashion. Systems engineering is the art by which one formulates

a concept of the system by the application of certain principles.

83
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System engineering problems require the use of some type of

mathematical techniques to achieve solutions. Techniques are applied

in accordance with the problem to be solved. Among the techniques

applied to various problems are: 1. game theory, 2. linear programming,

3. queuing theory, 1+. search theory, and 5. linear graph theory.

Although this report refers to the application of systems

engineering techniques, it can be more specifically stated as the

application of linear graph theory to urban traffic forecasting.

OPERATIONAL TECHI-JILJUES

Problems of systems design can be separated into two parts, one

01‘ analysis and the other of synthesis. Analysis is primarily concerned

With the breakdown of systems into components before synthesis can

Progress. Each part or component (hardware) is examined in (order to

establish a mathematical description. Then the components are combined

t° form the system and further analysis made to determine the system

/

equ“Eitl’I—ons. '/

Synthesis is the combining of the components into the system to .

achieve a unique function. Ideas are the food of the synthesis process

and are assumed valid until diSproved by the analysis process. This is

in the area of creativeness since generally there is no unique combina-

tion of parts to give a required system performance. The choice of

compol'itents and their mode of interconnection is made largely on the

basiS of past experience with systems having similar prOporties, but

this experience must not bias the synthesis process. The problem Of

ch .

CDOSILng the right combination of certain types of components which will

0 .

ptin'llze the system, is greatly facilitated by vision, qualitative
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understaniing and past experience. After this selection, there remains

the inevitable problem of finding a suitable set of numerical values for

the component dimensions or parameters and of proof by analysis, that

the preposed system will work. The engineer's ability to explore the

consequences of a systems design resulting from his imagination is only

limited by his familiarity with mathematical analysis techniques. The

use of high speed computers enables the engineer to explore hundreds of

ideas in the time normally required for one.

The crux of synthesis is ideation. Analysis techniques, although

necessary can only Operate within the framework of ideas created in the

Synthesis process. Familiarity with available components (hardware)

and their characteristics, coupled with eXperience, should be helpful in

Stimulating ideas, but there is no assurance that something will result.

Synthesis is then simply a matter of combining facts, principles or

laws uIliquely into a whole idea which will accomplish the results or

S°lVe the systems problem. The technique resolves itself into one of

Synthesis and analysis, with repetitions until an acceptable solution

is found

ANALYSIS B‘f LINEAR GRAPH \/

Although the techniques of linear graph ~theory were developed

primarily in electrical network analysis, during the past several years,

this f11.ndamental discipline of analysis has been applied usefully to

many ELIt‘eas, such as mechanical, hydraulic, and heat-transfer systems.

The main purpose of this thesis is to apply linear graph theory

t
o the problem of urban traffic forecast'm.
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Linear graph theory is an orderly technique for formulating the

mathematical characteristics of a physical system. The steps in the

solution of a physical system by linear graph can be illustrated by

the block diagram of Figure 25.

The discussion which follows is detailed enough to present the

reader with an insight into the techniques; yet brief enough to force

his inquiry into the references previously cited. Because of the ele-

mental nature of the work that follows, discussion will be limited to

SYStems made up of two terminal components. For the computation of the

System characteristics, two steps are necessary, namely:

1. To establish a mathematical model of the relevant physical

characteristics of the system components expressed in terms

of measurements.

2. To establish in mathematical form and in terms of measure-

ments from a knowledge of the component characteristics and

their mode of interconnection, the characteristics of the

system, i.e. , a mathematical model of the system.

Chac scs

The analysis of am physical system requires a mathematical

description of each component part, as well as, a mathematical descrip-

ti°n of how the components are joined to form the system. Collectively,

these mathematical equations provide what is referred to as system

eC1“"8-"-‘o:‘i.ons. In the mathematical analysis of any given type of PhySi-Céll

System (electrical, mechanical, thermal, etc.) the tie between the

mart'halnzaducs and the system is generally accomplished through the use of

two .
133.810 measurements; the "across" or x and the "through" or y

m

easul‘ements. The x arxi y measurements used to date are:
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1. Electrical-- x is voltage and y is current flow

2. I‘lechanical Translation-- 2: is displacement and y is force

3. Thermal Systems-- 2; is temperature and y is heat flow

1+. Hydraulics-- x is pressure and y is flow

The terminal characteristics of the component is completely

9v

described by the equation which relates the x and y measurements or:

y = G )2

This equation, which is referred to as the terminal equation, plus the

“Milieu. graph of the component, forms the terminal representation of

the Component. Components are described mathematically by relating the

two measurements it and y on the component in isolation from other

Cmponents. This infers that the terminal equations of the components

are irriependent of the system in which they are used. These measurements

must be such that one is a "through" (or series) measurement called y '

Which When summed at the vertices must equal zero, and the other is an

"across" (or parallel) measurement, called 3:, which when summed around

the <-"2.I—J:'cuit must equal zero. The selection of the preper x and y

mes-Suspements for the traffic problem is primarily a SynthGSiS problem.

S

We

Since the aim of this section is to show how linear graph theory

Serves to establish a mathematical description of the system graph, both

or these terms warrant more description. A system graph is a collection

or cohtponent terminal graphs obtained by uniting the vertices of the

tm graphs in a one to one correSpondence with the union of the

phy - .

$10a1 components. When the fundamental Operational concept of the
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lgiliéfiir graph is adopted, the system graph follows directly from the

prescribed manner in which the components of the system are connected.

If the characteristics of the system components can be determined and

thegr Inust be if the system is to be analyzed, there is never any question

as 't<> 'the form of the system graph.

A.linear graph is a collection of oriented elements which provide

the basis for mathematically describing the system. Since certain

termixiology might be unfamiliar to some readers, brief definitions will

be Sivan along with the theorems presented.

Defixiitions

1. An oriented element or edge is an oriented line segment with

its distinct ends.

2. A vertex is an endpoint of an element or edge.

3. An oriented linear graph is a collection of oriented

elements, no two of which have a point in common that is

not a vertex.

4. A subgraph is a subset of the elements of a graph and

actually a graph in itself.

5. A circuit is a 100p or closed path, where the vertices have

two and only two elements incident thereto.

6. A complement of a subgraph contains all the elements

remaining when the subgraph is removed.

Postmates

Kirchoff's 100p and node equations, although established for

813

(2131?ical networks, exhibit the same fundamental properties as those
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found for other physical systems. That is, the "across" variables x

sum to zero around the circuits of the system graph, when element

orientation is considered. Also, the "across" variables y sum to

zero at the vertices of the system graph when due consideration is given

to orientation. Systems made up of electrical, mechanical, thermal or

hydraulic components, each have these fundamental preperties in common.

It Seems 10gical to assume these same fundamental conditions can be

solved. by this formulation. These hypotheses are defined as postulates.

Ina lies ex Pos ulate .--Let the system Graph of a physical system

contain ”e” oriented elements or edges and let yi (’6) represent the

fundaznental through variable of the ith element, then at the vth vertex

0f the graph

e

£11 ai yi (t) = 0

Where:

_ th . . th

ai - 0 if the i element 15 not incident at the v vertex

ai = 1 if the 1th element is oriented away from the v1;h

vertex

_ th . th

ai - -1 if the 1 element is oriented toward the v vertex

Ww-Iet the system graph of a physical system

”mt—a ‘ n n .
1n e oriented elements or edges and let xi (t) represent the

fund

antlental across variable of the ith element then for the vth circuit

e

2: hi xi (t) = o

l:
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Where

. .th . . . . th . .

bi = 0 if the 1 element is not included in the v Circuit

bi = 1 if the orientation of the ith element is the same

as the orientation chosen for the vtn circuit

bi = -1 if the orientation of the ith element is Opposite

to that of the vth circuit.

Regardless of the complexity of any given system, it can be

Solved by the combined use of the terminal equations, and the circuit

and Vertex equations. The equations established by the above will not

be 8.1.1 independent equations. In order to select the minimum number of

Wepement equations for the system analysis, the fundamental cut-set

and flmdamental circuit equations are used in lieu of the above postu-

lates - These equations can be deve10ped by using the following

teemIiQues.

The Tree and its Complement

The vertex postulate implies that one equation on the through

variables y can be written at each vertex of the system graph. The

“remit postulate implies that one equation on the across variables x

can be written for each circuit. Since these equations are not each

indepeI‘ident, it is necessary to establish a tree of the graph which

will Provide for a convenient set of independent equations.

A tree can be defined as a subgraph which contains all the vertices

Of me graph but no circuits. The elements in the tree are referred to

as branches. The elements of the complement of the tree are called

Chords - The number of branches in a tree of a connected subgraph of v

ve -

I‘tl'ees equals v-l. The number of chords for a graph having e
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elements and v vertices equals e - v + l. Illustrations of chords

and trees will be shm-m in a later section in connection with their

actual use.

Fundamental Circuit Equations

In accordance with the above, a tree is selected from the

elements of the’system graph. Since there are many such trees, the one

actuallLy used in the analysis is called the formulation tree. The

”Mr of independent circuit equations will be equal to the number of ,

c3303:1218?» - The fundamental circuit equations are deve10ped by including

one and exactly one chord for each circuit written in accordance with

the circuit postulate. A position orientation is assigned to the

direction of the chord used. When the across variables are separated

into branches and chords, the equation takes on this form:

[13Ll U] xb = 0 (1)

x0

Where: \

Bll is a coefficient matrix.

Kb is the column matrix of the branches

Xe is the column matrix of the chords

A

cem‘ipletion of the matrix product gives the across variable of the

c

hords as an eXplicit function of the chords.

UKc = -Bllxb

Ano .
their important requirement of the fundamental circuit equations is that

the

Specified across variables should be included in the branches of the

tI‘ee



Fundamental Cut-set Equations

A convenient set of independent equations will be established if

when applying the vertex postulate exactly, one tree branch is included.

A positive orientation is then assigned to this branch. Specified

through variables are placed in the chord system. Symbolically, the

fundamental cut-set equations take this form:

[U All] Yb

Y = 0 (3)

c

Where:

All = is a coefficient matrix.

Yb = is the column matrix of the branches

Ye = is the column matrix of the chords

The across variable of the branches can be expressed explicitly

U 1b = “A11 Ye . ' (1+)

Most texts on linear graph theory show a general property of the cut-set

and Circuit matrices. This will 331pr be stated here without proof.

T

Ai1. = ’Bli Or .311 = "‘11 (5)

Where:

The superscript T indicates the transpose of the matrix.

Tri i . , . .

‘ s bhows that either set of the system equation is necessary but not

bo

th‘ All of the through variables of the system graph can be expressed

as . , .
1 o a 1 V

lhlear combinations of the through variables of the cnord system by

us'

lug the tranSpose of the fundamental circuit matrix, or;

Yb '1‘ /

Y = BnYo <o>
C



Likewise for the across variables:

= All Kb (7)

W

The basis for the analysis of a system is to establish the

terminal equations. the cut-set equations and the circuit equations.

The formulation presented here requires that the across variables, for

which Values are Specified, be placed in the branches, £04. Also

SPeCified through variables are included as chords Yc-Z' Two procedures

are available to the systems analyst, depending upon the form of the

t‘BI'I‘Ei-l’lFil equations and the number of independent equations afforded by

each procedure. Since Specific examples are presented in a later

section. the procedure will be outlined in symbolic form-

General Mesh Form

This procedure is used when the terminal equations have the

across variables expressed as explicit functions of the through variables.

”here R represents the coefficient matrix. the form is‘

Xb-z Rb-Z Io-z
= (8 )

Xe..1 Re-1 c-l

when the tree is selected in the manner previously described, the

f
wmental circuit equations can be written. In symbolic form, these

are:



“b-l

fill 312 U 0 “(b-2

, = 0 <9)
B21 B22 0 J Xc--l

Xc-2

t 4  
Using the property expressed by equation (5), the cut-set equations can

be expressed as :

  

r l

rb-l

T T

U 0 ”Bil “512 Y*o--.2 )
T T = O (10

0 U 'le '82 Ye-l

Yc-Z

The matrix products of equation (9) gives the following:

811 + 312 U l"ii-2 + 0 K
X'b-l

0-2 : 0 (ll)

B21 B22 0 Xc-l U

The terminal equations (8) which are explicit in the across variable

are substituted into the expanded circuit equations (11).

B

ll 812 U B‘s-2 O Yb-Z

Xb-l + o +

B B o o R Y
12 22 c-l c-l

0

U xc_2 = o (12)

One of the key advantages of this type of analysis is the possi-

b. o

“it? of replacing certain unknown variables in an equation with a

relation of known values. In the substitution below. the unknown pr

are '

I'e’plé‘lced by the known values Yc-Z .



Ib—2 312 B22 Yc-1

Yc-2 U 0 Yo-2

which , when inserted into equation (12), gives the main equation:

T T

13.11 812 U Rb-Z O 312 B22 Yc-l

Xb-l + +

Eta

C)

322 O 0 RC- U 0 Yc-Z

x = o (13)

The bottom line of equations, in this main expression, deals

only With known values and does not contribute to the solution. The

general mesh form or circuit equation can be written using the top

equation from above.

[Bll'xna]+ {hz'hnz'ié +IJ'%JJ [$41 +- t/

[B12 ' Rb-Z ' B2:] [Yo-2] = O (14)

General Branch Form

The derivation of the general branch form equations follows the

form oatlz‘Lned above so that only the equation will be stated. The

terminal equations have the through variables expressed as explicit

functions of the across variables, where G represents the coefficient

matrix.

Yn-2 Gb-Z Xb-2

Yc-l Gc-l ‘c-l

(15)
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The fundamental out-set equations are written:

lb-l

U 0 A13. A12 Yb-Z ( )

= O 16
0 U A21 A22 Yc_l

Y
-2

. c J  

The results of a similar derivation gives a general branch form

equation:

[‘21 ’ Gc-l ‘ A1E] [Xe-1] + [Go-2 + A21 ‘ Go-l ' 92$]

[no—2 ] + [A22] [Yoga] = 0 (17)

The two general equations presented. the mesh form arxi the branch

form, can be used where the system is made up of two-terminal components.

Further, the elements with Specified across variables (K04) must be

ineluded as branches of the tree and those elements with specified

ngh variables (Yo-2) must be included as chords. Besides the type

or teli'l‘rlinal equations given, the number of independent equations developed

by each of the general form equations could influence the choice made.

The number of independent equations by the mesh form will be equal to

the number of elements in the branch set (Xb_2). The number of elements

in the chord set (Yo-l) equals the number of independent equations by

the branch form.

By proper substitution and matrix multiplications, equations (14)

or (17) Will result in a system of simultaneous equations, which can be

$01v

ed for numerical answers.
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DECUSSION OF THE EPQCATIO‘N‘ EOSSEILLTIES OF

SYSTEMS IHEORY TO TRAFFIC FORECASEIEG

GENML

The work presented here is one of the earliest attempts to apply

the techniques of systems theory to traffic problems. While there are

Fla-1W problems in the traffic field. for which a system solution might

be attempted, this work is concentrated in the area of traffic fore-

casting. The techniques of systems engineering are specifically

a~Pplrl.ed to forecasting future work trip distribution. The walk to

work trip and the modal Split of work trips are not considered in this

research, since they are both refinements which can come later.

The work trip distribution system was selected for this study.

Work trips provided the largest single group of trips by purpose. Also

they generally occur at the time of peak travel and this increases

their importance to the traffic forecastor.

The application possibilities of systems theory to the work

trip distribution system will be researched under the following steps

as Outlined in Figure 25. " 8C7

1. System identification by purpose or function

2. Choice of components

3. Measurements on components

98
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Terminal equations of components

Systems graphs

Solution of systems graphs to establish systems equations

Numerical solution and computer use

SYSTEM IDENTIFICATION

object of this section is to establish the definition of

the system by purpose and structure and the problem statement.

The

(or street

structural make-up of this system includes: peOple, routes

system), vehicles, and employment Opportunities (or jobs).

There are two basic functions of a transportation system. The system

axisiLansis presented here deals only with the movement of persons and not

EOOdS. The problem can be stated as follows, given:

1.

2.

3.

The object

1.

30

Several residential areas composed of peOple, some of whom

are workers,

Several employment zones containing jobs,

Routes or street systems joining these zones.

is to determine:

The number of daily work trips originating in each residential

zone,

The number of daily work trips destined to each employment

zone, '

The number of daily work trips between each of the residential

zones and each of the employment zones.

The system will be limited to trips made within the urban area.
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CHOICE OF COMPO'I‘QELITS

The components established as the best of those surveyed are:

1. Residential and employment zones, similar to those generally

established in 0 and D studies.

2. Route components which include the various types of streets

and intersections used in traveling from an origin to a

destination.

fPhe choice of components relies on the structure and purpose of

the System studied. Selection is made on the basis that components

must be :

l . Conceptual

2. Definitive

3. Quantitatively descriptive

1+. Small enough to give objectivity to the system

5. Large enough to hold the computational work of the system

analysis within manageable pr0portions.

The components for this system must come from the constituents of

the Stx'ucture. Since it was previously established that our structure

consists of people, vehicles, routes and jobs, selection must start with

an e"’s’i‘iuation of these.

W

A person can be defined and visualized. But as an individual, he

d

813193 the prediction of a quantitative measurement which can describe

1'1 .
is action. Even if the person met all other criteria, the magnitude

or

the problem would be such as to preclude its use.
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The choice of a single vehicle as a component would meet with

the same objections as above. Furthermore, vehicles do not move without

the control and the motivation of pe0ple. Since both of the basic

elements fail to meet the criteria, some logical component which

includes these two might be the prOper one.

A dwelling unit or a family would combine vehicles and people.

This has reduced to some extent, the number of individual components,

but the matter of prediction Still remains. One could then follow this

same summation of dwelling units to all lots in a block and finally

grOwing the blocks into zones. Each increment of size tends to reduce

the VOlume of commnents and increase the possibility of prediction.

Care must be exercised that the unit chosen is not so large as to

destroy the purpose of the system. For example, urban work trip move-

ments would be meaningless when the single component represents the

°°mplete urban area.

A zone, similar or identical to those used in orig-ill and destina-

tion Surveys, seems to be the best component evaluated. These zone;

should be 30 defined that the traffic characteristics within the zones

ar
'e as homOgeneous as pOSSlble.

M6 0; Street Systg

The next basic element is the street which is both definitive,

conceptual, and subject to quantitative measurements. But variations

in the characteristic of each street component compounds the problem of

Ema‘L‘Vsis. Then too. if each street is selected as a component. each

1r”leili‘semtion would also have to be included. For a system whose purpose

"as 1the assignment of vehicles to the individual streets, these might

th
en be prOper components. Since the purpose here is to predict the
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desired line of flow, from the point of residence to the place of

employment, the best unit is one which represents the best route from

Origin to destination so that only a single component is required.

Moment Area

The employment opportunity or job completes the structure of

our system. To use a single job as a component of the systems would

lean that it is important to know from which residential zone that

Particular job-holder has come. This would involve the probability

that some particular residential zone would have persons willing and

able to fill this job and the probability that such a person would take

this job instead of a similar job in another employment zone. Indivi-

dual jobs as well as small employment organizations would be difficult

'00 evaluate and provide an extremely large number of components.

organizations in the same area should be grouped into employments. The

extent and inclusion of these organizations in each zone should provide

homOgeneity with reSpect to certain parameters to be discussed later.

The best components seem to be the residential zone of the origin

and destination study, the best route system from origin to destination

and the employment zone with certain homogeneous characteristics. I These

Zones must be re-evaluated with regard to the next requirement of

SYStems theory which follows.

liEASUREMENTS ON COMPONENTS

As a result of the following analysis it was concluded that the

best measurement for the through variable y, would be the flow of work

trips 1‘rom, to, or through the component. The measurement for the

acrOSS variable it, would be a pressure type measurement related to a



103

measure of desire or trip motivation and on another basis to a measure

of income and consumption assigned to trip making.

The components selected previously must meet the following

requirements, if the techniques of linear graph theory are to be used

in the systems solution. The requirements are:

l. The basic component must be describable mathematically by

relating two valid measurements on the components

2. When the components are arranged in a systems graph; one of

the measurements taken on the component, which is noted as

2:, must sum to zero when the summation is made around a

circuit; and the other measurement y must sum to zero at

the vertices of the systems graph

3. The 3: measurement must be related to the y measurement

through a linear or nonlinear function.

If previously selected components cannot meet these requirements,

new units must be established on the basis of the preceeding criteria.

L18 Y heasuggment

The dimensions of the y measurement must be consistent from

c°mpc>nent to component so that the sum of the y measurements can be

truly zero. The same rule holds for the x measurements.

The most lOgical y measurement for a traffic system of this

type appears to be flow. This flow would represent the movement of

Persons. vehicles or both. In the systems approach to electrical, ther-

mal and hydraulic systems, the y measurement represents flow of

current. heat and water or fluids, respectively. It seemed reasonable

to
assume that the y measurement for the traffic system also represent
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flow since the flow of vehicles will satisfy the criteria, that the

algebraic sum of y's at a vertex must equal zero.

13::e X Pggsgement

‘In the fields of electrical, thermal and hydraulic systems,

where y was a measure of flow, the x measurement was a type of

puressure differential which causes flow. The establishment of the units

for the x measurement is not so obvious in the traffic system. There

are no physical components on which one might use a voltmeter, piezo—

meter or thermometer to record the pressure differential. In the

previously cited systems and in criteria three noted above in the

introduction to this section, it is stated that the measurement x is

relmated to y. Flow then, is a function of the pressure differential.

In the traffic system, it is not possible to measure this pressure

differential directly but it can be evaluated in terms of its effect

on the flow of trips which can be easily measured. The development of

the: 3K measurement follows this reasoning process, that:

1. There is some basis for the variation in the flow of trips

from several residential zones,

2. For the sake of a title, this basis is called pressure, here,

3. The "pressure" term, which is meaningless in traffic

terminolOgy, can best be described as a function of certain

factors which explain the variations in the y values.

4+. Two factors are used here separately to approximate the

pressure term. One factor might be labeled "desire" and

the other "money" .
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5. The above factors, though still vague terms, can be related

to more Specific parameters which are subject to actual

physical measurement.

The procedures and extent of the research into the x measurement can

be shown more clearly by the following Figure 26.

Figure 26. The organization of research on the x measurement

Pressure

or 01‘

Money ‘? 

   
   

 

01‘

 

OI‘
  

 

    

 
 

Dwelling Units Total Consumption ?

Income TranSportation

Car-Ownership Consumption

Dietance to CBD

Population Density   

Eventual acceptance of the method will depend on how well it can predict

Changes in the flow of trips and on how easily the final parameter can

be measured.

Desire

A measure of desire or motivation can be related to the pressure

"hi-Ch induces flow. The lOgic of this assumption can be checked by

referring to sketch below. A schematic representation of a simple

circuit is shown, from a residential zone component, through a route

comPol'lent away from the zone, on through an employment component, and

the return route component for a fixed period of time - 24 hours.



106

assmmmnu l—l.

 

  

t
a
r
—
3
C
o
m

b
e
a
c
o
n
:

    L4
L—L EMPLOYMEEET

Considering only the single purpose work trips which are made along the

 

 

 

circuit, the desire or pressure produced or generated in the residential

zone must be precisely enough to overcome the pressure loss at each

of route components and through the employment zone. The sum of the

pressure measurements will vanish around the circuit and, in so doing,

will produce y trips. Some routes and employment zones will require

larger pressure differentials than others. If a residential zone has

a specific x value available, the circuit with the least R or

resistance value will produce the greatest flow of trips to utilize

the available x value. The pressure value, like that used in hydraulic

systems, is equal in all directions from the residential zone. A

discussion of the quantitatively descriptive parameters used to

evaluate the term of desire is presented in the next section.

Money

From the fact that travel costs money, it was assumed that the

number of trips made could be a function of the total amount of money

available for transportation and the eXpenditure required per trip.

The use of money to estimate the flow of trips has been used by others



107

but this is the first use of money in a systems approach. The amount

of money consumed yearly for transportation purposes had steadily

increased. The approach used here assumes that the cost of travel

will be minimized in terms of time and money. The measurement on x,

although not equal to the money value, is related to it. A detailed

explanation of the relationship between transportation consumption

and the pressure x will be presented in the next section.

\/ vamml. EQUATIONS 0F corrowmvrs

The terminal equations for all components have been assumed to

be of this simple form:

x = R y

Each term of the above equation is generally a more complex expression.

The following postulates concerning these terms have been established:

1. The y value shall be the flow of work trips. .The y value

might be Specified for the residential and employment

components.

2. The x value shall be a measure of pressure which can be

related to a function of desire in one case and of money

spent in another. The x value is specified only for the

residential components.

3. The R value shall be a measure of resistance to flow or

reciprocal of attraction which can be Specified for the

route and employment components. For the employment com-

ponent, R is a function of the jobs available. The alter-

nates presented for the establishment of R on the route

component are:
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xf a. R is a function of trip frequency

b. R is a function of the ratio of probable trips to actual

trips (Normalized)

(A c. R is a function of the ratio of probable trips to actual

f ‘\ trips (Unnormalized)

;//’\ d. R is a function of the cost of travel through the route

component.

, a{ The discussion of the postulates is presented under each of the

i

ic<3mponents for which it was deve10ped. ,

s ent 20 e Co 0 e t

Of the three possible measurements noted above, only y and x

are utilized for residential zones.

The Y Measurement--Flow of Work Trips

The y' measurement which represents the flow of work trips from

the residential zone can be established on the basis of the following:

1. From the present 0 and D study, an equation will be

established which related trips per dwelling unit and the in-

dependent variables as

Yi = -A+BO( -CLOg6 +DLogr+Efl

Where:

is the number of work trips per dwelling unit

is the income index (dimensionless)

is the car ownership per dwelling place

is the straight line distance from zone to CED in miles

‘
3

.
3

1
b

2
.

F
F
:

is the net residential density per net residential acre.
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From future estimates of the parameters, 0C , fl , T , and 5

in the above equation, the future trips per dwelling units

Yi’ will be computed.

The total number of future work trips per residential zone

I

y;- will be determined from Yi modified by future esti-

mates of the number of dwelling units N, and the percentage

of trips to work Ky.

,XTfine X Measurement-~Desire

/

The x measurement which represents the pressure for work trips

frwmm the residential zone will be established as a function of desire

on the following basis :

l.

2.

From existing 0 and D.data for income index a:, car ownership

1?, distance to CBD 1', and pOpulation density 6 , an equa-

tion will be established for Y, resident trips per

dwelling unit.

Y = -A+Ba£ -CLog6 +DLogr +3)!

This equation is maximized with limiting values of all

parameters as forecasted in the whole area for the future

year. This maximum value is related to a measure of the

theoretical pressure as desire, KT

XT=F°Y

Where: F is a factor used to adjust for the difference in units

If Y is developed for all trips, then the pressure or desire

for work trips per dwelling units will be found by using the

previously defined factor Kw.
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Using maximizing input values for all parameters except

income, one can establish the change in I, A X due to parti-

cular value of income at .

AK = ’34 ' Imam.

The maximum change will be found for some limiting value 1 ,

then R g the resistance value can be found by equating:

R = AXE

6'3 A X“. (man)

A relationship for R 0: versus the income cc is shown in

Figure 27, which isolates the effect of income alone on the

pressure to make trips.

Similar techniques will be used to establish values for

R, , R r and R; as shown in Figures 28, a9 and'BO.

A subsystem of the zone parameters will be solved in order to

establish each value of xi. Schez'iatically, this can be shown:
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Figure 29. Relationship between resistance on residential
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As a system graph:

 

Where:

‘: = N (Kw)

Ra , R , R’. and R5 are found from previous curves.

The subsystem can hen be solved for x6 in terms of the values,

x1, Rm , R, , Ra- and R5 . The element number 0 can be

used in lieu of the subgraph.

The X Measurement--Money

The x measurement which represents the pressure for work trips

from the residential zone will be established as a function of money or

consumption allotted to the making of work trips. The consumption for

work trips is found by first determining income and the percentage of

income consumed. A portion of the total consumption per family is
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spent for tranSportation costs. This amount is distributed over the

trips for each purpose, in order to es ablish the actual amount

allotted for work trips.

The x measurement will be established on the basis of the

folchndeu;:

l. The average amount of money allotted yearly to the cost of

work trips made from a residential zone i is referred to

as Co.

1

. = 1
x1 K 5E5

'Where:

K is a constant determined to adjust for the differences

in dimensions;250 is the number of working days per year.

-The value Ci can be estimated in the follow' a manner:

a. Determine from a previously established plot of income

versus consumption, an estimate of the future year con-

sumption 21 based on an estimate of the future year

mean income I for the zone. (See Figure 31)

Zl—fli

b. Establish from previous data, a relationship between

. . t .
transportation consumption 2.1 and total consumption

Z . (See Figure 32) Based on observations of trends,

the yearly change in this ratio can be established:

Bf = Eb + n.A E
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Where:

Rf is the ratio of future amount Spent on tranSportation

per total consumption for the future year.

Eb is the same for the base year

AB is the yearly change

n is the number of years from base year to future year.

The amount of expenditure Spent on tranSportation for the

future year can be found.

t

c. The zit represents the total amount Spent for tranSporta-

tion per family in zone 1. The amount Spent for trans-

portation per zone for the future year (Zt) will zit

times (Rf) the number of families in zone i,

zt=n -zt
f i

d. Since the primary concern is home based work trips, it

is necessary to determine the amount Spent for these,

where Kh is the percentage of all trips that are

home-based.

t_ .

Zi'Kh"

e. The amount of money spent for trips to work can be found

t

by first establishing the ratio of the total mileage for

work trips to the total mileage traveled for all trip

purposes. The ratio Kw is equal to:

x = 51—73
W c-Mtol 1 All purposes)



Where:
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total
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. m + ‘ . r + ‘ . . +
(kw 'w) (Ks ms) (Ksc nsc)

(ksr ° msr) + (ken ° mcm) + (kb ° mb)

the

the

the

the

the

the

the

the

the

the

the

the

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

verage trip length

percentage of trips

average trip length

to work

for work

to

to

to

to

to

to

to

to

to

to

shepping

shepping

school

school

social-recreation

social-recreation

eat meals

eat meals

business

business

fThe input values for the above equation can be established from

. /

Tables 4 and 8.



Table 8. The average trip length for home-based trips by purpose

Purpose for home- Average Trip

based Trips Length in Miles

Werk 5.56

ShOpping 3.15

School 2.97

Social-Recreation 4.27

Eat Meals 3.#4

Business 3.71

Source: Reference 57

Then:

z‘.”=x - 2:"
i w 1

By definition:

C = Zwt

i i

Employment Zope Compopent

The discussion of employment zones will use the flow of trips or

y measurement and the resistance R, as a reciprocal of the attraction.

The Y' Measurement--Flow of werk Trips

The number of existing work trips destined to an employment

zone 3, can be found from the data of the O and D study. A relation-

Ship of work trips to some other parameter can be determined such as

trips per acre, per job, per labor force or other standard. It might

be necessary to establish a predicting equation on the basis of multiple

correlating parameters. The parameters which provide the highest

correlation would then be estimated for the future year, so that a

SrOWUa factor is established for each zone. The number of work trips
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to zone 3‘ at some future year ”533' would be solved by this equation:

The R I~Ieasurement-—Reciprocal of Attraction.

From an analysis made of the existing 0 and D data, the parameter

which relates to work trips most highly will be determined. For the

illustrative problem that follows, it was assumed that this might be the

umber of jobs Qj, estimated for zone 3' for the future year. The

resistance value R]. can then be equated to:

Q71
R. = ...—L—

J -l

Q.

i=1 3

A similar resistance value could be found by using the number of

work trips Y3 established above in the same equation form.

l-l

n. = _..L__.
J m

Yt—l

i=1 3

This type of manipulation contributes nothing to the method of solution.

If the flow of trips is known for any component of the system, it

ShOUJ-d be used as such.

W

The only one of the three possible measurements that can be used

1‘
or 1:he route component is the parameter R. For a route component, as

in . . . . .
a Piece of hydraulic pipe, there is no mechanics for generating
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pressure or flow. It then seems lo ical if a long period of time be

chosen,and further,if the arterial routes chosen as components provide

no overnight parking then there will not be any storage in the component.

If a 24 hour period is chosen from.4:OO A.h. to #:00 A.h., then during

this period the flow into the component equals the flow out of the

component.

<fflhe R Measurement

The flow of trips through a route component can be determined

from a knowledge of either the pressure drOp through the component or

the friction encountered throughout the component. If pressure

measurements for the components are in terms of either desire or

money, it is difficult to vary the amount of this pressure in order to

note the effect on the flow of trips. Friction can be related to such

measurements as travel time or distance and these can be easily varied

and measured while the relationship to flow of trips is recorded.

Several methods are prOposed to establish the measure of friction

through the route component which relates the pressure x to the flow

I].

In several of the procedures that follow, it was assumed that

the best single measurement that could quantitatively assign a value to

the resistance term would be travel time. Contemporary writers on this

subject have used, besides travel times, travel distances and straight

line distances from origin to destination. Of the three parameters,

the straight line distance is most easily measured, but gives the

poorest indication of the friction or resistance encountered. Travel

distances are a little more difficult to measure, but give a better
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estimate of the resistance. Travel distances can be the same for

alternate routes where one has most of its travel on minor routes and

the other is arterials and expressways. The friction established by

distance alone would not show that the friction on the minor routes is

much larger than on the other.

Kip Frgguegcy.--The values used for the R are not assumed to have

general applicability to all urban areas. From the data of an O and E,

a curve is plotted which relates trip frequency to travel time. It

was assumed that the reason for the high trip frequency was the trip

encountered little resistance. A resistance scale from zero to one

was then applied to this frequency curve as shown in Figure 33.

Probable vs, Actual {hi-Jizw-The curve used here is established using

the data from an O and D study. The number of trips from each of the

residential zones to each of the employment zones Yij is determined.

The probable number of interchanges Pij, are calculated by assuming

equal travel times from each residential zone to all of the employment

zones. A ratio 141:]: , is determined where:

P..

M-1 = 4.].

ij I. I

13

_ 1

The value of Mi .1 was then plotted against travel time in minutes

d13 a and the following equation established:

1 '1 ... W

hij — 0.15... + 0.0327 dij

T "

he plOt of these values, shown in Figure 34, can be interpreted as

a s . ,

tralght line. It seems reasonable to assume that the differences
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/between the actual interchanges and the probable values would be

related to tr:vel time.

"go ' ed M131 .--This approach follows logically after the above

since the values 1.1.131 were used. But given a Specific origin from

which trips were made to a number of destinations, it was reasoned that

the person making such trips would analyze the travel times to the

altez‘nate destinations and that trips mould be made accordimly. The

values of P1131 were established from the previously cited curve

Figure 34. The value of Rij was then calmlated from the values and

.e Va ue ‘lze following approach to R is the only one which does

not use travel time alone as the controlling factor. This technique

follows from an early attenqt to establish an xij or

on the route component. The subscripts ij will be

pressure value

used to designate

thfi? IVJute component from a zone of residence i to a zone of employ-

merrt j. The pressure drOp along route ij was called Xij

the trip per vehicle C... The

1.3

t‘

sac-tor K was used to adjust the equation dimensionally and Y

‘ '3'

and .448

related to the total cost of making

13'

repres{ants the actual flo:-. .
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u.)

The value of Ck would be equal to the sun of the products of vehicle

costs per mile times the number of miles and travel time costs per

minute times the number of minutes for the k th route.

= c ° .1. + . ..

Ck v I»: ct le

Where :

c i the total Operating cost per vehicle mile
V

U
)

mk is the length of the route in miles

ct is the time costs per vehicle mile per minute of ravel.

assmuing an occupancy of one person per vehicle

J

ij is the travel time per vehicle per route excluding

terminal time.

Since the value to be solved yij for the component is also the same

value aria. required in the system solution, the equation can be further

reduced: '

}:..

Rij : _.-41

3'13-

Xij = K ' Cij ' 3’13

x..

7—‘1 = K . Ci.
bij J

.. = K - C..

i.) 13

Evaluation

D3-r1<:e there are four possible treatments to the value R and

ma ‘ Va . .

W wietles of x and y measurements, a complete deSign would
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require many illustrative solutions. It seemed advisable to present

each method at least once but to conclude which might be the best and

to use it for most solutions. The resistance value established on the

basis of money;logically requires that the pressure or x value is

also evaluated in terms of money. This limits the use of this method

and it is only shown once.

The trip frequency method precludes that the maximum value of

R is limited to 1.00 and this has no basis for acceptance. The

attraction factor of the zones of employment may actually be confounded

in the frequency number unless the values recorded from tie O and D

are from a single destination zone to all points of origin. To then

combine these values with those from another employment or destination

zone would require proper weighting of values to establish an average.

/

The use of the M131 curve provides the best estimate of the

resistance value. The trips from each residential zone are distri-

buted to each employment zone on the basis of the attraction of the v

zone itself since all travel times are set equal. The difference

between this probable value and the actual interchanges can only be

related to the resistance of travel time. {The question then becomes

one of whether it is proper to normalize.J This can best be answered

.by knowing how the system solution functions. Referring to a single

residential zone, it seems prOper that the individual trip maker only

evaluates those routes to destinations available to him and it is

proper to normalize. The system solution doesn't function in this

manner. If it did make the distribution zone by zone it would probably

over assign trips to some destinations and under assign trips to others.
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This is an inherent fault with the gravity model. The systems approach

distributes trips to a zone of destination in accordance with capacity

of that zone for trips and on the basis of the relative travel times

of all zones of residence. A problem would arise when one zone of

residence, Zone A,had relatively small but equal travel times to an

employment zone, and another residential zone, Zone 3,had its lowest

travel time much higher than those cited for Zone A,but it also had

some high travel times. hormalizing would produce a higher trip inter-

change on the one route with the shortest travel time from Zone 5 than

on any of the routes from Zone A, even though the travel times from

Zone A are much smaller.

SYSTEMS GRAPHS

This section can be abbreviated along with the others that

follow, because the techniques are precisely the same, regardless of

the type of system analyzed. The Specific details of constructing

the systems graph are presented in Chapter three.

The systems grap. is a collection of the component terminal

graphs obtained by uniting the vertices of the terminal graphs in a

one to one correSpondence with the components in the physical system.

If the systems analyst follows the above definition, there is

little choice in the form of the system graph. The possible variations

will be demonstrated using the following system of physical components.
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Residential

f Zone

R ’ l

O

U

T

E

I I Employment

Zone

The choice of graphs for the schematic above are:

 

 
 

O
-
B
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I
O
'
J
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U

     

T
e

1. Residential

Zone

Route< )Route

Employment

Zone

 

2. Residential

Zone

common

R e . .

out origin

Employment

Zone

Residential

Zone   

 

  

Route

Employment

Zone

Choice one presents the clearest relationship between the system

graph and the actual physical system. It is the only choice of those

presented which can be used when the characteristics of the two routes
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are dissimilar. For example, this occurs when the trip made has one

direction during the off-peak period of traffic flow while the other

direction is made during the peak period. If the routes are balanced,

this choice presents a much larger matrix solution than required by

the other choices. This type of system graph is illustrated in Figure

35.

The second choice illustrates the point that measurements are

meaningless except when established to some reference. This choice

graphically shows that reference while in the other two choices the

reference is implied.

The most efficient mathematical solution comes from choice

three. This graph can only be used when the route characteristics are

exactly the same. Its relationship to the physical system is not so

evident, but this is not important to the experienced analyst. This

type of system graph is shown in Figure 36 .

The operations performed on the system graph are presented in

the following section.

SOLUTION OF SYSTEM GRAPES TO ESTABLISH

ThE SYSTEM EQUATIOI‘ES

The operational procedures presented in this section are

preciSely the same regardless of the type of physical system analyzed.

The rules to be followed are given in greater detail in section three

and only briefly reviewed here.

1. A tree is selected from the elements of the system graph

such that it will contain all the vertices of the graph but



establish no circuits. Generally there are many possible

trees that can be formed on a system graph. The one which

is used is called the formulation tree.

2. The system graph is divided into two subgraphs; one of

which is the tree and called branches, and the other, which

is the complement of the tree called chords.

3. Those elements for which the x value is Specified are

made a part of the branch subgraph (b-l) and those elements

which have Specified y values are placed in the chord

set (c-Z).

h. By using the system graph with the formulation tree identi-

fied, one can write either the fundamental circuit equations

or the fundamental cut-set equations.

5. The fundamental circuit equations are used when the across

variables x are expressed as explicit functions of the

through variables y. The number of independent equations

equals the number of chords since the eXpression for each

circuit includes one and only one chord.

6. The fundamental cut-set equations are used when the through

variables y are expressed as explicit functions of the

across variable x. The number of independent equations

equals the number of branches in the tree since each vertex

equation written includes one and only one branch.

I

The solution of the illustrative problems which follow in the

1- ”L at

next. chapter are solved by the use of either the general mesh form

equation or the general branch form equation. These equations incor-

pCrate the terminal equations along with the cut-set and circuit



equations. Although the form of these equations is presented in

chapter three, they will be listed here for reference.

1. General mesh form

a T ,

[811 “la-11+ [312 ' Rb--2 ' B12 + U ' Rc-l] [Yo-l] +

T ..

[812 ' R's-2 ' B22. ] [Yo-2] “ O (14)

2. General branch form

[A ° G - ' T ;' + " + A - s - A
21 c-l A11 ‘b-l “13-2 21 c-l 21

[Kb-2] +[A22 ' Yc-z] = 0 (l7)

IJLTVWICM SOLUTION AND COI~ZPUTER USE

The illustrative solutions of theoretical systems which follow

fix: 'the next chapter show by Operation the numerical solution of the

rmesfia and branch formulation. The triple matrix products of the either

eqiiartions, 14 or 17, are solved and the prOper values of R or G

are substituted into the final matrix form.

The end result is a system of simultaneous equations too

dif1TfiJBult for long hand solution. A computer prOgram for the Michigan

State University Mistic computer was used to solve all but the most

Simple matrix.



UST IVE SOLU 0N5 H ORETICAL SYSTEM5

USING POSTULATES DEVELOPED IN PART ;V

ILLUSTRATIVE PROBLEM ORE

Prob;em Statement

Given Information

.For the hypothetical city "Owenshall", the following information

is available from an O and D study.

1.

2.

‘3.

The present interzonal trips - tij .

The present travel times between zones dij .

Present and future evaluation of employment zones to

establish relative attraction values on the basis of number

of jobs and/or other parameters.

Probability interchange established on the basis of the

relative attraction of employment zones, assuming equal

travel times - P

ij ‘

The actual trips per unit of probability interchange.

“'13 = 5’13 / P13

Curve plot or equation for l / M13 versus dij (Figure 34).
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7. Equation which relates trips per dwelling unit and independent

variables as :

Y1 = -A+B¢ -CI.Og6 +DL0gr +E)8

where:

,8 is car ownership per dwelling place

5 is net residential density (dwelling units per net

residential acre)

ris straight line distance from zone to CBD in tenths

of mile.

ocis income index

8. Distribution of trips by purpose. Kw is the work trip factor.

9. Msting land use data.

To Find

The problem is to forecast future interzonal work trips from one

zone of residence to each of three employment zones.

be.‘hemggc of me Msica; System
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gggut Values for System Solution and How Established

The following input values are necessary for solution of this

sample problem by linear graph theory:

I

l. The number of work trips yi for residential zone i for

the future year is required. This will be established from

a prediction of future land uses and the equation deve10ped

in item 7 from existing data. The estimate of future land

uses presumes that estimates of the independent variables

will also be made. The prime values in the equation shown

indicate future year estimates:

I I I I

Xi = -A+Bo: -CLog 5 +DLogX' +E>d

l I

The work trips yi can be found by multiplying Yi by the

factor Kw for work trips.

The relative attraction value of each employment zone is

established as a resistance value Rj .

where:

Qj is number of jobs in employment zone j

3A.and B. The value of Rij for each route system from zone 1

to j is established from an estimate of future travel



times dij . The values of dij are used in connection

with the curve or equation stated in item 6 above. In

order to develOp values of M131 , this equation will be

used:

1

M..

13

 = 0.151 + 0.0327 dij

Then, for alternate A, the value of R1. is normalized by

the equation:

-1
M .

P... = _._il__
13 m. «l

2: Mi'

j=1 5’

The input values for items 1 to 3A above are shown in

Table.93

A complete long hand solution is presented for problem using the

input values 1 to 3A.

For alternate BB, the resistance Rij is not normalized.

The input values for this solution are shown in Table is and only the

r350-1123 of the solution are presented in Table .11.

Re rese o 0 Co onen

l. The residential zone has a Specified y or through driver

 

5% Specified y
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2. The employment zones and route components are given by the

equation form where:

R = Q

s
l
s

The terminal equations for these components can be shown in

general matrix form.

Rb-Z 0 I5-2 Xb—2

O Rc-l _ Yc-l A

c-l

Specifically for these components

     

o o o o 0 o o o yl Fxl l

R2 0 o o o o o o yZ x2

0 R3 0 o o o o o y3 x3

0 0 R11 0 o o o o yll x11

0 o o 312 o o o o ylz = x12

0 o o 0 R28 0 o o y28 x28

0 o o o 0 R29 0 o y29 x29

0 o o o o o 0 R18} . leJ bx18j

The values of R are shown in Table 9-.~
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25?

Table 9. Component information necessary to

mo

solve the linear graph

Component

Employment (I-7)

Street

Street

Street

Street

Street

Street

Residential (R-l)

Employment (1-4)

Employment (I-S)

Travel

Time

(minutes)

10

10

10

14

14

10

Resistance

Factors

NOrk

Jobs Trips

3000

4000

3000

5000
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Table 10; Component information necessary to

solve the linear graph

Travel

Element Time Resistance Work

No. Component (minutes) Factors Jobs Trips

1 Employment (1-7) -- 0. 3846 3000

2 Street 10 0.4780

3 Street 10 0.4780

ll Street 10 0.4780

12 Street 14 0.6088

l6 Street 14 0.6088

18 Street 10 0.4780

26 Residential (R-l) -- - ---- 4000

28 Employment (I-4) -- 0.3846 3000

29 Enployment (1-5) -- 0. 2308 5000

Branches

 

Circgit Equations

The circuit equation for this example can be shown in general

form as:



  

The equations developed from following the procedures outline

in part three, provides the equation form noted:

J
:

>
<

N

'-1 -1 0 -1 1 0 1E 0' X“Is-.2

:
I

l 0

-l -l l -l 0 l 0 0

1 1 £12
1101000:  

I

i

013

00; 

- ........

  
Sgbstitution in General Hesh Form

The next step is to make a substitution in the general mesh form

equation using the values of the coefficient matrices. The general

mesh equation is:

[B11 ' x13-1] + [B12 Rb-z B12T + U Rc-l] [Yc-l] +

[312 Rb-2 B221‘] [Yc-Z] "' 0
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It will be noted that the first term is non-existent in this

sample because no Kb 1 values exist in this problem. The resulting

equation is then:

[B12 Rb-Z B12T + U Rc-l] [Yo-l] + [B12 Rb-Z B22T] [Yo-2]

The result of this first term becomes:

(R1 + R2 + R11 + R12 + R29 + R16) (31 + R2 311) y16

(31 + R2 * R11) (R1 + R2 + R3 + R11 + R28 * 318) y1s

ll

0

The results of the second term becomes:

- (R1 +1 R2 + R11)

' (31 + R2 + R11)

y26

Final Solution

Substituting the values of R into the above equation gives the

two independent equations:

2.0044 0.9956 ylé -o.9956
+ 4000 = 0

0.9956 1.9912 y18 -0.9956 ‘

2.00uuv yl6 + 0.9956 yl8 = 3982.40 (1)

0.9956 yl6 + 1.9912 yl8 = 3982.40 (2)

By multiplying equation two, above, by 2.0044/0.9956 and subtracting

equation two from one, gives an expression for ylg as:

3-0132 le = 4035.21

Then:

y18 = 1,339.17 work trips
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The computed value can be substituted in the above equations in order

to solve for the value yl6

yl6 = l,321.66 work trips

The number of trips to employment zone (1-7) or element number one can

be nowaound as yll .

yll = 1,339.17 work trips

pars/

‘ Qiscggsign of the results

The flow of work trips to each employment zone is shown in Table

so

11. The distribution of trips, when equal travel times were assumed,

reflects the relative attraction of the employment zones only. The

values of this distribution are the most extreme. When the travel

times are related to the probable versus actual ratio, the trip distri-

bution values are brought closer tOgether, since the highest employment

attractor also had the highest route resistance. This is in complete

agreement with the-basic premise that work trip interchange is directly

preportional to the size of the attractor and inversely pr0portional to

the travel time.

When the R values were normalized, the effect was a closer

agreement on the trip distribution to all zones. This tends to lessen

the effect of travel time on trip distribution.



\
_
.
'
I

Table 11. Results of illustrative problem one

showing trips to employment zones

/ 3:: his is... a...

I - 7 1,090.91 1.339.17 1,367.22

I - 4 1,090.91 1.339.17J 1,367.22

I - 5 1,815.18 1,321.66 1,265.56

ILLUSTRATIVE PROBLEM TWO

Problem Statement

Given Information

For the hypothetical city "Sparty", a current 0 and D survey is

available. From this comprehensive survey, the following information

can be taken:

1. The present interzonal trips - tij .

2. The present travel times between zones - dij .

3. Present and future evaluation of employment zones to establish

relative attraction.values on the basis of number of jobs

and/or other parameters.

4. Probability interchange established on the basis of the

relative attraction of employment zones, assuming equal

travel times - P..

13
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5. The actual trips per unit of probability interchange.

hij = Yij / Pij

6. Curve plot or equation for l / Mij versus dij (Figure 34)

7. Curve plot which relates frequency of trip and travel time

to route resistance Rij (Figure 33)

8. Enuation which relate trips per dwelling unit and independent

variables as:

Y: = -A+Bor. -CLog6 +Dlogr +E,6’

Where:

)5 is car ownership per dwelling place

6 is net residential density (dwelling units per net

residential acre)

)“is straight line distance from zone to CBD in tenths

of mile.

I: is income index

9. Distribution of trips by purpose. Kw is work trip factor.

10. Ebdsting land use data

11. Future land use forecasts

To Fmd

The problem is to forecast future interzonal work trip movements

when SPGCified y's or through drivers for the residential and employment

zone " .
S and resistance values for the route components are given.



 

 

 

  p
-
-
-
-
-
-
-
-
—
-
_

 

‘ 1: Values for stem S lut'o d How Establ'shed

The following input values are necessary for solution of this

sanmxblLe problem by linear graph theory:

1.

N

The number of work trips Y; from each residential zone

i for the future year will be determined by methods pre-

viously defined in sample number one.

The number of trips at each employment zone 3 can be

established from knowing the present number of trips per

acre, per job, per labor force or other standard and the

predicted future land use. The ratio of future over existing

values for any of the standards chosen will be called a

growth factor Gj .

The input values for the route component are found the same

-1>.way as in problem one. (Normalized Mij These values are

shown in Table 12.
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BB. The input values for the route component are found the same

way as in problem one. (Not Normalized Mij-l)‘ These

values are shown in Table 13.

BC. The input values for the route component is established

from Figure 33, which is a plot of frequency of trips

versus travel time. A resistance scale of Rij was related

to trip frequency. These values are shown in Table 14.

8 ese t'o 0 he Com ents

1. Residential Zones and Employment zones are used as through

drivers

5% Specified y's

2. Route Components are given in equation form.where:

R=..2{.- _<—-_

y 2

C‘

u Genus G a h ee

ldith these components, the system graph can now be drawn in

accordance with the following rules:

.1“ Components are joined in the system graph according to the

manner in which the components are combined in the physical

system.

23. The direction of flow is indicated by the direction of the

line representing the components.

:3. [A "tree" is selected. This tree is a subgraph of the

system graph containing all vertices but no circuits. The

tree is used in formulating the systems equations.
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h. Specified desire. "x" values, are placed in the branches of

the trees (b-l) (there are no Specified x values here).

5. Specified flow, "y" are placed in the chord set (c-Z).

Figure 35 shows the development of a system graph and Figure 37

shows the system graph and a formulation tree for alternate 30. The

complete solution of this alternate can be found in a paper by Grecco

aumd Breuning (58). Only the results are presented here in Table 16.

.A more simplified system graph was used for alternates 3A and BB

(Figure 36).

Qiaaaut§_§aeaausura

In order to achieve a numerical solution of the system by this

method, a set of equations must be written in accordance with the

circuit postulate of linear graph theory.

1. The general equation for the circuit postulate is:

. e ‘

£2: bi xi = 0

Where:

bi is 0 if the ith element is not included in the kth

circuit

th element is the sameb. is 1 if the orientation of the i

as the orientation for the kth circuit

b. is -1 if the orientation of the ith element is Opposite

to the orientation of the kth circuit.
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—-‘— Branches (b-Z) Elements (1, 8, 9, 10, ll, 12 t“.- 13)

---4-— Chords (c-l) Elements (18 to 23)

--< --- Chords (c-2) Elements (26 to 31)

Figure 36. System graph and tree
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Branches (b-Z) Elements (1 to 13)

Chords (c-l Elements (1% to 25)

Chords (c-2) Elements (26 to 31)

Figure 37. System graph and tree
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2. Each circuit will have one and only one chord, and will be

written in such a sequence that a unit matrix results for

the entries c-l and c-2.

3. Write equations using chords (c-l) first and chords (c-2)

last.

4. Arrange the x's in the column matrix in the following order:

xb-l’ Kb-Z’ Kc-l and Xc-Z '

5. The resulting matrix product is shown in Table 15.

Smfiostitutign in Geneza; Mesh Foam

The general mesh form or circuit equation can.be written:

an

. , l r .

[Bu ' Ao-l] + [Biz ' Rb-Z ' "312 + J Rc-l] [Ye-l]

B . -BTY +30”; -=0
12 F‘s-2 22] [ c-2] [ ‘c-2]

Note that the first term is non-existent in this case, because

no .Xb_1 values exist in this problem and, since the last term is

multiplied by zero, it vanishes. The resulting equation for this

Problem is :

he - i2 - if1 11.11 +181. - R.-. - 331 1:.-21 = o



Table 15.

O -1 1 -l O O

0 -1 1 -1 1 -1

O -l O O 1 -l

1 0 0 0 1 O

l 0 0 O l -1

-l -l 1 0 0 0

-l 0 O 0 -l 1

1 1 O 0 O O 

O O

H
O

O
o

.
—
—
-
—
-
-
-
—
—
—
-
—
I
-
—
—
—
—
—
-
—
—
—
—
—
—
—
-
—
-

0

----—--_—_--——~_—.—

O
H

0
0
0

 

Resulting matrix product

 

c-2
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The result of the first term from the above general equation becomes

the symmetric matrix shown below:

"(38mg (384129 (1111) -(R8+ 438+ -018».

mumla) +R11 R9) R911111) R11)

1

“8&9 (£111le ”(118+ ‘(R8+R9 "(Refill

+lele ”‘13) R9) +1111+ +312

+R13+R19) P‘12)

(311% 0 "(311+ "Raf

+Rl3fizo) R12) R12)

(38+ (gag (Re, 1

R9111.10 ”‘10)

+321)

(38m9+ (R8+R11

R10"“11 +312)

+R12+R22)

(Refin

4R123323 )_   



156

The resulting product of the second term is a non-symmetrical matrix:

Ran) min) 412.3%) (all) a8 0284429) 1

4311) «311% -(R8+Rg) (Rifle) Rs (38%)

+313)

“(311) ”(Rumlz 0 (8111912) 0 0

+313)

0 o (Rgmg) o 4128) -(R8+fi9m10)

(Rn) (Rnfi’iz) (R8m9) -(R11+R]2) -(R8) -(R8m9+alo)

 (“11) (amen) (R8) Jana-112) 438) -(R8)    



Element

2 O O

W
W
N

N
N
N
N
N
N
N
N

H
Table 12.

the linear graph of alternate 3A

Component information necessary to solve

Travel Time

Component (Minutes)

Enployment (I-7 ) --

Street 10

Street 10

Street 14

Street 10

Street 14

Street 10

Street 10

Street 17

Street 20

Street 10

Street 14

Street 10

Street 17

Street 10

Street 14

Street 14

Street 10

Street 14

Street 17

Street 14

Street 10

Street 14

Street 17

Street 20

Residential (R-l) --

Residential (R-Z) --

Eknployment (1-4 ) ..

Employment (I-5) --

Residential (R-3) --

Residential (R-6) ..

Resistance

Factor

0.3055

.3055

O 3890

.3394

. 2665

.3941

.4255

.3055

.3890

.3055

.3055

.3055

.3890

.3218

.3055

.3890

.3055

.3218

.2527

.3394

.3941

0.4255

Y (Work

Trips)

?

4000

3000

3000

5000

2000

2000



Element

2 O o

\
O
C
D
V
G
K
A
C
U
N
H

10

Table 13.

Travel Time Resistance

Component (Minutes) ' Factor

Employment (I-7) -- - ---—

Street 10 0.4780

Street 10 .4780

Street 14 .6088

Street 10 .4780

Street 14 .6088

Street 10 .4780

Street 10 .4780

Street 17 .7069

Street 20 .8050

Street 10 .4780

Street 14 .6088

Street 10 .4780

Street 17 .4780

Street 10 .4780

Street 14 .6088

Street 14 .6088

Street 10 .4780

Street 14 .6088

Street 17 .4780

Street 14 .6088

Street 10 .4780

Street 14 .6088

Street 17 .7069

Street 20 0.8050

1 -:O

.L/U

Component information necessary to solve

the linear graph of alternate 38

Residential (Rel) --

Residential (R-Z) ~-

Employment (I—4) -

Employment (I-5) --

Residential (R-3) --

Residential (R-6) --

Y (Work

Trips)

7

4000

3000

3000

5000

2000

2000



Element

No.

o
x
o
o
o
-
q
o
w
n
t
w
m
v
—
I

E
S
S
S
S
S
S
‘
E
S
S
B
S
S
E
S
E
U
‘
E
G
B
E
“

Table 14. Component information necessary to solve

the linear graph of alternate 3C

Component

Employment (1-7)

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Street

Residential (R-l)

Residential (R-Z)

Eknployment (I-4)

Enployment (I-5)

Residential (R-3)

Residential (R—6)

159

5 Travel Time

(Minutes)

10

10

14

10

14

10

10

17

20

10

14

10

17

10

14

14

10

l4

l7

14

10

14

17

20

Resistance

Factor

.7500

.7500

.8125

.7500

.8125

.7500

.7500

.8450

.8675

.7500

.7500

.8450

.7500

.8125

.8125

.7500

.8125

.8125

.7500

.8125

.8450

I (Work

Trips)

?

4000

3000

3000

5000

2000

2000



le Solution on Alteagte 3A

A substitution of the prOper R values from Table 12 into the

above gives the following independent equations:

 

 

 

11.2716 0.9661 0. 3055 -0.6606 -O.9661 -0. 5720' "515 1

0.9661 2.0496 1.0000 -0.6606 -1.3551 -0.9610 yl9

0.3055 1.0000 1.3055 0 -0.6945 -0.6945 yéo

-0.6606 -o.6606 0 1.2.079 1.0861 0.2665 521

-0.9661 -l.3551 -0.6945 1.0861 2.0333 0.9610 y22

:0.5720 -0.9610 -0.6945 0.2665 0.9610 1.3004. Ly23.

10.3055 -0.3055 0.6606 0.3055 0.2665 0.6606 .4000

-0.3055 -1.0000 0.6606 0.6945 0.2665 0.6606 3000

-0.3055 -1.0000 0 0.6945 0 0 3000

0 0 0.6606 0 -0.2665 1.0861 5000

0.3055 0.6945 0.6606 -0.6945 -0.2665 1.0861 2000

.0.3055 0.6945 0.2665 -0.6945 -0.2665 -0.2665 L2000

  

   
The results of solving the above six equations on the computer are

shown in Table 16.

Fipgl Solution 03 Alternate QB

.A substitution of the prOper R values from Table 13 into the

the preceeding R matrix gives the following independent equations:



F
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1

   

+2.1409 +1.6629 +0.4780 -l.1849 -l.6629 -0.9560 yla

+1.6629 +3.3585 +1.5648 -l.1849 -2.27l7 -l.5648 yl9

+0.478O +1.5648 +2.0428 0.0000 -1.0868 -l.0868 yZO

-1.1849 -l.1849 0.0000 +2.5987 +1.9899 +0.47so y21

-1.6629 -2.2717 -l.0868 +1.9899 +3.5547 +1.5648 y22

L«0.9560 -1.5648 -l.0868 +0.4780 +1.5648 +2.1736‘ .y23.1

10.4780 -O.4780 -l.1849 +0.4780 +0.4780 +1.1849- '4000'

-O.4780 -1.5648 -l.1849 +1.086S +0.4780 +1.1849 3000

-0.4780 -l.5648 0.0000 +1.0868 0.0000 0.0000 3000

0.0000 0.0000 +1.1849 0.0000 -O.4780 -1.9899 5000

+0.4780 +1.0868 +1.1849 -l.0868 -0.4780 -l.9899 2000

L50.4780 +1.0868 +0.4780 -1.0868 -O.478O -O.4780‘ _2000‘    
The results of solving the above six equations on the computer

are shown in Table 16.

Qisgussiog of the rgsults

This problem was used primarily to establish a basis for computing

On the basis of the

will be determined from the Mi.’l
J

Normalizing

the resistance value for the route component.

Rij

curve (Figure 34) and the values will not be normalized.

results, the resistance value

the R13 values has the effect of analyzing one section of system at a

time. The results of the solution by the three approaches studied are

shown in Table 16. .For most interchanges, the not-normalized hij'l

results are somewhere in between the other and all results are quite

close.
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A comparison of the not-normalized Mij-l results is made with

solutions of the same problem by the gravity model and the electrostatic

model. When the systems approach results are compared with either

model, the agreement is as close as when the two models are compared.

The comparison between the two models and systems engineering is shown

in Table 17.



Table 16.

16
a

I

Work trips from each residential zone to each

employment zone by the three alternate methods of

work Trips

From Zone 26

'to Zone 1

28

29

From Zone 27

to Zone 1

28

29

From Zone 30

to Zone 1

28

29

From Zone 31

to Zone 1

28

29

establishing route resistance

M. .‘l

1.1

Normalized

1221.78

1360.18

1418.04

828.43

759.30

1412.27

555.43

482.90

961.67

394.36

397.62

Rij as a function of:

Not Normalized

M. .‘1
1.1

1203.24

1353.85

1442.91

806.85

751.76

1441.39

568.77

486.45

944.78

421.14

407.94

1170.92

Trip

Frequency

1199.10

1215.40

1585.50

778.87

825.08

1396.05

536.13

490.33

973.53

485.90

469.19

10114. 91
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Table 17. Comparison of systems engineering approach using

. -l . .
not normalized hij and the graVlty and electrostatic

models for work trips from each residential zone

to each employment zone

. Gravity Electrostatic System

werk Trips Model Medal Engineering

From Zone 26

to Zone 1 1161.5 1217.64 1203.24

28 1231.9 1359.77 1353.85

29 1620.5 1423.53 1442.91

From Zone 27

to Zone 1 ‘ 695.0 583.67 806.85

28 812.1 791.63 751.76

29 1494.1 1624.22 1441.39

From Zone 30

to Zone 1 623.5 707.76 568.77

28 507.2 464.87 486.45

29 869.5 827.44 944.78

From Zone 31

to Zone 1 519.9 490.93 421.14

28 461.4 383.72 407.94

29 1014.7 1124.81 1170.92
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ILLUSTRATIVE P20311314 TL-iREE

Problem.Statement

Given Information

The differences between problems three and two should be noted.

Problem three will use the same yj for the employment and only the

-1
R . = M.13 13 , not normalized for the route components. The main

difference is that problem three uses Specified x values in terms of

desire instead of specified y's for the residential components.

For the hypothetical city "Red Cedar", the following information

is established from a current 0 and D survey and a Special sampling

Survey.

1. The present interzonal work trips - ti. .

J

2. The present travel times between zones - d
ij '

3. Present and future evaluation of employment zones to establish

relative attraction values on the basis of number of jobs

and/or other parameters.

4. Probability interchange established on the basis of the

relative attraction of employment zones, assuming equal

travel times - Pi'

J

5. The actual trips per unit of probability interchange.

Mil = Yij / P13

6. Curve plot or equation for 1/1-1ij versus did (Figure 34)

7. Present estimates of income, car-ownership, distance to CBD

and pepulation density.

8. Forecast of these parameters for each zone 1 for the

future year.
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9. Forecast of area wide limits or ceilings on these parameters

for the future year.

10. Distribution of trips by purpose where Kw is the work trip

factor.

11. Existing land use data

12. Future land use forecasts

To Find

The problem iszforecast future interzonal work trip movements

when Specified x's or pressure drivers are given for the residential

zones, Specified y's or through drivers are given for the employment

zones and resistance values are given for the route components.

Schematic of the Phy§icgl System

 

 

    
V S r stem 8 t o a How ished

The following input values are necessary for solution of this

sample problem by linear graph theory:

1. The value of desire or pressure x1 for each residential

zone 1 is required. The values will be established in the

following manner.
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a. From existing 0 and D data for income index (I , car-owner—

ship 13, distance to the CBD 1‘, and population density

6', an equation will be established for Y, resident

trips per dwelling unit.

For this example:

I = -0.l958 + 0.0008 o: + 4.648018 + 1.7288 LOg r -o.5464 Log 6’

This equation will then be maximized with limiting values

of all parameters as forecasted in the whole area for the

future year. The limiting values used to maximize the

preceeding equation are:

Income Index - 9

Car-ownership - 1.5 (cars per dwelling unit)

Distance to CED - 100 (tenths of miles)

POpulation Density - 2 5 (dwelling units, in tenths,

per net acre)

This maximum.value of I will be defined as the theore-

tical pressure or desire, KT .

xr=x . <2)

The pressure or desire for work trips per dwelling unit

will be found by using the previously defined factor Kw'

i. = K. K. m

Using maximizing inputs for equation (1) on all parameters

except income (I ,‘Will develop a relationship between

discrete values of income and Y a: ,8. r. 6 . A curve

plot or equation will then be established for r: .

The decrease in X from the maximum value will be

related to the coefficient rm .
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[X'Ymfims] = [rd .1] (4)

X-I ,15¢ 21 .3551 (5,

The value of R‘ will be found by normalizing rc‘ .

R a , shown in Figure 27, should serve to isolate the

effect of income on pressure and trips made.

c. Similar techniques will be used to establish curves or

equations for R 58 , R a' , and R 6 . (See Figures 28,

29 and 30)

d. A subsystem of the zone parameters will be Solved in

order to find each value Xi. Schematically this can be

shown :

 

 

 

   
-—1fnwmmc UNIT w—GD»

'- DISTANCE TO can 1—
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As a system graph

Where:

 
R‘ , R‘ , R). and R6“ are found from previous curves

or equations. The subsystem can then be solved for X6 ,

in terms of the values x1, R R R and R The
«'4'1' 8’

element number six can be used in lieu of the subgraph.

The summary of solution of input x. values and the

( 2 Girl are shown in Table 19.

2. IS values for each employment-zone will be determined by

methods previously defined in sample number two.

-1

J'

3. The input values for the route components will be R1 or

Gij values as shown in Table 18.

e oof heC t

1. Residential Zones 1 will have a computed x value

26 I Specified x' s
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2. Enployment zones 3' will have Specified y's or through

drivers .

1 Specified y' s
—‘——_

3. Route Components are given in equation form where

a h e

The system graph and tree are shown in Figure 38. The specified

flows or y's at the employment zones are placed in the chord set, while

the residential zones are placed in the branches. The subgraph shown

31181: previous to this section has been replaced by its equivalent

element in the system graph.

0 0 Cu -s t ons

Symbolically the cut-set equation can be shown without the Yb-l

term since there are no specified x variables.

r 1

Yb-Z

[11 A21 A22] Yc_l 0

15-2.  

By multiplying the matrix through,

[u 11.21] I +11 ~11 =0

The Y values can be established as an explicit function of the

' 1i vall-Ices and the x, term is the Specified x value from the previously

noted subgraph .
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Yb-2 = Gb-Z Xb-z Gb-Z X1

Y0-1 GC-1 Kc-1 O O

The above value can be substituted into the proceeding equation.

I

0[IA
Gb-2 xb-z G0-2 xl ,,A Y

:21. ,
- U A

21 22 c-2

Gc—l ‘o-l 0 °

The xc-l term can then be expressed in terms of the xb_2.

. _‘ T ,

‘(c-l - A21 xb-2

The final equation form becomes:

G + o e T .. o o =

[b-z A21 Gc-l A21][Xb-2] [A21 G0.2 X11+A22 Yc-Z O

Efiaaset_£auuuauui

The details of the final solution have been omitted from this

Sample. as the procedure is the same as that illustrated in problem two.

c 3 he s

The work trip interchanges for this problem are shown in Table

20° The results cannot be compared with those from other problems. The

Value Of desire, as a measurement of the pressure, x, was found by

WIT—Zing the multiple regression equation for Y, given in the

sectiOn on input values. The specified x value for work trips for

all residential zones was found to be 0.734 per dwelling unit. The

final x values for each residential zone varied according to the

number Of dwelling units and the resistance factorS. The resistance

1'

actors reflect the reduction from the theoretical pressure due to the
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limitations imposed by the parameters of income, car-ownership, and

etc.

The trips, from each residential zone, computed in this problem

is compared with the trips generated by each zone, using the multiple

regression equation for Y’ with Specific parameter values. The com-

parison, found in Table 20, Shows that the total trips by the Y

equation is only 7,803 while the stated input trips to the employment

zones total 8,000. Other techniques would probably increase the flow

from each zone proportionately, without due regard to the total system's

effect. The linear graph solution provides not only for a balanced

flow of 8,000, but for a reduction from the estimate of Y in the

residential zone R-6 (element 31), due to its larger travel resistance.

 



Element

No.

\
O
G
J
I
-
J

10

13

18

19

20

21

22

23

26

27

29

30

31

Table 18. Component information necessary to

solve the linear graph

Travel Time -1 G

Component (minutes) ij or

Employment (I-7) -- - ---

Street 10 2.092

Street 17 1.414

Street 20 1.242

Street 10 2.092

Street 14 1.642

Street 10 2.092

Street 10 2.092

Street 14 1.642

Street 17 2.092

Street 14 1.642

Street 10 2.092

Street 14 1.642
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Residential (R-l) --

Residential (R-Z) --

Employment (I-4) --

Employment (I-5) --

Residential (R-3) --

Residential (R-6) --

Y (werk

Trips)

2000

2000

4000
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Summary of solution of the input x

and the (2 Girl for the subgraph of the

No. of Dwelling Units

Income Index

Ru:

Car-ownership

R13

Distance to CBD

Rx-

POpulation Density

Ra

Factor Xx

Factor Kw

x1 (total)

(201)-1 or Re

Res. 1

(26)

1050

0.118

1.3

0.133

8.0

0.075

0.462

0.22

0.348

-773

0.0317

residential zones

Res. 2

(27)

1010

7

0.250

1.1

0.266

3.0

0.401

20

0.694

0.22

0.348

-742

0.0855

Res. 3

(30)

818

00O O \
m

0.8

0.466

2.0

0.538

30

0.828

0.22

0.348

-600

0.1387

values

Res. 4

(31)

0.368

.9

0.400

4.0

0.306

20

0.694

0.22

0.348

-525

0.1007
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Table 20. The results of illustrative problem three

w0rk Trips

Systems Engineering Multiple Regression

Total Total

From Zone 26 3003 2940

to Zone 1 873 --

28 965 ..

29 1165 --

From Zone 27 2333 2180

to Zone 1 590 --

28 536 --

29 1207 --

From Zone 30 1340 1310

to Zone 1 322 --

28 281 --

29 737 --

From Zone 31 1324 1373

to Zone 1 215 --

28 218 --

29 891 __ -- __

Totals 8000 7803
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ILLUSTRATIVE PROBLEM FOUR

figoblgm Statement

Given.Information

The basic difference in problem four, from those which precede,

is that the x values for the residential zones are specified by a

pressure in terms of money. Two alternatives for establishing the

Rij for the routes are used. One is the same as used in problem three

and the other is an Rij based on the total cost of traveling the route.

For the hypothetical city "Grand River", the following informa-

tion is established from a current 0 and D survey and a special sampling

survey.

1. The present interzonal trips - ti"

J

2. The present travel times between zones - di'

3

3. Present and future evaluation of employment zones to establish

relative attraction values on the asis of number of jobs

and/or other parameters.

4. Probability interchange established on the basis of the

relative attraction of employment zones assuming equal

travel times — Pi"

J

5. The actual trips per unit of probability interchange.

11.13. = Yij / P

ij

6. Curve plot or equation for 1 / Mij versus dij (Figure 34)

7. Present and future estimates of income, consumption and their

relationship. (Figure 31).
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8. Relationship for transportation consumption. present and

future by yearly change.

9. Families per zone present and future.

10. Percentage of trips for each purpose and their mean length.

Tables 4 and 8.

11. Existing land use data.

12. Future land use forecasts.

13. Additional requirements for alternate solution B on route

component.

 

a. length of each route in miles

b. average Speed over each route component

0. average vehicle costs per mile. Table 21.

d. average time costs per hour.

The problem is to forecast future interzonal work trip movements

when: x values for the residential zones are Specified on the basis

of.money available for work trips, y values are Specified for the

employment zones as work trips, and the route components have Specified

resistance value R established first on the basis of travel time and

secondly by the money Spent on traveling the route.

 

Schematic of the Ehysipg; System

Res 1 ERes. 2

m 7

mu-utE:1 l:|Emp. 5

Res. 3
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Table 21. Estimated cost of Operating a motor vehicle

Source: Reference 55

Per Cent

Item Cents Per Mile of Total

Costs Excluding Taxes

Depreciation 2.54 26.0

Repairs, Maintenance 1.72 17.6

Replacement Tires and Tubes .18 1.8

Accessories .14 1.4

Gasoline (Except Tax) 1.45 14.9

Oil .19 2.0

Insurance 1.29 13.2

Garaging, Parking, Tolls, etc. 1.08 11.1

Sub-Total 8.59 88.0

Taxes and Fees

Gasoline .70 7.2

Registration .10 1.0

Titling and PrOperty .10 1.0

Oil .01 0.1

Auto, Tires, Parts, etc .26 2.7

Sub-Total 1.17 12.0

TOTAL OPERATING COST 9.76 100.0

V
_
3
,
1
,
?

.
:
fi
-
"
i
-
f
-
M
w
y
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Input Values ggg How Established

The necessary input values for the solution of this sample problem

by linear graph theory are:

l. The amount of money in dollars to be spent for the total

work trips made from the residential zone i. This will be

referred to as C and x ‘will be found by multiplying
i 1

C1 by K, a constant determined to adjust for the differences

in dimensions and the number, 250. represents the working

days per year

xi = KCi/250

The value Ci can be estimated in the following manner:

a. Determine from a previously established plot of income

versus consumption. an estimate of the future year con—

sumption based on an estimate of future year mean income

I for zone 1.

b. Establish from previous data a relationship between

t and total consumptionexpenditures on transportation Zi

2. Based on observations of trends,the yearly change in

this ratio can be established.

Ef = Eb +'n A.E

where:

Er is the ratio of future amount Spent on transportation

per total consumption for future year

Eb is the same for the base year

AB is the yearly change

n is the number of years from base year to future year.
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The amount of expenditure Spent on tranSportation for

the future year can be found.

The zit represents the total amount Spent for tranSpor-

tation per family in zone i. The amount spent for

tranSportation per zone for the future year (Zt) will

t
z.1 times (Nf) the number of families in zone 1,

Since the primary concern is home based work trips, it is

necessary to determine the amount Spent for these, where

Kh is the percentage of all trips that are home-based.

The amount of money Spent for trips to work can be found

by first establishing the ratio of the total mileage for

work trips to the total mileage traveled for all trip

purposes. The ratio Kw is equal to:

 

K ‘= k‘w . mw

w
- Mtotal (All purposes)

where:

Mtotal = (kw ' mw) + (ks ' ms) +'(ksc ° msc) +

(ksr . mSI') + (kem mem) + (k‘O . mb)



where:

kw is

mw is

ks is

ms is

ksc is

msc is

ksr is

12181. is

em is

mem is

kb is

mb is

then:

allow:

the

the

the

the

the

the
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percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

percentage of trips

average trip length

to work

for work

to

to

to

to

to

to

to

to

to

to

showing

showing

school

school

social-recreation

social-recreation

eat meals

eat meals

business

business

A summary of the solution leading to values of x by the above

procedures is shown in Table 22.

2. The input yi values for each employment zone will be

determined by methods previously defined in sample number two.

3A. The input values for the route component will be Rij as

defined in the previous sample number two, alternate B, as

shown in Table 13.
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Table 22. Summary of solution to x input values for

residential zones

Residential Zones

Res. 1 Res. 2 Res. 3

(26) (27) (30)

ese Year

Average DiSposable Income

per dwelling unit (8) 5300 6300 4300

Total Consumption - Z ($)

(Figure 31) 5300 6150 4400

TranSportation Consumption - zt ($) 455 530 375

(Figure 32)

Ratio zt / z = E5 .0859 .0862 .0852

F e Ye Es tes

Average DiSposable Income

per dwelling Unit ($) 5700 6500 4800

Total Consumption - Z ($)

(Figure 31) 5900 6600 5100

Ratio - zt / 2 (pr = Eb + n 132» 0.1002 0.1005 .0995

Transportation Consumption - zt ($)

(Figure 32) 591 663 507

Per cent for werk Trip - Kw 0.505 0.505 0.505

work trip Consumption -zWt ($) 283 335 256

Number of Dwelling Units 1400 900 780

Total Werk Trip Consumption.($,000) 396 302 200

X.

l

K(Ci / 250) (assume K = .25) 396 302 200

4300

4400

375

.0852

202

202
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3B. A xk input value might also be computed for an alternate

solution on the route component. The value Ck might

logically be established as the money Spent per vehicle on

the route component k. The total value of x for the kth

route component would be equal to

= K.Ckoyk

xx

where:

K is a constant for all route components to adjust for the

differences in dimensions

yk is the number of vehicles on the kth route for work trips

from zone i to 3.

he value Ck would be equal to the sum of the products of

vehicle cost per mile times the number of miles and travel time costs

th
per minute times the number of minutes for the k route

Ck = °v ° mk + °t ' dij

where:

cv is the total Operating cost per vehicle mile

mk is the length of the route in miles

0t is the time cost per vehicle per minute assuming an

occupancy of one person per vehicle.

did is the travel time per vehicle per route excluding

terminal time.

A summary of the solution leading to values of Rij for the

route components on the basis of vehicle and time costs is shown as

Table 23.
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Table 23. Summary of the solution of Rij by the

sum of the vehicle and time costs

Vehicle Travel Time Time Total Resistance

Route No. Length Cost ¢ (minutes) Cost Cost ¢ 3.. =

(Element) (mk) (Cv ' mk) dij (dij ° ct) Ck Kl? Ck

8 3.3 32.5 10 22.5 55.0 0.3850

9 6.8 66.4 17 38.2 104.6 0.7322

10 8.0 78.1 20 45.0 123.1 0.8617

11 3.3 32.5 10 22.5 55.0 0.3850

12 4.7 45.8 14 31.5 77.3 0.5411

13 3.3 32.5 10 22.5 55.0 0.3850

18 3.3 32.5 10 22.5 55.0 0.3850

19 4.7 45.8 14 31.5 77.3 0.5411

20 3.3 32.5 10 22.5 55.0 0.3850

21 4.7 45.8 14 31.5 77.3 0 x411

22 3.3 32.5 10 22.5 55.0 0.3850

23 5.6 54.6 14 31.5 86.1 0.6027

Jote: Vehicle Cost per mile assumed at 9.76¢ (Reference 55)

Time Cost per hour assumed at $1.35 (Reference 55)

K is assumed to be 7 x 10"3
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Since the value to be solved yk for the component is also the

same value provided by the system solution, the equations can

be further reduced

 

 

_ = "k

13 RK y'k

Xk = K o C
Elton;

yk k E .

This last equation makes it evident that for route components,

the parameters, which establiShed x, are confounded in y' and

that Specified x's are not possible. Specified R values of

the route components can be determined on the basis of money.

W

Figure 39 shows the system.graph and tree used for both alternate

solutions. The Specified x values on the residential components were

placed in the branches (b-l) and the Specified y's from the employment

zones were placed in the chord set (c-Z).

Since the solutions follow the procedures for the mesh form

equations, illustrated in problem two, they were omitted to reduce

repetition: The results are presented in the next section.

Discgssiog of the results

In both alternates of problem four, the Specified work trips for

the employment zones I-7, I-4 and I-5, are 3000, 3000 and 5000, res-

pectively. Even though these are the same destination values as used
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in problem two, there is no basis for the comparison of the results

with problem two. The Specified x values were determined as a function

of the money spent for work trips. An adjustment in the number of

dwelling units and the constant k could have established flows, from

the residential zones, similar to those of problem two. Residential

zone R-2 (element 27) has similar origin flows, 3093 vs. 3000. The

flows from zone R~2 to each employment zone are in closer agreement

than the other interchanges. Even if the two zones had identical

origin flows, the trip distributions would vary due to the system's

effect. The system solution weighs the interrelation of all the

component parts in order to establish a solution of interchanges.

The results of problems 4A and B are shown in Table 24. There

is also little basis for a comparison between these alternates since

the variation was established on purpose. The Speed for the several

routes of equal travel time was varied in order to give.different

travel distances. Since the route resistance values of alternate B

are a function of travel time and distance, the solution reflects the

differences in speed. The travel resistance for the residential zone

R-B (element 30) to the employment zones I-4 and I-5 (elements 28

and 29) was Specifically increased by assuming higher travel Speeds.

The effects of these increased resistance values from residential zone

R-3 (element 30) are noted below:

1. The flow of trips to the employment zones I-4 and I-5

(elements 28 and 29) are reduced because of the increased

resistance factors.

2. The flow of trips to employment zone I-7 (element 1) are

also reduced because the total of the resistance value from

zone R-3 has increased.
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3. The trips originating in zone R-4 are also logically

reduced and the reduction is absorbed by the other

residential zones.
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Table 24. The results of illustrative problem four,

alternates A and B

Work Trips

Alternate A Alternate B

Totals Totals

From Zone 26 3542 3764

to Zone 1 1037 1108

28 1202 1366

29 1303 1290

From Zone 27 3092 3229

to Zone 1 840 863

28 789 798

29 1463 1568

From Zone 30 2144' 1883

to Zone 1 627 599

28 536 451

29 981 833

From Zone 31 2222 2124

to Zone 1 496 430

28 473 * 385

29 1253 1309

TOTALS 11000 11000

Note: The asterisk denotes those interchanges for which the

route resistances were increased.



SUMMARY

Traditionally the urban traffic forecasting model has been

separated into three distinct parts; trip generation, trip distribution

and trip assignment. The research has concentrated primarily on trip

distribution with little work on generation and none on trip assignment.

A work trip distribution system was chosen for analysis because

work trips constitute the largest percentage of all urban travel and

occur generally at times of peak flow. Two hypotheses were presented;

first, the work trip distribution system could meet the requirements

of a system solution by linear graph theory, secondly, the results of

the system solution would provide acceptable trip interchanges which

would compare well with other models. The research was separated into

a study of components and the system.

COMPONENTS

The most pertinent findings, obtained from researching the

components, were in their selection, measurements and terminal equations.

Selection

A work trip distribution system contains workers, jobs and some

facility to bring the workers to the jobs. From the analysis, it was

determined that the best components would be the residential zone

component, the route component and the employment zone component.

191
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Measurements

Two measurements are necessary on each component; where one,

labeled y, would sum to zero at vertices of the system graph and the

other, labeled x, would sum to zero around the circuits of the system

graph. Analogous to the other fields of system analysis, it can be

established that the proper y measurement should be the flow of work

trips. The x measurement was assumed to be a preSsure-type measure-

ment which is a causative influence on the flow and diminishes around

the circuit.

The fact that the amount of travel varies from person to person

is generally accepted. It might be reasoned that the variation can be

tied to a set of circumstances which influence travel. In an effort

to be more Specific, two possible measurements were prOposed which

could be related to trip making. It was hypothesized that the trip

interchange was a function of demand, as expressed in a need or willing-

ness to travel. This x measurement was designated as desire. AS the

amount of desire increased, the number of trips would also increase.

This relationship, between desire and trips, would also be influenced

by the relative attraction of the trip and the friction or deterrent

factors. Based on the amount of desire available for trip making, it

seems 10gica1 that a number of trips would be made, subject to the con-

straints imposed by the attraction of the destination and friction

incurred on the route of travel.

The second expression for the pressure-type x measurement was

money. The amount of money available for travel could be determined

for each residential zone. The flow of trips would then be large enough

to use up the money or desire available.
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Terminal Equation

A basic equation which utilizes the above postulates can be

stated. The flow of trips equal the pressure measurement divided by

the resistance encountered or y = x / R. This can also be related to

a relative attraction term G or Y = G x.

For expediency in the formulation process, the basic equation

was retained, even though values for x and R or 0 could not be

directly measured. The x measurement in terms of desire was related

to parameters such as income, car ownership, distance to the CBD and

population density. The x measurement in terms of money was related

to diSposable income, tranSportation consumption and Specifically the

consumption utilized for the making of work trips.

For the employment zones, the flow or y measurement was used

throughout the research. This served as a control volume that wouLd

preperly adjust the magnitudes of the trip interchange.

The route components were related to the friction term R. The

best single predictor of R ~for the route components seems to be travel

time. When the pressure measurement x was related to money, it

seemed advisable to express R as a function of travel costs in terms

of time and vehicle costs.

SYSTEM SOLUTION

Four illustrative solutions were presented to test on a theore-

tical basis, the application of the postulates in a system solution. A

fUIl discussion of the results of each illustrative solution was

presented in the previous chapter. In summary, it was shown that:
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To achieve the true system solution which interrelates the

characteristics of all the component parts, one cannot

validly sum the solutions made on separate subsystems.

The most basic solution of future zonal interchanges occurred

when the estimated trips from each residential zone yi and

the estimated trips to each employment zone yj were

Specified. The R value on the route components was

established as a function of an empirically established

ratio of probable to actual trip interchanges. The results

of this analysis compare reasonably well with those obtained

from solutions of the gravity and electrostatic models.

The use of the pressure measurement in terms of desire

provided reasonable interchanges and the trips origins at

each residential zone closely approximated those found by a

multiple regression equation. Balanced flows at the residen-

tial zones and employment zones are assured by the systems

approach. In contrast, all other models used to date require

balancing through an iteration procedure.

The use of money as a function of the x measurement for

residential zones and the R measurement on the route com-

ponent provided results which were balanced and reasonable.

No effort was made to use zones with characteristics similar

to those of the other illustrations but the variations in

zonal interchanges reflect quite closely the differences in

characteristics.

All system solutions are adaptable to changing parameter

values for research purposes.



CONCLUSIONS

Early advances in the fields of science have been chiefly those

of identifying the units from which a complex system is deve10ped. The

progress made toward system synthesis is contingent upon the validity

of the analysis process.

The work presented here is an initial attempt to apply the

techniques of systems engineering to urban traffic forecasting. The

primary concern of this study was the analysis of the components. The

synthesis of the system and the solutions obtained were of only second-

ary importance. .

The justification, for further research into the application of

Systems engineering techniques to urban traffic forecasting, can be

evaluated on the basis of the following conclusions.

The systems engineering model for urban traffic forecasting has

the following advantages.

1. Medels of this type have many advantages. The parameters

which influence travel patterns can be better understood

through testing and evaluation in a mathematical model. A

procedure for keeping the model up to date can be devised

which will make periodic tests and adjustments.

2. The complex interaction of persons, vehicles, facilities and

jobs in the work trip distribution system cannot be simply
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stated in equation form without the use of a formulation

technique such as linear graph theory.

Through the use of systems theory, it was possible to

establish a mathematical model of the relevant physical

characteristics of the system components in terms of

measurements.

A mathematical model of each system can be formulated in

terms of the characteristics of the components and their

mode of interconnection.

The systems approach provides for a balanced flow between

inputs and outputs of the system. Other models reviewed

generally require an iterative process to produce this

balance. The iteration procedures used are aimed primarily

to achieve the balance of flows. The true system's effect

or the interaction of the component parts is placed second

in importance to the balance of flow.

The system engineering model is much more flexible than

iteration type models for establishing parameter values from

empirical data.

The eventual goal of the traffic forecaster is a theoretical

model which can be used in any urban area, independent of a

previous 0 and D study. The models preposed by others have

not had much success in their application to other areas.

Though it has yet to be substantiated, it is proposed that a

general model, which predicts the pressure for the flow of

trips from any residential zone, can be established by the

techniques of systems engineering.
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Several areas of future research should be noted. The concepts

presented must be tested with empirical data in order to reaffirm or

adjust the hypotheses. The solution of the final system equations

from the circuit or cut-set equations and the terminal equations is

quite time consuming. A computer program is planned in the near

future which will eliminate the hand work presently required.

Another criticism of the system approach is the large number of

possible interchanges that accompany an increase in the number of

components. This problem will be partially solved by the acquisition

of a new high Speed, large storage computer by Michigan State Univer-

sity. Preliminary investigations have indicated that the high volumes

of interchanges could be handled through the use of subgraphs. Trip

distribution could be made first, on a neighborhood basis and then,

subgraphs would be used to distribute trips to the individual zones.

This area needs further research to fully evaluate its potential use.

Future research should also be attempted in the area of trip

assignment so that a single model might be used which would determine

the generation, distribution and assignment of trips for urban traffic

forecasting.
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