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were established. These are now in use at 
Capital Transit Company. For the sake of 
claiity these might be stated as: 

(a) Men whose score is 65 or more furnish 
the most suitable candidates for em
ployment. 

(b) Men whose score is between 50 and 64 
should be employed if other factors in
dicate that they will be suitable. 

(c) Men whose score is 49 or less should be 
rejected unless there is strong evidence 
from other factors that they will be 
suitable. 

6. Based on the evidence of this study, the 
use of the American Transit Motor Ability 
Test will materially aid in reducing the num
ber of men who must be eliminated after a 
training and trial period. 

Another evaluation of this test is planned. 
The population for that study will be drawn 
from the group which is being tested prior to 
emplojanent. At that time we shall also in

vestigate the relationship between test score 
and the ability of the candidate to complete 
training. 
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SYNOPSIS 
The diversity of opinions and policies with respect to the toll system is leading 

to serious inquiry as to the relative effects and values of free and toll bridges. A 
rational approach to the problem is attempted in this report. 

This paper presents the development of a mathematical method for measuring 
objectively the restraint imposed upon highway traffic operation by toll bridges. 

A fonnida is developed for measuring the monetary value placed upon time by 
the composite motorist. The application of the formula depends upon a meas
urement of sphere of influence of adjacent free and toll bridges, toll rate, and 
rates of vehicular speeds in the area studied. 

Conversely, the formula may be used to determine the sphere of influence of 
the toll facility when the monetary value of time is given. 

The method presented comprehends the analysis of time and delay studies, cor
related to origin and destination surveys made before and after freeing toll 
facilities. 

A number of specific cases were studied during 1946 by the Planning Division 
of The State Road Commission of West Virginia to develop a reservoir of ex
perience . An interpretation of the analyses of cases studied (of which this paper 
presents but one case) indicates that: 

1. Each toll facility has its own peculiar sphere of influence as determined by 

> This paper is a brief of Parts I , I V , V, and V I , of a thesis bearing the same title submitted 
by the writer in partial fulfillment of requirements in Highway Traffic Engineering at the 
Bureau of Highway Traffic, Yale University, 1946. 

' Mr. Campbell is now Engineer of Traffic and Operations, Highway Research Board. 
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factors which include toll rate and speeds of travel in the immediate area, to
gether with its economic and social environment. 

2. Each toll facility exerts its own peculiar influence upon highway travel with 
respect to diverted, barred, stranded and user traffic. 

3. The perpetuation of tolls on a fully amortized facility to protect the financial 
stability of an adjacent toll structure may not be necessary. Each toll bridge is 
inherently protected if sufficient distance and travel time separates it from the 
next adj acent bridge. Each situation presents a special study in cause and effect. 

4. The individual motorist does not place a precise, uniform, monetary value 
on his time, but selects a route which more nearly accommodates the urgency 
of immediate demand. Time cost, it appears, is a variable dependent upon indi
vidual driver judgment, time of trip (hour and day), together with economic 
demands upon and economic environment of motorist. 

5. Origin and destination surveys, in conjunction with time delay studies, 
furnish very precise instruments for measuring sphere of influence, lines of 
equity, values of vehicle time, and diversion of traffic. They also serve a useful 
purpose in estimating the anticipated change in facility use occasioned by a 
change in toll rate. 

A very notable revival of interest in the toll 
system is making itself evident today as a 
means for more rapidly expanding our trans
portation system. From national level to 
state level, from state level to community 
level, and from community level to the indi
vidual there is a serious inquiry into this 
subject. A diversity of opinions and policies 
on this vital problem are demonstrated. 

Whereas on the one hand federal and state 
agencies are pledged to a program of pur
chasing and freeing toll bridges (ly, on the 
other hand the impetus for building more new 
toll facilities brought construction of these to 
record levels by 1941 (̂ ) (at which time 
World War I I halted all construction except 
that necessary to the war effort). 

During 1945 there were an estimated total 
of 205 toll bridges and seven toll tunnels 
operating in the United States. Of the toll 
bridges 103 were publicly owned and 102 were 
privately owned. Since 1940, six new toll 
bridges have been opened to traffic, 41 toll 
bridges were eliminated and 11 toll bridges 
changed from private to public owTiership (S). 

An opportunity to conduct original research 
on the question of the relative effect of free 
and toll facilities on highway traffic by way of 
objective measurements was presented in a 
most tangible form. The legislature of the 
State of West Virginia in regular session in 
1945 authorized the purchase of two toll 
bridges on the Kanawha River for the purpose 
of making them toll free. At the same time 
the State Road Commissioner authorized the 

' Italicized figures in parentheses refer to 
list of references at the end of the paper. 

planning division to make studies of traffic 
transfer across the Kanawha River to de
termine the need for and the proper location 
of additional bridges. 

The potentialities of making time and delay 
studies together with origin and destination 
surveys both before and after the bridges were 
freed was recognized with respect to answering 
certain pertinent questions relative to toll 
bridge influence. Proposals were submitted 
to the Public Roads Administration and 
approval obtained for making this study a 
joint project. 

The specific objectives of the study are 
enumerated as follows: 

1. The effective sphere of influence of toll 
bridges in terms of travel time and distance 

2. Amount of community traffic diverted, 
barred, and stranded by tolls 

3. The minimum separation required in 
terms of time and distance from the next 
adjacent free bridge to protect the financial 
stability of a toll structure 

4. A monetary evaluation of vehicle time 
5. An evaluation of the possibilities of the 

origin and destination survey as a method for 
measuring the influence of tolls on traffic. 

Bridge traffic analyzed in this study in
cludes that using the Sattes and Chelyan toll 
bridges, and the Patrick Street (Charleston), 
Kanawha City, and Montgomery free bridges. 
The toll bridges were freed while the study 
was in progress and both before and after 
studies were made at these bridges. The 
Key Map shows the location of the bridges 
studied. 
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T H E ' P R O B L E M A N A L Y Z E D 

Interpretation of "Sphere of Influence"—Pre
requisite to its measurement "sphere of 
influence" must be defined. To begin, and 
for purpose of illustration only, assume a 
series of three free bridges to be serving a 
certain geographical area. It is desired to 
determine the sphere of influence of the 
central structure. 

An origin and destmation survey shows 
trips across the central bridge with origins 
and destinations beyond the other two bridges. 
It also shows trips across the other two bridges 
with origins or destinations further from the 

two bridges than from the central bridge. 
In effect, vehicles have passed by the near 
bridge to cross one further distant, and all in 
all, a great amount of trip overlap is revealed. 
In the over-all picture the sphere of influence 
of the central bridge appears to comprehend a 
substantial part of the spheres of influence of 
the adjacent free bridges as indicated in 
Figure 1. Inasmuch as the central bridge 
may be used by vehicles whose origins and 
destinations are beyond the two other bridges, 
it becomes necessary to analyze the usage, or 
trip type, in order to delimit the sphere of 
influence and eliminate the extensive overlap 
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of adjacent spheres, and apportion to each 
bridge its contingent share of influence. 

An analysis of transfers across a river 
•disclose the general types of trips, namely: 

1. The "U" type, with " J " type as a 
variant 

2. The "S" type, with the " L " type as a 
variant 

The trip with origin and destination beyond 
the adjacent bridge is usually of the S type, 
whereas the U type trip usually has both 
origin and destination between the bridge 
crossed and the adjacent bridge. A com
parison of these two trip types reveals funda
mental concepts for evaluating the contingent 
influence of adjacent bridges, namely: 

1. The S trip, with its variant, may include 
no out-of-way travel distance between origin 
and destination, therefore it may make no 

well to assign a name to that direction of 
travel, every part of which contributes toward 
reducing the initial relative distance between 
origin and destination (i.e. that travel which 
includes no out-of-way distance). The term 
"apposite" has been chosen to designate this 
type of travel. Apposite travel may be 
defined as that travel which is an attribute of 
relative position and is independent of con
straint. Conversely, "inapposite" was chosen 
to represent out-of-way or irrelevant travel, 
and may be defined as travel resulting from 
constraint of fixed facilities, and is, therefore, 
dissociated to relative positions. 

As applied to the problem at hand the S 
trips represent apposite travel. Whereas U 
trips (with variant J clipped down to a U) 
represent the inapposite (Fig. 2). 

APPOSITE TRAVEL 

Rirtr OESTINATiyi 

APPOSITE TRAVEL 

Figure 1. Typical Traffic Flow Diagram 
Trans River Traffic 

difference (in distance) which bridge a vehicle 
crosses as long as the trip maintains its 
characteristic S shape (i.e. it does not change 
to the U type). Therefore, as there is no 
difference with respect to which bridge is 
crossed by the S type trip, we may at once 
eliminate this type of trip from the place of 
first emphasis in determining the sphere of 
influence of free bridges. 

2. The U trip, with its variant, always 
includes out-of-way travel distance between 
origin and destination, therefore it always 
makes a difference in distance with respect to 
which bridge a vehicle crosses, except in 
certain cases where the out-of-way distance is 
equal regardless of bridge crossed. This 
exception will occur when the centroid of the 
trip is at the midpoint in distance and time 
between bridges. The U t3rpe trip, then, must 
receive the first emphasis in determining the 
sphere of influence. 

Before proceeding further in the develop
ment of the method of analysis it would be 

Figure 2. Diagram Showing Apposite and 
Inapposite Travel Distance—In the figure, 
travel between M and N, or B and A Is apposite, 
whereas travel via NRA and MSB is inapposite. 

Pursuing still further the illustration in 
which free bridge spheres of influence are 
subjected to analysis, it may be assumed as 
axiomatic, all other things being equal, that 
the natural sphere of influence of a free bridge 
located between two other free bridges will 
extend out to a division line midway in dis
tance between the adjacent bridges. Here
inafter this division line will be referred to as 
the "isometric line." Actually, however, 
equal adequacy and attractiveness of bridges 
and facilities is seldom realized. In particular, 
the time of travel varies between bridges so 
that the division line midway in time between 
bridges (hereinafter referred to as the "iso-
chronic line") is seldom coincident with the 
isometric line. Since the sphere of influence 
of a bridge is determined both by time and 
distance factors (supplemented also by in
tangible psychological factors), the sphere will 
be fixed by a line (disregarding intangibles) of 
equal economy, or a natural line of equity 
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(for free bridges) which would fall between 
the isometric and isochronic Unes (Fig. 3). 

Now, assume that one of these free bridges 
becomes a toll bridge. Proceeding with the 
development of method of analysis, there is 
now, in addition to items of time and distance, 
a third tangible item of economy; that of tolls. 
Immediately, the line of equity is transferred 
from its original position to a new position 
nearer to the toll bridge, thus developing 
assymetry between the trip centroids related 
to the toll bridge and the free bridge. This 
new position of the line establishes the actual 
sphere of influence of the toll facility and for 
convenience will be referred to hereinafter as 
the actual line of equity (Fig 4). 

be represented, then by the out-of-pocket 
(toll) cost wMch is assumed to be equal in 
amount to the aggregate value of total operat
ing costs plus value of total travel time saved; 
or additional cost (Toll ± operating cost) 
equals value of total travel time saved. 

In order to evaluate time and distance 
differentials separate measurements may be 
made for each. The time differential may be 
obtained by measuring from the actual line of 
equity to the isochronic line. The distance 
differential may be obtained by measuring 
from the actual line of equity to the isometric 
line. 

E X C E S S MOTfOSITE ( T H E ANOOISUNCCI 

MATUHAL SPHERE 
OF INFLUENCE 

3E ffiyer 
Rivir 

DISTANCE MEASUREMENT 

Figure 3. Diagram Showing Natural Sphere 
of Bridge Influence 

The sphere of influence may then be inter
preted as the actual line of equity enveloping 
a facility. 

Influence of Constraint—The general theo
rem relative to influence of constraint may 
now be stated—^The measurement of assyme
try between the natural line of equity and the 
actual line of equity evaluates the influence 
(in magnitude) of the constraint. Referred 
to the free bridge this assymetry may be called 
the excess inapposite travel (time and 
distance). 

Defining Differential Measurements—The 
measurement of excess inapposite travel is a 
differential measurement in that it is a meas
urement in terms of distance of the composite 
value of the time and distance differentials 
equated against the toll (or other constraint) 
cost. The composite differential value may 

Figure 4. Diagram Showing Natural and 
Actual Lines of Equity 

Correlation of differentials is established on 
a common monetary basis. Toll costs are 
known. Distance costs (commonly referred 
as vehicle operating costs per mi) can be 
closely calculated. Time value is determined 
from the formula developed in following pages. 

Locus of Actual Line of Equity—Before 
proceeding further with the method of trans
lating the time differential into terms of 
monetary cost per min, the method of de
termining the location of the actual line of 
equity will be developed. The mechanics will 
be presented in detail in the section, MECHAN
ICS OF ANALYSIS. An understanding of under
lying principles, however, is in order in this 
development of method of analysis. 

Reference is made to Figure 5 entitled 
"Graph Showing Method of Locating the 
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Figure 5. Graph ShowinglMethod of Locating Actual Line of Equity 

Actual Line of Equity." That point in the 
overlapping area of travel between the 
bridges (critical area) where the vehicular 
miles of travel, in this area, by way of the toll 
bridge equals the vehicular miles of travel by 
way of the free bridge establishes the actual 
line of equity between the bridges (See Item 
12, Basic Assumptions under MECHANICS OP 
ANALYSIS). Hence, the area representing 
equal cumulative travel by way of each 
bridge establishes the point fixing the actual 
line of equity. 

Diverted Trol/ic—Traffic crossing the free 
bridge and with centroid of origin and desti
nation further distant from the free bridge 
than the natural line of equity is diverted 
from the toll bridge for reason of cost or 
convenience (Fig. 6). When toll charge is 
removed it is assumed that this traflBc will 
return to the free structure. Therefore, those 
trips crossing the natural line of equity to use 
the free bridge with centroid of origin and 
destination beyond natural line of equity may 
be combined with the trips crossing the toll 
structure when it is made free. 
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Figure 6. Illustration of Accrued Traffic Upon Freeing a Toll Structure 

Locus of Natural Line of Equity—Using the 
general formula (see CORRELAKY STUDY): 

T - 4cn 
d(k - 1) + 2n(ifc + 1) 60' 

we may now substitute for x the value of time 
in terms of cost per min, and substitute 0 
for value of T. The average speed values 
may now be taken to the isochronic line 

(approximately correct). Solving for n the 
differential distance is obtained. A positive 
value is directed toward the toll bridge, a 
negative value toward the free. In any 
event the locus should fall between the iso
chronic and isometric lines (Fig. 14). 

Induced Traffic—This traflSc is variously 
referred to as induced, generated, stranded, 
or potential traffic. It is traffic with centroid 
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of origin and destination within the natural 
sphere of influence of the facility considered, 
but which is dormant or stranded because the 
total cost of use of the facility (including toll, 
time and vehicle operation) is greater than the 
return (economic or social) justifies. A de
crease or increase in toll rate or travel time or 
travel distance will be reflected in a respec
tive increase or decrease in induced traffic. 
Induced traffic can be measured as that 
residual of traffic after the original and 
diverted traflSc is subtracted from the total 
traffic pursuant to an economic change re
sulting from .toll, time or distance change. 

Diverted traffic volume can be computed 
closely, but induced traffic can only be 
estimated on the basis of previous experience 
of comparable situations. It is likely that the 
magnitude of induced traffic will be greater 
in the area nearer the freed facility, since the 
population density generally increases as a 
bridge IS approached; and the use of the bridge 
in its immediate environs does not involve 
substantial time and operation costs. 

F I E L D F R O C E D T J B E S 

The previous discussion indicates that; 
(1) the trip centroid loci, (2) average speed of 
travel, (3) operating costs per mile, and (4) 
toll rates per vehicle must be determined. 
The usual method of procuring this data is 
from (1) origin and destination surveys; 
(2) time-delay studies; (3) route inspection 
and operating cost anlaysis; and (4) published 
toll rates. Each procedure is treated herewith. 

Origin and Destination Survey—Oiigia and 
destination surveys were made of traflfio 
traveling both directions across each bridge 
during a 24-hr. week-day period. An approxi
mate 100 percent sample was obtained for 
each hour period in order to obtain as true a 
portrayal of travel as practicable. Each trip 
origin and destmation was precisely deter
mined by interviewer so that pin-pointing 
to the nearest tenth mile could be obtained. 
Standard procedure was used in outlining and 
conducting procedures. 

Time-Delay Study—This study was made 
by the floating car method. Runs were made 
over the courses to locate control points, 
which were selected at frequent intervals. 
Trips were run to insure an average of traffic 
conditions. From 7:00 AM until midnight 

not less than one round trip was made in each 
hour, and as many as three round trips were 
secured in the hours of heavy traflSc. The 
hours from midnight to 7:00 AM were con
sidered to be represented by the other trips 
which had been accomplished without delay, 
under similar light traffic conditions. 

Route Inspection and Operating Cost Compu
tation—Fairly level grades with little traffic 
congestion, and few required stops led to the 
assignment of the commonly accepted 3 
cent per mi. operating cost as appropriate for 
passenger vehicles operating in the areas 
studied (4). 

Published Toll Bates—Toll rates as published 
by the bridge companies and on file in the 
ofiice of the Public Service Commission of 
the State of West Virginia were adopted for 
use in this study. 

M E C H A N I C S O F A N A L Y S I S 

Basic Assumptions in Analyzing Origin and 
Destination Study 

1. The measurement of excess inapposite 
travel evaluates the constraint. 

2. Apposite travel will always be the same 
regardless of bridge crossed. 

3. Without the influence of constraint trips 
will follow route with lease inapposite travel. 

4. A vehicle will not cross a toll facility 
when it can cross a free facility and by so 
doing avoid both toll and inapposite travel. 

6. Conversely, only those trips which have 
less inapposite travel and time by way of toll 
bridge can find it profitable to use toll facility. 

6. A vehicle will cross a toll facility to avoid 
extra inapposite travel as long as the cost of 
toll is less than the cost of extra inapposite 
travel and extra time by way of a free facility, 

7. A vehicle will cross a toll facility and 
include inapposite travel in the trip up to the 
point where toll cost plus inapposite travel 
cost plus time cost balances the inapposite 
travel cost plus excess time cost in traveling 
by way of the free bridge. 

8. Inapposite distance is equal at the iso
metric line regardless of travel direction. 

9. Excess time is equal at the isochronic line 
regardless of travel direction. 

10. When trip centroids from the free 
bridge extend beyond the natural line of 
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equity to overlap with trip centroids from the 
toll bridge they enter the critical area. 

11. When trip centroids from the toll 
bridge overlap the trip centroids from the 
free bridge they enter the critical area. 

12. That point within the critical area 
where the cumulative travel by way of the 
toll bridge equals the cumulative travel by 
way of the free bridge establishes the actual 
line of equity between the bridges, which is 
the limit of their respective spheres of in
fluence and equals the point of maximum 
inappoite travel with respect to each bridge. 

13. Drivers whose daily trips have origin 
within or near the critical area on one side of 
the river and destination within or near the 
critical area on the opposite side of the river 
are assumed to have evaluated the cost of 
inapposite travel and excess time as appUcable 
to their individual circumstances, and then to 
travel by the most economical route. 

14. Toll paid is measurement of monetary 
value of tangible and intangible benefits. 

15. When a toll bridge is freed the sphere of 
its influence will ultimately coincide with the 
natural line of equity. 

16. The differential measured between 
natural sphere of influence and actual sphere 
of influence after a toll bridge is freed (and 
traffic pattern stabilized) may be due to force 
of habit, or other psychological constraint. 

17. Where centroid of trip falls in the line 
of equal equity it is as cheap to travel one 
direction as the other. 

Selection of Trips far AJMIZJ/SIS—Predicated 
upon the Basic Assumptions the trips selected 
from the 0 and D study for analŝ sis may be 
limited to: 

1. Free Bridge Interviews 
(a) U turns having at least one crossing 

of the isometric line 
2. Toll Bridge Interviews 

(a) U turns with trip centroids over
lapping or approaching the centroids of 
trips selected from free bridge interviews 

(b) S turns, with one terminus over
lapping inapposite travel of trips selected 
from free bridge interview 
Actually all U and S trips on toll bridge 

must be reviewed to see whether they meet 
these conditions, and centroids of each trip 
calculated and compared for overlapping 
possibiUties. 

Elimination of Irrational Trips—If the driver 
passes by a toll bridge to use a free bridge 
and then repasses the same toll bridge again 
on the other side of the river, and in so doing 
the distance and time costs exceed the cost 
of travel via toll bridge, this trip is not used 
in analysis. 

If driver passes free bridge to use toll bridge 
and then repasses the same free bridge again 
on the opposite side of the river, he had other 
reasons than cost and convenience in using 
toll bridge, and this trip is deleted. 

S Trip Analysis—If a driver makes an 
S trip across the toll bridge, having one termi
nus between toll bridge and free bridge the 
trip is included as an L type, with the other 
terminus at the opposite end of the toll 
bridge. 

The basis for this is the fact that as the 
driver approaches a toll bridge with desti
nation between the toll bridge and the 
adjacent free bridge, he can take no choice 
of bridges until he reaches the toll bridge, 
which becomes in effect the origin of route 
choice. 

Expansion Factors, 0 and D Study—Since 
the development of the critical area depends 
upon the number of trips overlapping, the 
"Before" and "After" studies must be ex
panded to a common basis. This may be 
done by eliminating the seasonal influence, 
or by expanding to a known normal ADT 
for a specific year. This study is expanded 
to the normal 1940 ADT. Expansion was 
performed by using a fixed recorder in the 
same area for deriving factors of expansion. 

Zoning for Study—Reference is made to 
Figure 11 showing zoning layout. In the 
analjrsis each trip is considered individually, 
and for that reason the interviews were 
pin-pointed for origin and destination. Zones, 
however, of 1 mi in length along the river 
were resorted to for convenience in grouping 
interviews for analysis. Nevertheless, travel 
distances were measured to the nearest 
0.1 mi, and thusly, coded. 

Time-Delay Analysis—^The hourly average 
travel time for each zone was tabulated and 
weighted according to the proportional density 
of the traffic for each hour, thus obtaining 
average speed of travel between control 
points applicable to the 24-hr traffic density. 
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Speeds via the several bridges to lines of 
natural and actual equity were obtained by 
interpolation and accumulation. 

C O R R E L A H Y S T U D Y 

In the following study, which translates 
additional monetary cost for amount of time 
saved into monetary value of time per min, 
the development is based on the method in 
analytical geometry of determining the locus 
of a point at the intersection of lines of given 
slopes (comparable to a problem in inter
section of grades). 

The slopes in the immediate problem are 
the rates of cost per mi for travel via a toll 
bridge and via the adjacent free bridge. 
The rate of cost per mi includes the vehicle 
operating cost per mi of travel plus the 
vehicle time cost per mi of travel. The 
offset distance of the locus of the point of 
intersection from the isometric line is the 
distance differential, n. 

In the case at hand the locus is known, 
the relative rates of slope per mi are known 
and their points of intercept on the Y axis 
are known. The solution consists of finding 
the absolute rates of slope (cost) per mi of 
travel. With these values determined the 
vehicle cost per mi of travel is found by simply 
deducting the operating cost per mi. The 
residual values are translated into cost per 
min by multiplying by speed of travel, in mi 
per hour, and dividing by 60. 

In the development of the correlary study 
specific values of operating cost, travel time, 
travel distance, differential distances and 
toll charge are assumed and a graph drawn 
in accordance with these assumptions; then 
the analysis is developed and proved by using 
the assumed values. This procedure is used 
in order to provide a concrete Hlustration 
of a somewhat abstract theory. 

Translation of Time and Distance Differ
entials into Cost per Minute—Two cases are 
analyzed for passenger vehicles. 

Case 1 
Hypothesis: Isometric and Isochronic Lines 

Coincident 
Based on an assumed toll charge of $0.25 

per passenger vehicle, operating cost of $0.03 
per vehicle mi, cost of $0.01 per min for time 
value of passenger vehicle, 12-mi travel 

distance between bridges, and average speed 
of 30 mi per hr between bridges. Figure 7 
was drawn to indicate influence of toll facility. 
It wiU be noted that the differential measure
ment between actual line of equity and natural 
line of equity is 1.25 mi (equals assjrmetry 
of inapposite travel). 

The formula for intersection of slopes 
(when speeds and operating costs are equal 
in each sphere of influence) may be expressed 
as follows (Fig. 7): 

U. 
2s 
r = 2« 

or transposing 

2n 
= 2s 

where: 
y = toll charge (also equals T) 
n = assymetry of bridge influence 

2n = distance differential (total excess in
apposite travel on both sides of river) 

s = sum of operating and time cost per mi 
(Slope) 

Now let: 
X = time cost per min 
c = operating cost per vehicle mi 
t = time cost per vehicle mi 

V = average speed in mi per hr 
then 2« = 2c - 2t 
Whence: 

2n 2c = 2t 

'-tn-' 
where t = time cost per mi 

V y 
Since a; = < • — and < = — - c 

60 4»i 

by substitutmg, and letting y = T: 

60V4re .(1) 

Proof (use numerical values assumed and 
solve for x): 

-i(f-) $0.01 per min 
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10 
<5V 

24 inanMSlMMifcs 

(12 Mi/«*l 

WOTE; 

"t" S L O P E EQUALS 
rorAL TIME ANDOPEMTING 

COST PER M/LE. 

(.25 M I L E S f 'n) 
(TIME AND DISTANCE SAVED AT C O S T 
O F 2 9 ^} 

BoseLiM 

Figure 7. Case No. 1—Graphical Analysis with Etiuivalent Speeds—Isometric and Isochronic 
Lines Co-incldent (Speed = 30 mph) 

Case 2 

Hypothesis: Isometric and Isochronic Lines 
Non-coincident 

Assumption: Average speed of travel via 
free bridge is 20 mi per hr and via toll bridge 
30 mi per hr. Other conditions same as 
in Case 1, namely: Average toll paid by 
vehicles in critical area $0.25, operating cost 
of vehicle S0.03 per mi, SO.Ol per min for 
time value, distance of 12 mi between toll 
and free facility. 

I t will be noted (Fig. 8) that the distance 
between the actual line of equity and 

(a) Isometric line is 0.59 mi (1.18 inapposite 
mi) 

(b) Isochronic line is 1.79 mi (3.58 inap
posite mi) 

Let X = time cost per mi 
Then from relations shown in Figure 8, 

y = 21.79 ^2-3 + ; in which 1.793=;ffi 

(by method of intersection of slopes). 
6 = [12 - 2 • 0.59(3 - a;)] in which 0.59 = n 

and 6 = 32.46 + 10.82Z 
y " yi + Vi 
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Nott. 
The spesd from oefuol line 
of equify to each foetfify is 
averaged over ifs respective 
distance. 

>•! 1.79 *-(3.S8) 
I ! Inapp. 
!_«nU_0.S9 0.18) 

Note: 

yg.b*Zm:ii.O~Sn 
(al»o)y - Zm(2opLeo$t+^-) 

X * time cost per 
minute oe derived 
from «peed in felt 
bridge epiiere. 

Boft Lin* Dltfone* 
3.18 

Inapp. miles 

24 Inapp. miles 
Figure 8. Case No. 2—Graphical Analysis with Variable Speeds—Isometric and Isochronic 

Lines Non Co-incident 

yi-.b + 25 = 2-1.79:12 + 2-0.59 (similar 
triangles) 

2-1.79(32.46 + 10.82Z + 25) 
13.18 

Where 32.46 + 10.82Z = 6 

2/2:6 = 2-1.79:12 - 2-0.59 (similar triangles) 

_ 2-1.79-32.46 + 10.82Z 
~ 10.82 

Equating values of 2/ = j/i + j / j : 

/32.46-10.82X\ 
• V 10.82 / 

+ 2-1 

Simplifying: dividing through by 2-1.79 

5A' 57.46 + 10.82X 

32.46 + 10.82Z , , 
+ ^ 2 
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35.6519(12 + 5X) = 5.41(57.46 + 10.82Z) 
+ 6.59(32.46 + 10.82X) 

48.4195X = 96.9482 

X = 2 = Time cost per mi for the average 
speed via toll bridge 

Since the speed of this group is given as 
30 mi per hr then, 

30 
60 

X 2 = $0.01 per min 

Now let: 

c = average vehicle opeiating cost per mi 

k = in which 
Vt = average speed in toll bridge sphere of 

influence 
Vr = average speed in free biidge sphere of 

influence 
d = distance between bridges (or one-half 

complete fixed circuit) 
2n = distance differential 
T = toll cost 
Translating equation (A) in terms of data 
given: 

id - 2n)(c + X) 
+ d - 2n 

X = 

d + 2n 

2dX - icn+ T 
(d + 2n)(.l + k) 

Multiply by denominator: and assemble 
factors in X to left of equality sign: 

X{d + 2n) (1 +k) - 2dX = -4cn + T 

dX + dkX + 2nX + 2knX - 2dX 

= -4cn + T 

X{dk +2n +2kn - d) 4cn + T 

- 4 f n + T 
X = 

X = 

dk + 2n + 2kn - d 

T - 4c« 
d(fc - 1) + 2n(fc + 1) 

Now, if we let x equal time cost per min, we 

must multiply by to reduce to cost per 

min, and 

X = 
T - 4c7i 

m - 1) + 2n(k + 1)1 
60 

which becomes J: _ Z l T — -
~ 60 4n 

. . . . ( 2 ) 

(3) 

(4) 

when speeds are equal and K = 1 (See Case 1) 

Interpreting and Investigating Formula 

1. When speeds are equal via both toll 
bridge and free bridge and there is no positive 
differential measurement, the value of x 
becomes infinitely large—the driver "has 
more dollars than sense." 

2. When value of x equals 0, speed of travel 
is cancelled out, and differential distance 

T 
equals —, equals maximum value of n. 

4c 
3. When speeds are equal via both toll and 

free bridges, n is directly proportional to T 
for any specific value of x. 

4. When k equals 1, T equals 0, and n 
equals 0, x is indeterminate. 

5. When A; is greater than 1, or less than 1, 
a; is a function of d (distance between bridges). 

6. When k equals 1, x is independent of d. 

Applying Formula 

1. The value of x is determined for Patrick 
Street-Sattes area, in the section, APPLICATION 
O F A N A L Y T I C A L METHOD. 

2. By supplying values for x, c, and T, the 
value of n may be found which measures the 
influence of, or delimits the sphere of influence 
of a toll bridge. 

3. By platting families of curves and cor
relating with 0 and D data, and stranded and 
diverted traffic data, adjustments may be 
made in toll schedules to secure optimum 
traffic maximum rates. Classification by 
type must be made in this analysis (Fig. 9). 

4. By solving for value of n for a given set of 
conditions it may be determined how close a 
toll bridge may be placed to a free bridge and 
still maintain required traffic density to pay 
amortization costs. Here d approaches 2n 
as, a limit. 
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Formula for th«M curves: 

/ Special formula: 
Average speed being equal in each sphere: 

4(60x +c) 
Vt 

(Equation no. 4) 

jr General formula: 
Average speeds may not be equal in both spheres 

l}+2n(k+0 (Equation no. 2) 

'Toll 
' Operating cost permBe assumed at 3 cant* 
' Time cost per minute 
* Distance differential 

Vt ' Speed in toll bridge sphere 
k 'Vt divided by speed via free bridge 
d ' Distance between bridges 

TOLLXrZOMXH 
TOLL AT SO MM 
TOLL AT to SLPM 

1 

N O T E ; 

' is the trip eentroid shift from hometrie 
line and represents one-halt of inapposite travel 

. fhanetd by toll charge 
Y must exceed Zn for toll protection. 

TOLL AT to UPM. 
TOLLKT WUPM. 
TOLL AT SO HAH, 

Dlfferenttol Dlifonc«^=n ( i« "»>' 

Figure 9. Families of Curves for Specific Toll Rates and Speeds Related to Time Value and 
Distance Differential 

APPLICATION OP A N A L Y T I C A L METHOD 

An analysis of the sphere of influence and 
differential measurements with resultant ef
fects is treated for the Patrick Street-Sattes 
Bridge couple.* The amount of diverted, 

*In the original thesis analyses are de
veloped for three bridge couples. One couple 

barred, and stranded traffic is developed for 
the Sattes Bridge, where an origin and desti
nation survey was made both before and after 
it was freed of tolls. Value of time per 
passenger vehicle minute is also determined. 

is treated here to establish the propriety of 
the method. 
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After the actual line of equity was deter
mined the speeds via each bridge to this line 
were calculated from the time-delay data 
(Fig. 14). The time-delay data were obtained 
by the floating car method in which sufficient 
trips were made during each of the 24 hours of 
the day to provide a stable speed pattern for 
each hour. The average speed was obtained 
by weighting the hourly average speeds by the 
respective hourly density of traffic. 

Only passenger vehicle traffic is included in 
this study, in order to bring out the essential 

GRAPH SHOWING 
COMPARATIVE TRAFFIC TRENDS 

PATRICK STREET a SATTES BRIDGES 
AND AREA RECORDER 

Jonuory I to April 27, 1946 

The Sattes Bridge (Fig. 17) crosses the 
Kanawha River to connect Saint Albans 
(Pop. 3,558 in 1940) with Sattes (unincorpo
rated) and Nitro (Pop. 2,983 in 1940). The 
1940 A D T was 1162 vehicles. 

This study includes the trip with centroids 
of origins and destinations between the Pat
rick Street Bridge and Sattes. The Sattes-
Winfield couple is not included for the reason 
that the Winfield Ferry (about 14 miles west) 
serves less than 50 vehicles a day—such a 
small volume as to be relatively insignificant. 

tt 19 26 M S ' 9 M O 
Fieiire 10 

development with simplicity. This type of 
traffic paid the same toll per vehicle, regardless 
of occupancy, at the Sattes Bridge, thus 
enabling the study of all passenger vehicles in 
a unified group. Commercial vehicle be
havior and costs can be studied by grouping 
vehicles in brackets with respect to speeds, 
operating costs and toll charge. 

The Patrick Street Bridge (Fig. 16) crosses 
Kanawha River at the west corporate limits 
of Charleston, carrying US 60, W.VA. 4, and 
W.VA. 13 traffic, and providing a connecting 
link between the City of Charleston (Pop. 
67,914 in 1940) and City of South Charleston 
(Pop. 10,377 in 1940). The A D T on this 
bridge amounted to 19,500 vehicles in 1940. 

A force of inexperienced interviewers were 
employed on this project and, although under 
excellent supervision, it was difficult to obtain 
perfection in answers, particularly with ref
erence to pin-pointing of the origin and desti
nation of each trip. The repeat survey was 
delayed until 6 weeks after the bridge was 
freed (from Feb. 7 until Mar. 19) to allow the 
traffic to stabilize in its use of the bridge 
couple at the optimum usage of the Sattes 
Bridge. Referring to Figure 10, it will be 
noted that the percentage increase on the 
Sattes Bridge after the repeat survey is less 
than the seasonal increase at the area (auto
matic) recorder. Portable recorder tubing 
was frequently cut on both bridges, making an 
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accurate day by day density count almost 
impossible. The erratic fluctuations in the 
Patrick Street Bridge graph possibly reflects 
inefficiency in the machine counts. 

Figure 11 shows the comparable before and 
after traffic by origin and destination for each 
zone between the Patrick Street Bridge and 
Winfield Ferry. Trucks are included in the 
total traffic in this portrayal. 

tvoid between east terminus and Sattes 
Bridge east of actual line of equity would 
probably be diverted over Patrick Street 
Bridge and are, therefore, included in the 150 
diverted vehicles enumerated above. It is 
not believed that any diversion of "S" type 
trip occurs via Winfield Ferry since tlie Sattes 
Bridge is probably the more attractive from 
time standpoint. The freed bridge should 

-Sph«ra of t^Cintraa MItnnea ~ 
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SCHEMATIC DIAGRAM SHOWING 
ORIGIN AND DESTINATION 

OF TRAVEL 
CROSSING SATTES BRIDGE 

-BY ZONES-

Figure 11 

Analysis of Before and After Origin and Desti
nation Study—^The analysis is treated in 6 
divisions. 

1. Diverted Traffic. The estimated east to 
east traffic that would use the Sattes Bridge 
after tolls were eliminated was based on the 
amount of traffic that travelled out of the way 
to avoid a toll charge (Tab. 1,2, and 3). This 
traffic, with centroid of origin and destination 
west of the natural line of equity, amounted to 
150 vehicles (Figs. 12 and 14). 

With respect to west to west traffic no origin 
and destination study was made on the toll 
ferry 14 mi to the west of Sattes for the reason 
that it carries less than 50 vehicles per day, 
and having a $0.25 toll charge, and adding an 
appreciable delay in travel time it was be
lieved to divert but little traffic from the 
Sattes Bridge. With respect to S trips having 
terminus east of Sattes those trips with cen-

divert a few cars from the Ferry, but there 
are but very few that can be diverted. 

Thus, probably all told, there were between 
150 and 200 passenger vehicles diverted from 
the Sattes Bridge by way of other facilities. 
For purpose of further analysis the diverted 
traffic i.s assumed to be 175 vehicles or 15 
percent of the total 1940 A D T toll traffic, but 
about 9 percent of hypothetical 1940 A D T 
freed traffic. 

2. Barred Traflic. This traffic consists of 
the foreign vehicle or vehicle having terminii 
beyond the sphere of influence of the toll 
bridge, which did not use the bridge until it 
was freed of toll. I t is closely allied to 
stranded traffic, the limitation being that 
bari'ed traffic has centroid of terminii beyond 
natural line of equity. Computing this by a 
zone to zone transfer by I B M and excluding 
trips previously used in computing diverted 
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traffic (practically all of the barred traffic is 
found with terminii in the S trips) about 35 
new trips were found, in addition to 14 trips 

T A B L E 1 
E S T I M A T E D E A S T T O E A S T T R A V S F E R P L U S D I 

V E R T E D S T R A F F I C V I A S A T T E S B R I D G E 
A F T E R F R E E I N G ( E S T I M . \ T E D F R O M 

T H E B E F O R E S T U D Y ) 

Centroid'' 
Dist. No.Veh. Cum. Centroid 

Dist. No. Veh Cum. 

nit. 
0.20 
0.40 
0.45 
0.50 
0.70 

1.2 
2.4 
3.3 
2.4 
1.4 

277.2 
276.0 
273.6 
270.3 
267.9 

ffli. 
3.36" 
3.40 
3.41" 
3.50 
3.60 

4 3" 
1.2 

10.3' 
3.7 
1.2 

174.2 
169.9 
168.7 
158.4 
164.7 

0.75 
O.SO 
0.85 
1.01" 
1.05 

1.2 
1.2 
1.2 
1.2" 
1.2 

266.5 
265.3 
264.1 . 
262.9 
261.7 • 

3.61" 1.5" 1 153.5 
3.65 1.2 ! 152.0 
3.66" 3 4» ! 150.8 
3.70 1.2 1 147.4 
3.71" 1.6-" : 146.2 

1.10 
1.31" 
1.35 
1.40 
1.50 

1.2 
4.3" 
2.5 
2.5 
1.2 

260.5 1 
259.3 
255 0 . 
252 5 
250.0 

3.80 
3.96 
3.96' 
4.05 
4.15 

2.4 ' 144.6 
2.4 ; 142.2 
3.8' 139 8 
4.8 1 136.0 
6.8 131.2 

1.55 
1.60 
1.70 
1.75 
1.80 

3.6 
1.5 
1.2 
4.9 
2.5 

248 8 
245.2 
243.7 ' 
242.5 1 
237.6 : 

4.16" 
4 20 
4.21" 
4.25 
4.26" 

6.5' i 124 4 
1.3 ' 117.9 
6 S'' 1 116.6 
3.7 1 110.1 
6.7" ] 106.4 

1.85 
1.86" 
1.90 
2.00 
2.05 

3.2 
1.3" 
3.6 
1.2 
4.8 

235.1 
231.9 
230.6 
227.0 
225.8 

4.31" 1 3.7" 1 99.7 
4.36' 4.6» 1 96.0 
4.50 \ 1.2 1 91.4 
4 51' ' 6.8' ! 90.2 
4.60 1.2 ' 83.6 

2.06" 
2 10 
2.IS 
2.20 
2.26" 

1.8" 
3.6 
6.1 
1.2 
3.4' 

221.0 
219.2 
215.6 
209.5 
208.3 

4.61' • 7.0' ; 82.4 
4.66" , 5.5' 1 75.4 
4.71' • 1.2" ' 69.9 
4.76' 2.0" i 68.7 
4.81" 1 15.2" ; 66.7 

2.30 
2.35 
2.40 
2.45 
2.60 

2.4 
1.2 
2.4 
2.4 
1.2 

204.9 . 
202.5 
201.3 
198.9 
196.5 

4.85 ' 2.4 
4.86" , 4.6" 
5.01* 1 8.2" 
5.06" i 1.9" 
5.11" 1 3.6" 

51.6 
49.1 
44.5 
36.3 
34.4 

2.70 
2.85 
2.90 
2.96" 
3.00 

1.2 
1.2 
3.6 
1.4" 
2.4 

195.3 
194.1 
192.9 
189.3 
187.9 

5.21" 
5.26" 
5.41" 
6.45 
6.05 

5.3' 
3.1' 

15.0" 
1.2 
1.3 

30.8 
25.5 
22.4 
7.4 
6.2 

3.06" 
3.15 
3.25 
3.26" 
3.35 

1.5" 
1.2 
4.0 
3.4" 
1.2 

185.5 
184.0 
182.8 
178.8 
176.4 

7.00 
7.50 
8.25 

2.4 
1.3 
1.2 

4.9 
2.5 
1.2 

traffic. As pre^'iously defined all new, in
duced, or generated traffic with centroid of 
origin and destination (or one terminus of an 
S trip) within the natural sphere of influence 
of the freed facility may be termed toll 
stranded traffic; or total traffic in this area 
less original, diverted and barred traffic equals 
stranded traffic. 

T A B L E 2 
A C T U A L T O T A L E A S T T O E A S T T R A N S F E R V I A 

S A T T E S B R I D G E A F T E R F R E E I . N ' G 
{O and D Survey—March 19, 1946) 

" Traffic via Patrick Street Bridge diverted from Sattes 
Bridge to avoid toll payment (apparently) consisting both 
of diverted U and S trips. 

" The term Centroid Distance as used herem is the dis
tance from the subject bridge to the centroid of apposite 
travel. 

previously using the toll facility from areas 
entirely outside sphere of influence. 

3. Stranded Traffic. (See Tab. 3) Traffic 
which previously did not exist except as a 
static reservoir is referred to as stranded 

Centroid 
Dist. No. Veh. Cum. Centroid 

Dist. No. Veh. Cum. 

mi. mi. 
0.10 
0.15 
0.20 
0.40 
0.55 

1.1 
5.1 
3.9 
1.2 
1.1 

237.0 
235.9 
230.8 
226.9 
225.7 

3.85 
4.00 
4.06 
4.15 
4.25 

2.3 
1.2 
6.0 

10.7 
2.2 

119.4 
117.1 
115.9 
110.9 
100.2 

1.00 
1.25 
1.60 
1.65 
1.70 

1.2 
2.3 
4.5 
2.2 
3.5 

224.6 
223.4 
221.1 
216.6 
214.4 

4.30 
4.40 
4.45 
4.50 
4.55 

2.4 
5.0 
1.2 
2.3 
3.5 

98.0 
95.6 
90.6 
89.4 
87.1 

1.80 
1.90 
2.00 
2.05 
2.10 

3.4 
1.2 
6.8 
6.8 
1.3 

210.9 
207.5 
206.3 
200.5 
193.7 

4.60 
4.75 
4.85 
6.00 
5.10 

8.3 
3.5 
2.2 
1.1 
1.2 

83.6 
75.3 
71.8 
69.6 
68.5 

2.15 
2.20 
2.25 
2.35 
2.60 

13.9 
7.8 
2.3 
1.2 
1.7 

192.4 
178.5 
170.7 
168.4 
167.2 

5.20 
5.25 
6.30 
5.50 
5.65 

1.1 
11.7 
2.3 
1.2 
1.1 

67.3 
66.2 
64.6 
52.2 
51.0 

2.65 
2.90 
2.96 
3.00 
3.15 

19.4 
1.2 
1.2 
1.1 
1.1 

165.5 
146.1 
144.9 
143.7 
142.6 

5.75 
5.90 
6.00 
6.06 
6.10 

7.0 
1.2 
5.0 
1.1 
2.2 

49.9 
42.9 
41.7 
36.7 
35.6 

3.30 
3.36 
3.40 
3.45 
3.60 

2.5 
5.0 
2.7 
2.4 
3.6 

141.5 
139.0 
134.0 
131.3 
128.9 

6.15 
6.25 
6.30 
6.3S 
6.46 

1.1 
4.5 
3.4 
2.2 
1.1 

33.4 
32.3 
27.8 
24.4 
22.2 

3.55 
3.60 
3.70 
3.75 
3.80 

1.1 
1 4 
1.1 
1.2 
1.1 

125.3 
124.2 
122.8 
121.7 
120.5 

6 50 
6.60 
6.90 
7.60 
7.65 

5.1 
6.2 
2.6 
3.7 
1.1 

21.1 
16.0 
9.8 
7.2 
3.5 

7.76 
7.85 

1 2 
1.2 

2.4 
1.2 

The total passenger vehicle traffic expanded 
to 1940 A D T under tolls was 845. The 
expansion after freeing the bridge to the 1940 
A D T raises this total to about 1500, or an 
increase of about 655 vehicles per day. 
Commercial vehicles are not included. The 
aggregate A D T was raised from 1162 vehicles 
to approximately 1800 vehicles. 

The diverted traffic (175 trips) plus the 
barred traffic (35 trips) plus the original 
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Pttriek Strni Brida* 
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Figure 12. Accrued Trafl5;c—East to East U Turns Estimated and Actual After Freeing 
Sattes Bridge 
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Figure 13. Graph Showing Patrick Street-Sattes Critical Area and Line of Equity 
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To US2 
at bridgt 

TbSM4 
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MWfofle Between Bridges 
Figure 14. Graph Showing Patrick Street-Sattes Trip Centroid Distribution 

traffic (845 trips) makes a total of 1055 trips, 
which subtracted from 1500 trips, leaves 445 
trips per day as the stranded traffic, which is 
53 percent of the (passenger) toll traffic 
(Tab. 4). I t will be noted that most of the 
stranded traffic increase is close in. 

4. Sphere of ToU Bridge Influence. The 
method of calculation of line of equal equity 
(Fig. 13) is shown (See Tab. 5). Vehicle 
volume and distance are taken from Tables 
6 and 7. 

Thus, from Table 6, a distance of 7.00 
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T A B L E 3 
S A T T E S B R I D G E U S A G E B Y 0 A N D D C E N T R O I D S B E F O R E A N D A F T E R F R E E I N G 

(Approximate 100 percent samples imexpanded—Use expansion faotor ot lii23 for before values and expansion factor of 1 . IS for 
after values to translate to 1940 . \ D T ) 

U Trips S Trips 
0 and D Centroid 

Distance 
0 and D Centroid 

Distance East-East 
Travel 
Before 

East-East 
Travel 
After 

West-West 
Travel 
Before 

West-West 
Travel 
After 

East 
Temiinus 

Before 

East 
Termmus 

After 

West 
Temiinus 

Before 

West 
Terminus 

After 

m«. veh. vek. teh. veh. veh. veh. veh. veh. 
0.25 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.26 
3.50 

6 

3 

16 

26 

12 

7 

13 

10 

1 

9 

37 

19 

13 

15 

6 

2 

72 

27 

1 

19 

6 

21 

196 

39 

10 

2 

17 

61 

26 

62 

8 

11 

11 

56 

116 

54 

31 

60 

40 

71 

69 

17 

160 

2 

10 

46 

168 

68 

330 

8 

7 

66 

Line of Actual Equity—(3.68) 
(Sattes—Patrick Street) 

3.75 
4.00 
4.25 
4.50 
4.75 

17 

5 

17 

23 

1 

21 

4 

24 

3 

30 

4 

10 

19 

31 

3 3 

Natural Equity North Side River (6.57) 
(Sattes—Patrick Street) 

5.00 
5.25 

3 8 
6 

48 183 

Line of Natural Equity—(6.33) 
(Sattes—Patrick Street) 

Natural Equity South Side River (6.09) 
(Sattes—Patrick Street) 

5.50 
6.75 
6.00 
6.25 
6.50 
6.75 
7.00 
7.25 
7.50 

1 
8 
1 
9 
1 
2 

1 

8 
6 
9 
5 
4 
2 
1 

5 

8 

12 

2 

4 

14 

17 64 
1 

2 

17 

13 

17 

27 

Line of Natural Equity—(7.50) 
(Sattes—Winfield) 

Line of Natural Equity 
(Sattes—Winfield) 

7.75 
8.00 
8.25 
8.50 
8.75 
9 00 
9.25 
9 50 
9.75 

10.00 
10.25 
10.50 
10.75 
11.00 
12.00 
13.00 
14.00 

1 
2 
5 

1 

1 

1 

7 

1 

0 
6 

1 

20 

10 

27 

3 

2 

1 

1 

Total Trips 141 213 207 373 339 684 339 684 

-0.025 = 6.975, say 6.98 mi from Patrick 
Street Bridge locates the limit of spheres of 
centroid influence of the two bridges. But, 

this is an imaginary line derived by statistical 
process. Few individual motorists place a 
precise value upon their time, apparently. 



CAMPBELL—TOLL BRIDGE INFLUENCE 373 

for the extreme values indicated on the graph 
vary from an extreme negative value to an 
extreme positive value (Fig. 13). 

T A B L E 4 
P A T R I C K S T R E E T - S A T T E S B R I D G E S : 

S U M M A T I O N O F A C C R U E D P A S S E N G E R 
T R A F F I C 

Percentage of 
Type Amount Passenger Toll Type 

Traffic 

veh. % 
Diverted 175 20 
Barred 35 4 
Stranded 445 53 

Total Accrual 655 77 

T A B L E 5 
C U M U L A T I V E V E H I C U L A R M I L E A G E ( U S I N G 7.0 

MI F R O M P A T R I C K S T . AS R E F E R E N C E 
L I N E ) 

Via Toll Bridge Via Free Bridge 

Vehicles 

1.2 
1.3 
2.4 
1.3 
1.2 
2.4 
1.2 
1.2 
3.7 
1.3 
6.6 
1.2 
3.6 
2.4 
2.0 
1.2 
1.2 

35.4 

Miles Veh. 
Ml 

4.55 
3.80 
3.30 
2.35 
1.75 
1.15 
0.90 
0.80 
0.55 
0.50 
0.45 
0.35 
0.30 
0.25 
0.20 
0.10 
0.05 

5.46 
4.94 
1.92 
3.05 
2.10 
2.76 
1.08 
0.96 
2.03 
0.65 
2.97 
0.42 
1.08 
0.60 
0.40 
0.12 
0.06 

30.60 

Vehicles 

1 2 
4 3 
1.3 
1.8 
3.4 
1.4 
1.5 
3 4 
4.3 

10.3 
1.5 

34.4 

Miles 

2.65 
2.35 
1.80 
1.60 
1.40 
0.70 
0.60 
0.40 
0.30 
0 25 
0.05 

Veh. 
Mi. 

3.18 
10.10 
2.34 
2.88 
4.76 
0.98 
0.30 
1.36 
1.29 
2 51 
0.07 

1 

plus 
35.0 0 03 1.05 

31.65 

Difference ! 1 8S 

.-Vdj listing-
minus 35.0 0.025 0.88 j plus 39 1 0 025 j 0.97 

30.77 . 30.74 

7.00 - 0 025 = 6.975. Say 6.98 

5. Corrclary: Monetary Evaluation of Pas
senger Vehicle Time per Minute. Equation (2) 
may be expressed: 

_ r T - 4cn "I F 
' ~ \_d(k - 1) + 2n(k + 1)J 60 

Substituting values determined, assuming 
operating cost at $0.03 per mi (Fig. 14): 

25 - 4 3-1.65 38.2 
10.66-0.16 -f- 2-1.65(1.16 + D 60 

5.20 
8.83 

•0.637 

X = 0.375 cents per min 

Distribution of costs per vehicle: Before 
Freeing (Fig. 15). 

Via Sattes Toll Bridge 

T A B L E 6 
S . 4 T T E S B R I D G E ( B E F O R E S T U D Y ) — T O T A L 

C U M U L A T I V E T R I P C E N T R O I D S E A S T T O 
E A S T T R A N S F E R 

Time cost per mi 
fin 

= „ ^ - 0 . 3 7 5 = 0.589 cents 

Total time cost 
= 0.589-3.68-2 = 4.33 cents 

Total operating costs 
= 3.0-3.68-2 = 22.08 cents 

Toll cost 
= 25.00 cents 

Total costs to line of equity 
= 51.41 cents 

Via Patrick Street Free Bridge 

Centicid 
Dist. No. Veh. Cum. Centroid 

Dist. No. Veh. Cum. 

M t . 

0.20 
0.40 
0.45 
0.50 
0.70 

1.2 
2.4 
3 3 
2.4 
1.4 

127.4 
126.2 
123.8 
120.5 
118.1 

flit. 
2.70 
2.85 
2.90 
3.00 
3.15 

1.2 
1.2 
3.6 
2.4 
1.2 

59.5 
58.3 
57.1 
S3.5 
51.1 

0.75 
0.80 
0.85 
1.05 
1.10 

1.2 
1.2 
1.2 
1.2 
1.2 

116 7 
115.5 
114.3 
113.1 
111.9 

3.25 
3.35 

I 3 40 
3.50 

' 3.60 

4 0 
1.2 
1.2 
3.7 
1.2 

49.9 
45.9 
44.7 
43.5 
39.8 

1.35 
1.40 
1.50 
1.55 
1.60 

2.5 
2.5 
1.2 
3.6 
1.5 

110.7 
108.2 
105.7 
104.5 
100.9 

3.65 
1 3.70 

3 75 
3.80 
3.90 

1.2 
1.2 
1.2 
1.2 
2.8 

38.6 
37.4 
36.2 
35.0 
33.8 

1.70 
1.75 
1.80 
1.85 
1.90 

1.2 
4.9 
2.5 
1.2 
3.6 

99.4 
98.2 
93.3 
90.8 
89.6 

3.95 
1 4.0O 

4 05 
' 4.15 
{ 4.20 

2.4 
3.6 
1.2 
6.6 
1.3 

31.0 
28.6 
25.0 
23.8 
17.2 

2.00 
2.05 
2.10 
2.15 
2.20 

1.2 , 86.0 
4.8 i 84.8 
3.6 1 80.0 
6 1 ! 77 4 
12 1 71 3 

1 4.25 
4.50 

1 4.60 
4.85 
5.45 

3 7 
1.2 
1.2 
2.4 
1.2 

15.9 
12.2 
11.0 
9.8 
7.4 

2.30 
2.35 
2.40 
2.45 
2.60 

2 4 70.1 
1 2 ; 67.1 
2 4 65.5 
2.4 63.1 
1.2 1 60.7 

6.05 
7.00 

1 7.50 
8.25 

1.3 
2 4 
1.3 
1.2 

6.2 
4.9 
2.5 
1.2 
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T A B L E 7 
P A T R I C K S T R E E T B R I D G E - T O T A L C U M U L A T I V E 

W E S T T O W E S T T R A N S F E R 

Centroid 
Dist. No. Veh. Cum. Centroid 

Dist. No. Veil. Cum. 

M l * . mi. 
0.10 
0.25 
0.30 
0.40 
0.45 

1.8 
10.2 

114.6 
9.1 
1.6 

1162.0 
1150.2 
1140.0 
1025.4 
1016.3 

3.40 
3.45 
3.50 
3.66 
3.60 

7.8 
6.7 
2.4 
7.0 
4.9 

309.7 
301.9 
296.2 
292.8 
286.8 

0.50 
0.56 
0.60 
0.65 
0.70 

25.9 
11.6 
23.3 
16.9 
4.2 

1014.7 
988.8 
977.2 
953.9 
937.0 

3.65 
3.70 
3.75 
3.80 
3.85 

1.2 
6.3 
3.0 
9.5 
5 0 

280.9 
279.7 
274.4 
271.4 
261.9 

0.75 
0.80 
0.85 
0.90 
0.95 

27.0 
44.1 
16.9 
1.4 

17.4 

932.8 
906.8 
261.7 
844.8 
843.4 

4.00 
4.05 
4.10 
4.16 
4.20 

3.0 
1.6 
6.0 

17.1 
7.6 

256.9 
253.9 
252.4 
246.4 
229.3 

1.00 
1.05 
1.10 
1.15 
1.20 

9.3 
7.0 
7.4 
7.3 
7.2 

826.0 
816.7 
£09.7 
802.3 
796.0 

4.26 
4.36 
4.40 
4.46 
4.50 

6.6 
1.2 
6.2 

14.2 
10.3 

221.7 
216.1 
214.9 
209.7 
195.5 

1.25 
1.30 
1.35 
1.40 
1.45 

17.4 
2.7 
1.2 
1.5 

11.1 

787.8 
770.4 
767.7 
766.6 
765.0 

4.65 
4.66 
4.76 
4.80 
4.90 

3.4 
1.2 
2.9 
2.4 
3.4 

185.2 
181.8 
180.6 
177.7 
175.3 

1.50 
1.55 
1.60 
1.65 
1.75 

9.4 
16.1 
47.9 
3.2 
8.0 

753.9 
744.6 
728.4 
680.6 
677.3 

4.96 
6.00 
6.06 
6.16 
5.36 

3.1 
1.8 

14.9 
16.0 
1.9 

171.9 
168.8 
167.0 
162.1 
137.1 

1.80 
1.86 
1.95 
2.00 
2.05 

6.1 
3.4 

13.8 
6.6 
4.8 

669.3 
663.2 
669.8 
646.0 
640.5 

5.40 
5.45 
5.55 
5.60 
6.65 

1.2 
6.3 
3.6 
1.9 
8.2 

135.2 
134 0 
128.7 
125.1 
123.2 

2.10 
2.20 
2.25 
2.30 
2.35 

9.6 
8.4 

11.5 
18.1 
5.9 

635.7 
626.1 
617.7 
606.2 
688.1 

5.80 
5.85 
5.90 
6.95 
6.00 

4.6 
15.2 
2.0 
1.2 
6.5 

116.0 
110.4 
95.2 
93.2 
92.0 

2.40 
2.45 
2.50 
2.56 
2.60 

6.6 
9.1 

57.9 
22.4 
12.6 

582.2 
576.6 
567.5 
509.6 
487.2 

6.06 
6.15 
6.30 
6.35 
6.40 

7.0 
6.6 
4.6 
3.7 
6.6 

86.5 
79.5 
72.9 
68.3 
64.6 

2.65 
2.70 
2.75 
2.80 
2.85 

6.9 
13.8 
13.2 
19.8 
23.1 

474.6 
467.7 
453.9 
440.7 
420.9 

6.45 
6.60 
6.70 
6.96 
7.00 

6.6 
8.3 
3.8 
1.6 
3.4 

68.0 
51.6 
43.2 
39.4 
37.8 

2.90 
2.95 
3.00 
3.05 
3.10 

9.1 
10.3 
6.8 

25.1 
7.9 

397.8 
388.7 
378.4 
372.6 
347.5 

7.05 
7.25 
7.30 
7.40 
7.60 

1.6 
10.3 
4.3 
3.4 
1.6 

34.4 
32.9 
22.6 
18.3 
14.9 

3.15 
3.20 
3.25 
3.30 
3.35 

9.3 
9.9 
6.3 
1.9 
3.5 

339.6 
330.3 
320.4 
316.1 
313.2 

7.70 
8.40 
8.60 
8.80 
9.35 

1.4 
3.4 
1.8 
1.3 
4.3 

13.4 
12.0 
8.6 
6.8 
5.5 

9.66 1.2 1.2 

Time cost per mi 

= ^-3.75 
33 

Total time cost 
= 0.682-6.98-2 = 9.52 cents 

Total operating cost 
= 3.0 •6.98-2 = 41.88 cents 

Total costs to line of equity 
= 61.40 cents 

6. SolutUrrf for Natural Line of Eqtdfy 
(Fig. 12). 

T - 4cn 
.(2) 

d(k - 1) + 2n(fc + 1) 60 

0 - 4era 38^ 

^ ~ 10.66-0.27 + 2n(1.27 + 1)' 60 

Substituting value of x (Division 5. Correlary) 

0 - 4-3n 0.375 = 
2.88 + 4.54w 

•0.637 

= 0.682 cents 

1.08 - 1.70ri 7.64n 
9.34W 1.08 

n 0.09 
Natural line of equity, after freeing 

= 5.33 - 0.09 = 5.24 
Distribution of costs: After Freeing 

Via Patrick Street 
Time cost 

60 
= —•0.375 = 0.75 cents per mi 

Total time cost 
= 5.24^2•0.75 = 7.86 cents 

Operating cost 
= 5.24^2^3.0 = 31.24 cents 

Total cost to line of equity 
= 39.00 cents 

Via Sattes 
60 

r — -3.75 = 0.6 cents per mile (Time cost) 
00.2 
Total time cost 

= 5.42-2-0.6 = 6.50 cents 
Operating cost 

= 5.42 -2-3.0 = 32.52 cents 
Total cost to line of equity 

= 39.02 cents 

O B S E R V A T I O N 

This study raises the question: "How 
much is time worth to induced (or stranded) 
traffic?'' Apparently their time is worth 
less, or their ability to purchase use of the 

5 This is a sample procedure—the same 
method would be followed for any other bridge 
couple. 
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O g g r g f m g 

Costs 

6.98 Mi/as Mi/es 
Mi/eoga B<fw««n Bndgts 

10 10.66 

Figure 15. Graph Showing Distribution of Costs of Travel via Patrick Street, Charleston, 
and Sattes Toll Bridge 

Figure 16. Patrick Street Bridge—From 
North Side of River Looking West 

Figure 17. Sattes Bridge—From North Side 
of River Looking South—Freed Feb. 7, 194(5 
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facility is less than that of the original toll 
traffic. 

The ability to pay for a purchase of time 
must be coupled with the desire to make the 
purchase. An addition of induced traffic 
over the freed Sattes Bridge equal to 53 per
cent of the original toll traffic resulted from 
removal of the purchase price on time. 
Again: "How much induced traffic can be 
secured with a reduction of 50 percent in toll 
charge?" The line of equal equity balances 
the value of time with the rate of toll for those 
who have the desire to purchase time and can 
afford to do so at the prevailing rate. Now, 
suppose the rate reduced. "Will the change 
in position in the line of equity be proportional 
to the change in toll rate, or will it move so as 
to indicate a new, lower, value for time, as 
more traffic is induced?" 

These questions can only be answered 
factually, it would seem, by making an 0 and 
D study before and after changes are made in 
toll rates. 

Another question that presents itself, to 
remain unanswered in ,this study, is this: 
"To what extent will induced traffic on a freed 
bridge operate to oppose diversion of traffic 
from an adjacent toll bridge thus affording 
protection to the toll bridge financial 
structure?" 

C O N C L U S I O N S ' 

An interpretation of the mathematical 
analysis of cause and effect lead to the follow
ing conclusions: 

1. The motorist does not place a precise, 
uniform, monetary value on his time, but 
selects a route which more nearly accom
modates the urgency of immediate demand. 
Time cost, it appears, is a variable dependent 
upon individual driver judgment, time of trip 
(hour and day), together with economic 
demands upon and economic environment of 
motorist. 

« These conclusions, taken from the original 
thesis, were based on the study of three couples 
of bridges. 

2. Each toll facility has its own peculiar 
sphere of influence as determined by factors 
which include toll rate and speeds of travel in 
the immediate area, together with its economic 
and social environment. 

3. Each toll faciUty exerts its own peculiar 
influence upon highway traffic in the nature of 
diverted, barred, stranded, and user traffic. 

4. The perpetuation of tolls on a fully 
amortized facility to protect the financial 
stability of an adjacent toll structure may not 
be necessary. Each toll bridge is inherently 
protected if sufficient distance and travel time 
separates it from the next adjacent bridge. 
Each situation should be the subject of a 
special study in cause and effect. 

5. Origin and destination surveys, in con
junction with time-delay studies furnish very 
precise instruments for measuring sphere of 
influence, lines of equity, values of vehicle 
time, and divereion of traffic. They also 
serve a useful purpose in estimating the 
anticipated change in facility use occasioned 
by a change in toll rate. 
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