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Estimating Efficient Spacing for 
Arterials and Expressways 
ROGER L. CREIGHTON, IRVING HOCH, MORTON SCHNEIDER, and HYMAN JOSEPH; 
Respectively, Planning Consultant, Chief Economic Analyst, Systems Research Chief, 
and Research Analyst, Chicago Area Transportation Study 

#THE PROCESS of preparing a transportation plan—that is, the actual sketching of 
lines representing street systems—is probably the least well thought-out area in trans­
portation and city planning. By contrast, a great deal of thought has gone into methods 
for gathering origin-destination travel data, and into techniques for predicting future 
land use and travel volumes. Much skill and invention has also gone into the develop­
ment of methods for testing plans, once they have been prepared (1.) but the layout of 
street systems itself has largely remained an intuitive affair. 

THE PROBLEM 
It is the purpose of this paper to present some thoughts on this subject, focused 

mainly on the problem of finding the most efficient spacings of arterials and egress-
ways. It is hoped that this wi l l lead toward a more disciplined process of planning which 
wi l l be based on an understanding of the principles which affect the location of transpor­
tation networks. 

Taking as given the necessity of systems of streets to move conventional rubber-
tired vehicles from one part of an urban region to another, the highway transportation 
planning problem (2) can be defined as the process of locating street systems (here 
temporarily restricted to local and arterial streets, and expressways) in accordance 
vfith some previously established criteria. 

Speaking broadly, these criteria fall into two groups: criteria related to land de­
velopment, and criteria related to transportation. Once the criteria have been established, 
the development of a transportation plan can be thought of as a series of steps, as follows: 

1. Finding an abstract pattern of facilities which satisfies the criteria in some op­
timum fashion. 

2. Placing the abstract pattern on maps and adjusting it to f i t the real situation. 
3. Predicting future traffic volumes on the facilities. 
4. Evaluating the net economic return on the investment. 
This paper deals mainly with finding an abstract pattern of facilities which satisfies 

the criteria in an "optimum" fashion. In so doing, some examples wi l l be given using 
data of the Chicago Area Transportation Study (CATS). The application of these meth­
ods to the preparation of a transportation plan for the Chicago area is now under study. 

The methods used to determine a pattern of transportation facilities are mathema­
tical, in which the transportation criteria are dealt with explicitly. The results so 
obtained are reviewed from the viewpoint of land planning, but in a subjective manner. 
A single "optimum" solution cannot be claimed, therefore. The results, however, seem 
to be very good, particularly in view of the adjustments which must necessarily be made 
when fitting them to a real situation. 

In reaching the desired pattern of street facilities, approximations of items 3 and 4 
are reached. That is, the mathematics used to find a "best" pattern also yield esti­
mates of future traffic volumes. The methods also are an important part of benefit-cost 
analysis because they find the spacing which minimizes community transportation costs. 

In the present state of the art, traffic assignment and additional benefit-cost work 
should follow the development of the kind of transportation plan described here. The 
assignment and benefit-cost work can be looked at as both a check and a refinement of 
these results. The optimum spacing formula described here is based on a number of 
simplifying assumptions and is concerned with a general homogeneous area; full-fledged 
assignment and benefit-cost work wil l account for specific, particular and local 
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conditions. It is hoped, of course, that in the future these steps can be combined into 
a general theory. 

CRITERIA 
The followtog are criteria which influence the spacing of arterials and expressways 

in urban regions. Not all of these criteria have been used in the methods described in ^ 
this paper. The e}q)licit inclusion of more criteria into the planning processes is some- , 
thing which awaits the completion of further research and the development of faster and 
more precise methodology. 

Land Planning Criteria 
Sufficient area must be provided in the spaces between the streets in a network for 

the efficient and pleasant conducting of the semistatic activities called land uses. The " 
required land area is, of course, related to density of land development. This is a 
review criterion, considered after the spacing of arterials and expressways has f i r s t ^ 
been determined. 

Desirable Land Use-to-Road Relationships. This criterion is concerned with the 
relationships between street facilities and abutting land uses. It Is a detailed criterion 
which can be applied only when an abstract pattern is fitted to a real stiuation. 

Desirable Land Development Densities, from the Viewpoint of the Cost of Construction 
of Buildings and Related Facilities (Excepting Roads). Not considered in this report, 
this criterion needs to be the subject of additional research. ^ 

Desirable Land Development Densities, from the Viewpoint of Living and Operating 
Costs. This Is not considered here and needs to be the subject of much additional re­
search. 

Transportation Planning 
Travel Costs. These costs (primarily the value of personal time) are considered " 

e:q)llcltly in the described method. 
Construction Costs. These costs (Including land acquisition and construction costs) 

are considered explicitly. 
The Balance, on Each Facility, Between Traffic Volumes and Capacities. This c r i ­

terion is considered explicitly, but as a review criterion after the spacing has been 
determined. 

The Balance, by Area, Between Vehicle-Miles of Capacity and the Vehicle-Miles of * 
Travel Demand. This is a review criterion. 

Economic Criteria 
The Minimization of the Sum of Construction and Travel Costs. 
Developing a Flan Most Conducive to the Economic Growth of an Urban Region. This 

Is a most difficult topic and could not be considered at this time. 

AN OUTLINE OF THE METHOD 
The following is a brief description of the method used to estimate efficient spaclngs 

for arterials and e^qpressways. For the sake of brevity, not all terms are defined or 
qualified, nor are all assumptions made e]g>llcit. Complete details are given in succeed­
ing parts and in the Appendices. 

A key notion in this approach Is the minimization of a community's highway trans- ' 
portatlon costs within framework of driver behavior. Highway transportation costs are 
taken as the sum of (a) construction costs and (b) travel costs for vehicle occupants. 

Three street types are assumed: local streets, arterials and e:q>ressways. Speeds 
and construction costs on each type are given. 

The number of trips generated per square mile per day is given, as is the distribution 
of t r ip lengths. The distribution of trip lengths is taken as stable over time, and In 
particular is taken as unaffected by changes in the street network. Costs to vehicle 
occupants are treated as a function of travel time only. 



Total transportation cost is then expressed as equal to (1) the number of miles of 
each street type, times its unit construction cost, plus (2) the amount of time the aver­
age vehicle occupant spends on each facility times the number of occupants, with time 
converted to yearly costs and capitalized for the e:q>ected life period of the street type. 

The number of miles of each street type, and hence construction costs, can be re­
lated to the spacing between streets of that type for a given area. Travel costs also 
are a function of this spacing. The sum of these costs can then be minimized, and 
hence the minimum-cost spacing can be determined, using the differential calculus, 
or by graphical means. Minimization can be carried out with respect to the spacing 
of each street type, or for any subset of street types. Thus, if local and arterial spacings 
have been determined historically (that is, if an area has become so completely de­
veloped that the construction of new arterials cannot be contemplated) a minimum-cost 
solution can be obtained in terms of expressway spacing alone. 

Once the minimum-cost spacing has been determined, i t can be reviewed with re­
spect to other criteria, includiag design criteria, capacity criteria and land-planning 
criteria. The application of these criteria, either mathematically or subjectively, 
may suggest changes in spacing. 

Examples are given of minimum-cost spacing for various parts of the Chicago area 
and the results are reviewed. 

A STATEMENT OF HIGHWAY TRANSPORTATION COSTS 
This section of the paper contains an e3q>licit mathematical statement of highway 

transportation costs. Terms are defined and assumptions and simplifications are noted. 
A major simplification that holds throughout is that streets exist in a grid form only, 

and construction and travel costs are both based on a grid network. Further research 
is needed to apply the techniques to non-gridded street systems, but i t is not anticipated 
that the results wi l l be greatly different. 

Total Costs 
Highway transportation costs can be written: 

C = Ci + Ci (1) 
where 

C = Total transportation cost 
Ci = Construction cost 
C* = Travel cost 

Construction Costs 
Construction costs for a square area can be e:q)ressed as: 

Ci = (2) 

where X, Y and Z are labels referring to 
the local, arterial and e:q>ressway street 
system, respectively, and x, y and z are 
the respective distances between streets 

Thus C^ is con-in each street system, 
struction cost per mUe of X, C^ is con­
struction cost per mile of Y, and Cz is 
construction cost per mile of Z. Total 
construction cost consists of cost per mile 
times miles of each street system. For 
a square with side S, the number of X 
streets on a side is equal to S/x (Fig. 1). 
Each X street has length S, so that the Figure 1. 



number of miles of X in one direction is number of streets times lengtli per street; this 
equals S (S/x) or {S'/x). But there are the same number of X streets in a direction per­
pendicular to the original direction, so the total miles of X street is 2S'/x. Similarly, 
the total miles of Y and Z are 2SVy and 2S'/z, respectively. The multiplication of 
miles of street by construction cost per mile yields Eq. 2. 

Travel Costs 
General Form. Travel costs of vehicles is written: 

NK 
. i = l ^X ^ i=r \X / ' i = s y x ^Y J 

(3) 

This eq\iation can be e3q)ressed in words in a fairly straightforward manner. 
Travel costs of vehicle occupants (Ca) consist of the following: 
1. Number of daily trips (N) 
2. Multiplied by hours of travel of the average trip (the expression within square 

brackets) 
3. Multiplied by the value of an hour. The multiplications to this point yield costs 

per day for all vehicle occupants. This value in turn is multiplied by— 
4. Number of weekday equivalents per year, which yields costs per year 
5. Costs per year are assumed to occur for a given number of years and are dis­

counted to the present at an interest rate of 5 percent. In this study, the given num­
ber of years was taken at 30 yr. 

Items 3, 4 and 5 when multiplied together yield the value of K appearing in Eq. 3. 
Hours of Travel of the Average Trip. The expression in brackets (Eq. 3) consists 

of the hours of travel of the average trip. The distribution of trip lengths, Fj , is one 
of the glvensjn this expression. Trip length is L^, where i refers to a given class of 
trip lengths; L j is average trip length of the class, and F j is the frequency of occur­
rence of that class. These items are given in Table 1 for the entire Chicago iStudy 
Area; however, Table 1 gives Fj in terms of airline distance l i rather than over-the-
road distance L i . It can be shown that approximately equals 1. 3 U . (Much of 
the notation of this paper is developed to handle the translation from airline to over-
the-road distance. This is because there are some contexts where one form is more 
convenient, others where the other form is preferable.) 

The expression in brackets (Eq. 3) consists of three parts; these are the average 
amovints of time spent in travel on the X, Y and Z system, respectively. Trips for 
the classes i = 1 to r - 1 are short trips which use the X network exclusively, trips 
for the classes 1 = r to s - 1 are longer trips which use both the X and Y network, and 
trips for the classes i = s to t are long trips which use all three networks. 

It is argued tliat all trips begin their journeys on the X network (local streets) and 
if long enough, move to the Y network (arterials) and then to the Z network (express­
ways). The values v^ ,̂ Vy and v^ are the speeds that hold on the respective facilities, 
while A is the average distance traveled in moving from an X street to a Y street, and 
B is the average distance traveled in moving from a Y street to a Z street. 

Thus, the f i r s t part of the bracketed expression (Eq. 3) consists of those trips with 
length less than 2A which presumably can use local streets only. The average trip 
length, L i , is divided by speed in miles per hour to yield hours traveled on the facility. 
This is multiplied by the frequency of occurrence of this trip type, Fj , to obtain the 
average travel time of this tr ip. The value 2A is the "over-the-road" trip length cut­
off point because it is argued that a trip that uses arterials wil l travel A distance from 
origin to arterials, and then wi l l travel A distance from arterials to destination. Hence, 
a trip using both locals and arterials wi l l , on the average, travel 2A on local streets and 
the remainder of its trip length on arterials. This is stated formally as part of the 
bracketed expression (Eq. 3): ZA/vy is the travel time on locals, (Li - 2 A ) / V Y is the 
travel time on arterials. 



TABLE 1 
FREQUENCY DISTRmUTION OF TRIP LENGTHS, 

CHICAGO STUDY AREA, 1956 

Class, i 

1 
2 
3 
4 
5 

10 
11 
12 
13 
14 
IS 
16 
17 
18 
19 
20 
21 

Total 

Range of l i * 
(mi) (mi) 

Oto 0.99 0.5 0.202 
I t o 1.99 1.5 0.227 
2 to 2.99 2.S 0.121 
3 to 3.99 3.5 0.088 
4 to 4.99 4.5 0.070 
5 to 5.99 S.5 0.051 
6 to 6.99 6.5 0.043 
7 to 7.99 7.5 0.037 
8 to 8.99 8.5 0.027 
9 to 9.99 9.5 0.020 

10 to 10.99 10.5 0.018 
11 to 11.99 11.5 0.015 
12 to 12.99 12.5 0.011 
13 to 13.99 13.5 0.009 
14 to 14.99 14.5 0.007 
15 to 15.99 15.5 0.005 
16 to 16.99 16.5 0.005 
17 to 17.99 17.5 0.004 
18 to 18.99 18.5 0.003 
19 to 19.99 19.5 0.003 
20 + 25.0 0.034 

1.000 
* Airline distance. 

Finally, a "long" tr ip that can use ex­
pressways wil l travel 2A on locals, 2B on 
arterials, and the remainder of its trip 
length on expressways. The trip wi l l go 
A miles on locals from origin to arterial, 
B miles on the arterial to an expressway, 
and then, leaving the expressway, wi l l 
travel B miles on arterials, and A on lo­
cals to its destination. This is indicated 
in the third term in the bracketed ex­
pression (Eq. 3). 

To recapitulate: 
The component of average travel time 

is computed for each trip class, and the 
times are summed to yield total travel 
time for the average vehicle. 

This in turn is multiplied by number 
of trips per day to obtain average daily 
travel time, which is then converted to 
a capitalized value, using K. 

The determination of the values of A 
and B, and the assumptions and simplifi­
cations involved, are discussed in the 
section on Estimating Distance Traveled by 
Street Type. 

The Value of K. The value of K used in the applications of this formula was $7, 500. 
K contains three components: time value per hour, set at $1.43; weekday equiva­

lents in a year, set at 340; and an appropriate interest plus depreciation cliarge, set 
at 0.065 to square with a market interest rate of 5 percent and an assumed asset life of 30 yr. 

Time value was based on the following considerations. Of total vehicle trips, 14.5 
percent were truck trips, 85. 5 percent were auto trips. The value of truck driver time 
was set at $3.00 per hour, which is the going wage rate. For automobile occupants, 
the value of time was set at $1.00 per hour for wage earners, because $1.00 is the 
minimum wage; and i t was assumed that three-fourths of auto occupants were wage 
earners (to account for trips by non-wage earners), yielding $0. 75 as the average 
value of occupant time. There were 1. 56 occupants per auto, so total time value per 
auto was $1.17 per hour. Then weighting truck and auto hourly value by their respec­
tive percentages yielded $1.43. 

The number of weekday equivalents was taken as 340, since weekends and holidays 
have only about 77 percent of the traffic of weekdays. 

Finally, a yearly income stream can be converted to a present capitalized value by 
dividing by an appropriate gross interest rate. The gross Interest rate consists of the 
market interest rate plus a depreciation component for assets of limited l ife. Arbi ­
trarily setting the life of a highwav at 30 yr, and taking the market rate at 5 percent, 
implies a gross interest rate of 6 /s percent. Now: 

$1.43x340 
0.065 =$7,480 

Hence, K was taken as $7, 500. 

ESTIMATING DISTANCE TRAVELED BY STREET TYPE 
A question posed in the preceding section was: what are the values of A and B that 

I S , what I S the average distance in travel from a random point on the X network to the 
Y network, and what is the average distance from a random point on Y to the Z net­
work? Some approximations to A and B are developed in this section and used in suc­
ceeding work. 
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Estimates Using an Analytic Approach 
In developing estimates of A and B, a mathematical model was employed to obtain 

an initial set of estimates. In this model i t was assumed drivers would move to a 
higher speed network as soon as possible and, in doing so, would take the shortest pos­
sible route in terms of distance. Estimates of A and B obtained here are termed a 
and b; these estimates were obtained by mathematical induction. 

Three steps were involved; these were: (1) specifying prevailing-conditions and as­
sumptions; (2) expressing the f i r s t step in the form of a summation; and (3) applying 
standard summation formulas to obtain a general equation. 

The results obtained are as follows: 

a = average trip length on X in miles = ^ 
(jMjO 
( y - X) 

where 

b = average trip length on Y in miles = ^ (z + 3M 

(4) 

(5) 

(6) 

These values can be approximated as follows: 
a = y/6 (7) 
b = y/6 + z/6 (8) 

An examination of the ratio of approximation to actual value indicated the approxi­
mation would generally contain an error of less than 10 percent. 

Some points worthy of note are as follows: 
1. a and b depend on network spacing. 
2. In the application of a and b, i t should be remembered that the "average tr ip" 

is being considered; thus, i t is argued that expressway usage, for an average trip, oc­
curs only for trip length greater than 2a plus 2b. 

3. Because simplifyi i^ assumptions were necessary, a and b wi l l probably vary 
somewhat from actual behavior. 

In an attempt to take this into account, some e^r imenta l work was carried out 
and this led to some modification of a and b. That work is described in the section on 
Experimental Method. The remainder of this section describes how a and b were de­
rived using a mathematical model. Readers uninterested in the mathematical detail 
may turn directly to the section on E3q)erimental Method. 

Trip Length From the X Network to the Y Network. In examining average distance 
from the X network to the Y network, i t was assumed that all tr ip origins were located 
at intersections of X streets. (In this for­
mulation, no trips arise on the Y networic. 
The latter case could be developed as a 
variation.) 

An example of the situation specified 
is shown in Figure 2. Here, a square is 
formed by four arterials, and it is as­
sumed that the ratio of y to x is 8 to 1; 
for example, arterials are 1 mi apart, 
local streets are % mi apart. As a con­
sequence, there are 7 local streets be­
tween two parallel arterials, and 49 points 
of t r ip origin in a square formed by four 
arterials. 

Figure 2 shows the distance of a trip 
origin point from the closest street on the 
Y network (Yi through Y*). Units of dis-

Y4 

Figure 2. Distance of t r i p origin points 
from Y network. 



tance are in terms of x units, so that a point one unit away from a Y street is x miles 
from Y. The circled point is 2 units from Y2, 3 from Yi , 5 from Ys and 6 from Y4. 
Its distance from the Y network for trip making purposes is listed as 2, which is its 
shortest distance from the Y network. 

Of the 49 points of trip origin, 24 are 1 imit away from Y; 16 are 2 units away; 8 are 
3 units away; and 1 is 4 units away. The average distance of a trip origin from Y is 
thus: 

2 4 ( 1 ) . 1 6 ( 2 ) . 8 ( 3 ) . 1(4) . 84 ^ ^ ^ . ^ 

By drawing squares with varying points in a given line of the square, an over-all formula 
can be derived. The distribution of distance from Y for squares of varying size is given 
in Table 2 and a general formula can be derived. In general, a square formed by legs 
of the Y network wil l contain 

^ - 1 points along a given X street 

The total number of points within a square wil l therefore be 

The following formula expresses the average distance traveled within the square to get 
to the Y network: 

X 
Wa 

H-1 
2 4 (w + 1 - 2k) k + dH 
k = 1 

where 
w = y/x - 1 

w + 1 1 
H = —g— , with 2 values rounded to the next highest number 
d = 0 if w is even 

1 if w is odd 
Expanding the right-hand side of the a relation and applying standard summation, 

formulas yielded: 

" y / x + r 
Trip Length From the Y Network to the Z Network. The work involved in finding b 

was essentially an extension of the technique used m finding a. A key aspect of the ap­
proach was to exhibit the source of trips to each "leg" in the Y network. This is shown 
in Figure 3 where a diamond drawn around each leg shows the source of trips to the leg. 

(This I S for a network with z/y = 8.) Trips 
arriving at the leg are then sent to the Z 

"̂ ^̂ ^̂  * network. In the shaded diamonds, all trips 
DlSnUBUTION OF P^OM Y NETWORK ^ ^ ^ ^ ^ ^ ^ . ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 

Number of Dtotance From Y Network (In » unlU) y leg Of O r i g i n . Averse tr^O length in 
these diamonds equals the value of the mid­
point along the leg. In the unshaded dia­
monds, trips travel to the nearest Y leg 
perpendicular to the Z network and use that 
to get to the Z road. Average distance tra­
veled within the unshaded diamond equals 
a value labeled M rather than the mid­
point. Figure 3 exhibits two diamonds 

Per Lme 1 2 3 4 5 6 
1 1 0 0 0 0 0 
2 4 0 0 0 0 0 
3 8 1 0 0 0 0 
4 12 4 0 0 0 0 
5 16 8 1 0 0 0 
6 20 12 4 0 0 0 
7 24 16 8 1 0 0 
8 28 20 12 4 0 0 

etc. 



8 

w h i c h , f o r t h e i r p a t t e r n , a re c loses t to the Z ne twork ; i n each i s shown distance of 
o r i g i n poin t f r o m Z and the r e l a t i v e f r equency of t r i p s a r r i v i n g at the o r i g i n po in t f r o m 
X s t r ee t s . 

The gene ra l i zed v e r s i o n of th i s case was developed. The s u m m a t i o n express ing i t 
i s : 

b = n u m e r a t o r / d e n o m i n a t o r 

n u m e r a t o r = s u m of Pa t t e rn I d iamond values plus 

s u m of Pa t t e rn I I d i amond values 

( z / 2 y ) - l 
= y / 2 ( z / y - 1 ) + Z (ky + y / 2 ) ( z / y - 1 - 2k) 

k = l 
( z / 2 y ) - l 

2 (ky + M ) ( z / y - 2k) 
k = l 

JL 

r « 

\ 

— 

/ \ 

\ / 

V 

3 4 

M I L E S 

E X P R E S S W A Y -

P A T T E R N I 

S T A N C E T b -

A R T E R I A L - f - \ 

/ Z | IN '/, THS \ 

<i 10/. ' k , ' V , " / . « V . > V ? , 

\ 
\ 

\ 

/ I 

\ / II 
P A T T E R N 

/ B O U N D A R I E S 

| \ I 3 5 S V j 5 3 y 

\ / 
P A T T E R N 2 — > • \ / 

R E L A T I V E F R E Q U E N C Y 
O F T R I P O R I G I N S 

Figure 3. Source of trips for each Y leg in the Y network. 



denominator = number of cases = 4 z / y + ( z / y - 1 ) + 2 ( z / y - 2 k ) + S ( z / y - l - 2 k ) 

k k 

A p p l i c a t i o n of s u m m a t i o n f o r m u l a s and s i m p l i f y i n g , y i e l d s : 

b = 1/6 [ z + 3 M - y V z ] 
where 

M = y / 6 ^ y - x 

E x p e r i m e n t a l Method 

A n e x p e r i m e n t was conducted w h i c h p r o v i d e d an a l t e rna t i ve method of e s t i m a t i n g 
average t r i p length on the X , Y , and Z s t r e e t sys tems and p r o v i d e d a number of o ther 
clues as to the usage made of these sys t ems . Us ing data f r o m the expe r imen t , values 
of a and b (de te rmined a n a l y t i c a l l y ) cou ld be m o d i f i e d to give A and B , the average 
distances t r a v e l e d on l o c a l and a r t e r i a l s t r e e t s . The expe r imen t f u r t h e r p e r m i t t e d a 
s i m p l i f i e d s ta tement to be developed g i v i n g b r e a k points i n a i r l i n e t r i p lengths a t w h i c h 
veh ic les s t a r t to use h igher speed sys t ems . T h i s i s an a p p r o x i m a t i o n to r e a l i t y but 
the evidence developed by the expe r imen t indicates i t i s a reasonable a p p r o x i m a t i o n . 

Conduct of E x p e r i m e n t : T e r m s , D e f i n i t i o n s and Assumpt ions . A l a r g e sheet of 
paper (30 i n . x 30 i n . ) was r u l e d p r e c i s e l y w i t h g r i d l i n e s r ep resen t ing the X , Y and Z 
sys t ems . The X sys t em was sca led to r ep resen t 0 . 1 2 5 - m i i n t e r v a l s , the Y sys t em, 
1 . 0 - m i i n t e r v a l s , and the Z s y s t e m , 4 . 0 - m i i n t e r v a l s . 

St icks were cut to represen t a i r l i n e journeys of 2, 4, 6, 8 and 10 m i . These s t i cks 
were then t h r o w n at r andom to l and on the paper and t h e i r pos i t ions w e r e c a r e f u l l y 
m a r k e d . T h i r t y t h r o w s were made w i t h each s t i c k . 

The a i r l i n e journeys were then assigned t o the X , Y and Z sys tems on the assumpt ion 
that the t r i p wou ld take the shor t e s t t i m e path th rough the g r i d d e d n e t w o r k . Speeds 
were taken as i n the r a t i o X : Yr Z = 1:2:4. T h i s i s not u n r e a l i s t i c , cons ide r ing l o c a l 
s t ree t s at 12 mph, a r t e r i a l s a t 25 mph , and expressways at 50 m p h . 

The o v e r - t h e - r o a d distance t r a v e l e d on each s t r ee t type was r eco rded , and the 30 
r e c o r d s f o r each a i r l i n e t r i p length w e r e averaged . 

O v e r - t h e - r o a d distances were computed on th ree d i f f e r e n t assumptions as to r a m p 
spacing . F i r s t , r a m p s o r connections were assumed so that a t r i p cou ld enter the Z 
(expressway) s y s t e m at each i n t e r s e c t i o n of tha t s y s t e m w i t h the Y ( a r t e r i a l ) s y s t e m ; 
that i s , at 1 -mi i n t e r v a l s . Second and t h i r d assumptions p e r m i t t e d access only at 2Y 
and 4Y (2 - and 4 - m i ) i n t e r v a l s . 

Resul ts o f E x p e r i m e n t . The r e s u l t s of the e x p e r i m e n t a re g iven i n Table 3 and 
shown m F igu res 4, 5, and 6. Genera l ly these r e su l t s a r e about what one w o u l d expect . 

T A B L E 3 

A V E R A G E O V E R - T H E - R O A D D I S T A N C E I N M I L E S T R A V E L E D ON L O C A L , 
A R T E R I A L , A N D EXPRESSWAY SYSTEMS, AS A F U N C T I O N O F A I R L I N E 

T R I P L E N G T H A N D R A M P SPACING 
Ramp Spacing ( m i ) 

1 2 4 

A i r l i n e 
Average 

Ove r - the -Road 
Average 

Ove r - t h e - Ro ad 
Average 

Ov e r - t h e - Ro ad 
T r i p Length 

( m i ) 
T r i p Length 

( m i ) 
T r i p Length 

( m i ) 
T r i p Length 

( m i ) 
X Y Z X Y Z X Y Z 

2 0 .38 1.82 0.63 0 .40 2 .10 0. 27 0 . 4 1 2 .27 
4 0 .46 2.35 2 .86 0.49 2.94 2.04 0 .48 3.33 1.86 
6 0 .38 2 .07 6 .07 0 .40 2.47 5.73 0. 39 3 . 5 1 4 . 7 0 
8 0. 39 2.07 8.37 0 . 4 1 2 .60 7.87 0 .41 3.89 6 .80 

10 0 .37 1.77 11.17 0 .38 2.37 10 .80 0 .42 3 . 7 1 9 .67 
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The r e s u l t s a re averages f o r t r i p s of d i f f e r e n t a i r l i n e l eng th . Some t r i p s of a p a r ­
t i c u l a r length m a y have a h igh p r o p o r t i o n o f t h e i r l ength on a g iven f a c i l i t y and o thers 
v e r y l i t t l e . The averages f o r a l l " t h r o w s " a re as shown. 

The p r o p o r t i o n s d r i v e n on l o c a l s t r ee t s f o r t r i p s of a i r l i n e length 1 m i i s unders ta ted 
by the g raph , w h i c h s i m p l y j o in s p lots of obse rva t ions . The same amount of t r a v e l 
( roughly 0 .4 m i ) i s p robab ly d r i v e n on l o c a l s t r ee t s by t r i p s of a i r l i n e length 1 m i as 
f o r longer t r i p s . 

I n t e r p r e t a t i o n of Resu l t s . As a i r l i n e t r i p length increases , i t i s m o r e probable that 
a h ighe r p r o p o r t i o n w i l l be on h ighe r speed f a c i l i t i e s . 

T O T A L D I S T A N C E T R A V E L E D 

ON EXPRESSWAYS 

D I S T A N C E T R A V E L E D ON A R T E R I A L S 

ON L O C A L S T E E T S 

2 4 6 8 

A I R L I N E T R I P L E N G T H IN M I L E S 

( S P E E D S IN R A T I O 1=2 4 ON L O G A L , A R T E R I A L AND E X P R E S S W A Y 

S Y S T E M S AT I N T E R V A L S O F 0 = 1 2 5 , 1 0 0 A N D 4 . 0 0 M I L E S ) 

Figure h. Use of local and a r t e r i a l streets and expressways ty tr i p s of different a i r ­
line length, with ramp spacing at 1-mi intervals. 
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When a i r l i n e t r i p length reaches c e r t a i n po in t s , use of l o c a l and a r t e r i a l s t r ee t s 
ceases to r i s e and s t ab i l i ze s a t a c e r t a i n l e v e l . 

A s a i r l i n e t r i p length increases beyond a c e r t a i n poin t , adverse t r a v e l ( t r a v e l i n the 
w r o r ^ d i r e c t i o n i n o r d e r to r each a h igher speed f a c i l i t y ) p robab ly becomes m o r e p r o ­
f i t a b l e . A t t h i s po in t , o v e r - t h e - r o a d t r a v e l on the l o w e r speed f a c i l i t y appears t o de ­
c l ine s l i g h t l y (see, f o r example , the d rop i n a r t e r i a l usage between 4 and 6 m i of a i r ­
l ine t r i p length i n F i g u r e 4 ) . 

E f f e c t s of D i f f e r e n t Ramp Spacings. A s r a m p spacing increases , use of expressways 
decl ines and use of a r t e r i a l s r i s e s . I t was e s t ima ted f o r the r e s u l t s g iven i n Tab le 3 
that the v e h i c l e - m i l e s on expressways decl ine about 11 percen t w h i l e the v e h i c l e - m i l e s 
on a r t e r i a l s r i s e m o r e than 20 percen t as a r e s u l t of the change i n r a m p spacing f r o m 
1 to 2 m i . 

UJ 

UJ 
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T O T A L D I S T A N C E T R A V E L E D 

D I S T A N C E T R A V E L E D 

ON EXPRESSWAYS 

D I S T A N C E T R A V E L E D ON A R T E R I A L S 

ON L O C A L S T R E E T S 

2 4 6 8 

A I R L I N E T R I P L E N G T H IN M I L E S 

( S P E E D S IN R A T I O | - 2 : 4 ON L O G A L , A R T E R I A L AND E X P R E S S W A Y 

S Y S T E M S AT I N T E R V A L S O F 0 = 1 2 5 , 1.00 AND 4 . 0 0 M I L E S ) 

Figure ^. Use of lo c a l and a r t e r i a l streets and expressways with ramp spacing at 2-iiil 
Intervals. 
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C o m b i n i n g A n a l y t i c and E x p e r i m e n t a l Methods 

The ana ly t i c method i s an a t t empt t o answer the ques t ion : what i s the average d i s ­
tance f r o m a r andom poin t on one ne twork to the neares t po in t on the next h igher speed 
n e t w o r k ? The e x p e r i m e n t a l method f u r n i s h e s approx imate answers to the ques t ions : 
(1) How f a r do veh ic les ac tua l ly t r a v e l i n m o v i n g f r o m one ne twork to ano ther? (2) Is 
the s i m p l i f i e d m o d e l of d r i v e r behavior used i n m i n i m i z m g costs r e a l l y a good r e p r e ­
senta t ion of r e a l i t y ? 

In answer ing the f i r s t ques t ion , the evidence developed by the e x p e r i m e n t a l method 
ind ica ted a and b w e r e unders ta tements of A and B , r e s p e c t i v e l y . T h i s p robab ly oc ­
c u r r e d because the ana ly t ic method cannot account f o r adverse t r a v e l wh ich i s occasioned 
when a t r i p goes i n the w r o n g d i r e c t i o n i n o r d e r to m i n i m i z e t o t a l j ou rney t i m e . The 
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T O T A L D I S T A N C E T R A V E L E D -

D I S T A N C E T f t A V E L E D 

ON E X P R E S S W A Y S 

D I S T A N C E T R A V E L E D ON A R T E R I A L S 

^ O N L O C A L S T R E E T S 

0 2 4 6 8 10 

A I R L I N E T R I P L E N G T H IN M I L E S 

( S P E E D S IN R A T I O I 2 = 4 ON L O G A L , A R T E R I A L AND E X P R E S S W A Y 

S Y S T E M S AT I N T E R V A L S O F 0 = 1 2 5 , 1 0 0 AND 4 . 0 0 M I L E S ) 

Figure 6. Use of loca l and a r t e r i a l streets and expressways with ramp spacing at k-roL 
intervals. 



13 

values of A and B obtained i n the p a r t i c u l a r case examined by the e x p e r i m e n t a l approach w e r e 
a p p r o x i m a t e l y 20 pe rcen t g r ea t e r than a and b . I t was assumed that t h i s e f f ec t wou ld p r e v a i l 
f o r a l l c a s e s : t h e r e f o r e , a and b w e r e f a c t o r e d by 1.20. These f a c t o r e d values were taken 
as the values of A and B to be used i n E q . 3; tha t i s , 1.2a = A , 1.2b = B , w i t h a taken 
as y / 6 , b taken as V + ^ . 

6 
W i t h respect to the second quest ion, the mode l of d r i v e r behavior used In m i n i m i z a ­

t i o n , states that f o r t r i p s w i t h o v e r - t h e - r o a d t r i p length between 0 and 2A, only l o c a l 
s t r ee t s a re used; t r i p s w i t h lengths between 2A and 2B use both loca l s and a r t e r i a l s , 
w i t h l o c a l use f o r the f i r s t 2A of length , and a r t e r i a l s t h e r e a f t e r ; f i n a l l y , t r i p s w i t h 
lengths g rea t e r than 2A + 2B use expressways f o r that p a r t of the t r i p beyond 2A + 2 B . 
In ac tua l i t y , however , the d i s t r i b u t i o n of t r a v e l among s t r ee t types f o r a g iven t r i p 
length presents a m o r e c o m p l i c a t e d p i c t u r e . Thus , s h o r t t r i p s w i t h length less than 2A 
w i l l not be found e x c l u s i v e l y on l o c a l s t r ee t s ; some of these t r i p s may use a r t e r i a l s 
o r expressways . S i m i l a r l y , t r i p s below 2A + 2B i n length may use expressways . On 
the o ther hand, i t i s poss ible that some t r i p s longer than 2A + 2B do not use e x p r e s s ­
ways . F i g u r e 4 shows ac tual use of the s t r e e t sys tems as app rox ima ted by the e x p e r i ­
men ta l r e s u l t s . Use i s presented as a f u n c t i o n of a i r l i n e t r i p length ( r a the r than o v e r -
t h e - r o a d t r i p length) . T h i s shows that some use of each s t r e e t type occur s f o r e v e r y 
t r i p length (Th is i s w i t h i n the l i m i t s of the e3q)eriment as i t was conducted, w h i c h d i d 
not include es t imates of the use made of d i f f e r e n t sys tems by t r i p s of a i r l i n e lengths 
less than 2 m i , ) 

I n o r d e r to make th i s compl i ca t ed express ion of use agree w i t h the p r e v i o u s l y pos i t ed 
s ta tement of d r i v e r behavior (as s ta ted m the basic cost equations leading to the m i n i ­
m u m cost s ta tements of Eqs . 2 and 3), the pa t te rns of use shown i n F i g u r e 4 w e r e de ­
l i b e r a t e l y s i m p l i f i e d . The r e s u l t s appear i n F i g u r e 7, w h i c h i s not a bad a p p r o x i m a ­
t i o n of the r e s u l t s shown i n F i g u r e 4 . 

Had the expe r imen t r evea led that the pa t t e rn of d r i v e r behavior was m a r k e d l y d i f ­
f e r e n t f r o m the o r i g i n a l s ta tement of d r i v e r use, then tha t s ta tement w o u l d have had t o 
be r e v i s e d . A c t u a l l y , the o r i g i n a l s ta tement i n t u i t i v e l y app rox ima ted r e a l i t y v e r y c l o s e ­
l y ; that i s , the o r i g i n a l s ta tement , i f graphed, w o u l d y i e l d F i g u r e 7, I n the f u t u r e the 
e jcper imenta l approach may be conducted w i t h g r ea t e r p r e c i s i o n by use of a compu te r , 
and the m i n i m u m - c o s t f o r m u l a may be a l t e r e d t o inc lude these m o r e p r ec i s e pa t t e rns 
of d r i v e r use. 

In F i g u r e 7 i t should be noted tha t the b reak points between s t r e e t use a re a and p ; 
th i s IS because the t r i p length ax is i s i n a i r l i n e un i t s ; a and p co r r e spond to 2A and 2A + 
2B i n o v e r - t h e - r o a d u n i t s . T h u s : 

2A 2 .4a 

* = 173 = I T 3 ~ (9) 

8 _ 2(A + B) _ 2 . 4 (a + b) 

P — o o — 

T o recap i tu la te , i t was o r i g m a l l y s ta ted that t r i p s of a i r l i n e lengths between o and 
a w o u l d on ly use l o c a l s t r ee t s , t ha t t r i p s w i t h a i r l i n e lengths between a and p w o u l d 
a lso use a r t e r i a l s t r ee t s , and that t r i p s w i t h a i r l i n e lengths g rea t e r than fi w o u l d use 
a l l t h r ee s y s t e m s . Es t ima te s of the use made of each type w e r e obta ined a n a l y t i c a l l y . 
These es t imates w e r e r e v i s e d by e x p e r i m e n t a l means, w h i c h also substant ia ted the 
o r i g i n a l s ta tement of use pa t t e rns . 

M I N I M I Z A T I O N O F T O T A L T R A N S P O R T A T I O N COSTS 

In the sec t ion on A Statement of Highway T r a n s p o r t a t i o n Costs , cons t ruc t i on costs 
and t r a v e l costs w e r e stated i n t e r m s of the spacing of y and z . The sec t ion on E s -
t i m a t m g Distance T r a v e l e d by Street Type developed values of A and B i n t e r m s of y 
and z . 

The development has now proceeded to a po in t where t r a n s p o r t a t i o n costs can be 
m i n i m i z e d w i t h r espec t to the spacing of the va r i ous s t r ee t n e t w o r k s . I t i s assumed at 
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Figure 7. Simplified use of local and a r t e r i a l streets and expressways by trips of 
different a i r l i n e length. 

th i s po in t that the spacing of x s t r ee t s i s Va m i , so tha t m i n i m i z a t i o n i s c a r r i e d out on ly 
w i t h respec t to y and z . F u r t h e r , f o r some pa r t s of u r b a n reg ions , i t seems r e a l i s t i c 
t o a rgue tha t y spac ing i s f i x e d , having been de t e rmined h i s t o r i c a l l y , so tha t m i n i m i z a ­
t i o n f o r those p a r t s i s c a r r i e d out only f o r z . 

M i n i m i z a t i o n i s obtained u s ing the d i f f e r e n t i a l ca l cu lus ; the p a r t i a l d e r i v a t i v e s of 
cos t w i t h respec t t o z and w i t h respec t to y a re set equal to z e r o . Genera l ly , s o l v i n g 
the r e su l t an t equations ( f o r y and z ) wou ld conclude the w o r k . However , i n t h i s p r o b ­
l e m , d i f f e r e n t i a t i o n i s c a r r i e d out f o r an e}q}ression Invo lv ing a s e r i e s of summat ions ; 
the l i m i t s of these summat ions depend on A and B , and che l a t t e r depend on y and z . A s 
a consequence, an i t e r a t i v e p rocess had to be developed, so tha t a l l r e l a t ionsh ips pos i ted 
d i d , i n f a c t , h o l d . The f i n a l va lues of y and z obtained th rough the i t e r a t i v e technique 
do insure a m i n i m i z a t i o n of cost ; these values of z and y a re de f ined as the o p t i m u m 
spacings of Z and Y s t r ee t s . 
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The D i f f e r e n t i a t i o n of Cost 

Us ing the w o r k m the sections on A Statement of Highway T r a n s p o r t a t i o n Costs and 
E s t i m a t m g Distance T r a v e l e d by Street Type , t r a n s p o r t a t i o n costs can be w r i t t e n 

+ N K F . , r 2 . 4 ( y / 6 ) / i - 2 . 4 ( y / 6 ) ] ^ ^ 

i = l ' i = r L J ^ 
2 A-4 y / 6 ^ 2 .4 ( y / 6 + z / 6 ) ^ ^ i - 2 .4 ( y / 6 + y / 6 + z / 6 ) V 

i=s \ ^ X / ^ 
(11) 

T h i s is a r es ta tement of E q . 3 w i t h f i n a l values of A and B i n se r t ed . M i n i m i z a t i o n of 
cost occurs when 

0, and 
ay 

Thus , the d e r i v a t i v e of cost w i t h respect to z i s : 

d C 

S i m p l i f y i n g , and d e f i n i n g 

P s = ^ ^ i 
1=S 

Y i e l d s th i s f i n a l equat ion f o r z : 

N K = 0 

S* 
dens i ty 

Y Z 
1_ 
Vr. 

2 . 2 4 ^ 
K ° ^ Y Z ^s 

A s i m i l a r p rocess y i e ld s t h i s equation f o r y 

y = 2. 24 

where 

r ^ X Y ^s ^ X Y Z ^ 

s - 1 
S 
l = r 

' X Y Z 
2 

(12) 

(13) 

(14) 

v x Y = v ; - v ; 

Eqs . 12-14 give the m i n i m u m cos t spacings f o r the Y and Z n e t w o r k s . F o r a n u m e r i c a l 
so lu t ion of these equations, an i t e r a t i v e technique mus t be employed . T h i s i s because 
the values and Pg depend on the cu to f f points separa t ing the pa r t s of a t r i p i n t e r m s 
of the n e t w o r k used . T h i s i s shown i n F i g u r e 8. The va lue Pg i s t ha t p a r t of the t r i p 
f r equency d i s t r i b u t i o n between 2B and co, measu r ing t r i p length i n o v e r - t h e - r o a d d is tance . 
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Figure 8. Trip length frequency distribution. 

Thus , Ps depends on B , w h i c h i n t u r n depends on y and z . The same s o r t of r e m a r k s 
apply to P f . Because of t h i s dependance on y and z, an i t e r a t i v e technique had to be 
developed to f i n d values of y and z f r o m Eqs . 13 and 14, w h i c h w o u l d be cons is tent w i t h 
a l l the r e l a t i ons invo lved i n t h i s p r o c e d u r e . 

The I t e r a t i v e Technique 

I n i t e r a t i n g to f i n a l values of z and y , two cases w e r e cons ide red . These w e r e : 
(1) y i s g iven , on ly z i s to be de t e rmined , (2) both y and z a r e to be d e t e r m i n e d . 

F o r Case 1, the re a re i n e f f e c t th ree equations i n th ree unknowns. These a re 

z i = 2 .24 y K D V Y Z ^s 

E q . 15 s t ems f r o m 

za = 3 . 2 5 p - 2 y 

8 = 2 .4a + 2 .4b 
O 

(13a) 

(15) 

(16) 

i s a p a r t i c u l a r value of Case 1, and E q . 16 i s i nvo lved i n the f r e q u e n c y d i s t r i b u t i o n 
f u n c t i o n . 

I n the i t e r a t i v e p rocess , an a r b i t r a r y value of p is se lec ted . T h i s i m p l i e s a c o r r e s ­
ponding value of Pg, f r o m E q . 16. The i n s e r t i o n of Pg i n E q . 13 y i e ld s an i n i t i a l value 
f o r z i , l abe led z i (1) . S i m i l a r l y , the i n s e r t i o n of the o r i g i n a l p and the g iven y i n E q . 
15 y i e l d s an o r i g i n a l value of zg, l abe led Zg (1) . I n t h i s i n i t i a l set of computa t ions , z i 
w i l l p robab ly d i f f e r s i g n i f i c a n t l y f r o m zg. Hence, a second value of p i s p icked , and 
co r r e spond ing values of z i and za a re computed, l abe led z i (2) and za (2) . The second 
value of p i s se lected us ing th i s r u l e ; i f Z2 (1) > z i (1), t r y a l o w e r p i f zg (1) < z i (1), 
t r y a h igher p . Given the values of Zi, Zg and p f o r the two se r i e s of computa t ions , a 
f i n a l value of p and z can be obtained by l i n e a r i n t e r p o l a t i o n . The f i n a l value of z occurs 
where z i = Zg. The i n t e r p o l a t i o n is shown in F i g u r e 9. 

The z i points a r e connected by a s t r a i g h t l i n e , and the za points a r e s i m i l a r l y con-
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Figiire 9 Iteration of z. 

nected. The i n t e r s e c t i o n of these l i nes y i e l d s values of p and z w h i c h should a p p r o x i ­
ma te ly equal the f i n a l i t e r a t i v e values d e s i r e d . 

The same s o r t of p rocedure—m expanded f o r m — i s appl ied i n Case 2, where both y 
and z a re to be d e t e r m i n e d . T h r e e m o r e equations i n th ree m o r e unknowns a re added. 
These a r e : 

y i = 

f r o m 

3 . 2 5 a 

(1 .2)2a 
1.3 , a = y / 6 (17) 

y » = ^ • ^ ^ i 4 d ( p V ^ ^ + P V 
^ r ^ X Y ^ s ^ X Y Z 

(18) 

(19) 

I t e r a t i o n proceeds i n th i s way: an a r b i t r a r y value of y i s p i cked , t e r m e d y i . F o r 
y i , a f i n a l o p t i m a l z i s obtained by i t e r a t i o n , as ind ica ted f o r Case 1 . T h i s i m p l i e s a 
co r r e spond ing Pg and P j . , w h i c h i n t u r n i m p l i e s a co r r e spond ing y j , w h i c h p robab ly 
d i f f e r s f r o m y i . T h i s yg i s used to p i c k a new value of y i , and the p rocedure i s repeated, 
y i e l d i n g a second set of va lues , y i (2) and y j (2) . The values obtained can now be used 
to f i n d a f i n a l z and y . The y i values a re connected by a l i n e , and the y2 values a re 
connected by a l i n e . The i n t e r s e c t i o n y ie lds f i n a l values f o r y and z . 

I t may be noted tha t y converges qui te q u i c k l y ; that i s , the i n i t i a l ya i s not v e r y f a r 
f r o m the f i n a l value of y . 

A de ta i led d e s c r i p t i o n of the i t e r a t i v e p rocess and a runn ing n u m e r i c a l example ap­
pear i n Appendix B . 

In te rp re ta t ions and Planning P r i n c i p l e s 

A n examina t ion of Eqs . 11-14 leads t o c e r t a i n conclus ions o r i n t e r p r e t a t i o n s . These 
have some r e a l value as p r o v i d i n g p r i n c i p l e s w h i c h a f f e c t the layout of sys tems of a r ­
t e r i a l s a n d / o r expressways , as f o l l o w s : 

1. The m i n i m u m - c o s t spacing of a r t e r i a l s and e3q)ressways becomes g rea t e r as 
cons t ruc t i on cost pe r m i l e s inc reases . 

2 . The m i n i m u m - c o s t spacing of a r t e r i a l s and expressways becomes l e s s as the 
value of pe r sona l t i m e increases . Inc iden ta l ly (and mos t u n d e m o c r a t i c a l l y ) th i s i m p l i e s 
a need f o r c lo se r spacing i n h ighe r income a reas . 
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3. The m i n i m u m - c o s t spacing of a r t e r i a l s and e ^ r e s s w a y s decreases as t r a f f i c 
dens i ty inc reases . 

4 . S the speed of expressways increases r e l a t i v e to that of a r t e r i a l s and l o c a l 
s t r ee t s , then the m i n i m u m - c o s t spacing of expressways becomes l e s s . 

5. K t r i p s become longer , then expressway m i n i m u m - c o s t spacing becomes l e s s . 
6. I f a r t e r i a l speeds increase r e l a t i v e to those of expressways (as t h rough i m p r o v e d 

s ^ n a l i z a t i o n and t r a f f i c c o n t r o l s ) then expressway m i n i m u m - c o s t spacing becomes 
g r e a t e r . 

I t may appear tha t these a re c o m m o n sense p r i n c i p l e s , and indeed they a r e . One of 
the values o f hav ing w o r k e d th rough the ma thema t i c s , however , i s tha t these p r i n c i p l e s 
can be s ta ted c l e a r l y and unequivocably, and that the quant i ta t ive e f f e c t of changes i n 
the d i f f e r e n t va r i ab l e s can be e s t ima ted . 

A G r a p h i c a l Method of E s t i m a t i n g M i n i m u m - C o s t Spacings 

A method of checking the m i n i m u m - c o s t spacing f o r m u l a s g iven i n Eqs . 11-14 was 
developed. T h i s method p e r m i t s a g r a p h i c a l p resen ta t ion of the m i n i m u m - c o s t spacing, 
and i s t h e r e f o r e of value as i nd i ca t ing i n s i m p l e t e r m s why the m i n i m u m - c o s t spacing 
f o r m u l a s w o r k . 

T h i s a l t e rna t i ve method i s a s i m p l i f i e d technique. Only t o w speeds a re a s s u m e d -
expressway speeds and non-expressway speeds. T r a v e l is s i m i l a r l y ass igned t o the 
expressway n e t w o r k and to the non-e}q)ressway n e t w o r k s . F i n a l l y , e i t he r a r t e r i a l o r 
e}q)ressway spacing mus t be taken as a f i x e d i t e m , a l l o w i n g the o ther t o v a r y . 

C o n s t r u c t i o n Cos t . C o n s t r u c t i o n cos t o f expressways (assuming a r t e r i a l s have a 
constant spacing) is a f u n c t i o n of expressway spacing, as ind ica ted i n the f o l l o w i n g 
equat ions: 

C o n s t r u c t i o n cos t 

Spacing 

C o n s t r u c t i o n cos t 

(length) X (cost pe r u n i t length) 

2 a rea 
length 

2(area) (cost p e r u n i t length) 
spacing 

(20) 

(21) 

(22) 

T h i s i s a hype rbo l i c f u n c t i o n , and can be graphed ( F i g . 10). 

Construction 
Cost 

Spacing »-

Figure 10. 

T r a v e l Cos t . T r a v e l cos t i s a f u n c t i o n of the number of t r i p s , the t r i p cos t pe r hour 
of t r a v e l , the t i m e p e r i o d , the p ropo r t i ons of t r i p length d r i v e n on expressways and the 
p r o p o r t i o n not d r i v e n on expressways . T h i s r e l a t i onsh ip can be graphed ( F i g . 11) and s ta ted 
as f o l l o w s : 

T r a v e l cos t = (number of t r i p s ) x (cost per hour ) x (mean t r i p length on esqjressways ^ mean t r i p length not on e:q)ressways 
expressway speed non-e}q)ressway speed 

( fac to r expanding h o u r l y costs to long t e r m costs) (23) 



19 

Travel Cost 

S p a c i n g 

Figure 11. 

T o t a l Costs and Examples . By adding the t r a v e l cos t to the cons t ruc t ion cost as a 
f u n c t i o n of spacing, one can de t e rmine the m i n i m u m t o t a l cost so lu t i on . T h i s i s shown 
i n F i g u r e 12. 

Cost 
ravel Cost 

Construction Cost 

Spacing 

Figure 12. 

T w o examples a r e p r o v i d e d . The data taken f o r the example a r e the 1980 data g iven 
f o r Rings 4 and 7 i n the sec t ion on M i n i m i z a t i o n of T o t a l T r a n s p o r t a t i o n Cos t s . The 
only except ion i s that of a r t e r i a l speed, w h i c h has been reduced i n o r d e r t o compensate 
f o r the amoimt of t r a v e l d r i v e n on l o c a l s t r ee t s , w h i c h i s s i g n i f i c a n t l y s l o w e r . (Note 
again that the g raphic so lu t ion as s ta ted here deals only w i t h two speeds, instead of 
the th ree used i n the m o r e r e f i n e d f o r m u l a . ) 

T A B L E 4 

V A L U E S USED I N E S T I M A T I N G M I N I M U M - C O S T SPACING 
B Y G R A P H I C A L M E A N S 

Given Example 1^ Example 2^ 

Expressway cost per m i l e $ 8 , 0 0 0 , 0 0 0 $ 4 , 0 0 0 , 0 0 0 
T r i p densi ty i n t r i p dest inat ions 

per square m i l e 20 ,000 6 ,200 
Expressway speed 50 mph 50 mph 
Non-expressway speed 12 mph 20 mph 

' T r i p length f r equency d i s t r i b u t i o n i n both examples i s that f o r the e n t i r e Chicago 
Study A r e a . 

The r e su l t s of the ca lcu la t ions a re g iven i n Tables 5 and 6 and a re graphed i n F i g ­
u res 13 and 14. F o r c o m p a r i s o n , the m i n i m u m - c o s t spacing as ca lcu la ted by f o r m u l a 
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is 2 .9 m i (Example 1) and 6 .9 m i (Example 2) . The g r a p h i c a l so lu t ion i s "on the nose' 
f o r Example 1, and i s v e r y close in the case of Example 2, al though the g r a p h i c a l 
technique gives a f u z z y answer i n t h i s l a t t e r case. 

T A B L E 5 

EXPRESSWAY CONSTRUCTION A N D T O T A L T R A V E L COSTS^ 
AS A F U N C T I O N O F EXPRESSWAY SPACING: E X A M P L E 1 

Expressway Expressway T o t a l T r a v e l 
Spacing Cons t ruc t i on Cost Cost T o t a l Costs 

( m i ) (per sq m i ) (per sq m i ) (per sq m i ) 

0 .0 00 16.8 00 
0.5 32. 0 20 .0 5 2 . 0 
1.0 16 .0 24.3 40 .3 
2 . 0 8 .0 27.3 35 .3 
3 .0 5.3 2 9 . 1 34 .4 (min) 
4 . 0 4 . 0 32, 0 3 6 . 0 
6 .0 2 .7 37 .6 40 .3 
8 .0 2 . 0 4 2 . 0 4 4 . 0 

10 .0 1.6 46 .3 47 .9 
16 .0 1.0 5 2 . 0 5 3 . 0 
2 0 . 0 0 .8 54 .0 54 .8 
00 0 7 0 . 0 7 0 . 0 

' I n m i l l i o n s of d o l l a r s . 

T A B L E 6 

EXPRESSWAY CONSTRUCTION A N D T O T A L T R A V E L COSTS' 
AS A F U N C T I O N OF EXPRESSWAY SPACING: E X A M P L E 2 

Expressway Expressway T o t a l T r a v e l 
Spacing Cons t ruc t i on Cost Cost T o t a l Costs 

( m i ) (per sq m i ) (per sq m i ) (per sq m i ) 

0 .0 00 5.2 00 
0.5 16 .0 6 . 0 2 2 . 0 
1.0 8 .0 6 .6 14 .6 
2 . 0 4 . 0 7 . 0 11 .0 
4 . 0 2 . 0 7 .7 9 .7 
6 .0 1.3 8.3 9 .6 (min) 
7 .0 1.1 8.5 9. 6 (min) 
8 .0 1.0 8.8 9 .8 

10 .0 0 .8 9 . 2 10 .0 
15 .0 0 .5 10 .0 10.5 
2 0 . 0 0 .4 10.7 1 1 . 1 
00 0 13.0 13 .0 

' In m i l l i o n s of d o l l a r s . 

I n t e r p r e t a t i o n s . The g r a p h i c a l method of e s t i m a t i n g m i n i m u m - c o s t spacing i l ­
l u s t r a t e s why the m i n i m u m - c o s t spacing f o r m u l a s w o r k . The t w o components of t r a n s ­
p o r t a t i o n cost ; namely , cons t ruc t ion cos t (Ci) and t r a v e l cost (Ca), when added t o ­
gether , v a r y w i t h the spacing of t r a n s p o r t a t i o n f a c i l i t i e s . In the ma thema t i ca l so lu t ion 
the d i f f e r e n t i a t i o n of the s u m of these two components , w i t h the d e r i v a t i v e s set equal 
to ze ro , au toma t i ca l l y locates the m m i m u m po in t . The g r a p h i c a l so lu t ion does the 
same th ing by exh ib i t i ng costs f o r a l l the spacings and the m i n i m u m poin t i s ascer ta ined 
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by eye . Of course , the g r a p h i c a l so lu t ion i s m o r e approx imate than the m a t h e m a t i c a l 
so lu t ion . 

C o n s t r u c t i o n cos t s a r e an exac t f u n c t i o n o f spacing . I n t h i s example they a r e a 
domina t ing inf luence on the poin t of m i n i m u m t o t a l cost , because they r i s e so s teeply 
when the spacing becomes t i gh t ; tha t i s , on the o r d e r of 2 o r 3 m i apa r t f o r e x p r e s s ­
w a y s . 

The pos i t i on of the l i n e of t r a v e l costs i s a compl i ca t ed f u n c t i o n of r e l a t i v e speeds, 
t r i p dens i ty , the t r i p length f r e q u e n c y d i s t r i b u t i o n , and value of t i m e . Of these v a r i ­
ables , t r i p dens i ty i s v e r y i m p o r t a n t , g r e a t l y a f f e c t i n g the slope of the l i n e of t r a v e l 
cos t s . A s can be seen, the t r a v e l cost l ine i n Example 1 i s v e r y steep, r e f l e c t i n g the 
r e l a t i v e l y h igh t r i p densi ty of 20, 000 t r i p s pe r square m i l e . In Example 2 the f l a t t e r 
s lope r e f l e c t s the l o w e r dens i ty o f 6, 200 t r i p s p e r square m i l e . 

In h igh dens i ty a reas , the m i n i m u m cost po in t i s s h a r p l y de f ined . T h i s suggests 

7 0 

6 0 Vt 

T O T A L C O S T 

/ T R A V E L C O S T 

C O N S T R U C T I O N C O S T 
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3 0 

Figure 13. Minimum-cost spacing for Example 1 (source: Table 5). 
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Figure Zh. Mlntmum-cost spacing for Example 2 (source: Table 6). 

3 0 

tha t g rea t savings can be acc rued by p l a n n i i ^ an e:q>ressway n e t w o r k at spacings close 
t o the m i n i m u m - c o s t po in t . I n l o w dens i ty reg ions the m i n i m u m po in t i s less w e l l de ­
f i n e d , w h i c h suggests tha t cons idera t ions o ther than costs may become m o r e i m p o r t a n t 
i n these r e g i o n s . 

A P P L I C A T I O N O F O T H E R C R I T E R I A 

The f o r e g o i n g techniques have shown the spacings of a r t e r i a l s and esqpressways 
w h i c h r e s u l t f r o m the m i n i m i z a t i o n cA the cos ts of t r a v e l and c o n s t r u c t i o n . The m i n i ­
m i z a t i o n of t o t a l cos ts , however , i s not the sole c r i t e r i o n d e t e r m i n i n g a "bes t" spacing 
of a r t e r i a l s and ejqpressways. Other c r i t e r i a w e r e c i t e d . A m o n g these w e r e the use 
of a r t e r i a l s and expressways , an o v e r - a l l capac i ty c r i t e r i o n , and l and p lann ing c r i ­
t e r i a . L i t h i s sec t ion , these a r e taken up success ive ly as they a f f e c t the spacing of 
a r t e r i a l s and e3q)ressways. 
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Use C r i t e r i o n 

I f i t should be found that the use of a r t e r i a l s and expressways i s g r e a t e r o r l e ss than 
t h e i r design capaci ty , then the m i n i m u m - c o s t so lu t ion may not be an o p t i m u m s o l u t i o n . 
Use i s expressed here i n t e r m s of average d a i l y vo lumes on the s t ree t s of each type . 

I f t he re i s an imbalance between vo lume and design capac i ty (as i m p l i e d by the c o n ­
s t r u c t i o n cost) then m o d i f i c a t i o n s mus t be made i n the m i n i m u m - c o s t spacing . F o r 
example , i f vo lumes on expressways a re g rea t e r than the capac i ty i m p l i e d by a g iven 
cost l e v e l (say, $10 , 000, 000 p e r m i l e f o r a 6-lane e^qjressway) then a new and h ighe r 
un i t cost expressway (say, $13, 000, 000 p e r m i l e f o r an 8-lane expressway) may be 
used to es t imate a new m i n i m u m cos t . The new spacing, being w i d e r , a c tua l l y i n ­
creases the vo lume on expressways , but the increase i n vo lume i s less than the i n ­
crease i n capaci ty i m p l i e d by the h igher i m i t cos t . Hence, by a number of i t e r a t i o n s , 
a m i n i m u m - c o s t so lu t i on can be found where capaci ty i s i n balance w i t h expected v o l ­
umes . 

I n o r d e r to apply the use c r i t e r i o n , i t i s necessary to e s t ima te the vo lumes and 
v e h i c l e - m i l e s of t r a v e l on the v a r i o u s s t r ee t sy s t ems . These vo lumes and v e h i c l e -
m i l e s of t r a v e l v a r y on each s t r ee t s y s t e m ( l o c a l , a r t e r i a l , and expressway) as a f u n c ­
t i o n of i t s spacing . 

The f o r m u l a s f o r e s t i m a t i n g vo lumes and v e h i c l e - m i l e s can be expressed i n w o r d s : 

Vo lume on a s t r e e t of g iven type = t o t a l t r i p s x 

(average t r i p length 
on tha t type) 

(mi l e s of s t r ee t s 
of that type) 

V e h i c l e - m i l e s on a s t r ee t s y s t e m of g iven type ( to ta l t r i p s ) x (average 
t r i p length on tha t type) 

C r u c i a l to so lu t i on of these equations i s the p a r t of average length d r i v e n on each 
type . Average (mean) t r i p length on each s y s t e m i s a f u n c t i o n of (a) number of t r i p s 
i n each t r i p length i n t e r v a l (that i s , the t r i p length f r equency d i s t r i b u t i o n ) , and (b) the 
p r o p o r t i o n of each t r i p d r i v e n on each s t r ee t type , w h i c h i s a f u n c t i o n of the spac ing 
of a r t e r i a l s and the spacing of expressways . The spacing of l o c a l s t r ee t s i s assumed 
constant . 

Average T r i p Length i n Each T y p e . The p r o p o r t i o n of each t r i p ' s l ength on each 
sys t em has been e s t ima ted e :g)e r imenta l ly and a n a l y t i c a l l y , as p r e v i o u s l y desc r ibed 
i n the sec t ion on A Statement of Highway T r a n s p o r t a t i o n Costs (To ta l Costs and C o n ­
s t r u c t i o n Cos t s ) . F i g u r e 15 i s a res ta tement of F i g u r e 7. 

O ~ 

2 E 

o S 

Trip length on expressways 

/ 1 1 

2.4b Trip length on a r t e r i a l s 

/ \u . \ 
^ Trip length on local streets 

a P 2 0 + m i l e s 

Ai r l ine trip length in miles >• 

Figure 15. Distance traveled on l o c a l and a r t e r i a l streets and expressways. 
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The point where some travel begins to be made on arterials is aand the point where 
some travel begins to be made on expressways is p . a is a fimction of the spacing of 
arterials (y) and p is a fimction of the spacing of both arterials (y) and expressways (z). 
Combining Eqs. 9 and 10 with Eqs. 7 and 8, it can be shown that: 

a= 0.31y (24) 

p = 0.31z + 0.62y (25) 

Average trip ler^th then can be e:q>ressed as a summation of the frequencies of 
trips having airline length of class i times the average airline trip length of the i ^ in­
terval. The way the summations were prepared is shown in Figure 15. 

The part of average trip length on local streets (no summation necessary) 
= 2.4a = 0.4y (26) 

The part of average trip length on arterials 
P 20+ 

= 2:(L. - 2.4a)F. + S (2.4b)F. (27) 
' P 

Tables have been prepared which permit rapid estimation of average trip length. 
These tables were calculated using airline values for L j . ^ o correct this to over-the-
road distance, multiply the values which include the term by 1.30 to approximate 
over-the-road mileage. The tables give values of 

P _ 20+ _ P 20+ 
a , p , 2F, L., S F.L,, SF, and2 F. 

a ^ 1 P ^ ̂  a 1 p ^ 
for various spacings of y and z. 

The part of average trip length on expressways 
20+ 

= S ( L : - 2.4a - 2.4b) F. (28) 
P ' 

It should be noted, that while these formulas present distance traveled on each 
street system by the average trip, the average distance traveled on each system by 
vehicles using the system can be obtained from these formulas by dividing by the cor-

20+ 
responding frequency. Thus, the summation in Eq. 28 when divided by 2 Fj , yields 
the average mileage driven on expressways by vehicles using expressways. ^ 

Note that L j is the average over-the-road tr ip length of trips having airline trip length 
of i . The values of a and bare expressed also in over-the-road, or " L " trip lengths. 

Vehicle-Miles of Travel by Type. To estimate the vehicle-miles of travel on each 
system, simply multiply Eqs. 26, 27, and 28 by N, which is the number of trip origins. 
This has been done in the following equations, and also the formulas have been put 
directly in terms of y and z: 

Travelj^^^j = N(0.4y) (29) 

'r^^^«larterial = N 
P _ P 20+ 
2 F L. - SF, (0.4y) + S F, (0.4) (y + z) 
a * ̂  a ^ P ^ 

(30) 
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20+ _ 20+ 
S F.L. - S F. (0.4z + 0.8y) (31) 

LP ' ' P ' J 
Daily Volumes by Type. To obtain volumes on each street type, simply divide 

through Eqs. 29, 30, and 31 by the miles of streets in each type. 
This can be readily obtained by the formula; 

Miles of streets = ^ f^ . ^^^ spacmg 

Contrariwise, spacing = ^^^^^ „f .fleets 

For example, the average spacing of arterials in the CATS area is: 

As a rough check on Eqs. 29, 30, and 31, i t is possible to use these formulas to 
estimate the distribution of vehicle-miles of travel by street type for the Chicago area 
and to compare the results with survey data. 

The average spacing of arterials and expressways can be determined as indicated 
previously. Average arterial spacing equals 2(1, 236)/2, 800 or 0.88 mi. Average 
e3q)ressway spacing (1956) equals 2(1, 236)/67 or 37 mi . 

These spacings produce values of a and p of 0. 27 and 12. 0 mi, respectively. It 
should be noted that the p values do not mean that no trips of less than 12 mi in length 
used expressways in 1956. The value of p is an approximation which, with the very 
few miles of expressways which existed in the Chicago area in 1956, could not come 
too close to reality. Nevertheless, the results are not bad. Using these values, 
vehicle-miles of travel given in Table 7 were estimated by type and are compared with 
the vehicle-miles obtained by survey. 

TABLE 7 
VEHICLE-MILES OF TRAVEL-ESTIMATED AND ACTUAL, BY STREET TYPE 

Average Weekday Average Weekday 
Weighted Estimated Weighted Vehicle-

Vehicle-Miles Miles Estimated 
Street Type Using Formulas From Survey Data^ 
Local 2,140, 000 6, 000, 000 
Arterial 29,439,000 29, 800, 000 
Expressway 4, 880,000 3, 361, 000 
Total 36,459,000 39,161,000 
' Source: Chicago Area Transportation Study Final Report, Volume I Survey Findings, 
pp. 80, 81 (September 1959). 

The differences between estimated and actual average weekday travel can be ac­
counted for, in part. Actual mileage driven on local streets has always proved trouble-
somely high, but can be reasonably explained as caused by the high amoimt of circuitous 
travel driven on this type of street. A personal review of the distance traveled by the 
reader on his last trip to the neighborhood hardware store as compared with the airline 
distance or even the right-angle distance wi l l demonstrate this point. 

The difference between the estimated travel on expressways and the actual travel 
on expressways in the Chicago region can also be explained. The calculation assumes 
an even density of urban development and an even location of express facilities. In 
Chicago in 1956 the eiqjressways were quite scattered, with a great deal of the mileage 
located in Rings 6 and 7, in very low-density areas. The Kingery Expressway and its 
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extensions south, and the Edens Expressway fa l l into this category. As a result, use 
of these facilities was generally below capacity. Data from the Chicago Area Transpor­
tation Study's report indicates that e:q)ressways had in 1956 a capacity of 5,457, 000 
weighted vehicle-miles of travel, in contrast with 3,361, 000 weighted vehicle-miles of 
use. 

The estimate of arterial use is close to that obtained by survey, and of course con­
stitutes the bulk of the use. 

In general, therefore, the formulas for estimating vehicle-miles of travel seem to 
square with observed results. This is a small piece of evidence confirming the formu­
las. Actually, the construction of the formulas (for average travel and average volume) 
themselves is sufficiently precise so that the resvilts can be used with confidence. (This 
statement must be qualified when there are very few miles of one type of facility, such 
as e}q>ressways. In such cases the theory of driver behavior upon which this work is 
based loses precision as a descriptive device; use of e3q>ressways in such cases be­
comes more an accident of the facility's location.) 
Over-All Capacity Criterion 

Moving gradually from the abstract to the concrete, it is desirable to provide capa­
city for each sub-region within the urban area sufficient to take care of the travel de­
mand imposed on that region as of some future year. The needed capacity can be de­
termined as suggested in the following. Needs can then be compared with the capacities 
to be provided by the minimum-cost systems, as a check on those systems. 

The travel demand imposed on any sub-region within an urban area appears to be 
closely tied to th^ number of tr ip origins in that sub-region. Data on trip origins per 
square mile in the Chic^o area were correlated with vehicle-miles of travel per 
square mile, as obtained by survey on a district basis. There are 44 districts in the 
Chicago study area. The correlation coefficient was + 0. 91. (Excluding District 01, 
which is the Loop area. This close correlation appears to justify the use of trip des­
tination densities in computing minimum-cost spacings.) The plots show a fairly close 
f i t arovind the regression line. 

With such evidence, it appears that future vehicle-miles of travel can be estimated 
reasonably accurately, provided that future trip origins (or destinations) are given. 
These latter can be estimated from projections or plans of land use. (Actually, cur­
rent assignment methods can record the vehicle-miles of travel in each route section, 
which can be summed up to any desired urban sub-region, thus providing what is prob­
ably a better estimate of future travel. The difficulty is that this information can only 
be obtained after the plan has been prepared. It is for this reason that a regression 
projection is used.) 

IQiowing future travel demand, the future deficiencies of street capacity can be es­
timated by subtracting present capacity from future demand for each sub-region. These 
are the requirements for additional capacity which must be constructed according to 
a plan. 

It is possible to provide this new capacity by constructing e3q>ressways or arterials, 
or by improving arterials through various devices known to traffic engineers; that is, 
removing parkii^, one-way streets, improved signalization, or constructing median 
strips with "shadowed" turning lanes. Or, any combination of new construction and 
improvement of older streets can be imdertaken. (It is difficult to ascertain what the 
policy should be as to the proportion of the needed new capacity which should be pro­
vided by new ejcpressway construction or by the improvement of existing arterials. 
Here is where the minimum-cost spacii^ formulas are helpful, because they include 
measures of both construction problems and of service to the driving public.) 

Supposing that new capacity is only to be provided by the construction of new ex­
pressways at the minimum-cost spacing for 1980 (Table 14), how much capacity wi l l 
be provided? Table 8, gives these capacities by ring, and compares them with the 
estimated needs for 1980. 

It can be seen that the 1980 minimum-cost spacing solution provides more capacity 
than is estimated to be needed in 1980. The averse is about 6.6 million vehicle-miles. 
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TABLE 8 
DESIGN CAPACITY PROVIDED BY EXPRESSWAY SYSTEMS AT 

MINIMUM-COST SPACING COMPARED WITH CAPACITY DEFICIENCIES FOR 1980 
(All capacity and travel figures in thousands of w e t t e d vehicle-miles) 

Additional Capacity 
Average Capacity Provided 
Distance 1956 Estimated Needed to By 1980 

From Loop Design 
Capacity^ 

1980 Provide for Optimum 
Ring (mi) 

Design 
Capacity^ Travel 1980 Travel Spacing* 

0 
1 
2 
3 
4 
5 
6 
7 

0.0 
1.5 
3.5 
5.5 
8.5 

12.5 
16.0 
24.0 

307 
2, 643 
3,197 
3,626 
4,300 
5,378 
7,559 
9,352 

340 
2, 790 
4, 220 
5, 550 
8,300 
8,900 

14, 200 
23, OOP 

33 
147 

1,023 
1,924 
4,000 
3, 522 
6,641 

13,648 

243 
1,510 
2, 605 
3,175 
6, 340 
5, 250 
7, 530 
9, 940 

Total 36,362 67, 300 30,938 36, 593 
^ A fu l l explanation and definition of design capacity appears on pp. 77-79, Volume I 
of the Final Report of the Chicago Area Transportation Study. 
* Assuming 135, 000 vehicle-miles of design capacity per mile of expressway in Rings 
0-2, 108, 000 in 3 and 4, 81, 000 in Ring 5, and 54, 000 in Rings 6 and 7. 

or about one-fifth of the deficit and one-tenth of the total demand. This is not a great 
over-supply and would not be sufficient to suggest modification in the minimum-cost 
spacing, particularly in view of the expected growth beyond 1980. 

By ring, however, there are some discrepancies. In Rings 0 and 1 very little ad­
ditional capacity is needed, but the minimum-cost spacii^ formula suggests that a lot 
should be built. This is a peculiarity of the formula, which calculates needs on a den­
sity basis as if the area in question were large and uniformly built up at a given den­
sity. Actually, these two areas are so small (1.2 and 12.4 sq mi, respectively) that 
the results are not particularly applicable, because these areas contain a lesser portion 
of the total trip length than the formula suggests, by reason of their small extent. 

In Ring 7, less capacity is provided tlian needed. This suggests either (a) that 
average capacity per mile should be increased, or (b) that spacing should be decreased. 
In actuality, designs for Ring 7 have been posited on a junior e:q)ressway spacing, with 
lower costs, greater frequency, and fairly high capacity. This has provided a much 
greater level of capacity in 1980, amply sufficient to meet future demands. 

Land Plannii^ Criteria 
At this point, the least-cost spacii^ must be reviewed in terms of its effects upon 

land uses. This can only be a partial review, because from the land planning viewpoint 
the chief examination comes when a network is adjusted to the facts of topography and 
existing land uses. Whether a road passes between a residential neighborhood and an 
industrial district, or next to an airport, or through a large park is of real importance, 
but it cannot be taken up at this stage. 

The most important principle of land plannii^ that can be applied at the time when 
spacii^ of streets is in the abstract pattern stage is the principle of sufficient area. 
Roads are divisive in their influence, especially as they become wider, with heavier 
and faster traffic. The expressway with its 300- to 400-ft widths is a real barrier 
which seriously impairs communications across its right-of-way. 

Therefore, the area lying between expressways must be of sufficient size for the 
efficient and pleasant conduct of the urban activities located there. The same is true 
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of the areas between arterials; although, being of lesser width, they affect a different 
array of land uses. 

Residential areas are a major worry in this connection. They are far larger than 
commercial or industrial districts, and hence have a greater likelihood of being damaged 
by intruding roads. The residential area is taken here as a unit composed of houses 
together with streets, small parks, schools, public buildings, and minor commercial 
areas. 

The neighborhood is a residential area whose principal unifying function is that i t 
serves as an elementary school district. The neighborhood is generally thought of in 
terms of an area containing 5, 000 population. As an elementary school district, i t 
should not be cut by arterials because these pose a major threat to the safety of children 
walking to school. 

Hence the network of arterial streets should not be so closely spaced as to encompass 
areas of less than, say, 4, 000 to 6, 000 population. 

A community is defined here as a group of ne^hborhoods. It should be of sufficient 
population size so that it can maintain certain fimctions internally. Suggested internal 
functions are: (a) schools: elementary, junior and one senior high school; (b) a local 
government of efficient size; (c) convenience goods stores and services; (d) cultural 
institutions, such as churches; (e) human needs for recognition associated with a small 
geographic area; and (f) human resources for adequate leadership. 

Although there are no adequate standards specifying ideal community size, i t is also 
true that there are minimums and maximums which are generally recognized. A com­
munity of less than 10, 000 persons is too small, particularly from the viewpoint of 
adequate governmental services. A community of more than 100, 000 is too large from 
the viewpoint of personal participation and wil l almost automatically fraction itself into 
one or more recognized sub-areas. Perhaps 30,000 to 60, 000 is the ideal size range. 

It may be stated, then, that expressways should not enclose areas which can house 
less than 20, 000 to 30, 000 persons. Area, of course, is a function of density and the 
existence of any large nonresidential uses in the same area. Community area can be 
calculated using the formula 

Area in square miles = ^"P^g^^^ (32) 
in which 

D = density in dwelling imits per net residential acre; 
F = persons per dwelling unit; and 
R = residential land as a percent of all land in that area. 

Using this formula, a community of 60, 000 at a density of 25 dwelling units per net 
acre and having 50 percent of its land in residential use, with 3.1 persons per dwelling 
unit, would require 2.4 sq mi of land. For such an area, expressways should be spaced 
not less than 1. 54 mi apart. At a density of four dwelling units per net acre, this 
commimity would require 15 sq mi of land, and for this community, expressways should 
be not less than 3.9 mi apart in spacing. 

This area criterion has been treated here in its most abstract sense, but forms the 
basis for that kind of review which includes the interests of the land uses. 

It need not be emphasized that much further work needs to be done in the area of 
land planning criteria, particularly in the field of land controls and access standards 
abutting arterial streets, and on the problem of the collection of traffic to and its dispersion 
from expressway ramps, especially as this affects land uses in the vicinity of ramps. 

EXAMPLES OF METHODS, USING CHICAGO AREA DATA 
An initial application of the techniques developed was made using Chicago area data. 

Results should be treated as preliminary. So far, however, the results are rather en­
couraging because items that can be compared with previously available information 
check out quite well. 

The spacii^ technique was applied to each of the analysis rings in the Chicago Study 



29 

Area. The rings are bounded by arcs which radiate from the Central Business Dis­
trict (CBD). Ring 0 is approximately coterminous with the Loop, and there are seven 
additional rings. Arterial spacing in Ring 0 through 5 was taken as given (Table 9) with 
only expressway spacing to be determined for these rings. 

Both arterial and expressway spacing were determined for Rings 6 and 7. (Arterial 
spacing was obtained for Rings 6 and 7 because it is felt arterial changes could be plan­
ned for these rings.) In addition, for Rings 5, 6 and 7, an alternative to e^ressways 
was considered. This was the construction of "junior expressways," which would cost 
less and provide a lower level of service than expressways. 

In applying the technique to each ring, values of all pertinent variables were esti­
mated for each ring. This included a trip length distribution for each ring, based on 
CATS survey data. 

The application of the technique to each ring in effect expands the ring so i t becomes 
equivalent to the Study Area or to any very large region of the stated uniform density. 
In other words, the question asked is: if the entire Study Area had the properties of the 
ring, what would the best spacing of expressways be? 

TABLE 9 
SPACING DETERMINANTS FOR 1956 

Given Rings 6 and 7 
Arterial Arterial Junior 
Spacing Construction Junior Express-
Rings 0 Cost Per Mile Expressway way Cost 

Through 5 (In millions Speed (bi millions 
(mi) of dollars) (mph) of dollars) 
0.20 
0.40 - - -
0.40 
0.40 
0.55 
0.66 - 35 1 

0.3' 35 1 
- 0̂ 2̂  40 O.S 

' In determming arterial spacing, speed on local streets is a factor; it was taken as 10 mph for Rmgs 6 and 7. 

TABLE 10 
DISTRIBUTION OF 1956 AIRLINE TRIP LENGTHS STATED AS PERCENTAGES' 

Percentage 

Ring 3 Ring 4 Ring 5 Rmg 6 Ring 7 

19.1 20.6 22.5 27.8 30.0 
22.4 20.9 23.9 24.6 26.9 
12.2 13.2 11.5 10.6 11.7 
9.8 9.2 7.8 6.2 5.4 
8.4 8.5 7.0 5.5 3.5 
6.7 6.3 4.8 5.1 2.4 
6.7 5.0 5.1 3.0 2.6 
3.1 3.8 3.7 3.0 1.2 
3.1 3.7 2.8 3.1 1.7 
1.5 2.4 2.8 2.1 1.5 
1.6 1.1 2.3 1.9 1.2 
1.4 1.0 1.7 1.8 0.7 
0.9 0.7 1.1 1.4 0.8 
0.7 0.9 0.7 1.0 1.2 
0.7 0.7 0.6 0.9 1.1 
0.3 0.5 0.1 0.3 0.8 
0.2 0.7 0.3 0.6 0.9 
0.4 0.2 0.3 0.2 0.5 
0.2 0.1 0.2 0.3 0.6 
0.1 0.1 0.1 0.2 0.8 
0.5 OA 0.7 0.4 4.5 

100.0 100.0 100.0 100.0 100.0 
' For entire study area and individual rings. 

Trip Expressway 
Destinations Construction 

Per Expressway Arterial Cost Per Mile 
Square Mile Speed Speed (In millions 

Rine (In thousands) (mph) (mph) of dollars) 
0 134.0 35 10 20 
1 40.7 45 15 10 
2 24.8 45 15 10 
3 22.0 50 15 10 
4 17.0 50 20 7 
5 8.6 50 25 5 
6 3.5 60 25 3 
7 1.1 60 30 1 

Class Range Study 
1 Of li li Area Rmg 0 Ring 1 Ring 2 

1 0 1 0.5 20.2 6.5 16.3 17.9 
2 1 < 2 1.5 22.7 6.8 11.9 20.2 
3 2 < 3 2.5 12.1 6.2 11.2 13.4 
4 3 < 4 3.5 8.8 4.3 7.6 13.0 
5 4 < 5 4.5 7.0 10.2 7.5 9.6 
6 5 < 6 5.5 5.1 4.5 6.4 6.9 
7 6 < 7 6.5 4.3 10.1 7.3 5.2 
8 7 < 8 7.5 3.7 6.2 8.3 3.1 
9 8 < 9 8.5 2.7 9.3 5.7 2.7 

10 9 <10 9.5 2.0 9.0 4.1 1.9 
11 10<11 10.5 1.8 4.1 3.8 2.6 
12 I K 12 11.5 1.5 4.6 2.5 1.2 
13 12<13 12.5 1.1 4.1 1.6 0.3 
14 13<14 13.5 0.9 2.7 1.4 0.4 
15 14<15 14.5 0.7 2.3 0.9 0.4 
16 15<16 15.5 0.5 1.0 0.2 0.3 
17 16 <17 16.5 0.5 0.3 0.2 0.1 
18 17 <18 17.5 0.4 1.3 0.1 
19 18 <19 18.5 0.3 0.7 0.4 0.2 
20 19 <20 19.5 0.3 0.7 0.3 0.1 
21 20 + 25 3.4 5.1 2.3 0.5 

Total - - 100.0 100.0 100.0 100.0 



30 

Having obtained expressway spacing by ring, some inferences about the layout of 
the entire expressway network could be made. 

Results were obtained for both 1956 and 1980 trip densities and are discussed in 
succeeding sections. 

Spacing Results for 1956 
The variables used for the determination of y and z are given in Tables 9 and 10. 

Table 9 gives relevant density, speeds, construction cost, and existing average arterial 
spacing for Rings 0 through 5. (It should be noted that some of these values are rough 
estimates.) Table 10 gives the tr ip length frequency distribution that held for each ring 
in 1956. 

Spacing results are presented in Table 11. Results for arterial spacing in Rings 6 
and 7 are of a proper order of magnitude; they agree well with actual spacing for Rings 
6 and 7, which were 0. 86 and 1.18 mi in 1956, respectively. 

Turning to expressway spacing, i t is noteworthy that the e:q>ressway spacii^ diverges 
from Rings 0 to 7, increasing with distance from the CBD. The primary e^lanation is 
that the decline in construction cost is more than offset by the decline in density of trip 
origins; the changes in trip length distribution and speeds are additional factors affect­
ing results. This divergence of expressway spacing suggests a system of radial and 
circular expressways; this sort of pattern would f i t the Z spacing results obtained. 

In drawing inferences on network layout, the circumference of the central arc of 
each ring was divided by expressway spacing to obtain the number of radial express­
ways per ring. The results are given in Table 12. (The central arc of the ring is the 
locus of mid-points between inner and outer boundaries of the ring.) For Rings 2 through 
6 an average of 11 radials per ring is obtained. There is little variation in the number 
of radials implied for each of these rings, which lends some support to a radial and 
circular system; the lack of extreme variation is another example of the "reasonable" 
kind of results obtained. Using 11 radials implies that expressways should be placed 
33 deg apart for a circular urban region. 

The pattern of circumferential and radial e^ressways suggested has been applied, 
without any adjustment, to a map of the Chicago Study Area. The results are shown in 
Figure 16. (In counting radials per ring, i t should be noted the number listed refers 
to a circular area, whereas the Chicago Study Area is approximately a semicircle with 
a diameter on Lake Michigan.) 

When the optimum system is superimposed on the Chicago area with North and South 
Lake Shore Drive and Congress Street Expressway as radials to the center of the city, 
the system resembles quite closely the existing and committed X-way system. Reading 
clockwise from South Lake Shore Drive, the radials correspond to the South Express­
way, the Southwest Expressway, the Coi^ress Street Expressway, the Northwest Ex­
pressway and North Lake Shore Drive. The circular expressways would correspond to 
the Halsted Street connector between the Northwest and South routes, a route near West-
em Avenue, a route near Laramie Avenue, and the toUroads. A junior expressway 
could be placed between the toUroad and Laramie Avenue. 

The possibility of using a system of "jimior e3q)ressways," or "super-arterials" 
has often been suggested as an alternative to the construction of full-blown e;g)ressways. 
There are sound reasons for this which can be supported by the methods described in 
this paper. These reasons can only apply effectively in low-density areas. 

True eiq^ressways are very expensive. As a result, their minimum-cost spacing in 
low-density areas becomes quite wide, often of the order of 8 to 10 mi. With such 
spacing, the use of eiqaressways becomes almost accidental; actually i t is more a func­
tion of the location of the trip origin or destination than i t is a function of the trip length 
frequency distribution. (In other words, many long trips would not be served by these 
widely spaced facilities.) 

As a result, the use of such express facilities is less than would normally warrant 
the ccmstruction of such an expensive facility. Furthermore, the wide spacing of ex­
pressways causes additional travel to be imdertaken on arterials, which is not desirable. 

So the use of lower-cost junior ejq)ressways becomes a real prospect. The lower 
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TABLE 11 
MINIMUM-COST SPACING RESULTS-1956 

Spacing (mi) 
Jimior 

Expressways, * Arterials, Expressways,' 
Ring z y j 

0 1.2 0.20» _ 

1 2.1 0.40* -
2 2.8 0.40» -
3 3.0 0.40* -
4 3.7 0.55' -
5 6.5 0.66* 3.3 
6 8.3 0.89^ 6.3 
7 12.1 1.34' 12.1 

' Obtained from spacing formula. 
* Set equal to actual average spacing. 
' Spacing for the Junior E^ressway System, an alternative 

to the e3q)ressway system. Obtained from spacing formula. 

TABLE 12 
NUMBER OF RADIAL EXPRESSWAYS PER RING 

Circumference 1956 Optimum Number of 
of Center of Ring Spacii^ Radials 

Ring (mi) (mi) [(2) + 
0 1.96 1.2 1.6 
1 10.21 2.1 4.4 
2 22.78 2.8 8.1 
3 35.34 3.0 11.8 
4 51.44 3.7 13.9 
5 64.79 6.5 10.0 
6 97.77 8.3 11.8 

cost of these facilities, despite the lower speeds which they offer, makes their mini­
mum-cost spacing reasonably close together—on the order of 3 to 5 mi . (The much 
wider spacings in Rings 6 and 7 in the 1956 results are due to the low densities obtained 
in those regions in 1956, when much of the area was rural .) As a result, worthwhile 
volumes use these facilities (40, 000 to 50, 000 vehicles per day) and most important, 
considerable reductions in arterial volumes are produced. These reductions are of the 
order of 25 percent. 

With such information, a system of junior e3q>ressways is being considered for the 
Chicago area in the outer areas, with only the interstate routes constructed as ful ly-
controlled access routes. 

Spacing Results for 1980 
A number of variables change between 1956 and 1980, causing some changes in the 

spacings obtained. 
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i 

Figure I 6 . Minimum-cost expressway system—1956 volumes. 
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Table 13 gives the 1980 values of relevant variables affecting the spacing of streets, 
while Table 14 gives the results obtained using these values. There is not much change 
in e:q)ressway spacing between 1956 and 1980 for Rings 0, 1, 2 and 3. However, Rings 
4 through 7 exhibit reductions in expressway spacing, indicating the need for additional 
expressway construction beyond the system inferred from the 1956 results; this is par­
ticularly true for Rings 4 through 7. 

The fact that there is some change in minimum-cost spacing over time suggests that 
the planning process must be related to time, and must be extended to account for these 
changes. 

Vehicle-Miles of Travel 
Vehicle-miles of travel by facility could be estimated for both 1956 and 1980 spacings, 

using the techniques described in the section on Application of Other Criteria. Total 
Study Area vehicle-miles of travel by type of facility is given in Table 15. 

TABLE 13 
SPACING DETERMINANTS FOR 1980 

Trip 
Arterial Junior Frequency 

Thousands Express­ Given Construc­ Express­ Distribu­
Of Trip way Cost Arterial tion Cost Junior way Cost tion 
Destina­ (In Spacing Per Mile Express­ (In (Fi) 
tions Per Express­ Arterial millions Rings 0 (111 millions way millions Taken as 
Square way Speed Speed oi Through 5 of Speed of Equal to 

RUMt MUe (mph) (mph) dollars) (mi) dollars) (mph) dollars) 1956 Ring 
0 152.0 35 10 25 0.20 _ _ 0 
1 47.2 45 15 12 0.40 _ - _ 1 
2 28.7 45 15 11 0.40 - _ _ 2 
3 25.3 45 15 10 0.40 _ _ - 2 
4 19.6 50 15 8 0.55 - _ 4 
S 13.4 50 20 6 0.66 - 30 1.5 4 
6 9.0 50 25 5 - 0.5' 35 1.0 5 
7 6.2 50 25 4 - 0.5' 35 1.0 5 

' In determmmg arterial spacings, speeds on local streets is a factor; it was talten as 10 mph for Rings 6 and 7. 

CONCLUSION: 
SUMMARY AND EVALUATION 

Summary 
A technique of estimating efficient 

spacings for arterials and expressways 
has been developed. This method was de­
veloped in order to provide a rational basis 
for preparing initial sketch plans, which 
might then be tested by computer assign­
ment. 

This method involved posing a number 
of criteria related to land planning, trans­
portation planning and considerations of 
economy. Not all of these criteria could 
be considered explicitly in the f i rs t stages 
of estimating the most efficient spacings. 
Some criteria could be used as review or 
evaluative criteria. Other criteria could 
not even be included in review; their use 
depends upon the development of faster 
methods and the prosecution of other re­
search work. 

The principal technique employed was 
to minimize the sum of two costs related 

TABLE 14 
MINIMUM-CC8T SPACING RESULTS-1980 

Spacing (mi) 
Junior 

Expressways Arterials Expressways 
Ring z y 1 

0 1.3 0.20 _ 

1 2.2 0.40 -
2 2.7 0.40 _ 

3 2.8 0.40 -
4 2.9 0.55 -
5 4.0 0.66 2.5 
6 6.3 0.90 3.2 
7 7.0 1.10 4.0 

TABLE 15 
ESTIMATED VEHICLE-MILES OF TRAVEL 

BY STREET SYSTEM (Study Area) 

Vehicle--Miles of 
Travel in OOO's Percents 
1956 1980 1956 1980 

Local Streets 1,701 4,000 5.0 6.2 
Arterials 10, 529 20, 880 31.2 32.2 
Expressways 21, 572 40, 020 63.8 61.6 
Total 33, 802 64,900 100.0 100.0 
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to the spacing of arterials and expressways. These costs were travel costs and con­
struction costs, both falling under the heading of transportation plannii^ criteria. 

Using a simplified network (a grid) of local and arterial streets and expressways, 
the construction and travel costs could be stated mathematically as functions of (a) 
spacing, (b) trip destination densities, (c) trip lei^th frequency distribution, (d) unit 
construction costs, (e) relative speeds, and (f) value of personal time. This mathema­
tical statement could then be minimized by means of the differential calculus. Mini­
mum spacings can also be estimated using graphical means, for a slightly more sim­
plified statement of total costs. 

Results obtained a i ^ a r to be quite reasonable. When computed for the various rings 
of the Chicago Study Area, the results varied, as might be e^qiected, with closer spac­
ings in the densely settled inner rings and wider spacings in the suburban rings. 

The results are subject to review in terms of other criteria. If computation of vol­
umes on each mile of expressway facilities indicates that in some areas the estimated 
volumes exceeded the capacities implied by the unit costs, then higher unit costs may 
have to be inserted for revised solutions. In low-density areas the wide spacing of ex­
pressways in the minimum-cost solution suggests the use of junior e:q>ressways, whose 
lower unit costs (but lower level of service) provide more frequent spacing and lower the 
volumes on arterial streets. 

The results also can be reviewed in terms of estimated long-range capacity needs 
and in terms of land use. The required areas for the development of neighborhoods and 
communities seem to be provided within the minimum-cost spacings. 

Evaluation 
Given a technique such as that described, it is natural to ask "What good is i t?" and 

"How real is i t ?" Is i t a useful device? Or is it so abstract in conception that i t wi l l 
not be of value to the highway or city planner? Are the values used so arbitrary that 
the results lose their meaning? 

From a conceptual viewpoint, the idea of minimizing transportation costs seems 
sound enough. It may be argued that the desire to expand economic growth may require 
more than the minimum of transportation expenditures, implied by the cost minimization 
technique used here. This is a moot point, and needs a good deal of development be­
fore i t can be tested. Aside from this qualification, the minimization of total highway 
costs seems a sound f i rs t step to an optimum solution. 

Are all the items of cost included? A l l costs have not been included yet, i t is true. 
Operatli^ costs and accident costs are omitted, for the understandable reason that dif­
ferential operating costs and accident costs, as functions of the varying splits in use 
between three systems resulting from varying spacings, would be extremely hard to 
state. Yet on the face of it , these differentials would probably not be great enough to 
affect the solution markedly. These costs could be included if the problem were solved 
by computer, which wi l l surely be the next step in this process. So i t can be asserted 
that the largest items of cost are included and that therefore the solution is complete 
enough from this viewpoint. 

Are the costs, speeds, tr ip densities, t r ip l e i ^ ^ and time values good estimates? 
This wi l l always be subject to debate, which is desirable. The values used in the ex­
amples in this paper seem quite reasonable. E}g>ressway and arterial construction 
costs wi l l always vary from city to city, and f rom place to place within cities. Arterial 
costs are hard to evaluate, because in most cases (except in open areas) they are al­
ready in place. Arterials can be taken as fixed and minimum total costs achieved with­
out reference to changes in arterial spacings, which obviates that difficulty. Speeds, 
of course, are real enough, but could be measured more precisely. Trip densities 
and trip lengths are obtained from survey data. Time values are highly debatable, yet 
study after study, even in foreign countries, indicates that they operate effectively in 
dictating travel paths within ranges of $0. 75 to $1.35 per hour. So the data seem ac­
curate enough. 

The simple technique of graphing values of construction cost and travel costs as af­
fected by spacii^ lends weight to the more precise results obtained by the formulas. 
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It may be concluded, therefore, that the methods employed provide "realistic" re­
sults. The accuracy of the results, however, cannot be demonstrated so simply. 

In the f i rs t place, the mathematics are not precise. Approximations have been used 
to make hand calculations possible, and so errors may be introduced from this source 
alone. Further, the mathematics were calculated for a simplified grid network of 
streets. This may not be bad approximation, however. Finally, the values of time 
costs, construction costs, and all the other variables are subject to inaccuracies. 

Thus, the results must be labeled as approximate. But this does not rule out the 
technique, because the application of the resulting minimum-cost spacing pattern to a 
city wil l probably result in distortions far greater than those produced within the formu­
la. 

There is always some danger that the production of a formula wi l l result in its 
blind application by persons who believe in it without discrimination, or without under­
standing the processes involved. This is always a hazard, but is no excuse for not de­
veloping new techniques and methods which are based on the application of reason in 
systematic ways. 

Having argued that the results are real, the benefits coming from the use of these 
techniques may be discussed. Among the foremost of these benefits is the formal state­
ment of criteria and the development of systematic methods for reaching a solution 
within the framework of the criteria. This process indicates the relationship of the 
variables one to another. 

Second, a process has been sv^gested for preparing plans. 
Finally, and most elusive, is a way of regarding travel and a system of roads needed 

to move travel. One's view of how trips move about in an urban area has a profound 
influence on the way one designs a system. A conventional view is of trips as lines con­
necting origins with destinations, which are gathered together in bundles and carried 
from one point to another of a city—principally to the Central business district. This 
view is a sort of "point-to-point" view, and has been fostered by the conventional, hand 
drawn, desire line display. A better view, it is maintained, is to regard travel as a 
continuum, a layer perhaps, spread over the urban region with varyi i^ depths. This has 
a certain degree of truth, because at each point in the urban terrain there is a whole ar­
ray of trips of different lengths, pointed in different directions, and mixed up like jack-
straws. 

To drain this uneven layer of travel (which can be likened to water-saturated soil of 
varying depth) systems of pipes must be built with diameters conforming to the trip den­
sities of the regions through which they pass. Each pipe must carry a load suitable to 
its diameter, so that no part of the system is under pressure. Access to these pipes— 
principally the larger ones, is not at its ends, but along its length, so that the pipes drain 
the region effectively like a drainage field, specializing in different lengths of trips, but 
without regard to direction. 

With such a view it becomes more important to plan a proper system than it is to 
plan a single expressvray. And this should result in far fewer mistakes and greater e-
conomies. 

Further Research Needed 

The development of this method has—as always—shown that additional work needs to 
be done. Some of the areas where further developmental and research work are needed 
are listed as follows: 

1. A more sophisticated mathematical description of driver route choice might be 
attempted. This might involve estimating the portions of trips using local, arterial and 
e:q>ressway facilities for regions of varying density with non-gridded street systems. 

2. Accident and operating cost differences between street types might be brought 
into the cost equation. A relationship between these costs and travel time could be in­
corporated in the value of K. 
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3. In working with parts of an area (for example, the ring analysis carried on here), 
the problem of interaction between areas needs additional work. Thus a given sub-
area wi l l have through trips which use its streets (probably expressways) but have or i ­
gins and destinations outside the given sub-area. The effect of through trips on mini­
mum-cost spacing needs more study; i t is a phase of the problem of generalizing the 
formulas so that they wil l deal with all sorts of situations. 

4. More work is needed on the value of K, which includes the value of time. The 
value of time may increase over time, with increases in real income, and subsequent 
effects on the spacing solutions. 

5. Because spacing solutions are obtained for a particular year, the problem of the 
planning process over time must be dealt with. 

6. It may be possible to include rapid transit in the minimum-cost solution. Rapid 
transit is a special case generally requiring high population densities (greater than 
35, 000 persons per net residential square mile) to operate economically. 

7. If more money is spent on the construction of a transportation facility of a given 
type (here the junior expressway is an obvious example) the speeds of travel on that type 
of facility may be made to rise. This would result in a reduction of travel costs. What 
is the point at which further expenditure wi l l yield no more return in travel savings ? 
Both increased construction costs and faster speeds would have to be fed back into the 
minimum-cost spacing formulas, because these affect spacings. An additional point 
here is that network planning may be able to specify the boundaries of costs and service 
requirements which need to be met by intermediate types of facilities, such as the 
junior expressway. This then becomes a frui t ful area for research and for ingenious 
design, involving the traffic engineer, the design engineer, and the city planner. The 
latter's contribution would consist of land plotting and neighborhood design so that drive­
ways and minor streets would not interfere with flows of traffic on intermediate faci l i ­
ties. 

Computers may be useful in solving some of these problems. Computers can deal 
with much more complex cases quite rapidly and could eliminate the need for approxi­
mations while testing many more situations. The experimental determination of limits 
and the effect of ramp spacii^ could be studied quite easily; variable density situations 
could be inserted; and non-gridded networks could be studied. 
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Appendix A-Notation Used 

This appendix lists the main symbols used in this paper and the corresponding 
definitions. 

X = Name of local street system; an X street is a local; 
Y = Name of arterial system; a Y street is an arterial; 
Z = Name of expressway system; a Z street is an expressway; 
J = Name of jimior e}q)ressway system; 
X = Spacing of X system; distance between X streets; 
y = Spacing of Y system; distance between Y streets; 
z = Spacing of Z system; distance between Z streets; 
C = Total transportation costs; 
Ci = Construction cost; 
Ci = Travel cost; 
S = Side of a square. A square area is generally assumed; area = S*; 
Cjj = Construction cost per mile of X; 
Cy = Construction cost per mUe of Y; 
C^ = Construction cost per mile of Z; 

N = Total number of tr ip origins or destinations in an urban region or portion thereof; 
K = A constant including (1) value of an hour for occupants of an average vehicle, (2) 

weekday equivalents per year, and (3) the reciprocal of a gross rate of return, 
which includes market interest and a depreciation charge; 

V j j = Speed on X system; 
V y = Speed on Y system; 
v^ = Speed on Z system; 

^XY vx V y ' 

V 1 - 1 . 
Y Z = V Y v ^ ' 

X Y Z = V x % Y ^ Z ' 

D = density = N/S*; 
L = Over-the-road distance; 
1 = Airline distance; 
F = Trip length frequency; 
i_ = Particular trip length class; 
L = Average over-the-road trip length for a given trip length class; 
L = Average airline trip length for a given trip length class; 
' L =1 .31 ; 

F. = Frequency of given trip length class i ; 
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a = Distance from a random point on the X network to the Y network, computed 

mathematically; 
A = Estimated empirical over-the-road distance traveled on locals by the average 

vehicle in goii^ from origin to arterial, A = 1.2a; 
2A = Over-the-road distance traveled on local streets by the average tr ip. Maximum 

over-trip; 
b = Distance f rom a random point on the Y network to the Z network, computed mathe­

matically; 
B = Estimated over-the-road distance traveled on arterials by the average vehicle in 

moving f rom arterial to expressway, B = 1.2b; 
a = Maximum airline distance traveled on local streets for an individual trip; 

2A 2.4a 
* - T73 -"TTy 

B = Maximum airline distance traveled on local streets plus arterials for an individual 
t r ip . 

p 2A + 2B 2.4 (a + b) 
P= 1.3 = O 

r, 8, t are values of i ; 
r is that trip length for which the initial value of (1) is a , (or for which the initial 
value of L is 2A); 
s is that t r ip length class for which the initial value of (1) is P (or for which the initial 
value of L is 2A + 2B); 
t is the last t r ip length class; 
P = 2.F. = cumulative distribution of F; 

i (p ) 

Pr = 2 F. = that part of cumulative frequency of F occurring between a and p; and 

' ( t t ) 
00 

Ps = 2F. = that part of cumulative frequency of F occurring for values of (1) > p . 

i ( p ) 

Appendix B--Numerical Methods for an 
Iterative Solution for z and y 

This appendix deals with numerical methods developed in solving the optimal spacing prob­
lem. 

CASES DEALT WITH AND OUTLINED SOLUTIONS 
In solving for z and y, two basic cases are discussed here: 
1. Find z with y given, that is arterials are already in and no new construction is 

planned. 
2. Find both z and y. This involves a simultaneous solution for z and y. 
In the general case of finding z and y, start with an arbitrary value of y taken as 

given, and iterate to z. This should take only three passes. Given the selected y and z, 
a value of y can now be calculated by formula. This wi l l differ from the original y 
started with. Use this result to select a new y and start all over, again ending in a 
comparison y. The values of y and z obtained to this point can be graphed and a final 
value of y and z can then be interpolated f rom the graph. This can then be checked by 
formula. 

Case 1 is a special case of Case 2—given y, one finds only z. 
The section on Methodology presents the detailed mathematics cd this. On the left 

the general rule or operation is given. On the right, the arithmetic for a particular 
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case is presented. Journey time through these operations is about 1 hr, once facility in 
them is acquired. 

Setting this material down in this fashion may serve as the f i r s t step for a computer 
program, if such a program is wanted. 

METHODOLOGY 
General Rule or Operation Arithmetic Example 

A. The Givens: General equations 

( l ) z i = 2.24 KWTv^TTPg) 

(2) za = 3. 25 p - 2y [ f rom p ^ £ r o m p = 2 J a _ t | J b _ ^ 

The Givens 

Ring 7, 1980 is used as the example. 
The F* distribution was taken as equal to 
that which held for Ring 5 in 1956. F*i8 1 
minus the cumulative distribution of F. 

F* distribution 

(3) P = P (p) B is a particular value of 
1): This relation is em­

bodied in the Table of F.. 

(4) y i=3 .25aFroma = i ^ ^ ^ l ^ , a = y/6 

(5) P = P (a , P ) This is embodied in 
^ the Table of F.. 

V f ( C ^ ~ 
K ( D ) ( P ^ V ^ ^ . 

We have 6 equations in 6 unknowns: z, y, 
Pr> Ps> a I P- This would imply a quick 
solution save that two of the equations are 
in implicit form, and are embodied in the 
Table of Fi . 
The notation z i and zs, and y i and ys is used 
to indicate the divergent values of z and y 
which wi l l be obtained at f i r s t f rom the two 
equations containing z, and the two ccxitain-
ing y. When zi = za, and y i = ys, iteration 
is complete. 

B. General Procedure 
Step 1. For a given y, find the optimal 

z: 
1.1 Insert specific values of given para­
meters, thatis, K, D, Vyg . Cg, Cy and 
^XYZ given initially. Rewrite Eq. 1 

(V(°o)<v^zo) 
where 0 indicates specific value 

(1)^ F* 
0 1.000 
1 0. 775 
2 0. 536 
3 0.421 
4 0.343 
5 0.273 
6 0.225 
7 0.174 
8 0.137 
9 0.109 

10 0.081 
11 0.058 
12 0.041 
13 0.030 
14 0.023 
15 0.017 
16 0. 016 
17 0.013 
18 0.010 
19 0.008 
20+ 0.007 

K = 7 , 5 0 0 

6, 2 0 0 D = 
7 , 5 0 0 

6, 2 0 0 

Cz = 4, 0 0 0 , 0 0 0 

' x 2 / 7 5 

^ Y 
= 2 5 V Y Z = 1 / 5 0 

^Z = VxYZ = = 5 / 7 5 

= 5 0 0 , 0 0 0 

In the F distribution, 
(1) = airline distance. 
Thus, 3 4 . 3 % of all 
trips are ^ 4 mi in 
length, a and p are 
particular values of 
(1). 

1.1 z i = 2 . 2 4 
^ / 4 , 0 0 0 , 0 0 0 

y (6, 2 0 0 ) ( 7 , 5 0 0 ) ^ ^ ^ p / 

= 2 . 2 4 ^ 4 . 3 0 p -

= ( 2 . 2 4 ) ( 2 . 0 ' ' ) | ^ = 4 . 
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From this point on, z i in Eq. 1 de­
pends only on Pg. 

1.2 Obtain yx, 
Either y is given (Case 1) or y is to be 
determined (Case 2). In Case 2, 
arbitrarily pick an initial value for y, 
call it y i , 

1.3 Arbitrarily select an initial value for 1.3 p 
P -

1.4 The value of p selected implies a 
corresponding value of P„. This is 

s 
obtained from the F* Table, relating 
(1) and Pg. pis a specific value of 
(1). P^ is a value of F*. 

s 
1.5 Insert P^ in Eq. 1 to obtain z i . 

s 

1.2 y i =1.00 (arbitrarily) 

4 (arbitrarily) 

1.4 For p= 4, P = 0.343 

1.5zi =4.64- 4.64V2.92 = 4.64 

(1.71) = 7.93 
1.6 Insert p and y i in Eq. 2 to obtain z.. 1.6 za = 3. 25(4) -2 (1) = 13.00 - 2. 00 

= 11.00 
1.7 z» = 11.00>zi = 7.93 

T r y p = 3 
For p = 3, Pg = 0.421 

z i = 4.64^2.38 = 7.15 
Za = 3.25 (3) - 2.0 = 7.75 

1.8 

1.7 If za>zi try a lower initial p . 
If Z2<zi try a higher initial p. 

For this p, repeat steps 1.4, 1.5, 
1.6. 

1.8 We have now nm through two trials. 
In tr ial 1, call the values obtained 
P (1), z i (1), and z i (1). In t r ial 2, 
callthevalues (2), z i (2), andz3(2). 
Now, plot the z's as a function of p . 
Connect z i (1) and z i (2) by a straight 
line, and do the same for the Za's. 
Take the point of intersection of these 
lines as approximately the final l imit ­
ing values of p and z. 

Z2 l i n e 

/ZZ line 

F i n o l z -

21 l i n e 

z 

11 
10 
9 Z| l i n e ^ 

8 

6 9 - » J Z | { l ) 

6 

* • 
2 2 75 3 

Figure 18. 

p ( 2 ) t P ( l ) 

F i n a l p 

Figure 17. 



1.9 Check the graphic interpolation or ex­
trapolation by running through steps 
1.4 to 1.7 and seeing if z i = Za. If 
y is given (Case 1), this is the end of 
of the procedure 

2.0 If y is to be determined, use the in i ­
tial value of y = y i and the z obtained 
to compute y2. 

2.1 Using y i , obtain a from Eq. 4. 

2.2 Given a, this implies P_ + P 
A a 

msQ -- Ps 
1 = 1 = Pr 
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1.9 Trying p = 2.75 
yields P = 0.450 (by linear interpola-

s 
tion of F* between p = 2 and p = 3) 
z i = 4.64 V27 22 = (4.64) (1.49) = 6.91 
za= (3.25) (2.75) - 2 = 6.93 
Then z can be taken as 6.9. 

2.0 y i = 1.00, z = 6.9 

2.1 3.25 a = y from Eq. 4. 
a= 1/3. 25 = 0. 308 

2.2 For a= 0.308 
F*= 0.932 
i .e. For (1) = 0, F* = 1.000 

(1) = 1, F* = 0.775 
By interpolation (1) = 0.308, F» = 0.932 
where is a particular (1). 
This value is P + P . 

r s 

F i g u r e 19. 

2.3 (P^ + Pg) 
Eq. 5). 

Pg = P^ (as indicated in 

2.4 Given P and P , obtain yztrom Eq. 
F s 

6, having e:q)ressed Eq. 6 in terms 
of P„ and P^ only by inserting con-

S T 

stants into Eq. 6. 

2.3 P = 0.450 from step 1.9 
Therefore P̂ . = 0.932 - 0.450 = 0.482. 

4 , . . 2 . « / moo^ 
y ( 6 , 2 0 O ) ( 7 , 5 O O ) ( ^ P , 4 p N 

from Eq. 4 
simplifies to 

ya = 2.02 5p: 

50) 

2.02i 1.127 

2.5 Compare y i and ya. Call these y i (1), 
ya (1). H ya (1) > y i (1), select a new 
y i somewhat above ya (1). Call this 
y i (2). Similarly if y, (1) < y i (1), 
select yi (2) somewhat below ya (1). 

3.0 A final value for y is now obtained. 
3.1 For y i (2) compute a new z following 

procedures outlined in step 1. 

2 . 5 y i ( l ) = 1.000, ya( l )= 1.127 
Let y i (2) = 1.250. 

3.1 y i (2) = 1.250 
Applying step 1 yields 
z = 7.1, p = 2.95, P = 0.427 
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3.2 Compute a new y2 (2) following pro­
cedures outlined in step 2. 

3.2o= 0.385, Pj. = 0.486 

ya(2) = 2 . 0 2 y ^ 107 = 1.145 

3.3 Set up tables of yi , and ya and z for 
runs (1) and (2). Plot y i and yt a-
gainst z. Draw a line through y i (1) 
and y i (2) and similarly draw a line 
through ya (1) and ya (2). The point 
of intersection of these lines yields a 
graphic solution for y and z. 
It may be noted that y appears to con­
verge very quickly, so that ya(l) is 
very close to the true y. 

3 run z 
(1) 1.00 1.127 
(2) 1.25 7.1 1.145 

4.0 Check the graphic solution. 
4.1 Insert the graphic z into Eq. 2. 
4.2 Compute p and correspondii^ P^. 
4.3 Obtain z i from Eq. 1 using P . 

Check against graphic z. 
4.4 Insert graphic y into Eq. 4 and ob­

tain a. 
4.5 Given a, one can obtain P, and P„ by 4.5 For a = 0.350, P + P = 0.921 

F i g u r e 20. 

Graphic solution: z = 7.0, y = 1.136 
4.1 7.00 = 3.25 p - 2.27 
4.2 So P = 2. 85 and corresponding P^ = 0.438. 
4.3 z i for this P„ = 7.006. Check. 

s 
4.4 a = 1.136/3.25 = 0.350 

interpolation from F* table. 

4.6 Obtain ya from Eq. 6 and check a-
gainst graphic y. 

P =0.438 s 
• P^ = 0.483 

4.6 For this P^ and P *, y , = 1.137. Check. 
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Generation of Person Trips by Areas 
Within the Central Business District 
B. C.S. HARPER, Planner, City and County of Denver,* Colo., and 
H.M. EDWARDS, Associate Professor of Civil Engineering, Queen's University, 
Kingston, Ont. 

City planners have for some time been saying that the traffic 
which flows in and out of a city each day is generated by the 
buildings in the center. So far as could be ascertained, such 
statements had not been checked, yet if some relationship did 
exist it would probably provide new ways of predicting future 
travel to the CBD by using floor-space forecasts. An investi­
gation was undertaken to see if a relationship between floor 
space in use and travel to the CBD could be demonstrated, 
and secondly, if such a relationship existed in one city, to 
develop similar ones for other cities and endeavor by means 
of a comparison to estimate the form of a similar relationship 
in cities of different sizes and different predominant economic 
activities. 

The method developed used the results of 0-D studies and 
planning commissions' CBD floor-space surveys. Floor space 
in use in each O-D zone was classified into the three broad 
groups of retail, service (office and manufacturing), and ware­
housing. These figures were then considered as variables 
causing the difference in the number of persons shown by the 
O-D survey to have destination in the various CBD zones. A 
statistical regression technique was then used to determine a 
relationship between the variables. 

The relationship between floor-space usage and the number 
of persons with destination in an O-D zone was found to be par­
ticularly well-developed. The mathematical relationship deter­
mined by the regression analysis was able to predict the person 
destinations with generally less than 20 percent error and in the 
zones of high attraction within the order of 2 percent. With this 
repeated in all of the seven cities studied, the truth of the re­
lationship suspected by some city planners was demonstrated 
conclusively. It is believed that the extent of the error could be 
further reduced by considering a larger number of floor-space 
variables or by modifying the mathematical law slightly. 

The investigation, which considered only metropolitan areas 
with populations of 250, 000 persons or more, included the cities 
of Philadelphia, Pa., Detroit, Mich., Baltimore, Md., Seattle, 
Wash., Vancouver, B.C., Tacoma, Wash., and Dallas, Tex. 
A comparison of the equations for Philadelphia, Detroit, Balti­
more and Seattle showed great similarities. Vancouver and Dallas, 
which were based on somewhat less complete floor-space informa­
tion, also showed sufficient similarities to suggest that floor space 
in all these cities attracts people to the center at approximately 
the same rate. Tacoma, on the other hand, appears to represent 
another group, although the analysis in that city was seriously 
limited by the data available, and the result must be regarded as 
inconclusive. 

* Formerly Research Assistant, Ontario Joint Highway Research Program, Queen's 
University at Kingston, Ontario. 
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There is reason to believe that the investigation has shown 
that the number of people attracted to an area in a city's center 
is closely related to the floor area being used for various pur­
poses in the section of the CBD considered. This relationship 
appears sufficiently well-developed to form a suitable basis for 
estimating future travel to the center. An equation of the type 
developed, used in conjunction with good economic forecasts 
of future floor-space use, should provide reasonably accurate 
forecasts of future travel to the center. The limited results 
show that there is a good deal of similarity among cities where 
the attraction of people to the CBD is considered. If more 
equations could be developed for cities in which O-D and floor-
space studies have been made, it may be possible to formulate 
equations to suit other cities in which O-D studies have not been 
performed, which would be of great value in transportation 
planning. The similarities among the equations for Philadelphia, 
Detroit, Baltimore and Seattle are so great that it seems reason­
able to suggest that if an equation is developed for a city in this 
population range, i t wi l l change very little as the city grows. In 
other words, although the central floor area may increase and 
the CBD grow in size, the trip attraction rate would not be ex­
pected to change appreciably. 

• IT IS GENERALLY recognized that the success of highway planning in a city depends 
upon the ability of the planner to predict the future volumes of traffic for which the plan­
ned street system should prove adequate. The present prediction techniques, based 
on the projection of recent rates of increase, cannot be regarded as entirely satisfactory, 
and the development of some sounder methods appears to be warranted. Ideally, a 
prediction should take into account the changing habits and customs of people and pos­
sible technological changes affecting their mode of travel, as well as considering pos­
sible land-use changes affecting the travel patterns. 

Some workers in the field of city planning have been saying that the traffic which 
flows in and out of a city each day is generated by the buildings, or rather the business­
es that occupy and use the buildings in the center. So far as could be ascertained, such 
statements have not been checked, yet if some relationship did exist it could provide a 
new way of predicting future travel to the central business district. To investigate this, 
the Ontario Joint Highway Research Program sponsored research at Queen's University 
to see if a relationship between amount of floor area in use in various classifications and 
travel to the central business district (CBD) could be demonstrated. As a second part 
to the study it was hoped to estimate the form of similar relationships in cities of dif­
ferent sizes and with different predominant economic activities by means of a compari­
son of floor area attraction relationships from a number of cities. 

Al l highway planning is concerned with the provision of facilities for the movement 
of people and goods at some future time. As such it seems that a prediction in terms of 
the volume and requirements of movements of people and goods rather than cars and 
trucks wi l l form the most satisfactory base for planning. Such a prediction, if i t takes 
into account foreseeable land-use changes as well as possible changes in peoples' habits 
and customs, wil l provide a picture of the required movements which wil l remain con­
stant and relatively imaffected by technological chaise. A transportation system can then 
be designed to suit these volumes, utilizing the expected mode of travel and foreseeable 
technological change in the means of travel to decide on the characteristics of the in­
dividual branches in the network. 

Based on the idea of obtaining a knowledge of future person movement, the relation­
ship investigated was between floor space in use and the number of person destinations 
in the area rather than the number of automobiles attracted. To relate floor area to 
person destinations may appear a formidable task, requiring a large amount of detailed 
material giving the specific destinations and purposes which brought people to the center. 
However, it was believed that sufficient information was presently contained in the 
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results of comprehensive home-interview origin-and-destination (0-D) traffic surveys 
and CBD floor-area studies to enable an investigation to be made based on these two 
surveys. 

The floor-area studies give the floor area in use in the O-D survey zones, so that 
for each zone the floor area in use in a number of main classifications could be deter­
mined. If floor area is a measure of attraction of people to the center then there should 
be some relationship between these figures and the O-D survey totals for the number 
of people with destination in these zones in an average 24-hr period. The division of 
the CBD into zones in the traffic survey provides a series of floor-area versus person 
destination observations necessary for the statistical derivation of a regression equa­
tion. The coefficients found for the equations then provide estimates of the attraction 
effect of the different floor-area use types considered in the analysis. 

For an investigation of this kind, in which an attempt was made to formulate a new 
approach to traffic prediction, it was thought justifiable to adopt an over-simplified ap­
proach to the problem. Complex relationships could probably be developed on the basis 
of fine differences in floor-area use classification. However, i t was felt that the group-
i i ^ of floor areas into three broad-use categories would prove simple but adequate. A l ­
though it may not be extremely accurate i t could show whether the traffic pattern was re­
lated to floor area in use and also indicate the necessity of making any refinements in 
the floor-area classification. 

The three broad categories chosen—retail, service-office and manufacturing-ware­
housing—have fairly distinct characteristics and tend, by their grouping, to give char­
acter to different ^ r t s of the city center. It was reasoned that different types of floor-
area use, classified into any one of these groups, would most probably give rise to dif­
ferent rates of attraction. This could be a serious drawback to using such a small 
number of classifications. Nevertheless, the spread within a category may not be too 
large and if it is remembered that the success of any traffic prediction by this method 
wi l l depend on the ability to forecast floor-area use, which caimot be done accurately 
in small groupings, i t can be seen that the selection of broad grouping is justified. The 
use classifications listed by the various planning authorities are given in Appendix A 
grouped into the categories used in this study. 

MATHEMATICAL MODEL 
A multiple regression analysis enables the investigation and determination of a re­

lationship from observed phenomena which may be exceedingly difficult to determine 
f rom theoretical considerations. However, its use is limited for i t must depend on 
theoretical or intuitive understanding of the relationship in order to determine the form 
of the mathematical law to be investigated. A consideration of the conditions in the core 
of a CBD seemed to indicate that the correct form of a mathematical relationship be­
tween floor-area and person destinations would be linear. Therefore i t was decided to 
see how well the observations fitted an equation of the form: 

Y = biXi + biXa + bsXs + k (1) 

in which 
Y = number of person destinations in a zone in the CBD in an average 

24-hr period from within the metropolitan area; 
Xi = area of retail floor space in use in the zone e^ressed in thousands 

of sq f t ; 
Xs = area of service-office floor space in use in the zone e^ressed in 

thousands of sq f t ; 
Xs = area of manufacturing-warehousing floor space in use in the zone 

expressed in thousands of sq f t ; 
b i = coefficient of retail floor space generation when considered in con­

junction with service-office and manufacturing-warehousing space; 
bs = coefficient of service-office floor space generation when considered 

in conjunction with retail and manufacturing-warehousing space; 
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bs = coefficient of manufacturing-warehousing floor space generation 
when considered in conjunction with retail and service-office 
space; and 

k = constant. 

A linear law of this type implies that each additional square foot of space in use, 
within each type, in a zone, wi l l cause an identical increase in the number of people 
attracted. Obviously there are certain parts of what might be classed as a CBD to which 
a law such as this would not be e3q)ected to apply at al l . For example, if the area is 
slowly growing in a certain direction, a zone in the growing fringe may be lacking some­
what in attraction. With additional development such a zone can supply a greater diver­
sity of goods and services and as a result becomes a more popular area. In such a 
case, the addition of extra floor space has a cumulative effect, and instead of each ad­
ditional square foot in use attracting equal numbers of people, increasing numbers are 
attracted and the correct mathematical model would probably be curvilinear with a 
power law at least for the retail variable. Manufacturing-warehousing and service-of­
fice are unlikely to be greatly influenced by the cumulative effect and the equation vari­
ables most probably always have a power index of close to unity. However, when a zone 
becomes well-developed and has large amoimts of different types of floor space in use, 
any cumulative effect wi l l undoubtedly dissipate and the attraction law wi l l probably be 
linear. Even with greatly increased development in a zone the linear relationship 
should continue to represent the conditions of attraction, for a law of diminishing re­
turns would restrain any retail business from using more and more floor space if each 
additional square foot used attracted fewer and fewer people. 

If this reasoning is correct, then the linear law wi l l only apply to the core of a CBD 
and wil l probably not represent the conditions of attraction to a growii^ and dying fringe. 
Because of this, i t is important to f ix the core area. This was not possible in the inves­
tigation because the analysis was made using the area classed as CBD by the traffic and 
floor-space studies, and as a result i t was e^qwcted that some of the fringe zones would 
not be well described by the selected relationship. 

Because the larger cities were more likely to have made floor-space studies, the 
investigation was confined to cities classified by the 1950 U. S. Bureau of Census as 
having standard metropolitan areas with a resident population of 250, 000 persons or 
more. Some of the existing 0-D studies were not suitable for a regression analysis 
because the CBD was divided into only one or two zones, while in the case of other 
cities, floor-space surveys were not available. Nevertheless, sufficient information 
was available to undertake analyses of the cities given in Table 1. 

An investigation of this table wi l l show the difficulty of obtaining close time agree­
ment between land use and travel information. It was believed that an analysis relating 
these two surveys would be valid in the case of I%iladelphia, Detroit and Vancouver 
because of the small time difference involved, but the other cities presented a problem. 

Inasmuch as i t was believed that floor area in use was a reliable measure of the 
business activity which attracted people to the central area, i t was necessary to esti­
mate how well the later floor-space information represented the conditions at the time 
of the O-D study. This would be an extremely difficult, if not impossible, condition to 
demonstrate. Some change is always occurring in any city and this must have affected 
the use of floor space within the various zones of the O-D studies. However, a statis­
tical regression technique actually balances out variations in the observations to de­
termine the equation that best describes the information available. Because of this the 
redistribution of floor-space use that has occurred in the time between the two surveys 
may not be too critical as long as the general use has been relatively stable. The re­
gression equations determined for cities with considerable time difference between sur­
veys wi l l probably not f i t the data as well as those for the cities with negligible time dif­
ference, but the resulting equations wi l l most probably provide a reasonable estimate 
of the attraction laws which would have been obtained had coincidental data been avail­
able. 

It was possible to estimate the general state of floor-space use in Baltimore and 
Seattle using the work of Norwood and Boyce of the University of Washington (1). Their 
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T A B L E 1 
C r r i E S , POPULATION, AND DATES OF F I E L D SURVEYS COMPARED 

IN REGRESSION ANALYSIS 

1950 CBD 
Population O-D Floor-

State in Field Space 
Met. or Standard Met. Survey Survey 
Area Province Area Date Date 

Philadelphia Pennsylvania 3, 671, 048 1947 1949 
Detroit Michigan 3, 016,197 1953 1954 
Baltimore Maryland 1,337, 373 1946 1957 
Seattle Washington 732, 992 1946 1956 
Vancouver British Columbia 600, 000 1955^ 1954 
Tacoma Washington 275, 876 1948 1958 
Dallas Texas 614, 799 1951 a 
^ Vancouver's travel information comes from a survey of vehicle owners and public 

transit users, and as a result may not be as reliable as that provided by the home-
interview survey. 

' See notes for Table 10, Appendix B. 

work, in which census returns and questionnaires were used to estimate CBD change, 
showed that retail sales had decreased with a corresponding decrease in retail workers. 
It was impossible to determine retail floor-space change from the census returns but 
the data did show that there had been no change in the over-all amoimt of office space 
in use in central Baltimore, and only a 15 percent decrease in the amount in use in 
Seattle during the lO-yr period, 1946-1954. These over-all pictures, although failing 
to produce definite proof, appear to indicate a fairly stable state of floor-space use 
and as a result the use of a regression analysis might be e3q)ected to provide reason­
ably valid results. Unfortunately no information was available for Tacoma and it was 
necessary to assume that a similar situation existed there. 

The fitting of a regression equation to a set of observations is a statistical technique 
well described in a number of text books (2). In this analysis use was made of a set of 
statistics known as Gaussian multipliers to find the equation of "best f i t . " As a result 
of the analysis, the coefficients bi, ba, bs and the constant, k, in Eq. 1 were determined. 
These coefficients estimate the generative power of the three types of floor space used, 
in terms of the number of people attracted per 1,000 f t of floor space. 

RESULTS OF THE ANALYSIS 
The investigation set out to determine how useful a knowledge of floor space alone 

would be in estimating the attraction of people to the city center. The ability of the 
selected relationship to represent the actual conditions may be seen by examining Tables 
4 to 10 (Appendix B). These tables show the O-D zone number, the floor area in use in 
each of the three classifications adopted, the number of person destinations in the zone 
as shown by the traffic survey and the number of person destinations estimated by the 
regression equation. It should be noted that estimated attraction corresponds to the 
observed surprisingly well. Although some zones show large errors, in nearly every 
city the zones which attract the greatest number of people are estimated with small 
percent^e error, and generally the error in most zones is less than 20 percent. The 
closeness of the estimated and observed attraction of people to the zones, in the various 
cities indicates fairly conclusively that a knowledge of floor space in use provides a 
reasonable index of the attraction of the center. The magnitude of these errors could 
probably be reduced by considerii^ a larger number of floor-space variables or by 
modifying the form of the mathematical law. In most cases the zones showing large 
errors are situated on the edge of the area classed as CBD by the traffic study, and 
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are most likely outside the core area where the linear law could be expected to apply. 
As would be expected, there is a greater range of error shown between estimated 

and observed attraction of zones in the cities with considerable time difference between 
surveys. Although the expected variations are apparent, the general trend in the floor-
space attraction relationship is distinct and well-developed. 

It should be mentioned that the development of a regression equation does not prove 
that variations in floor-space use actually cause the differences in attraction to a zone. 
However, the existence <k these relationships and the fact that most people journeying 
to the center do so to transact some form of business with an occupier or user of floor 
space makes an inference of this kind highly probable. It seems therefore, that for 
highway planning i t wi l l be reasonable to use sound economic forecasts of future floor-
space use in the central area as an index of the center's expected attraction, and, by 
means of an appropriate regression equation, estimates of the number of people who 
wil l be attracted in the future to areas within the CBD of the various cities can be made. 

In discussing the form of mathematical model studied, the point was made that the 
linear law would probably only hold for the core area of the CBD. This was indicated 
in the analysis by the fact that the fringe zones generally showed a greater error of 
estimate than the central zones. Although the investigation of what may be classed as 
core would have been difficult, the use of the method depends on the fixing of some 
boundary within which equations of the type suggested may be used with confidence. 
The Murphy-Vance CBD outline (3) seemed to offer much promise as a frame within 
which the linear equation would probably apply. 

The area available for analysis in Philadelphia was large and it was possible to com­
pare the area delimited by the Murphy-Vance technique as the CBD with the area in 
which the linear law appeared to apply (Fig. 1). This analysis was complicated by the 
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Figure 1. Philadelphia central area. 

fact that in some cases the O-D study boundaries did not coincide with those used in the 
floor-space survey and zones had to be grouped with a resulting loss in sensitivity. 
Nevertheless, if the area in which person destinations could be estimated by means of 
the linear equation with less than 20 percent error is compared with the area delimited 
by the Murphy-Vance technique, reasonable agreement can be seen. If the use of a 
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linear equation of the type si^gested is restricted to the Murphy-Vance CBD area, the 
application appears to be valid. 

COMPARISON OF CITIES 
Any use of the equations developed would naturally depend on a continuation of the 

trip generative power of the three types of floor space at the determined value, or on 
reasonable estimates of the changes in the equation coefficients as the particular city 
grew. It was thought that similarities and differences in the attraction equations might 
be e}q)lainable on the basis of some characteristics of the city, such as size or pre­
dominant economic activity. Consequently, the attraction equations for the various 
cities were compared. The cities compared included a wide range of conditions (Table 
2). 

TABLE 2 
LOCATION, POPULATION, AND SERVICE CLASSIFICATION 

OF CITIES COVERED IN ANALYSIS 

Met. 
Area 

Detroit 
Baltimore 
SeatUe 

Vancouver 
Tacoma 

Dallas 

State 
or 

Province 

Philadelphia Pennsylvania 

Michigan 
Maryland 
Washington 

British Columbia 
Washington 

Texas 

1950 
Population 

in 
Standard Met. 

Area 

Service^ 
Classi­
fications 

3,671,048 Finance 3,671,048 
Insurance 
Real estate 

3, 016,197 Manufacturing 
1,337,373 Diversified 

732,992 Strongly financial 
Insurance 
Real estate 

600, 000 -
275, 876 Public Ad­275, 876 

ministration and 
finance 

614, 799 Very strongly 
financial and 
wholesaling 

Nelson, J. , "A Service Classification of American Cities. 
XXXI No. 3, pp 189-210 (July 1955). 

Economic Geography, 

Table 3 sets out the various equations estimating trip attraction determined by the 
regression analysis. A study of this table immediately shows interesting similarities 
among the equations. This is particularly marked in the cases of Philadelphia, Detroit 
and Baltimore and to a lesser extent in the case of Seattle. The analyses of Vancouver, 
Tacoma and Dallas were limited by the data available as explained in the notes at­
tached to Tables 8, 9 and 10, respectively (Appendix B). Still some similarities are 
apparent in all but the equation for Tacoma. 

Statistical techniques such as the fitting of a regression line give results which are, 
in fact, estimates of an unknown set of "true" values. The equations determined can­
not be regarded as the "true" equations which underly the observed differences but 
only estimates of these equations. The similarity of the equations for Philadelphia, 
Detroit and Baltimore could mean that, in actual fact, they are all estimates of the one 
"true" equation, and that the attraction cf people to the zones in the central areas of all 
these cities is governed by the one law. While the Xs coefficient in the equation for 
Seattle tends to made this city appear different from the f i rs t three mentioned, the extent 
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TABLE 3 
EQUATIONS GOVERNING THE ATTRACTION OF PERSONS TO AREAS 

WITHIN THE CBD'S OF SEVEN CITIES ON THE BASIS OF 
FLOOR AREA IN USE 

State 
or 

City Province Equation of Attraction 
Philadelphia Pennsylvania Y= =14.602Xi + 5. 858X3 + 1.276Xs - 3,470 
Detroit Michigan y= =13.918Xi + 4.613Xa + 1.717X3 - 2, 280 
Baltimore Maryland Y= =12.871Xi + 4. 524Xa + 1.343X3 - 1, 080 
Seattle Washington Y= =13.678Xi + 4.382Xa + 0.152X3 - 200 
Vancouver British Columbia Y= =14.322Xi + 10.534Xa + 3.670X3 + 1, 560 
Tacoma Washington Y= = 7.709X1 + 2.493Xa - 17.692X3 + 3, 590 
Dallas' Texas Y= =16.191Xi + 3.546Xa + 12.265X3 - 8, 570 
' The floor-space information in Dallas was estimated from a map and as a result can­

not be classed as accurate. This equation is included to show the rough similarity 
between it and the f i rs t three. 

of the difference is not sufficient to rule out the possibility that the attraction equation 
for Seattle may be the same as that governing trip patterns in I%iladelphia, Detroit 
and Baltimore. 

On the other hand, each of the unknowns in the equation could be influenced by some 
characteristic of the city or the city center. Although this was not thought to be the 
case, because of the great similarity of the equations, a comparison of the equation 
coefficients was made on the basis of various indices. The indices selected were 
population, retail floor space per head, retail floor space per $1, 000 of retail sales, 
office space per head and per worker in selected service trades, manufacturing-ware­
housing space per head and per worker in production and wholesale activities. These 
comparisons failed to show any trend and seemed to give strength to the belief that the 
equations presented probably estimate one general equation applying to large cities i r ­
respective of variations in size, location, or predominant economic activity. 

One interesting fact emerging from this comparison was that Vancouver showed a 
significantly higher ratio of service workers per 1, 000 sq f t of service-office floor 
space than any of the other cities. This ratio was, of course, influenced by differences 
in the material reported in the Canadian and American censuses, and by variations in 
the size of the area classed as the CBD. This fact could possibly account for the high 
service-office space generation coefficient shown in the equation for that city, but as 
explained in the notes attached to Table 8, the assumption made in converting acres of 
site area to floor area in the manufacturing-warehousing classification could seriously 
influence the Vancouver analysis. 

No definite conclusions can be reached in the case of Tacoma, for the equation is 
based on only five observations and the estimate provided by the analysis may be greatly 
in error. However, the extent of the difference between this equation and the other 
equations indicates that this city center may be governed by an equation different from 
that for other cities studied. Because Tacoma was the only city included in the analysis 
with a population less than 600,000 persons, i t may well represent another group of 
cities. 

Some questions may be asked about the meaning and magnitude of the constant term 
of the equation. Physically, it is present because the observations indicate that the 
equation does not pass through the origin and represents one of the unknowns in the 
use of a regression analysis. The effect of the constant term on4he estimates is gen­
erally small and the apparent wide difference between its value as determined in Phila­
delphia and Seattle is not as critical as the differences in the values of the respective 
coefficients. 
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CONCLUSIONS 
This investigat ion has been able only to form an introduction to what may be a very 

profitable field of study. The results are such that it is possible to say that the num­
ber of people attracted to an area in a city's center appears to be closely related to the 
amount of floor space being used for various purposes in the section of the CBD con­
sidered. It seems that, for highway planning, i t would be valid to use sound economic 
forecasts of future floor-space use in the central area as an index of the area's ex­
pected future attraction, and by means of equations similar to the ones developed, es­
timate the number of people likely to be attracted to the CBD zones. 

Although these results cover only a limited range they show that there is a good deal 
of similarity among cities when the attraction of people to the CBD is considered. If 
more equations could be developed for cities in which O-D and floor-area studies have 
been made, it may be possible to formulate equations to suit other cities in which a 
comprehensive traffic study has not been performed which, of course, would be of great 
value in transportation planning. 

The similarities among the equations for Philadelphia, Detroit, Baltimore and 
Seattle are so great that it seems reasonable to suggest at this stage that if such an 
equation is developed for a city in this population range i t wil l change little as the city 
grows. Changes appear to occur in the amount and distribution of the floor area in use 
rather than in the trip generation rates. 

One interesting result from the analysis is that the use of person movements, i r ­
respective of mode of travel, has indicated great similarities between travel to the cen­
ter of Philadelphia and Detroit. These similarities would have been masked by dif­
ferences in automobile ownership and use in the two cities, and an apparent dominance 
of the central area in Philadelphia due to mass transportation facilities. 
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Metropolitan 
Area 

Retail Service-Office Manufacturing-
Warehousing 

Philadelphia Retail 

Detroit Retail business 

Baltimore 

Seattle 

Retail 

Retail 

Vancouver 

Tacoma 

Retail 

Core retail 
Intensive retail 
Extensive retail 

Wholesaling without 
stocks 

Business service 

Consumer service 
Hotels 
Office building 
Parking lots 
Parking garages 
Institutions 
Utilities 
Hotels 
Terminals 
Open storage 
Business service 
Consumer service 

Wholesale without 
stocks 

Hotels and recreation 
Eating places 
Automotive uses 
Banks and miscel­

laneous 
Business offices 
Public offices 
Institutional and 

organizational 
Office 

Public 
Other 
Office and services 
Consumer services 
Amusement and 

recreation 
Hotel 
Parking 
Public 
Semi-public 

Dallas Classified from map Parking space omitted 

Manufacturing 

Wholesaling with 
stocks 

Undetermined 

Warehouses 
Light industry 
Heavy industry 

Manufacturing 
Wholesale with 

stocks 

Unknown 
Commercial 
Industrial 
Public 

Semi-public 

Industry and 
warehousing 

Warehousing 
Wholesale 
Manufacturii^-

industrial 

Note: Residential and vacant space excluded from the analysis. 
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Appendix B 

PhUadelphia, A l l CBD Zones 
Table 4 shows that about one-half of the areas are predicted by the regression equa­

tion with an error in excess of 30 percent. However, i t can be seen that the zones with 
appreciable prediction error are actually the smaller generators, in al l accounting for 
only one-q\iarter of the total person destinations in the center. 

This analysis presented some problems because the boundaries of the blocks used in 
the floor-space study did not coincide in every case with the traffic zone boundaries. 
This meant that some O-D zones had to be grouped and as a result there was considerable 
variation in the land area of the zones and groups of zones used in the analysis. This 
variation appears to add to the error of prediction because of the greatly increased ef­
fect of the constant term in the equation on the smaller land areas. In the other cities 
considered, the zones were of a more uniform size from the point of view of land area. 
Although there is a wide variation in the amount and distribution of floor space in each 
zone, the predictions in the other cities are generally closer than in this case. It was 
thought that the great difference in the land area of the zones considered affected the 
regression analysis. 

The coefficient of multiple determination indicates that 96 percent of the variation in 
person destinations can be explained on the basis of differences in the amounts of floor 
area in use in the zones. This estimate depends on the floor space and person des­
tination variables being jointly normally distributed. This is difficult to assess but i t 
appears that this coefficient may not be too misleadii^. 

Detroit CBD 
Table 5 indicates a good relationship between the variables. Use had to be made of 

the larger survey districts rather than zones, but only one district is considerably in 
error when attraction is e3q)lained by the equation. This district is situated on the edge 
of the area classed as CBD. 

Baltimore CBD 
Table 6 shows that although a relationship does exist, the accuracy of estimation 

is not as great as for the other cities. This is probably due to the time lag between 
the two surveys, although in Seattle, where a similar difference occurred, the errors 
are not as great. Two zones 0041 and 0051 show considerable error but again these are 
the smaller generators and are situated on the edge of the area classed as CBD. 

SeatUe CBD 
Table 7 shows a well-developed relationship, the coefficient of multiple determination 

indicating that 96 percent of the variation is e]q)lained by the floor-space relationship. 
The area delimited as the CBD by the Murphy-Vance method was available for the city 
and could be compared with the results of the regression analysis. The only two zones 
falling completely outside the area were zcxies 006 and 008 which have the largest er­
rors of estimation. 

Vancouver CBD 
Analysis for this city was complicated by the fact that manufacturing-warehousing 

space was given in the form of acres of site area (Table 8). The calculations made are 
based on the site area, converted to square feet. This assumption is probably incorrect 
and must play some part in causing the constant in the regression equation to be posi­
tive whereas the other equations show negative constants. Because the negative con­
stant is repeated so often and seems logical from a consideration of the cvirvilinear 
law, which i t is thought would suit CBD f r i i ^ e zones, this analysis seems to be in error. 
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TABLE 4 
FLOOR SPACE; PERSON DESTINATIOIK; ESTIMATED PERSON DESTINATIONS; 

AND ERROR IN ESTIMATE-PHILADELPHIA ALL CBD ZONES 

REGRESSION EQUATION Y • 14 602 X , 5 SSSX,*-I 2 7 6 3 4 7 0 

O-D 

ZONE 

FLOOR SPACE' lOOO's Sq-Ft O-D PERSON ESTb PERSON 
O-D 

ZONE 
RETAIL SERVICE-OFFICE MANF%.-WHSG DESTINATIONS 

(24 hrsj 
DESTINATIONS 

(24llrs} 
A 
Y - Y %ERROR 

"l '<2 •4 Y 
0001, 0002 1809 11,118 1473 88jt90 89:950 -t-1460 +- 1 6 

0003 1 * ' 2130 144 28,860 9,790 -19,020 - 66 
0005, 0006 ^ 4366 6811 2290 103.690 103.100 - 690 - 0 6 
0007, 0008 2 975 3818 2633 77,200 65.700 -11.500 - 1 5 

0043 23 781 0 3700 1440 2260 - 6 1 
0042 !' I S 165 12 1790 - 2 2 7 0 * 
0 041 ; - ' O S 160 87 3700 — 9 8 0 * 
0063 1 86 729 612 2540 2840 4-300 + 12 
0064 97 431 257 2180 800 -1300 - 6 0 
0009 ^ 2684 441 1706 36,590 4 0 ^ 8 0 -I-3890 + 1 1 
0061 71 658 196 8340 1670 -6670 - 8 0 
0062 174 I I 7 2 196 6260 6190 - 70 - 1 1 

I)027.0029i0<a2 906 3S8I 604 26,510 3t,5IO 44000 + 1 9 
0045 346 1484 281 4550 10,630 i 6080 + 134 
0047 231 1067 246 3850 6470 + 2620 + 68 
0082 92 2783 1642 l%660 16.270 -̂ 2610 -t 19 
0091 843 1921 2351 17.220 23,090 -f 5870 + 34 
0073 300 491 1502 3270 5 700 -̂ 2 430 + 74 

D026,002a0031 668 1897 628 10.950 ia200 +7250 +66 
0023, 0025 558 1703 252 9540 14.980 +5440 + 57 

0044 348 250 370 19 70 3550 +1580 +80 
0046 383 226 325 1940 3860 +1920 + 99 
0081 629 755 860 5500 1 1,230 +5730 + 104 
0052 440 2360 3779 23,430 21,600 -1830 - 8 
0053 261 1 158 4234 6970 12,530 +5560 + 80 
0051 242 223 565 2 190 2090 - 100 - 4-5 
0092 147 859 2702 6200 7160 + 960 + 15 
0072 154 277 227 2030 690 -1340 - 6 6 
0071 205 333 1390 4080 3250 - 8 3 0 —20 

0022,0024 176 344 _ 150 2690 1310 -1380 — 51 
0021 117 21 1 76 2450 - 4 3 0 • 

Vorioticc of EstHiHlli S?(y)-30,178,700 

Stondord Error of Estmotc S ( » ) » 5 4 9 0 Fkrton Desl>ioho« 

Coifticinit of Multiple Determifiction R '=0 960 

95% Cofifidtnce Ronqo 
of Equolion Poromclort 

II 873 
17331 

4 709 
7007 

X, K 
- 0 693 +-2I20 

3 245 - 9 0 8 0 
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This is a problem encountered in any use of a multiple regression technique when the 
line of best f i t may produce coefficients which are meaningless from a common-sense 
point of view. If more observations were available the resulting equation might be 
quite different from the one found in this analysis. 

Tacoma CBD 
With only five observations to work from, the results shown in Table 9 cannot be 

regarded as significant. An equation of this type, with four unknowns, can be cal­
culated to f i t perfectly four observations. Therefore, with only five observations, the 
regression eqxiation found from the analysis may be so influenced by errors in the ob­
servations that i t is completely misleadii^ as a guide to the "true" relationship. The 
large negative coefficient on manufacturing-warehousing floor space is obviously in­
correct. The comments made with regard to the positive constant given in the notes 
to Table 8 apply also to the constant and negative coefficient in this equation. 

Dallas CBD 
Table 10 shows a floor-space estimate based on a land-use map marked with build­

ing heights. To produce a meaningful area in the service-office classification, parking 
space was eliminated from the floor space. The results show only that some relation­
ship is present between person destinations and floor space and that the general form 
of the equation appears satisfactory for this city. 

TABLE 9 
FLOOR SPACE; PERSON DESTINATIONS; ESTIMATED PERSON DESTINATIONS; 

ERROR IN ESTIMATE-TACOMA CBD ZONES 
REGRESSION EQUATION — Y = 7 7 0 9 X | + 2 4 9 3 X 2 - 1 7 6 8 8 X 3 + 3590 

0 - D 

ZONE 

FLOOR SPACE' lOOO's Sq Ft 0-D PERSON 

DESTINATIONS 

( 2 4 h r s ) 

Y 

EST'D PERSON 

DESTINATIONS 

( 2 4 hrs) 
A 
Y 

Y - Y %ERROR 
0 - D 

ZONE 
RETAIL 

X, 

SERVICE 

- O F F I C E 

X 2 

MAN PS. 
-WAREHOUSING 

X , 

0-D PERSON 

DESTINATIONS 

( 2 4 h r s ) 

Y 

EST'D PERSON 

DESTINATIONS 

( 2 4 hrs) 
A 
Y 

Y - Y %ERROR 

0 0 0 2 2 6 9 0 2 7 8 6 4 5 0 6 2 0 0 - 2 5 0 - 3,8 

001 100 7 19 2 9 46 10 5 6 4 0 + 1030 + 2 2 

0 0 2 1 174 1025 6 3 13,540 14,050 • 510 + 3i7 

0 0 3 3 0 0 726 133 6 9 7 0 5 3 6 0 -1610 - 2 3 
0 0 4 218 319 194 2 3 6 0 2 6 3 0 • 2 7 0 + 16 

VARIANCE of ESTIMATE S'CY) = 6 3 0 0 

STANDARD ERROR of ESTIMATE S(Y) = 8 0 PERSON DESTINATIONS 

COEFFICIENT of MULTIPE DETERMINATION R* = 0 ' 997 

X| X 2 X 3 K 

9 5 % CONFIDENCE RANGE 5 676 - 2 589 

of EQUATION PARAMETERS 9 742 7 575 

- 0 ' 6 7 2 + 6 4 7 0 

- 3 4 724 + 7 0 0 
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Tests of Interactance Formulas 
Derived from 0-D Data 
F. HOUSTON WYNN, Principal Associate, Wilbur Smith and Associates, New Haven, 
Conn.; and C. ERIC LINDER, Chief, Statistical Section, Wilbur Smith and Associates, 
Columbia, S.C, 

Several methods of forecasting future travel 
patterns in large urban areas are currently 
in wide use. A l l of these involve many com­
plexities and require the use of modern high­
speed data-processing equipment. The prob­
lems of trip projection involve two distinct 
areas of analysis: (1) estimates of the num­
ber of trips which the land uses in each sub­
division or zone in the study area are likely 
to generate, and (2) the patterns of inter­
zonal origins and destinations which are like­
ly to result when trips are distributed between 
logical termini. 

In practice, i t is possible to make reason­
able and satisfactorily accurate estimates of 
the number of trip ends that wi l l be generated 
in each zone from consideration of various 
land use and population factors. The rates of 
trip production can be determined from anal­
yses of the current origin-destination (O-D) 
data, or they can be estimated with a fair de­
gree of accuracy from relationships found in 
other metropolitan areas with similar charac­
teristics. 

The projection of inter-zone travel patterns 
is a much more complex matter. Basically, 
all tr ip distribution methods may be placed in 
two classes, depending on the manner in which 
the current travel pattern is used in estimating 
future desires: 

1. "Analogy" Methods—projections in which 
growth factors are applied to current inter­
zonal movements. 

2. "Synthetic" Methods—projections in 
which travel characteristics are derived from 
current O-D data, and applied to future land-
use estimates to synthesize travel patterns. 

• M A N Y THINGS must be considered when selection of a projection method is made. 
When current, accurate, home-interview O-D data are available, the relative ease of 
application would tend to recommend the "analogy" approach to traffic forecasting, es­
pecially if projections consist of simply up-dating a survey made a few years earlier. 
However, in most cases, highway plaimers need traffic forecasts of travel patterns as 
they wi l l be at least 20 yr later. In this interim, i t is e}q}ected that the limits of ur­
banization in most metropolitan areas wi l l spread out to include areas which today are 
only partially developed, are open farm land or are totally imdeveloped. Future traf­
fic in these peripheral areas, which wi l l be devoted to housing and industrial uses 20 
yr hence, wi l l be a wholly new development which cannot be anticipated by the application 
of growth factors to existing patterns. ^ 
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For example, travel to and from a peripheral zone which today encompasses only 
sparse residential development may be oriented largely toward the central portion of 
the urban area; in any case, the number of movements reported in the current data wi l l 
be few. If considerable housing is anticipated in the zone, and commercial and industrial 
development is ejcpected in neighboring peripheral areas, i t would not be logical to ex­
pect that future travel patterns would continue to be centrally oriented; new travel de­
sires wi l l develop between these outlying areas. Application of "growth factors" to 
current movements wi l l only result in enormous expansion of the few reported inter­
zonal interchanges, with a consequent failure to develop any traffic to the nearby shop­
ping and employment opportunities. 

Comparison of urban travel patterns at different years shows that travel desires are 
dynamic and respond readily to changes in social and economic conditions. For ex­
ample, analogy with past conditions would fai l to reveal the dramatic change in the 
peak-hour directional split that reportedly has occurred on the George Washington 
Brieve in recent years. Whereas in the past, peak-hour traffic was composed largely 
of middle- and upper-income New Jersey residents commutii^ to their places of em­
ployment in New York, recent industrial developments on the New Jersey side of the 
river have attracted employees from lower-income groups in the public and other low-
rent housing developments in New York. Consequently, peak-hour traffic today on the 
bridge is almost equal in both directions. Other studies have revealed significant chan­
ges in travel habits due to the advent of television and widespread evening shopping 
~ Because of this inherent weakness in the "analogy" concept of traffic projection, 

considerable research has been done with the aim of establishing finite relationships 
which could be applied to a given set of land-use characteristics, so as to produce a 
synthetic travel pattern for any metropolitan area. Although a comparison of the valid­
ity of all projection methods would be desirable at this time, the scope of this paper is 
limited to a discussion of current travel patterns for three metropolitan areas which 
were developed by use of "interactance formulas" derived from existing O-D data. In­
asmuch as the interactance formulas may be used in developing travel patterns for any 
series of zones and for any given year for which planning data are available, it has been 
possible to synthesize current travel patterns which are directly comparable with the 
home-interview data. 

In these studies, the interactance formulas were applied to the actual numbers of 
trip ends reported in O-D surveys completed in three cities since 1957 (2, 3, 4). Syn­
thetic travel patterns were developed for each area, and compared with the results of 
the expanded home-interview data. Various statistical tests have been applied to eval­
uate the reliability of the results. The procedures used in the study and the principal 
findings of the tests are summarized. The comparisons of the synthetic and reported 
travel patterns reveal that the interactance formulas produce results comparable in 
reliability to those obtained directly from the eiq)anded home-interview data. 

ORIGIN-DESTINATION SURVEYS 
Comprehensive O-D surveys have been completed during the past two years by this 

consultant in St. Louis, Mo., Kansas City, Kan. -Mo., and Charlotte, N. C. These 
cities present a wide range in population, area, density and travel habits, and have 
been selected to make the detailed analysis or test of the interactance formulas. Time 
and limited resources have precluded extensive tests of all projections heretofore. It 
is hoped that others wi l l undertake further research in this area. 

Characteristics of the survey areas are presented in Table 1. The populations range 
from slightly more than 202, 000 in Charlotte, to 1, 275, 000 in St. Louis. Figure 1 
shows the survey area, includii^ the zones and analysis " r i i ^ s " used in the St. Louis 
and Charlotte studies. Charlotte had 84 internal zones and Kansas City and St. Louis 
had 173 and 235 zones, respectively. 

A comprehensive home-interview-type O-D study was conducted in each area. Home-
interview data were obtained from 5 to 10 percent of the dwellings in each study area 
and expanded to represent the entire tr ip population. Consequently, individual zone-
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TABLE 1 
CHARACTERISTICS OF SURVEY AREAS 

Characterlatlea 
St. Louis, Mo. ' 

(1957) 
Kansas City, Mb. 

(1957) 
Charlotte, N.C. 

(1958) 

Population* 1,275,454 
DweUing units' 408, 596 
Sample size (% dwelling units) 5 
Survey area (sq mi) 280 
Persons per sq mi 4,550 
Trips reported" 2,472,154 
Average number of trips per person 1.94 
cars owned" 366,963 
Average number ol cars per dwelling unit 0.90 
Number 01 zones 235 

857, 550 
280,107 

5 
396 

2,160 
, 894,563 

2.22 
264,448 

0.95 
173 

202,261 
59, 040 

10 
115 

1,760 
478,402 

2.36 
61, 802 

1.05 
84 

' The St. Louis study area consUted of the City of St. Louis and adjacent urbanized portions of St. Louis County, Missouri. 
study-did not include approximately 450,000 persons residing in Illinois portions of the Greater St. Louis area. 

' Source: Home-interview data. 
* Source: Table " B - 1 . " Totals include all person trips, internal and external, reported in the dwelling unit interviews. 

CHARLOTTE ST. L.OUIS 

Figure 1. Traffic analysis rings— Charlotte, N.C. and St. louis, Mb. 

to-zone movements, most of which are small in magnitude, are subject to wide fluc­
tuation due to sample size. However, the discrepancies caused by sample variability 
are minimized when a large directional movement is considered. 

To determine the completeness of the data obtained in the home and external inter­
views, a "screenline check" was made. The results of the screenline checks for St. 
Louis, Kansas City and Charlotte are summarized in Table 2 with graphic comparisons 
given in Figure 2. The percent of reported trips, as compared to ground count, was 
78. 8 percent in Charlotte, which is slightly less than the usual minimum requirement. 
After considerable study i t was ascertained that the screenline was subject to exten­
sive "double crossing," Percentages of screenline crossings were 84.4 and 87.2 per­
cent for St. Louis and Kansas City, respectively. 

Another validity check consists of a comparison of the number of external cordon 
crossings made by residents of the area, as obtained in the home and roadside inter­
views. Because of the larger sample size of the latter, the expanded roadside interview 
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TABLE 2 
TESTS OF RELIABILITY-SELECTED STUDIES 

Study 

Percent of Ground Count 
Screenline—16 Hrs 

(All vehicles) 

Percent of External Trips 
Reported in Internal Survey 

(All vehicles) 
St. Louis, Mo., 1957 
Kansas City, Mo., 1957 
Charlotte, N.C., 1958 

84.4 
87.2 
78.8* 

76.9 
1 

94.4 
^ Not reported, due to different methods of data collection in the Missouri and Kansas 

portions of survey area. 
' It is estimated that a minimum of 11, 882 cars and trucks crossed the screenline 

twice. Deducting these vehicles f rom the ground counts produces an over-all screen-
line comparison of about 84 percent. In addition, it is believed that a large number of 
vehicles registered outside the survey area made additional trips completely within 
the survey limits, although these were not reported in the survey data. 

ST. LOUIS 
P A S S E N G E R C A R S 

A N D T R U C K S 

mi. 7 a 9 10 II t 3 4 9 C 7 B > 

HOUR *• 

KANSAS CITY 
P A S S E N G E R C A R S 

A N D T R U C K S 

CHARLOTTE 
R A S 8 E N O E R C A R S 

A N D T R U C K S 

Figure 2 . Comparison of t r a f f i c crossing screenlines—St. Louis, Mo.; Kansas City, Mb.; 
and Charlotte, N.C. 
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data are generally accepted as having greater reliability. The results of this com­
parison for the studies under consideration are given in Table 2. It is an accepted fact 
that in most home-interview O-D studies, this comparison reveals even greater vari­
ability in the data than is expected in the screenline check. 

Analyses of O-D Data 
It has been found in these and other O-D studies that between 80 and 90 percent of 

all person trips reported in the dwelling-unit interviews either begin or end at home. 
Trips have, therefore, been reclassified into five basic purposes, depending on pur­
pose at the non-home terminus. Trips between home and work were classified as 
"work" trips. "Conunercial" trips were defined as those between home and "personal 
business," "medical-dental," "shopping, " and "eat meal" purposes. "Social" and 
"school" trips were defined as trips between home and each of these purposes, re­
spectively. Trips between work and commercial generators, with neither terminus at 
home, were 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 tr ip production for each purpose 
wil l be related to different land-use variables, thereby greatly systematizing the pro­
cedure of estimating trip ends. 

Of even greater significance, however, is the distinct difference in distribution pat­
terns for each of the various purpose categories. The importance of this finding can­
not be overemphasized in highway planning work, hi Table 3, cumulative distribution 
patterns are compai^ed for four of the basic purposes. Although the results vary con­
siderably among the three metropolitan areas studied, due mainly to differences in 
maximum driving radius, i t is clear in each case that work trips are longer than trips 

TABLE 3 

COMPARISCIN OF TRIP LENGTHS BY PURPCSE-SELECTED STUDIES 

Cumulative Percent of Trips by Residents, Internal Survey 
Trip Leoiith Work Trips Commercial Trips Social Trips School Trips Total Trips 

St. Kansas Char­ St. Kansas Char­ St. Kansas Char­ St. Kansas Char­ St. Kansas Char-
(min) Louis' City' lotte" Louis City lotte Louis City lotte Louis City lotte Louis City lotte 

0 3.6 2.2 5.8 15.2 10. B 18.0 11.5 14.3 15.1 21.7 30.5 23.4 10.1 9.8 12.9 
0 - 3 15.3 13.9 11.5 45.4 35.1 27.4 34.8 39.4 22.5 59.2 51.7 35.8 31.7 29.9 21.5 
3 - 6 22.6 17.2 25.8 55.9 43.7 48.1 45.6 46.8 40.6 68.3 52.5 57.9 40.8 36.8 40.0 
6 - 9 35.0 26.4 46.5 68.6 56.7 68.0 58.7 55.8 60.3 76.8 65.2 78.2 53.2 47.9 60.2 
9 - 1 2 47.6 40.6 66.4 78.2 68.0 82.0 67.9 65.0 75.2 83.4 70.6 87.3 63.7 59.5 76.4 

12 - IS 59.3 54.9 80.5 84.8 77.3 90.3 76.7 75.8 85.2 87.9 75.5 93.1 72.7 70.4 86.6 
15 - 18 69.1 66.8 90.0 89.4 84.3 96.2 84.0 82.4 92.5 91.9 78.5 96.5 80.0 78.8 93.5 
18 - 21 77.1 76.5 95.7 92.8 90.1 98.8 88.8 87.5 96.7 94.4 85.7 99.3 85.5 85.4 97.3 
21 - 24 84.3 83.2 98.5 95.2 94.0 99.5 92.6 91.8 98.6 96.7 88.0 99.9 90.1 89.9 99.0 
2 4 - 2 7 89.5 88.7 99.5 97.2 95.8 100.0 94.7 94.3 99.6 97.8 97.6 100.0 93.3 93.4 99.7 
27 - 30 93.7 93.4 99.9 98.6 97.9 100.0 96.6 96.3 99.9 98.4 99.9 100.0 95.9 96.1 100.0 
Over 3D 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Avg Length 

(min) 14.4 14.8 11.0 7.6 9.1 6.9 9.7 9.3 8.1 6.0 8.0 5.7 10.7 10.8 8.1 
^ Ihtra-zcme trips. 
' St. Louis and Kansas City data are for all modes; Charlotte, auto drivers only. 

for the other purposes. M Kansas City, for example, although almost one-half of the 
total trips for all purposes were less than 9 min in length, only about one-fourth of the 
auto driver work trips were in this time category. The same phenomenon is observed 
in the data for St. Louis and Charlotte. 

A series of special tabulations was prepared for analysis of the trip data. These 
included tabulations showing the number of trips for each purpose by zone residents, 
the number of "purpose" motivated trips made to and from each zone, and the distri­
bution of each class of tr ip to other zones by successive 2- or 3-min time increments. 

In the studies of generation of trips by zone residents, i t was found that median 
family income, vehicle ownership, population density, and relative decentralization 
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were the most significant factors. Although considerable variability was observed be­
tween populations of different characteristics in certain categories of trips (such as 
social and school trips), consideration of the four variables in conjimction with each 
other tends to give a balanced picture of the factors influencing trip production by 
residents. Similar studies of trip production at non-home termini revealed even greater 
variations between zones, but it was possible to develop general patterns relating trip 
production to land-use characteristics for zones in each of the "rings" into which the 
study areas had been subdivided. 

The analysis of trip production rates tends to become complex, but once the basic 
relationships have been established, estimation of the number of trip ends in each zone 
at a given future year, by application of these relationships to anticipated land-use de­
velopment, is a fairly straightforward process. 

A means of estimating the number of trip ends in each zone must be developed to 
distribute trips between the respective home and non-home termini and thus formulate 
a future travel pattern. Obviously, this procedure involves many complexities, because 
trips originating in any one zone of the study area could conceivably have destinations 
in all of the other zones into which the area has been subdivided. The problem re­
solves itself into determining exactly what proportion of the trips (for each purpose) 
originating in Zone "A" shall have destinations in each of the other zones. Although 
this distribution could be accomplished by analogy with trips reported in the current 
O-D study, several basic factors discount the validity of this procedure: 

1. The survey data represent only 5 to 10 percent samples, and many of the smaller 
inter-zonal movements were completely unreported. 

2. Zones greatly increasing or decreasing in relative importance as trip generators 
wi l l attract different proportions of trips from other zones than they do today. 

Previous studies have demonstrated a definite inverse relationship between the num­
ber of trips a pair of zones wi l l exchange and the driving time between the zones (1., 5, 6, 
7, 8). Additional research in conjunction with the St. Louis, Kansas City, and Charlotte 
O-D studies has confirmed these findings. 

Off-peak auto driving times were computed for all possible pairs of zones. Trips 
reported in the home interviews were summarized separately for home and non-home 
termini in each zone, including a further breakdown showing the number of trips for 
each purpose made to all zones within successive 2- or 3-min time increments. 

The driving time between a pair of zones must be coupled with the trip generation 
potential of each zone and of all other zones in the study area to develop reasonable 
estimates of the rate of travel between the zones. For example, to estimate the num­
ber of shopping trips that would be made by the residents of Zone "A" to the retail 
outlets in Zone "B", consideration must be given to the total number of home-based 
shopping trips made by the residents of Zone "A"; the total number of trips made for 
shoppii^ purposes to Zone "B" by residents of all zones; and the total number of shop­
ping trips made to all other zones, as well as the travel time between Zones "A" and 
"B" . 

Derivation of Interactance Formulas 
The trip length studies were used in conjunction with the available population statis­

tics 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 at 
successive increments of distance. Because trips tended to become shorter towards the 
periphery of each of the areas studied, separate analyses were made for each of several 
concentric "rings," based on relative decentralization (F^ . 1). 

Although the slopes of the curves for each purpose differed considerably, they all 
exhibited the inverse relationship between trip production and travel time, to varying 
degrees, as illustrated in the curves for St. Louis (Figs. 3 and 4), Kansas City (Figs. 
5 and 6), and Charlotte (Fig. 7). 

Comparison of the curves for different purposes developed in each study revealed 
that attraction rates for work trips had the slowest rate of decrease as driving time 
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increases. The distributions of social t r ips also reflected a willingness on the part 
of area residents to make somewhat longer t r ips f o r this purpose. T r i p attraction rates 
for commercial and miscellaneous t r ips decreased rapidly with increased t ravel t ime 
between zones, whereas the curves fo r school t r ips , most of which are local in nature, 
show the most rapid rate of decay. 

Synthesis of O-D Patterns 

Relative "rates of attraction" between zones, as derived f r o m the interactance f o r m ­
ulas, are applied to estimated t r i p end totals in each zone to distribute the t r ips and pro­
duce a synthetic t ravel pattern. The same procedure is used in the synthesis of either 
current or future t ravel desires, the only difference being that the number of t r i p ends 
reported in the survey data is used in the f i r s t case, whereas future t r i p end estimates 
based on anticipated land-use development are used in the latter. 

The computations involved in applying interactance formulas to distribute t r i p end 
estimates have been accomplished with an IBM 650 computer. Two input cards were 
prepared fo r each possible pair of zones, with each zone considered separately as the 
t r ip ' s or ig in . Distribution rates f r o m the interactance formulas were applied on the 
basis of the appropriate curve f o r the origin zone in each case. (Therefore, in cases 
of t ravel between zones in different " r ings , " slightly varying estimates of t r ips were 
produced, i f each of the "r ings" exhibited distinctive distribution patterns.) 

In making the f i r s t approximation of t r ips between zones, the attraction rate derived 
f r o m the interactance curve was multiplied by the corresponding "attraction" in the 
destination zone, and the resulting products were totaled f o r each or igin zone and 
balanced to the predetermined "control t o t a l . " Af te r the in i t ia l estimates of t r ips fo r 
each purpose had been made f o r each zone, these estimates were summated and divided 
into the respective control totals to establish balancing factors . The in i t ia l estimates 
were then multiplied by the balancing factors and punched out as the f i r s t approximation 
of inter-zonal t ravel f o r each purpose. 

This procedure is repeated with each zone in the study area considered as or igin, 
resulting in two separate estimates of t ravel f o r each purpose between each pair of 
zones. Averaging the values obtained in the f i r s t approximation does not necessarily 
yield values which w i l l summate to the control total f o r the individual zones. I t may 
be necessary to car ry the averaging process through two or more cycles (iterations) 
to produce a well-balanced estimate of t ravel in which a l l of the t r ips attributed to each 
zone are approximately equal to the control total (9). It has been found in the applica­
tion of the interactance formulas that one or two iterations w i l l usually suffice to pro­
duce well-balanced inter-zonal t r i p distribution. 

Variabi l i ty of Home-Interview O-D Data 

Before a meaningful analysis can be made of the re l iabi l i ty of synthetic t ravel pat­
terns, the variabil i t ies inherent in the original expanded home-interview data must be 
considered. Due to l imi ted sample size, movements reported in the survey data are 
subject to variations of different magnitudes f r o m the true values that would be obtained 
f r o m a 100 percent sample. An evaluation of the variations expected in the survey data 
is needed to give the proper perspective to the differences observed between the survey 
data and the projected data. 

The t ravel patterns developed f r o m the home-interview data and by the application 
of interactance formulas both consisted of very large numbers of relatively small inter­
zonal movements. The smallest movement possible in the expanded home-interview 
data was l imited by sample size, although inter-zonal movements as small as one or 
two t r ips per day undoubtedly do occur between many zone-pairs. A volume of this 
magnitude has no significance when considered separately, although i t has been demon­
strated that t r a f f i c flows consist largely of aggregations of such movements. 

It is obvious that the magnitudes of individual movements, as reported in the ex­
panded survey data, are subject to wide fluctuations due to sample var iabi l i ty . Inter­
zonal volumes of 300 t r ips or less, which comprise 50 percent or more of the total 
t r a f f i c in the large urban areas considered in this study, are part icularly susceptible 
to wide fluctuations. 
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The variabi l i ty exhibited between different 5 percent samples has been demonstrated 
with data f r o m a home-interview study made in Milwaukee in 1945 (10). A 50 percent 
sample of the dwelling units, consisting of 10 separate 5 percent samples, was taken 
in the census t ract selected f o r study. The number of t r i p ends reported in the tract 
varied f r o m about 3,900 to 5,300 among the various samples. Each of these extreme 
variations represents about 20 percent of the average value of 4,600 t r i p ends, which 
was obtained by ejqanding the 50 percent sample. The percentage of deviation between 
the two extreme values of e:q>anded samples was even larger (about 36 percent). A l ­
though these actually observed variations appear larger than the expected variations dis­
cussed in theoretical treatments of sampling, Lynch concludes f r o m the Milwaukee test 
results that "a f ive percent sample is in keeping with the over-a l l requirements as to 
cost and accuracy" f o r use in highway planning work. 

The Milwaukee study was concerned with the sample variabi l i ty of a relatively large 
number of t r ip s . Even more pronoimced deviations are e3q>ected when smaller volumes 
are considered. A discussion of the degree of re l iabi l i ty which could be placed in data 
secured by in te rv iewi i^ different sample sizes is given by Anderson (11). The findings 
of this investigation are part ial ly summarized in Table 4, which gives the standard er­
ror f o r different t r i p magnitudes obtained f r o m expanded 5 and 10 percent samples. 

The assumptions made in this study were that the sample under consideration was 
complete; was selected by an approved random technique; and was derived f r o m a nor­
mally distributed population. However, none of these conditions is f u l l y met in the 
home-interview sampling technique. I t is known f r o m the screenline deficiencies that 
every one of the home-interview studies is incompletely reported to some degree; a 
s t ra t i f ied ordinal method of sample selection has been used in preference to random 
sampling techniques; normal distribution is doubtfvd if the sample is smal l . Therefore, 
although Table 4 indicates the relative re l iabi l i ty of 5 and 10 percent samples, the values 
obtained should be considered as favorable evaluations of the data. 

I t is evident f r o m this study that individual inter-zonal movements of small magni­
tude, which constitute the bulk of urban t r a f f i c , are subject to wide sampling variations, 
ranging as high as 90 percent of the true value in the case of an e}q>anded movement of 
20 t r ips derived f r o m a 5 percent sample. 
Somewhat greater confidence may be 
placed in the values f o r small movements TA LK 4 
derived f r o m a 10 percent sample. The ^ . . „ ,„ 
, , . , . „ r 1 nr\n E X P E C T E D ERROR FROM 5 AND 10 PERCENT 

degree of e r ro r m movements oi l , ouo RANDOM SAMPLES AND VARIOUS VOLUMES 
t r ips or more is s imi la r f o r both sample OF WTKRCHANGE' sizes given, because ejqiected deviations 

Voliiine of Interchange Standard Error at Estimate 
decrease rapidly in the larger t r i p volume From E^nnded sample (Percentage) 
groups. 

Although the variabi l i ty associated with 
sampling has l i t t l e significance to the high­
way planner, who is concerned with the 
relatively stable large volumes of t r ips 
a s s ^ e d to proposed faci l i t ies , the r e ­
sults of the statistical tests described 
later are biased to the extent that the syn­
thetic movements are being compared 
with survey data which in themselves are 
subject to varying degrees of e r ro r . For 
example, chances are about two out of 
three that the true value of a movement of 
100 t r ips as derived f r o m a 5 percent sam­
ple lies between 57 and 143 t r ips ; i f the 
latter value should happen to coincide with 
the true value, and the interactance curves 

r.^ „ril,„^^ o » oT.T.»* » f 'Source: Andenmn, O.K., "Statistical Erotaation of Origin-develop an equal volume, an e r ro r of 43 Destination Data." UnpuUlshed niesis, Bureau of Highway 
t r ips would nevertheless be recorded be- Traiiic, Yaie uni»ersity, May mi, pp. 33-31. 
tween the survey and synthetic data. Be-

5% Sample 10% Sample 
20 90 70 
40 68 48 
60 55 40 
80 48 35 

100 43 30 
200 30 23 
300 25 18 
400 23 16 
500 20 15 
600 18 14 
TOO 17 13 
800 16 12 
900 16 11 

1,000 16 10 
2,000 10 8 
3,000 8 6 
4,000 7 5 
5,000 7 5 
6,000 6 4 
7,000 6 4 
8,000 5 4 
9,000 S 3 

10,000 5 3 
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cause movements developed f r o m only a few samples are not l ikely to show a normal 
distribution, i t is doubtful that the distortion in the comparisons w i l l average out even 
when many small movements are considered. 

RELIABILITY OF INTERACTANCE FORMULAS 

The application of interactance curves to predict reasonable patterns of inter-zonal 
t ravel is a relatively new technique which has been developed by empir ical methods. 
The procedures discussed herein are the outgrowths of direct investigations. 

Interactance curves have been derived and used f o r t r i p distribution in a number of 
studies during the past few years. (Firs t use of the interactance formulas by this f i r m 
was fo r a 25-yr projection of travel in Philadelphia, Pa., made in 1955. The technique 
has since been used in Omaha, Neb. (1956); Washington, D .C . (1956-58); Miami , Tam­
pa and Tallahassee, F l a . , (1957-58); St. Louis, Mo. and Kansas City, M o . , (1957-58); 
Charlotte, N . C . (1959); Pheonix, A r i z . , (1959); and PhUadelphia, Pa. (revised, 1959).) 
Techniques of the method have been improved with each new e3q)erience. 

In the course of the t r i p projection work undertaken in St. Louis, Kansas City, and 
other recent studies, an effor t has been made to develop some measure of the r e l i a ­
b i l i ty of the techniques described previously. Due to limitations in both budget and 
t ime, these tests have not been as comprehensive as possible f o r detailed research, but 
the insight they provide is most encouraging. The results of each of the tests described 
herein have been found to be of direct value in improving the t r i p distribution technique. 

To test the re l iab i l i ty of the interactance formulas f o r the purpose of predicting 
inter-zone t r i p distribution, t r i p attraction rates determined f r o m the curves given in 
Figures 3 to 7 have been applied to the 1957 inter-zone t r i p ends generated by residents 
of each study area. The numbers of inter-zone t r i p ends generated in each zone, as 
reported in the home-interview survey, have been distributed to a l l other zones in the 
study area. Two independent estimates of t ravel were thus determined f o r each purpose 
of t r ips between every pair of zones. The two estimates were averaged by the method 
of successive approximations. A v e r s e vehicle occupancy rates fo r each t r i p purpose 
were applied to develop the number of auto drivers and auto passengers in each inter­
zonal movement. T r i p patterns were developed f o r combined travel by each mode. 

In this manner a synthetic t ravel pattern was developed between a l l internal zones 
in each survey area. The projected movements are direct ly comparable with the ex­
panded home-interview data. However, the complexity of the comparison is empha­
sized by the fact that in the St. Louis study area of 235 zones, there are 27,495 possible 
movements to be considered, exclusive of intra-zone movements. 

Comparison of Inter-Zonal Movements 

The comparative analysis of e:q>anded interview data with synthesized t r i p dis t r ibu­
tion patterns can be accomplished only by statistical methods. Direct comparison of 
the two sets of data reveals that the synthetic estimates of t ravel between most zone 
pairs differed by varying degrees f r o m the values obtained in the home interviews. To 
evaluate the magnitude of these differences, the root-mean-square e r ro r has been com­
puted fo r s t rat i f ied volume classes of 100 t r ips , up to magnitudes of 1, 000 t r ips , s imi lar 
to procedures used in other recent studies of t r i p projection techniques (8, 12). 

As a measure of variabi l i ty , the root-mean-square e r ro r indicates the l imi t s within 
which about two-thirds of the deviations between the observed and estimated values w i l l 
f a l l . About 95 percent of a l l variations l ie within twice the root-mean-square e r ro r , 
while almost a l l the differences between the theoretical and observed values are i n ­
cluded by three times the root-mean-square e r r o r . 

The root-mean-square e r ro r f o r each t r i p magnitude group was computed by sum­
ming the squares of the differences between the survey and synthesized volumes f o r 
each pair of zones, dividing the total squared differences by the number of zone pairs 
in the group, and finding the square root of the quotient. The procedures can be ex­
pressed by: 

| / ( ^ A B - ^ A b ) 
(1) 
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in which 
R = root-mean-sqiiare e r ro r of volume group 

T ^ g = survey volume between Zones " A " and " B " 

T*^g = synthesized volume between Zones " A " and " B " 

n = number of zone-pairs in volume group (survey data) 

St. Louis Results 

The results of this statistical test f o r St. Louis, for t r ips by a l l modes and by auto 
dr ivers , are given in Table 5, with graphic presentation in Figure 8. The number of 
zone pairs , the root-mean-square e r ro r of estimate, and the average percentage of 
e r ro r are given f o r each volume class. Similar characteristics are observed in the 
deviations exhibited by auto dr iver t r ips and t r ips by a l l modes, although the auto 
dr iver t r ips generally showed less var iabi l i ty . The root-mean-square e r ro r fo r a l l 
volumes of auto driver t r ips was 70 t r ips or about 61 percent of the average inter-zonal 
auto dr iver movement of 114 t r ips ; the comparable e r ro r fo r t r ips by a l l modes was 
120 t r ips , representing about 65 percent of the average inter-zonal movement of 186 
person t r ips . 

The magnitude of the root-mean-square e r ro r fo r each volume class increases as 
the average size of movement increases. However, the proportional e r r o r decreases 
somewhat in the larger volume classes, up to magnitudes of 1, 000 t r ips . Althov^h the 
proportional deviations may seem large at f i r s t consideration, they compare quite 
favorably with values obtained in other recent studies (8, 12). The effect of sample 
variabi l i ty and other factors must also be considered to arr ive at a realistic evalua­
tion of the technique. 

Although considerable variabi l i ty is observed between the survey data and the theo­
re t ica l movements when individual zone-to-zone interchanges were considered, a c r i t i ­
cal evaluation of the results of this test is d i f f icu l t . Because the St. Louis study area 
was subdivided into a large number of relatively small zones, the volume of movement 
between zone pairs tended to be smal l . The average inter-zonal movement f o r a l l modes 
of t ravel between zones was only 186 t r ips . Zone pairs exchanging 1, 000 or fewer 
t r ips by a l l modes accounted f o r over 75 percent of a l l travel in the study area. The 
eiqpanded t r i p data prepared f r o m the home-interview reports show only 298 zone pairs, 
or slightly more than 1 percent of the possible movements, with more than 1, 000 t r ips 
between them. T r i p movements of 2,000 or greater were reported f o r only 95 zone 
pairs, accounting fo r about 10 percent of a l l t ravel within the study area. 

Most of these heavy t r i p movements occurred between adjacent zones. Of the 298 
movements which exceeded 1, 000 t r ips per day, 214 involved pairs of adjacent zones; 
only 84 movements were between non-adjacent zone pairs . Of the 95 zone pairs which 
generated t ravel exceeding 2, 000 t r ips per day, 87 were adjacent to one another and 

ROOT-HEAN-SQUARE ERRORS OF ESTIMATE, SYNTHETIC TRIP DISTRIBUTION 
ST. LOUIS, 1957-AUTO DRIVERS AND ALL MC»ES 

Trip Volume Auto Drivers All Modes 
Number of Root-Mean- Number of Root-Mean-
Zone Pairs Square Error Percent Zone Pairs Square Error Percent 

Less than 100 6,799 50 100 6, 287 66 132 
100 - 200 1,475 94 63 2,073 112 75 
200 - 300 498 127 51 943 147 59 
300 - 400 221 167 48 473 191 55 
400 - SOO 115 187 42 290 215 48 
500 - 600 73 239 43 14S 236 43 
600 - 700 50 330 51 131 277 43 
700 - 800 38 342 46 102 307 41 
800 - 900 25 445 52 64 328 39 
900 - 1,000 24 412 43 52 420 47 
Over 1,000 79 845 298 863 

All volumes 70 120 
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COMPARISON OF ESTIMATING 

ERROR OF SYNTHETIC TRIPS 
ST LOUIS . MISSOURI 

IMITO DBIVERS M.L MObESt-

T R I P S B E T W E E N ZONE P A I R S 
(HUNDREDS) 

. TOO 

I 6 0 0 

COMPARISON OF ESTIMATING 
ERROR OF SYNTHETIC TRIPS 

CHARUJTTE, NORTH CMQLINA 

COMPARISON OF ESTIMATING 
ERROR OF SYNTHETIC TRIPS 

KANSAS CITT. MrSSOUR 
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Figure 8. Ccmparison of estimating error of synthetic t r i p s - St. Louis, Mb.; Kansas 
City, Mb.J and Cliarlotte, N.C. 

only 8 represented travel to zones beyond the immediately adjacent t i e r . 
There were, of course, even fewer movements of large magnitude f o r t ravel by 

automobile dr ivers . Only 114 zone pairs generated more than 1, 000 auto dr iver t r ips 
per day in the 1957 study. Of these movements, 107 involved adjacent zones and 7 
represented t ravel to zones beyond the adjacent t ie r . 

Comparison of the root-mean-square e r rors f o r different volume classes (Table 5), 
reveals that the average proportional e r ro r developed in the synthetic estimates de­
creases in the larger t r i p volume groups, up to volumes of 1, 000 t r ips . Although re la­
tively few in number, the larger inter-zonal movements, composed p r imar i ly of t r ips 
between adjacent zones, showed more variabi l i ty between survey data and theoretical 
data than observed in smaller movements. 

The interactance formulas are sensitive to the measure of distance. Unless the i n ­
tensity of land-use development in each zone is uniform throughout, each zone is de­
voted to only one use, and zones are a l l of approximately the same diameter, there is 
bound to be some distortion in the use of travel times related to zone centroids. The 
zon i i ^ in most cities w i l l not meet these c r i t e r i a unless a vast number of small zones 
is created. In the studies reported, zoning was designed to produce areas with an 
average diameter of about 3-min driving t ime. Exceptions were series of small zones 
in the Central Business Distr icts and small numbers of larger, low-density zones in 
peripheral areas. Large parks, cemeteries, rai l road yards, etc. , were separately 
identified in zoning so that reasonably uniform land-use intensities were encompassed 
by most of the important zones. 

The interactance formulas produce their best estimates f o r t r ips with lengths 
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TABLE 10 
COMPARISON OF ACTUAL AND THEORETICAL TRIP LENGTH DATA 

St. Louis Central Busuiess District-Truck Trip Lengths 

MUes Trucic Driver Trips Vehicle-•Miles 

Survey No. Tlieoretlcal Survey Cum. Theoretical Survey Theoretical 
of Trips No. of Trips Ratio % of Total Cum. % of Total Data Data 

0 - 1 10,026 5,535 0.55 41.7 26.3 5,013 2,768 
1 - 2 4,021 5,209 1.30 58.4 51.1 6,032 7, 814 
2 - 3 4,041 4,399 1.09 75.2 72.0 10,103 10,998 
3 - 4 2,108 3,156 1.50 84.0 87.0 7, 378 11,046 
4 - 5 1,390 1,483 1.07 89.8 94.1 6,255 6,674 
5 - 6 492 703 1.43 91.8 97.4 2,706 3,867 
6 - 7 479 349 0.73 93.8 99.1 3,114 2,269 
7 - 8 
8 - 9 

402 120 0.30 95.5 99.7 3,015 900 7 - 8 
8 - 9 283 36 0.13 96.7 99.9 2,406 306 
9-10 273 16 0.06 97.8 100.0 2,594 152 

10- 11 177 - - 98.5 1,859 -
11 - 12 85 _ - 98.9 978 -
12 - 13 114 - - 99.4 1,425 -
13 - 14 77 - - 99.7 1, 040 -
14 - IS 56 - - 99.9 812 -
15 - 16 28 _ - 100.0 434 -
16 - 17 7 - - 116 -
Totals 24,059 21,006 0.87 55,280 46,794 

Average 
2.3 mi 2.2 mi length 2.3 mi 2.2 mi 

synthetic t ravel pattern of truck t r ips developed about 85 percent of the total number of 
truck vehicle-miles reported in the O-D study. 

Kansas City T r i p Length Comparisons 

The results of the t r i p length study f o r the Kansas City CBD are shown in Figure 9. 
The projected results of the auto dr iver t r i p distributions were in close agreement with 
the survey data. Although in the category of short t r ips a s l ^ h t deficiency was noted in 
the projected results (8 percent of the projected t r ips versus 11.5 percent in the sur­
vey data were less than 1 m l long), the two sets of data steadily converge unti l both 
reveal that slightly more than one-half of a l l auto dr iver t r ips were less than 3 m i in 
length. A slight excess of t r ips over 3 m i is observed in the projected results, but at 
no point do the cumulative distribution curves of the two sets of data vary more than 4 
percent. Almost 90 percent of the auto dr iver t r ips in both data were less than 7 m i 
in length. A s imi la r comparison was made of auto passenger t r ips , where even closer 
agreement between the two sets of data was observed; at no point does the variation be­
tween the two cumulative distribution graphs exceed 1.5 percent of the total passenger 
t r ips . 

TABLE 11 
COMPARISON OF ACTUAL AND THEffitETICAL TRIP LENGTH DATA 

Kansas City Central Business District-Auto Driver Tnp Lengths 

Survey No. 
of Trips 

Auto Driver Trips Vehicle-Miles 
Theoretical 

No. of Trips Ratio 
Survey Cum. 
% of Total 

Theoretical 
Cum. % of Total 

Survey 
Data 

Theoretical 
Data 

0 - 1 
1 - 2 
2-
3 -
4 -
5 -
6 -
7-
8- 9 
9 - 10 

10- 11 
11 - 12 
12 - 13 

9,674 
7,839 

11,729 
12,941 
9,642 
4,221 
9,450 
8,712 
2,985 
3,667 
1,897 

985 
72 

7,049 
7,360 

15,221 
15,417 
11,326 
4,085 

10, 892 
6,984 
3,474 
3,667 
1,559 

529 
78 

0.73 
0.94 
1.30 
1.19 
1.17 
0.97 
1.15 
0.80 
1.16 
1.00 
0.82 
0.54 
1.08 

11.54 
20.89 
34.88 
50.32 
61.82 
66.86 
78.13 
88.52 
92,08 
96.46 
98.72 
99.90 
99.99 

8.04 
16.44 
33.81 
51.40 
64.32 
68.98 
81.41 
89.38 
93 34 
97.52 
99.30 
99.90 
99.99 

4,837 
11, 759 
29,323 
45,294 
43,389 
23,216 
61,425 
65,340 
25,373 
34,837 
19,919 
11,328 

900 

3,525 
11,040 
38,053 
53,960 
50,967 
22,468 
70,798 
52,380 
29,529 
34,837 
16,370 
6,084 

975 

Totals 
Average 

length 

83,814 87,641 1.05 376,940 

4.5 ml 

390,986 

4.5 mi 



83 

The comparisons of theoretical and actual t r i p lengths are summarized fo r the Kan­
sas City CBD in Table 11. Of even greater significance to the highway ei^ineer than 
the number of t r ips is the number of vehicle-miles developed in the study area. It is 
apparent that the vehicle-miles developed in the projections f o r each mile increment 
corresponds closely with the number reported in the survey data, with equally close 
agreement observed in the cumulative percentage distribution. Although the total num­
ber of vehicle-miles developed by to and f r o m the Kansas City CBD by the interactance f o r ­
mulas was about 7 percent more than that derived f r o m the expanded survey data, both dis­
tributions revealed an average length of 4.5 m i fo r auto dr iver t r ips . As in St. Louis, com­
parisons of survey and theoretical t r i p lengths were made f o r a l imited sample of movements 
throughout the remainder of the study area. Although the results were not as favorable as 
those in St. Louis, the study showed that the interactance formulas were producing t r i p 
lei^ths in proportions very s imi lar to those revealed in the survey data. 

Charlotte T r i p L e r ^ h Comparisons 

The relatively smal l number of zone pairs in the Charlotte study area permitted a 
comparative analysis of survey and synthetic t r i p lengths throughout the entire area. 
As given in Table 12, the synthetic distribution of t r ips resulted in f a i r l y close agree­
ment with the proportions of t r ips in each 1-mi increment as reported in the Charlotte 
survey data. The cumulative distribution chart of these data ( F ^ . 9) shows that short 
tr ips are slightly overestimated by application of the interactance formulas. Fewer 
than 10 percent of the total t r ips exceeded 5 m i in length in both the synthetic and the 
survey data. The average auto driver t r i p length of 2.7 m i in the synthesis corresponds 
with an average of 3 .1 m i derived f r o m the survey data. The total number of vehicle-
miles developed in the synthesis is 642,022 or about 90 percent of the total of 719, 778 
shown in the survey data. 

Evaluation of T r i p Length Studies 

The t r i p length studies indicate that t r ips of various lengths are b e i i ^ projected in 
approximately correct proportions by use of interactance formulas. Because distance 
is one of the most significant factors in determining assignable proportions of t r a f f i c , 
this fact is of importance in making an evaluation of the synthetic t ravel patterns. The 
proportion of assignable t r ips increases constantly between zone pairs benefiting f r o m 
the expressway system as the driving time between the zones increases. Consequently, 
a large proportion of the l o i t e r t r ips w i l l be diverted to expressways where this ser­
vice is provided; in the case of expressway systems as comprehensive as those pro­
posed f o r St. Louis and Kansas City, the great major i ty of the longer inter-zonal move­
ments w i l l benefit f r o m the system. 

COMPARISON OF ACTUAL AND THEORETICAL TRIP LENGTH DATA 
Charlotte Metropolitan Area—Auto Driver Trip Lengths 

Miles Auto Driver Trips Vehicle--Miles 
Survey Theoretical Survey Cum. Theoretical Survey Theoretical 
Trips Trips Ratio % of Total Cum. % of Total Data Data 

0 - 1 22,946 27,960 1.22 9.9 11.9 11,473 13,980 
1 - 2 49,463 60, 088 1.22 31.1 37.5 74,195 90,132 
2 - 3 53,908 59,134 1.10 54.3 62.7 134,770 147,835 
3 - 4 43,259 41,968 0.97 72.9 80.6 151,407 146,888 
4 - 5 27,305 22,925 0.84 84.6 90.4 122,873 103,163 
5- 6 18,440 12,888 0.70 92.6 95.9 101,420 70,884 
6 - 7 10, 015 5,800 0.58 96.9 98.3 65,098 37,700 
7 - 8 4,511 2,533 0.56 98.8 99.4 33,833 18,998 
8- 9 1, 813 888 0.49 99.6 99.8 15,411 7,548 
g - 10 674 342 0.51 99.9 99.9 6,403 3,249 

10- 11 199 115 0.58 100.0 100.0 2,090 1,208 
11 - 12 70 38 0.54 100.0 100.0 805 437 
Totals 232,601 234,679 719,778 642,022 
Average 

2.7 mi length 3.1 mi 2.7 mi 
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It has been demonstrated in each of the study areas imder consideration, that the 
preponderance of large inter-zonal movements consists of t r ips between adjacent zones. 
In most cases, only a very small proportion of t r ips between adjoining zones is assign­
able to limited-access fac i l i t ies . Therefore, the weakness of the interactance formulas 
in predicting large movements between particular pairs of adjacent zones to a high 
degree of accuracy loses significance when the projected travel data are used in the 
estimation of future design-hour expressway volumes. The abili ty of the interactance 
formulas to estimate inter-zonal movements of small magnitudes, which are not r e ­
vealed in the expanded home-interview data because of sample size, has been demon­
strated. This, coupled with the fact that underestimation of short t r ips (when that oc­
curs), is compensated f o r by t r ips in the intermediate range of t r i p lengths rather than 
by long t r ips , confirms the applicability of theoretical t ravel patterns to assignment 
purposes. 

I t would have been desirable to make assignments of the synthesized data to the ex­
pressway systems proposed in St. Louis and Kansas City. A direct comparison of the 
expressway volumes thus estimated with the volumes developed in the 1957 assignments 
made in these cities would have been of great value, but the time and expense involved 
precluded this analysis. 

Screenline Comparison 

Comparisons were made of the numbers of internal truck and person t r ips crossing 
the St. Louis screenline. The synthetic t r i p distribution resulted in about 95 percent 
of the total person movements crossing the screenline, as recorded in the ground 
counts given in Table 13. Comparable 24-hr expanded survey movements accounted 

TABLE 13 

COMPARISON OF SCREENLINE CROSSINGS 
Survey and Synthesized Data--St. Louis, Missouri , 1957 

Total Internal Internal 
Item Person Trips Truck Trips 

Groimd count (24 hr) 643, 803' 33,468 
Expanded survey data 548, 635 31, 585 
Ratio: survey data/ground coimt 0. 852 0.943 
Synthetic data 611, 574 32,482 
Ratio: synthetic data/ground count 0.950 0.971 

' Estimated by applying average occupancy factor of 1.52 persons per vehicle and 
adding transit ground counts. External tr ips have been eliminated. 

fo r 85 percent of groimd counts. Truck movements crossing the screenline, as re ­
vealed in the synthetic and survey data, accounted f o r 98 and 97 percent of the actual 
ground counts, respectively. These results indicate that the synthetic t r i p distribution 
is capable of producing a screenline check within the degree of accuracy required 
of survey data by the U. S. Bureau of Public Roads and also of giving close comparison 
with the e}q)anded survey data. 

SUMMARY AND CONCLUSIONS 

In the last several years, interactance formulas have been developed f r o m O-D 
data collected in urban areas of widely different characteristics. Although i t has not 
been possible to test a l l of these relationships to synthetically duplicate existing t r a ­
vel patterns, a series of checks has been made on the St. Louis, Kansas City, and 
Charlotte studies to evaluate the validity of these formulas. 

Comparison of individual movements, by computation of the root-mean-square er­
ror , showed that the interactance formulas were producing average deviations which 
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were less, in nearly a l l cases, than those reported in s imi lar research projects by 
other investigators. Inasmuch as these deviations were large, however, additional 
comparisons of actual and theoretical t r i p lengths were made, as a better index of the 
suitability of using synthetic travel patterns in assigning volumes to urban expressways. 
The results of these tests were highly satisfactory, revealing the abili ty of this syn­
thetic approach to approximate the total number of vehicle-miles within 10 percent in 
most cases. In addition, a screenline check of the synthetic t ravel pattern developed 
for St. Louis showed closer agreement with ground counts than was obtained f r o m the 
expanded survey data. 

The insight provided by these successful tests should prove of inestimable value in 
devising further improvements in the development and application of interactance 
models. The possibility of analyzing other combinations of t r i p purposes, special con­
sideration fo r adjacent zone pairs, and additional land-use variables, are only a few 
of the possible factors to be studied toward the ultimate goal of developing a universally 
applicable method fo r synthesizing travel patterns. 
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This paper discusses the development of an e-
lectronic plotting device and a somewhat d i f ­
ferent method of summarizing t r i p desire 
lines. It evaluates the u t i l i ty of the desire 
l ine. I t also evaluates the particular output of 
this machine, using examples f r o m the Chicago 
area. 

# OF A L L the items recorded in origin-destination (O-D) surveys, the most crucial 
is , as the name suggests, the address of t r i p or igin and destination. These surveys 
are designed and carr ied out principally as a means of insuring that new faci l i t ies be 
located and designed to serve t ra f f i c demand. This demand must be f ixed geographically 
in order to achieve this purpose. The origin and destination points provide the two 
f ixed points of demand with service required in between. 

Nearly a l l O-D surveys plot out "desire l ines . " These are straight lines connecting 
origin points with destinations. But plotting a line f o r each journey would be so d i f ­
f i cu l t that different forms of summarization have been developed to present these facts. 
Basically, this summarization has two aspects—first, summarizing the detailed ad­
dresses of or ig in and destination into area groups and second, g roup i i^ the lines them­
selves. 

The f i r s t involves establishment of geographic units such as zones, distr icts , tracts, 
blocks, etc. The f o r m of this summary imposes problems of detail and also of presen­
tation. 

The second f o r m of summary involves grouping desire lines in a particular way. 
This has generally involved collecting lines into summary bands as volumes increase 
and lines are closer together. Of course, there are the problems of vehicle vs person 
trips—separate displays f o r transit and auto dr ivers , etc. , which increase the problems 
of more complex detail versus desired simplif icat ion. 

A l l of these sununarizations have been developed to br ing the myriad of detail into 
some more digestible form—to s impl i fy the picture. But with simplif ication, one runs 
the r i sk of distorti<Hi so that extremes are to be avoided. The method found most suit­
able f o r the Chic^^o study involved the use of g r id coordinates and the development of 
desire line density charts. 

GRID AND DESIRE LINE DENSITY CHARTS 

The g r id coordinate method of coding t r i p origins and destinations and the method 
f o r tracing and accumulating a l l desire lines across the g r id was f i r s t developed by the 
California Highway Department (1). This method permitted the use of a large number 
of smal l zones (grid squares) and the presentation of desire lines in the f o r m of a den­
sity map. The Detroit Metropolitan Area T r a f f i c Study adopted this method and ex­
tended i t by segregating desire lines by direction and by preparing maps (Fig. 1) on 
tabulating equipment (2). The machine processing and mapping of t r i p data was a major 
step fo rward . 

However, the size of the survey area, the number of t r ips involved, and the degree 
of detail required, place l imi t s on the use of this method. Further, the amount of data 
to be handled is l imi ted by the number of columns in the punched card. The Detroit 
survey area enclosed some 709 sq m i which were divided into about 2,900 one-quarter 
square-mile g r i d units. Over this g r id system the t r ips were traced and accumulated. 

86 
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Figure 1. T r i p d e s i r e l i n e c h a r t and t r i p d e s i r e l i n e d e n s i t y c h a r t ( u p p e r — d e s i r e 
l i n e chart from the S t . Louis Mstropolltan Area Transportation Study, 1959J l o w e r — d e ­
s i r e l i n e d e n s i t y c h a r t from the D e t r o i t Metropolitan Area T r a f f i c Study, Vol. I , 1955). 
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The resultant summary cards, one for each grid square, permitted the selective print­
ing of a large number of desire line density charts. The scale of this work is perhaps 
best shown by examining the volume of punched-card work required prior to preparation 
of the coordinate summary card. To trace and accumulate the 250, 000 original trip 
cards required over 1, 500, 000 work cards and 10 weeks to produce the final coordinate 
summary cards. i 

THE CARTOGRAPHATRON 
At the outset of the Chicago Area Transportation Study, to overcome the problem of 

size, several attempts were made to design a computer method for mapping trip desire 
lines. The size of the study area, 1, 236 sq mi, and the estimated 10, 000, 000 daily 
trips (or nearly 370, 000 individual records) made the use of the pvinched-card method 
extremely cumbersome. Similarly, while a computer program could be developed, it 
appeared to be far too expensive—both in time and dollars. It was clear that use of the 
computer for summarizing desire lines would have tied up this expensive machine for 
long periods of time when it could be used for more urgent work. 

As a possible solution, personnel of the Armour Research Foundation proposed that 
trips be traced electronically and displayed on a cathode-ray tube. After considerable 
exploratory work on this and other proposals, a contract was entered into with the 
Armour Research Foundation to design and construct a device which would automatically 
display trip desire lines. This came, eventually, to be called the "Cartographatron" 
(Fig. 2). 

I I 
Operation of the Cartographatron I 

The Cartographatron is an electronic analog device which can display a dot or line 
of required density and location on the face of a cathode-ray tube. The input is on 
magnetic tape, prepared on the Burroughs ElectroData "Datatron 205," and the output 
is a 4- x 5-in. photographic negative (3). The block diagram (Fig. 3), shows the major 

t a p * 
c a r r M r 

monitor 
oidlHscope 
and master 

control panel 

selector 
'switches system 

>«^ector jacks 
and decision} 
element pltigi 

board 

precision cathode 
ray tube cabinet 

Figure 2. Front view of Cartographatron. 
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steps in the operation of the Cartc^raphatron. The magnetic input tape contains the 
coordinate values of the origin of the t r i p , direction of the t r i p , the speed and distance 
of the trace, plus t r i p characteristic data. Speed in this sense is related to the ex­
pansion factor of the t r i p being displayed. If the t r i p has a high expansion factor, then 
the speed w i l l be slow to permit a greater amoimt of light to be transmitted to the photo­
graphic negative. Distance is air l ine distance between or igin and destination. As this 
information is being read f r o m the tape, a dot of light appears on the face of the cathode-
ray tube and moves across the tube to the destination of the t r i p . The l ight displayed 
is recorded on a 4- x 5-in. photographic negative. Because the shutter of the camera 
is f ixed in an open position, a l l traces are added to the same negative. Jn this way the 
photographic plate works as a "memory" or summarizing device. The resulting den­
sity at any point on the negative is in proportion to the number and speed (factored t r i p 
weight) of traces which passed over that point. 

In operation, the Cartographatron reads and displays t r i p records at approximately 
the rate of 48 per second. A record constitutes one trace or one ime:q)anded t r i p . A l ­
lowing time fo r the changing of tapes, i t is possible to display the entire t r i p f i l e (369, 
194 records on 21 reels) f o r the Chicago area in approximately 3% hr . Simply sorting 
this volume of cards on one column could be done at the rate of 600-1, 000 cards per 
minute. By comparison, the Cartographatron is 3 to 5 times as fast and displays the 
data besides. 

One significant economy lies in the conversion of numeric output to maps. The me­
thods used in a l l previous studies have required numerous hours of map preparation, 
posting, drafting and coloring. The Cartographatron accomplished a l l of this photo­
graphically thus eliminating many man hours of work. 

Selective Displays of Travel Data 

In addition to speed, the ability to select t r i p characteristics must be considered as 
a major feature of the Cartographatron. Actually, desire line maps are wanted by 
analysts in highly selective fo rms . The abili ty to select over 4, 000, 000 displays f r o m 
the Chicago data must be coimted as a useful feature. Table 1 gives the t r i p informa­
tion identified fo r the purpose of selection by the Chicago study. 

For this information on t r i p characteristics, a maximum of 22 digits may be coded 
onto tape f o r selection. Also, no more than three digits may be used at any one time 
in selecting a particular display. An example of how this selection works may be shown 
by assuming that only the desire lines of a l l internal person t r ips shopping at department 
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TABLE 1 

Internal 
(Home interview) 
248,063 Records 

External 
(Roadside Interview) 

72, 754 Records 

Suburban Railroad 
(External) 

5,028 Records 

Trudc and Taxi 
40,751 Truck Records 

2, 598 Taxi Records 

1 Priority mode 
2 Age 

Occupation 
Industry 
Direction 

Land use O 

l^nd use D 
Ring D 

12 Sector D 
13 
14 

Mode 
Parking type 

15 Trip purpose - from 
16 Trip purpose - to 
17 
18 
19 
20 
21 
22 

Time of arrival 

Elapsed time 

Airline distance 

Station number 

Hour period 

J Direction 
7 RingO 
8 Sector O 
9 RlngD 

10 Sector D 
11 
12 
13 Vehicle type 
14 Trip purpose (trucks) 

Alrlme distance 

15 Garage code 
16 Trip purpose 
17 D North or south of screenline 
18 D in or out of study area 
19 Thru trips 
20 
21 Land use D 
22 Station code 1-26 or 30-56 

2 Departure time O 

Blocks to station 

7 Total trip time 

10 Arrival time final D 
11 
12 
13 
14 

Blocks from station 

Miles on railroad 
15 
16 Mode - to station 
17 Trip purpose 
18 Auto owner 
19 
20 Airline distance 
21 

1 Vehicle type 
2 Direction of prucipal 

route 
3 Business and industry 

Land use O 

Land use D 
11 RingD 
12 Sector D 
13 Day of week 
14 Screenline crossing 

(total) 
15 Trip purpose - from 
16 Trip purpose - to 
17 
18 
19 
20 
21 
22 

Time of arrival 

Elapsed time 

Airline distance 

stores are wanted. To select shopping t r ips only, the main selector number 16 ( t r ip 
purpose to) is plugged in and button number 3 (code f o r shopping) is depressed. At 
the same time selectors number 9 and 10 (land-use destination) are plugged in and but­
tons 5 and 2 (department stores) are depressed. The display may now be run. The 
Cartographatron w i l l read a l l records on the tape, but w i l l display only those meeting 
the selection requirements. Concurrently with the run, the machine keeps a f u l l count 
of a l l records inspected and also a count of those actually displayed. 

Other Applications 

There is, in addition to the line generation feature, the possibility of point generation 
or dot maps. As of this t ime, the only dot mapping done by the Chicago Area Transpor­
tation Study has consisted of displaying the origin dot of t r i p records. The same char­
acteristics as those described f o r line generation are used. There is , however, the 
possibility of t ransferr ing the land-use survey data, the population data and, perhaps, 
also street capacity data to magnetic tape and displaying density maps. Another pos­
sible application, yet imtried, is to prepare scattergrams and correlations on magnetic 
tape and display them on the Cartographatron. St i l l a fur ther application which has 
had l imi ted use by the Chicago study is to use the equipment as a card coimting device. 
WhUe the count is that of unfactored t r i p records, the speed in which at least a p r e l im­
inary count could be made of special selections is considerably greater than that of 
punched card work. The Cartographatron has two counters; one shows the number of 
records inspected and the other the number displayed. 

Application of this equipment to other transportation studies and O-D surveys is 
l imi ted only in that input requirements be met. The Cartographatron is designed to 
operate on any geographic area fo r which data may be coded to a gr id system. The 
gr id system used in Chicago covers a 90- by 90-mi area. As shown in Figure 4, this 
area has been divided into one-quarter square miles by the one-half mile g r id system. 
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Figure h. One-half mile grid coordinate system. 

The Cartographatron w i l l operate on detail coded to the tenth mile within this system 
or on a g r id of 1,800 by 1, 800 units. There are presently arrangements f o r coding 
and displaying Pittsburgh Area Transportation Study data on the Cartc^raphatron. The 
Pittsburgh Grid System is essentially the same as used in Chicago. 

Cost of Cartographatron Work 

The cost of machine development and construction has been absorbed by the State 01 
niuiois and par t ic ipa t i i^ s^encies so that the operating cost estimates given here are 
merely direct out-of-pocket costs. 



92 

Cost per lane of tape (20, 000 records) $350. 00 
This is based on $65 for tape, $200 for machine (computer) running 
time, and $85 for programming and other preparatory work. 
Cost of running and processing one display from one 
lane of tape $ 6.00 
This cost includes the operator's time, photo-lab labor and supplies, 
and operating overhead (the unit cost per lane drops as the number 
of lanes in one display increases). j | 

Although the cost of preparing a single map would be large because of tape prepara­
tion costs, the cost of all subsequent displays is only the running cost and represents 
savings as more displays are required. It should be noted, also, that these costs in­
clude photographic work which might otherwise require substantial rough drafting time 
and be difficult, then, to reproduce. 

QUANTITATIVE MEASURES 
A question frequently asked by visitors is whether it is possible to measure trip den­

sity on these displays. The answer is "Yes." The key to scaling the the Cartographa-
tron display is the addition on each display of a calibration raster. (The Cartographatron 
displays reproduced in this paper do not reflect the sharpness of detail or pattern dis­
cernible in the original photo-print. Limitations of available reproduction facilities 
have caused this difference between the original and the reproduced copy.) As shown 
in Figure 5, the raster now used by the Chicago study consists of an eight-by-eight block 
pattern. The density function of this raster may be plotted as a normal photographic 
density curve. In Figure 5 the "desire line" miles are known for each of the 64 units 
of this scale. Each unit represents an area of 6% sq mi, or 25 /^-sq mi grids. The 
scale is programed so as to employ two variables on both the x and the y axis. These 
are: (1) the number of times the base display is repeated in each row and column and 
(2) the expansion factor for each row and column. 

The Densitometer ' ^ 
By comparing the density of areas within the calibration raster with densities of 

areas within the display, it is possible to scale the display in terms of desire line miles 
per unit of area. The equipment employed to make these density measurements is a 
Densitometer. Figure 6 shows the Densitometer used by the Chicago study. 

The operation is simple: a light of constant intensity is transmitted through the 4-
x 5-in. display negative via a small aperture to a photoelectric cell (the probe unit). 
The amovint of light passing through the negative is translated to voltage and is displayed 

in numeric terms on the meter. This meter 
has a maximum reading range of 450 units. 
The basic densitometer equipment has been 
modified by the addition of controls for 
carrying the negative over the light source 
and a plotting device consisting of a 4X 
enlargement pantograph. Areas of 0. 005 
in. in diameter at negative scale (approxi­
mately %6th of a square mile in Chicago) 
may be read. 

Whereas measurements may be made 
at this scale, they would ordinarily be ex­
pressed in terms of the input imit, one-
quarter square mile in Chicago. The use 
of this equipment is limited to the develop­
ment of profiles and "spot elevations. " A 
complete description of the surface of a 

F i g u r e 5. C a l i b r a t i o n s c a l e . i i 



METER 

PANTOGRAPH 

PLOTTING 
TABLE^ 

CROSS FEED 

PROBE UNIT 

TRANSMISSION 
LIGHT SOURCE 

F i g u r e 6. Densitometer u n i t . 

display, because of the number of readings, would require the use of a recording micro-
densitometer. It is possible to read the value at any point within 2 to 3 percent of the 
precise, true value using the equipment shown. 

PATTERNS 
The California and Detroit mapping of trip desire line densities has employed the 

use of the "isoline." This line has been compiled and dratted by hand over a printed 
or posted density map. Each line is compiled so as to enclose areas of similar den­
sities and has been subject to the judgment of the compiler as to exact alignment and 
shape. Although the resulting maps may be considered to be an accurate picture of the 
density patterns, they are subject to considerable human judgment. It is doubtful that 
any two individuals could or would isoline a desire line density map in exactly the same 
fashion. 

In contrast, the original compilation of isolines on the Cartographatron displays is 
accomplished in the photo-lab. The photographer, by varying the printing exposure, 
varies the density pattern on the prints (Fig. 7). The scaling of isoline depicted in 
this fashion is done by preparing profiles of the display on the Densitometer. 

The above description of "density splitting" as a basis for isolining is intended only to show 
that maps similar to those produced in California and in Detroit may be prepared from 
Cartographatron displays. However, the value of the isoline, as such on Cartographa­
tron displays, has been questioned by the staff of the Chicago study. Because an indi­
vidual with normal vision is capable of reading up to 20 shades of grey, it has been 
argued that the basic patterns depicted by isolines may be observed without any carto­
graphic aids on the display. Certainly, the principal patterns are readily apparent. 
Depending on the data displayed and the use intended, the addition of quantitative mea­
sures may be desirable. Such measures can be accomplished on any Cartographatron 
display. 

USEFULNESS OF DESIRE LINE DISPLAYS 
The preceding portions have described the design and workings of the Cartographa­

tron. It is a unique machine. It summarizes great quantities of information in visual 
form. It is fast. It is electronic. It proceeds from coded data to virtual final pre­
sentation without clerks or draftsmen. All of this is of interest but there are many 
who wil l say, "Of what real use are desire lines? What is the advantage of this step-
ped-up data processing device in actual application?" 

Justification clearly depends on use and usefulness of O-D survey data in supplying 
both increased knowledge and the increased ability to make the right decision in planning 
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Figure 7. Density s p l i t s . 

and building new transportation facilities. This matter has been puzzled over at some 
length in trying to measure the costs and risks of developing the equipment as against 
the utility of the ultimate output. It is felt that desire line summaries were critically 
necessary in understanding the large mass of 0-D data collected. 

Although one cannot exactly measure the benefits of such a machine against its de­
velopment cost, two great values are apparent at this time. The first is that these de­
sire line prints create careful and unbiased images of traffic patterns in the minds of 
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the team of analysts and technical personnel who will have to interpret proposals. The 
second and less tangible benefit lies in the "sales value" of these presentations. 

The first benefit of common images is by far the more significant one. Members of 
the study staff, as well as personnel from related agencies and decision-makii^ of­
ficials, all have difficulty understanding large masses of data and seeing a great metro­
politan region as a whole rather than a series of locations or political jurisdictions. 
These summary pictures create accurate, regional images of the travel data. These 
images being common backgroimd help to relate one person's work to another's. Both 
have common information. Common technical denominators produce much more effec­
tive team work and collaboration. 

Obviously, these pictures, being new and carefully developed, were excellent means 
of communication to citizens, local groups and interested agencies. It is not simply 
that they were made "electronically" (which, being a "good" word, insures the respect 
of the layman) but rather that the impression gained of travel behavior, as the viewer 
has e}q>erienced it, is suddenly confirmed. He knows this is right. The data are re­
liable. What he has seen agrees with his observations. Once this respect for accuracy 
is established, communication is easier and more profitable. 

To capsulize this argument, one picture is worth a thousand words. But the proof 
is in the result. Therefore, the remainder of the paper consists of examples. 

Interpretative Examples 
Figures 8-11 show four maps of the Chicago region. The first three provide data 

which can be obtained from secondary sources but which are easily portrayed because 
they are stationary. These figures also have much bearing on trip desire line patterns. 

Figure 8, showing political boundaries, is simply taken from a highway road map of 
the region. Outlined is the cordon line marking the boundaries of the internal survey 
area. 

Figure 9 shows the population by place of residence using isolines to identify areas 
of common density. This is made in the same way as a dot map but groups regions 
carrying similar dot densities into isolines. 

Figure 10 shows the amoimt of floor area at each y4-sq mi grid of the region. Floor 
area measurements were not made in much of the suburban area because of costs of 
secondary source data. However, more than 85 percent of total floor area is represent­
ed on this model. Floor area is a critical index of trip generation as can be seen by 
comparison with Figure 11 which shows the number of person trips beginning at each 
grid square on an average week day. This model will look very much like that for 
floor area excepting only the suburban areas where no floor area measured are shown. 

All of these reflect the structure of the Chicago region and provide all the needed 
evidence to form a mental image of what the major desire line patterns would be. 
Reference to succeeding illustrations will demonstrate that the pictures are persuasive 
as to accuracy and that for the first time there is clarity to an otherwise vague image. 
The basic argument for the value of desire line displays is based on the justness of 
this claim. 

The aggregate display of desire lines of all person trips is shown in Figure 12. This 
is what your mental image should have been. This is the sum of 10, 500, 000 person 
trips made by over 3, 000, 000 travelers on an average week day. All modes of travel 
are included. 

In Figure 13 only the desire lines of travelers on suburban railroads or elevated and 
subway trains are shown. This is a unique pattern. These are travelers with very 
special requirements. As we would expect, they focus on the CBD. They are generally 
long trips. The sunburst shown here still has a sharp pattern which marks the "fingers" 
of land development that extend outward along commuting railroads. The desire 
lines are drawn only between "home" and "office" and do not necessarily have a relation 
to the rail line over which they traveled. 

Figure 14 shows the patterns of bus riders. These are shorter journeys and are 
heavily concentrated in the densely built-up part of the region, primarily within the 
City of Chicago. There is little or no visible bus use in the outer suburban parts of 



96 

-«««%5^-«!SSg!S•^-^ 

CHICAGO AREA 
TRANSPORTATION STUDY 

Cordon Line 
™ « , ™ H Screen Line 

1 

Figiure 8. Study area and p o l i t i c a l 'boundaries. 



97 

TOTAL 
POPULATION 

DISTRIBUTION OF 
t 5.200,000 PERSONS 

POPUl/rnOM DENSITY 
PER t̂tUARC MUC 

4«UMW l> W . 9 M 

sum n.w 

2.SB0fa> 4.m» 
» ! • Z.4W 

p j : 

COMPtlEP FROM 
'A SQUARE MIIE DATA 1956 

CHICASD 
AREA 
TRANSPORTATION 
STUDY 

Figure 9. 



7-

Figure 10. Model of tot a l floor area. 

Figure 11. Model of tot a l person t r i p destinations. 

the region. The CBD is the focus of the most dense collection of desire lines, but it 
has nothing like the focal power for bus trips that it has shown for rail, rapid transit 
trips. 

Auto drivers create a pattern much more like that of all persons (Fig. 15). Of 
course, this must be so because about three-quarters of all person trips are in pas­
senger cars. Closer inspection shows that the CBD has even less focal effect on these 
trips. By comparison, they are distributed over the landscape marking out the major 
patterns of land development. 

This illustrates the basic property of desire line displays. That is, identifying a 
picture which provides a visual and quantitative image of travel demand in the region. 
When one discusses changes in bus service or rail service one has a vivid impression 
of exactly how people have sorted out in makii^ their choices for or against a particular 
supply of transportation services. 

To show how these have research and problem solving application9, several ex­
amples are given. The first arises from a critical argument on applications of O-D 
data and predictions. 
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It has been argued with reason, that facilities must be planned for peak-hour require­
ments rather than for average daily needs. It is further argued that peak-hour travel 
should be forecast and that this can be accomplished by forecasting journeys to work. 
On the opposite side of this argument (and this side was taken) are the people who argue 
that peak-hour demands can be better inferred as a function of total daily travel. The 
Cartographatron provides a ready means to examine which is the more plausible con­
tention. 

To do this, the desire lines were displayed—first, for all auto driver trips originating 
in the two peak hours between 7 and 8:59 a.m. (Fig. 16). Next, for comparison, and 
at similar scale, are the auto driver journeys going from home to work (Fig. 17). In 
addition, for comparison, the auto driver journeys starting other than during the 4-hr 

Figiire 12, A l l person t r i p s . 
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periods 7 a.m. or 8 a.m. and 5 p.m. or 6 p.m. are displayed (Fig. 18). Now the 
reader may judge for himself whether these are significant differences in the several 
patterns. Do the work trips look more like peak-hour travel than the all auto driver 
trips? Is the peak pattern different from the off-peak pattern? How do all of these 
compare with total daily travel (Fig. 19)? 

For over-all patterns, the work trips are as much different from peak-hour patterns 
as peak-hour travel is different from total daily travel. Off-peak travel, however, 
seems to have quite marked differences. This answer was less pleasing than had been 
hoped by the author but it is possible to judge for oneself because of the properties of 
this machine. 

Another local problem arises from the continual concern over truck needs. Some 

Figure 13. Rapid t r a n s i t t r i p s . 
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F i g u r e ik. Bus t r i p s . 
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Figure 15. Automobile t r i p s . 
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Figure l6. Peak hour automobile t r i p s . F i g u r e I7. Automobile work t r i p s ( v e h i c l e -
m i l e s equal to Fig u r e 16). 

F i g u r e 18. Off-peai: automobile t r i p s F i g u r e I 9 . Automobile t r i p s ( v e h i c l e - m i l e s 
(vehicle-miles equal to Fig u r e I 6 ) . equal to Fig u r e I 6 ) . 
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advise special facilities to get trucks off certain streets whereas truckers, sensitive 
to taxes and urban delays, are extremely concerned that planning be geared to their re­
quirements. In Figure 20 all truck trips are displayed. Here again the picture is gen- ' 
erally similar to that of auto drivers. This is of substantial significance because it sug­
gests that additional studies to determine whether special facilities are needed for trucks 
might not be rewarding because trucks go where autos go and can therefore use the same 
facilities. (More than this, they do not clash during peak-hour traffic.) 

One of the applications of any O-D survey is that of fixing locations for new express-
ways. If it is reasoned that short trips are of little significance as potential express­
way users, then the vehicle trips of greater than say 10 mi of desire line length may be 
selected out (Fig. 21). This is one of the more difficult charts to read. Obviously, 
there is no great single concentration of these lines. It would be very difficult to band 

Flgxire 20. Truck t r i p s . 



105 

them together into major sectoral groupings to suggest particular expressway locations. 
Quite surprisingly, however, much information as to location of expressways was 

gleaned by plotting only the shortest trips. In Figure 22 only vehicle trip desire lines 
of less than 3 mi are displayed. Suddenly, little constellations of travel are isolated 
from one another. These journeys mark out the small community areas where travel 
is short. The local, internal travel of communities should move freely on collector and 
arterial streets. The piercing of these patterns by express highways designed to serve 
longer journeys may not be suitable. Thus, there is strong visual evidence of com­
munity definition as an aid in determining most suitable locations for fully controlled 
access routes. 

One final use may round out the examples of applications which are constantly en­
larging. This involves furnishing data to other public agencies—in this instance, the 

Figure 21. V e h i c l e t r i p s greater than 10 mi long. 
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Chicago Department of City Planning. They have been working for some time on pro­
posals for modernizing older shopping centers in the city. They have been interested 
in possible schemes for revising traffic facilities to improve access to these older com­
mercial centers. To study this more closely, they requested tabulations of trips to 
selected locations in the city. It was easy to supply this information in a visual output. 

Figure 23 shows the origin pattern of all travelers going to shop in the vicinity of 
63rd and Halsted Streets. Here is an example of dot maps and also a quick and usable 
output. 

Figure 24 shows the accumulated desire lines of these shoppers. Needless to say, 
this was much more immediately usable data to the planners and they have reported 
that the materials were of great interest to the local merchants in the area. Additional 
requests are now on hand. Service of this kind increases the acceptance of general 

Figure 22. V e h i c l e t r i p s l e s s than 3 mi long. 
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survey data and wil l be very useful in detailed study of specific local problems. 
New and varied uses of this machine are continually being found. The exact measure 

of utility cannot be established, nor is it possible to measure exact worth. The Pitts­
burgh Area Transportation Study is using it to display their data. The visual image of 
travel demand and pattern obtained from these displays is an essential piece of know­
ledge for an accurate understanding of the regional travel demand of any large urban 
area. It is recognized that, once known, the value of the knowledge is discounted— 
particularly if it conforms to preconceived notions. However, exact information, 
carefully presented wil l continue to have significant meaning in properly evaluating any 
problem. To work out the program of transportation facilities best suited to an urban 
region is of such compelling importance that carefully assembled factual data of many 
types must be on hand to insure that decisions are made in the public interest. Seen 
from this viewpoint, the machine and its output are well worth the development cost. 

Figure 23. O r i g i n of shopping t r i p s to one d i s t r i c t . 
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Figure Zk. Desire lines of shopping tri p s to one d i s t r i c t . 
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The Continuing Traffic Study: Methods of 
Keeping 0-D Data Up-to-Date 

ALBERT J. MAYER and ROBERT B. SMOCK, Detroit Area Traffic Study 

• n IS NOW widely recognized that a home-interview O-D study is the only available 
objective basis for planning an urban transportation system. Consequently, scores of 
cities have imdertaken such studies, a fact which is noteworthy because it symbolizes 
a widespread desire to base social action on something more substantial than guesswork. 
But the studies may easily become as misleading as guesswork if they are not constant­
ly re-evaluated to measure the effects of ever-accelerating social and technological 
change. The solution is a continuing study of traffic. 

It is as a representative continuing effort that the Detroit Area Traffic Study (D. A. 
T.S.) is discussed. The Study, now an integral part of Wayne State University, is 
sponsored by the Michigan State H^hway Department, the City of Detroit, the Wayne 
County Road Commission, and the U.S. Department of Commerce, Bureau of Public 
Roads, as a follow-up to the Detroit Area Origin and Destination Study of 1953. 

The follow-up includes the two basic types of research which are usually termed 
"applied" and "pure." The emphasis of applied traffic research is on supplying current 
data on such matters as desire-line magnitudes and inter-zonal trip volumes needed by 
traffic engineers for guidance in making decisions about practical problems. Pure re­
search, as conducted by the D. A.T.S. , consists of a never-ending attempt to find new 
sources of data and new analysis techniques. Such basic research, properly done, 
should serve to prevent the compounding of errors that may be in an original set of 
data, and should reduce prediction errors by revealing the "why" of travel behavior 
as a supplement to the "what" disclosed by conventional O-D studies. Pure research 
can, of course, be done most efficiently in a university setting, as at Wayne State Uni­
versity, where sociologists, economists, planners, and mathematicians, can be 
brought together to work in cooperation with traffic engineers. 

In the day-to-day operation of the D. A.T .S . , the pure and applied research ap­
proaches to a continuing study of traffic are necessarily and most profitably intertwined. 
Getting the answer to a traffic engineer's specific question has made the opportunity 
for some experiment in pure research. Or, a new procedure developed by pure re­
search. Or, a new procedure developed by pure research is tested in such a way as to 
yield information of use to participating agencies interested primarily in solutions to 
everyday problems. There is emerging from such activities in the D.A.T.S. a rea­
sonably well-integrated methodology for improving knowledge of and control over traf­
fic in tiie metropolitan area. 

INTER-ZONAL TRAFFIC VOLUMES 
Three Basic Variables 

Among the data necessary for planning an efficient metropolitan traffic network, 
those dealing with traffic volumes between various sub-areas of the metropolis are 
most important from the travel engineer's point of view. Such data were supplied to 
the D. A. T. S., as a continuing study, by the O-D survey of 1953. The data were based 
on counts of traffic between a large number of "traffic analysis zones," and included 
predictions of what inter-zonal volumes would be in 1980. It is such predictions that 
the continuing traffic study must constantly re-examine in the light of changing condi­
tions. 

The phrase "changing conditions" refers primarily to chaises in population, land 
use, and tripmaker characteristics, because these are known to be the important vari­
ables in traffic generation. Among the three variables, population is the most signi­
ficant. This is, in a sense, unfortunate, because reliable and complete population 
counts are seldom made with sufficient frequency for traffic study purposes. In the 
10-yr intervals between the Federal censuses, population changes can be so extensive 
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as to call for complete alteration in the plans for a traffic network. 
One solution to the problems implied is to use dwelling units as a basis for popula­

tion estimates. In Detroit, this is made possible by the fact that minor civil divisions 
send counts of all building and demolition permits to the Metropolitan Area Regional 
Planning Commission for an annual net summary. The traffid study, with a careful 
check on the number of occupied DUs and on the average number of occupants per DU, 
converts the data into current population estimates for each traffic analysis zone. Thus, 
the population aspects of future inter-zonal traffic are subjected to an annual review— 
a review which often reveals the need for greater or lesser changes in established plans. 

Changes in land use are another important source of variation in traffic volumes. 
This means that the continuing traffic study must maintain a current inventory of land 
use. Fortunately, urban planning commissions share the traffic study's need to know 
about land use, and are therefore likely to keep records on major changes. But more 
than major changes must be known if traffic prediction is to be accurate. Even block 
statistics are insufficient because, for example, a single supermarket in an otherwise 
residential block can alter localized estimates considerably. Hence, in Detroit both 
regional and city planning agencies are cooperating with the D.A. T.S. in an effort to 
create and maintain a continuing, parcel-by-parcel inventory—but the difficulties are 
formidable. 

Even when minimum necessary land-use information is available, personnel of the 
continuing traffic study must st i l l try to solve the difficult problem of estimating the 
effect of land-use changes on rates of traffic generation. At present, crude estimates 
are based on number of employees per acre or on size of parking lots. Attempts have 
been made to refine the estimates, but the results have not been heartening. We now 
have research findings to substantiate such problematical points as the fact that some 
residential areas attract large numbers of work trips and the fact that there is no direct 
correlation between floor space on commercial land and the traffic-generating capacity 
of the land. 

In short, far too little is yet known about the relationship between the characteristics 
of tripmakers and the nature of their trips. Perhaps some significantly new information 
wil l be provided by the exhaustive analysis now being made by the D.A.T.S. of the 1953 
O-D questionnaires—an analysis which the original surveyors had neither the time nor 
the money to complete. But such basic research is s t i l l at the stage of raising more 
problems than it solves. 

Iteration: Possibilities and Problems 
Among the methods intended to increase the accuracy of inter-zonal traffic volume 

predictions, the process known as "iteration" is widely used. For those imfamiliar with 
iteration, a general description is given here (in three steps) as a necessary prelude 
to understanding the technique's possibilities and problems: 

1. First, an estimate is made of total area growth which wi l l occur as of a given 
year. Such large-scale estimates are known to be reasonably accurate because the 
effects of various types of inherent error tend to counteract one another—a "smoothing" 
that does not occur when the area involved is smaller. 

2. The growth for the entire area is then used as a basis for predicting the total 
trip-ends in the area as of the chosen date. 

3. Predicted trip-ends for each traffic analysis zone, relative to each other zone, 
are then calculated on the basis of estimated growth in the various zones. The resulting 
f ^ r e s are initial predictions of inter-zonal traffic volumes. But experience has shown 
that such predictions, based as they are on the relatively small traffic analysis zones, 
are usually erroneous (just as predictions about individual persons, in comparison with 
predictions about groups of people, are likely to be imreliable). They can be corrected 
through the iteration technique. Although the technique appears complicated to the 
uninitiated, i t is based on these two simple facts: (a) when the trip-ends for all the 
separate zones are totaled, they should equal the trip-ends predicted (in step 2) for 
the whole area; and, (b) if the growth for each zone, and the growth for the whole area, 
are stated as ratios and termed growth factors, then the growth factors for all the zones. 
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when averaged, should equal the growth factor for the whole area. If these equalities, 
termed "balance" (or "convergence") in the language of iteration, do not exist, then 
it is apparent that there are errors in the predictions; and, it can be presumed, for the 
reasons stated above, that it is the zonal or inter-zonal, and not the whole area, pre­
dictions that are in error. The iteration formula achieves balance, and thus corrects 
the wrong predictions, by altering the growth factor for each zone by an amount that is 
(when calculations are completed) proportionate to the zone's size and growth in com­
parison with the total area's size and growth. In turn, the corrected zonal growth fac­
tors produce corrected inter-zonal volume predictions. 

Although iteration, as described, potentially increases the accuracy of inter-zonal 
traffic volume predictions, i t has serious limitations. One obvious flaw is the assump­
tion that 0-D data are reliable; another is the exaggeration of errors inherent in data 
obtained through home interviews—a zone in which 100 trips are missed in the O-D 
study, and for which 100 percent growth is predicted, wi l l be credited after iteration 
with 200 less trips than it wil l probably generate. Another limitation of iteration is 
associated with its proportional increase of growth factors for each zone—although it 
may be known that a particular area with no present traffic volume wil l grow, its "post-
iteration" volume w i l l be reported as zero since any proportion of zero is s t i l l zero. 
It is also true that iteration, being purely mechanical, cannot predict changes in the 
character of inter-zonal volumes. These difficulties, and related problems, have 
encouraged personnel of the D.A. T.S. to develop some new methods of studying inter­
zonal traffic volumes (discussed in the section on "New Directions in Traffic Research.") 

DESIRE LINES 
Important as inter-zonal traffic volumes are, knowledge about them is not sufficient 

for planning an effective traffic network. The routes people wi l l wish to use in getting 
from zone A to zone Z, from zone B to zone X, and so on, must also be known. The 
phrase, "routes people wi l l wish to use" needs special emphasis to underscore the fact 
that a traffic plan designed primarily to improve presently congested facilities may 
simply perpetuate out-of-the-way routes tripmakers are forced to follow because fac i l i ­
ties for more direct routes are non-existent or totally inadequate. To avoid such per­
petuation of the undesired, the pattern of "desire lines" must be considered. 

A desire line is simply a straight "as-the-crow-would-fly" path traced from the or i ­
gin to the destination of a particular trip. When such lines—based on inter-zonal traffic 
volume data—are drawn on a map for all trips made on an average weekday, the result 
is the "desire line density map." A map showing desire-line densities graphically 
demonstrates: (a) the inadequacies of existing facilities; (b) where new expressways 
and improved surface arterials would be most effective; and (c) where mass transit 
facilities should be located. Thus, knowledge about desire-line density changes—changes 
which wi l l occur in accordance with alterations in inter-zonal traffic volumes—is a 
basic concern of the continuing traffic study. 

TRAFFIC ASSIGNMENT 
In Detroit, as in other cities, desire-line densities established by the original O-D 

study were used as a basis for formulating a new expressway plan. The proposed net­
work was tested by "assigning" predicted inter-zonal traffic volumes to i t . Assign­
ment was in accordance with what may be termed a best-path procedure— that is, i t 
was accomplished by (a) calculating the time and distance of both the best expressway 
route and the best surface street route between each pair of zones, and (b) assigning 
a part of each inter-zonal volume to the expressways, the part being proportional to the 
time-and-distance advantage of the expressway route. 

A count was kept of the number of vehicles assigned to each segment of the network. 
These counts served the two functions of determining whether the segments planned 
could handle the tripmakers desiring to use them, and demonstrating that the degree of 
use they would receive would be sufficient to justify the cost of constructing them. 

If, as in Detroit, the ideal expressway network proves too costly to be built in the 
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foreseeable future, personnel of the continuing traffic study are faced with st i l l another 
important task. They must test, through traffic assignment where necessary and with 
adequate new techniques when possible, the constantly modified partial networks pro­
posed as a compromise between the real and the ideal so far as traffic movement is con­
cerned. 

NEW DIRECTIONS IN TRAFFIC RESEARCH 
Some of the standard methods of obtaining, using, and up-dating data describing in­

ter-zonal traffic volumes, desire-line densities, and traffic assignment have been men­
tioned. The attendent problems described or implied justify a constant effort to refine 
the 0-D data and techniques with which every continuing traffic study must begin. In 
Detroit, refinement efforts are presently proceeding in three major directions and are 
here termed "The Sample Survey," "Zone-Assignment," and "Computer Models." 

The Sample Survey 
In 1959, the D.A. T.S. began outlining the plans necessary for re-surveying its 

entire area on a small sample basis. Because the sample wi l l be carefully drawn to 
represent its universe, the reliability of the results should closely approximate the 
reliability of a full-scale study, ft is intended that the sample wi l l include as many 
as possible of the households involved in the original 0-D study, injecting a dynamic 
time-perspective lacking to date in most travel surveys. It should be clear that this 
sample re-survey wil l permit the following to be accomplished at the moderate cost: 

1. It wi l l test and refine the methods of the original O-D study. 
2. It wi l l reveal travel pattern changes caused by new developments (such as a 

rebuilt central business district), thus providing a basis for estimating the degree of 
error in the predictions of the purely mechanical iteration procedure. 

3. It wi l l provide an opportunity to test the contention that the only way to get ful l 
and accurate travel information is to interview every tripmaker in the household. 

4. It wi l l provide an opportunity to get some more data than is practical in the 
full-scale survey. Useful information can be obtained about weekend travel, the f re ­
quency of inter-city travel, exact tr ip purpose and route selection, reasons for use or 
non-use of expressways, and the like. 

5. It wil l provide an opportunity to test travel-prediction formulas by revealing 
population characteristics associated most closely with amount, distance, direction, 
and mode of travel (a technique sometimes termed the gravity-model method). 

6. It wi l l facilitate the search for effective ways to combine original study area data 
with more recent data describing relatively new population concentrations. 

Zone-Assignment 
The important part played by desire-line densities in the effective traffic plan has 

been discussed previously. Not discussed, but perhaps equally important from the 
practical point of view, is the fact that the desire-line type of information has hereto­
fore been dependent on a complex and time-consuming process of drawing, counting, 
and describing tens of thousands of separate lines. The process has, indeed, involved 
so much effort that i t has probably been too often neglected with the ultimate result 
that some unrealistic traffic plans have been evolved from inter-zonal traffic volume 
data alone. 

These considerations have prompted personnel of the D.A.T.S. to develop a new 
way of summarizing the desire-line-type of information. Termed "zone-assignment, " 
the technique involves the assignment of inter-zonal traffic volumes to a network of 
linked zone centers on the basis of the best-path procedure. This permits desire-line-
type densities to be presented in terms of just a few hundred links. Thus, desire-line 
densities are in effect simplified, yet they can be depicted both tabularly and graphically 
at a zonal level of detail. 
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Computer Models 
Because the parts of every metropolitan traffic system are interdependent, altera­

tions in one part of a system wi l l have a greater or lesser effect on almost all other 
parts. This phenomenon is quite obvious where a network of expressways is imposed 
on an existing traffic pattern; less obvious, but in the aggregate perhaps just as impor­
tant, are the results of seemingly minor changes. For example, a point of traffic 
congestion may appear or disappear when some new facility is built at a location far 
distant from the point. 

In either case—where proposed or actual chaises are major or minor—it is expedient 
to know what modifications may be needed in an existing street system for smooth ac­
commodation to change. There are a number of methods whereby such knowledge may 
be obtained, but in terms of efficiency it seems evident that the most effective technique 
would be an electronic computer procedure which would assign inter-zonal volumes to 
a model of an entire transportation system, surface arterials as well as expressways 
included. In other words, what is needed is a machine simulating traffic flow and 
therefore showing the effects of modifications to the flow. To such a machine could be 
"fed" one proposed modification after another, until the flashing lights on the front of 
the machine indicated the "layout" having the least degree of congestion the particular 
community could afford. Accurate "traffic assignment" (as defined previously) would 
thus be achieved with speed and ease. 

Although the perfect machine model of a complex traffic system remains but a distant 
goal, a significant step toward the goal has been achieved in Detroit. Here, a skeletal 
computer model has been completed—skeletal because of the limitations of available 
computers. The model incorporates traffic volumes between 1, 000 major intersections, 
termed links, and each link has been given values relative to its time-distance from 
every other link. When actual and predicted inter-zonal traffic volumes are assigned 
to the model, it produces a fairly detailed picture, suitable for tabular and for flow-
map presentation, of the congestion existing on Detroit's major streets and express­
ways. It has already shown that some expressways, built to carry 100, 000 vehicles 
per day, would have to carry more than 300, 000 vehicles daily if all tripmakers were 
actvially able to follow their best-path when moving from origin to destination; and it 
has shown that some arterial streets which theoretically should have near-zero traffic 
volume because they play a part in so few best-paths, are actually severely congested 
because they are carrying part of the excess load that cannot get onto the expressways. 
Such findings suggest that time-distance values assigned to the links in a computer 
model of a traffic system must include a variable that wi l l reflect time and speed loss 
due to congestion; such findings also suggest that an efficient model must include other 
variables to reflect tripmaker choice, in proportion to amount of congestion, of second 
and third best-paths. These two improvements in the model wi l l be accomplished if the 
basic research in traffic assignment now being conducted produces the results hoped 
for. 

SUMMARY 
It may be said that nearly all the methods available to social science research can be 

used by the continuing traffic study in keeping up-to-date, and in refining, the major 
categories (inter-zonal traffic volumes, desire-line densities, and traffic assignment) 
of O-D data. None of the available methods—including population estimates and fore­
casts, land-use inventories, iteration, prediction formulas, zonal growth formulas, 
small-scale re-interviewing, computer models, and the like—are cheap, quick, or 
easy. But their cost is relatively modest when viewed, f irst , as the only possible pro­
tection for the large investment of the full-scale O-D study, and second, as reliable 
insurance that the community involved wil l be faced with as few as possible of the social 
problems associated with an inadequate traffic plan. 



Appraisal of Sample Size Based on 
Phoenix U-D Survey Data 
ARTHUR B. S06SLAU and GLENN E. BROKKE, Highway Research Engineers, 
Division of Highway Planning, U. S. Bureau of Public Roads 

The objective of this research was to determine the 
relationship between home-interview type of O-D survey 
sampling rates and the error that can be expected in 
volumes accumulated from a survey. The data ana­
lyzed were taken from the home-interview phase of 
the 1957 Phoenix-Maricopa Coimty traffic study. 

Inasmuch as individual zone-to-zone movements 
have insufficient volume to be reliable indicators, 
a method called "trip tracing" was employed to ac­
cumulate individual zone-to-zone trip volumes for 
statistical study. By this method, trips are traced 
across the survey area in a straight line between or i ­
gin and destination and accumulated in y4 -mi sections of 
a grid system superimposed over the survey area. An 
electronic computer was utilized for the trip-tracing 
procedure and for much of the statistical computations 
required for the study. 

The trip data from the Phoenix-Maricopa survey 
were systematically sampled to provide %, %, and Vio 
subsamples of the original l-in-15 dwelling-unit sample. 
The expanded results of the original survey and each of 
the subsamples were individually processed through 
the trip tracing program. This procedure provided the 
data necessary to determine the accuracy that could be 
expected in any volume due to sampling. 

The results indicate that the accuracy of accumulated 
trip volumes is considerably less than the accuracy pre­
dicted by a purely theoretical approach. However, the 
results agree qualitatively with theory in that the accuracy 
of trip volumes varies with the square root of sample 
size and very nearly with the square root of the volume. 
The results of this research should allow the selection 
of a sample rate commensurate with the funds available 
and the degree of accuracy required. 

•TRAVEL BY individuals has the characteristic of being habitual. Furthermore, 
the travel habits of different individuals are similar for the many types of trips gener­
ally made. For these reasons, sampling procedures, such as the home-interview type 
of O-D survey developed by the Bureau of Public Roads, can be used to determine travel 
information for a metropolitan area. 

The accuracy of information developed from a home-interview survey, and indeed 
from any type of sampling procedure, is to an important degree dependent on the 
sampling rate used. Sampling rates employed in O-D surveys have usually been based 
on population and area. In a large, densely populated area a smaller sampling rate is 
vised than in a small, less densely populated area. The sampling rate determined is 
based, predominantly, on the number of interviews needed to provide a reliable repre­
sentation of the over-all travel in the city. The zone-to-zone movements developed, 
however, have been used to present a picture of travel desires and to aid in the location 
of needed transportation facilities. 

The results of an O-D survey are also accumulated on, or assigned to, proposed 
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highway facilities for design considerations. How accurate are these accumulated 
values that have been expanded from the survey sample to represent average daily 
movements? The purpose of this study was to determine the relationship between the 
home-interview type of O-D survey sampling rates and the accuracy of volumes that 
are accumulated therefrom. 

Measures of the accuracy of accumulated volumes have been determined for various 
sampling rates and predictive equations developed for determining the sampling rate 
needed for a desired accuracy at any volume. Because sample rate affects the accuracy 
of volumes used for design purposes, an estimate can be made of the frequency that 
facilities so designed wil l be loaded beyond capacity or conversely, the frequency that 
such facilities wi l l have more lanes than are actually required. 

SOURCE OF DATA 
The data used for this study were developed from the home-interview phase of the 

1957 Phoenix-Maricopa County, Ar iz . , traffic survey. 
The survey area covered 225 sq mi and contained a population of 397, 000 persons. 

Of this, the City of Phoenix occupied 36.3 sq mi and included 192, 500 persons. The 
survey area was divided into 135 zones, which were smaller in area in the downtown 
section of Phoenix and larger in the outlying areas. 

The sample rate used in the home-interview phase of the O-D survey was 1 in every 
15 dwelling units, or 6. 67 percent. This rate resulted in a total sample of 8, 743 dwell­
ing units. The trips analyzed were those having both origin and destination within the 
survey area. Al l trips, regardless of mode of travel, were considered. The total ex­
panded number of internal trips was 839, 398. Separated by mode, it was as follows: 

Automobile drivers 548,439 
Automobile, truck and taxi passengers 233, 536 
Bus passengers 57,423 

The survey personnel had checked the e}q>anded household data against the 1950 de­
cennial census and the 1953 special census with satisfactory results. Also the ex­
panded travel data had been compared with two screenline ground counts made during 
the survey. The survey data accoimted for 89.3 percent of the vehicles crossing the 
screenlines from 6 a. m. to 10 p. m. on an average weekday. 

METHOD OF STUDY 
Individual zone-to-zone movements obtained from a home-interview type of O-D 

survey cannot be used as the basis for sound conclusions regarding sample size due 
to the predominance of small volume movements between many zones (1̂ ). Any sample 
size, within the limits of economic feasibility, would be too small to produce accurate 
expanded values for these small movements; but the individual zone-to-zone movements 
do not necessarily have to be accurate if their siunmation reasonably represents travel 
accumulations throughout a city. 

A method referred to as trip-tracing (1.), has provided the means for determining 
and checking distribution of travel throughout an area. By this method zone-to-zone 
movements are traced across a city in a straight line between origin and destination. 
After the equation of the straight line between the two zones is obtained, the points of 
intersection of this line with previously established gridlines are determined. The 
volume of trips being traced is added to volumes previously accumulated, for other 
zone-to-zone movements, at the section of the gridline being crossed. After all zone-
to-zone movements have been similarly traced across the city, the result is the ac­
cumulated number of trips per section of gridline. 

The length of the sections of gridline, in which the volumes are accumulated, is 
chosen in accordance with the size of the accimiulations desired. If large accumulated 
volumes are desired, large sections are used, and vice versa. 

A grid system was superimposed over the Phoenix-Maricopa County traffic study 
area (Fig. 1). The southwest comer of the city was designed as origin of the rectangu-
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Figure 1. Design of grid system. 

lar coordinate system. North-south gridlines were placed at 2, 3, 4, 5, 5. 5, 6, 7, 8, 
9, 10, 12, and 14 ml from the origin and east-west gridlines at 4, 6, 7, 8, 8.3, 9, 10, 
11, 12, 13, and 15 mi from the origin. The closer spacing of gridlines was at the more 
densely populated part of the study area. Each gridline was broken into V4-mi sections 
for volume accumulation purposes. The north-south gridlines were 17 mi long and the 
east-west lines, 16 mi long. This resulted in 1, 520 / 4 -mi sections (17 mi x 4 sections 
per mile x 12 gridlines) + (16 mi x 4 sections per mile x 11 gridlines). The volumes 
accumulated on the %-mi sections ranged from 0 to 35, 000 trips. 

Features of the procedure that have been described are as follows: 
1. The result of the trip-trace accumulation is a spatial distribution of trips through­

out the city representing the travel desires of the population. The trips are traced in 
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such a manner that each zone-to-zone movement is made by the most desirable path— 
a straight line, 

2. Long trips are weighted more heavily than short trips because more gridlines 
are crossed. This is analogous to a long trip using more of a road network than a 
shorter tr ip. 

3, The resulting accumulation of trips presents a picture of travel analogous to 
accumulations of trips on a street system. 

The trip-tracing procedure is too lengthy for manual computation methods. It is, 
however, readily adaptable to computation on an electronic computer of medium size. 
Therefore, a computer program was developed to trace the Phoenix-Maricopa County 
trips across the study area. Computer programs were also developed to handle the 
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Figure 2. Generalized electronic computer flow chart for tracing t r i p s across a grid 
system. 
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various statistical computations that were necessary for this study. A simplified flow 
chart of the trip-tracing program is shown in Figure 2. Generally, the following com­
putations are carried out: 

1. From the coordinates of the two zones being handled, determine the equation of 
the straight line passing between them. 

2. Determine, to the nearest quarter of a mUe, the points of intersection of the 
line and the north-south and east-west gridlines. 

3. Add the number of trips being traced to the volumes previously accumulated in 
computer memory slots representing the 1, 520 %-mi sections. 

Al l of the internal Phoenix-Maricopa Coimty home-interview trip cards, representing 
the e^anded results of the l-in-15 dwelling-unit sample, were processed throv^h the 
trip-tracing program to determine the spatial distribution of trips throughout the sur­
vey area. The original deck of cards was then sorted by sample number into 2 one-half 
subsamples, each representing a l-in-30 dwelling-unit sample. Each one-half sub-
sample was then separately run through the computer to determine the spatial distri­
bution of the two l-in-30 dwelling-unit samples. Similarly, the original deck was sys­
tematically stratified by sample number into 3 one-third subsamples, and 10 one-tenth 
subsamples, and each subsample processed through the trip-tracing program. 

STATISTICAL PROCEDURE 
Running of the total Phoenix-Maricopa County traffic survey data resulted in ac­

cumulated average daily volumes, in the 1, 520 /4-mi sections, ranging from 0 to 
35,000 person-trips. Similarly, each of the subsamples processed through the t r ip-
tracing program resulted in accumulated volumes in each section. It should be noted, 
that, as each subsample zone-to-zone movement was traced, the volume was e:q)anded 
to represent actual movement. For example, as each one-third subsample trip card 
was processed, the trip factor on the card was multiplied by 3. 

The data resulting from the trip-tracing program were analyzed by comparing, on 
a %-mi section basis, the ê qranded subsample accumulations against the total sample 
accumulations. It was not, however, considered practical to report the error for each 
section. Instead, the 1, 520 %-mi sections were stratified into 15 volume groups, and 
the individual errors were accumulated and summarized for each volume group. Such 
a process produced, for each of the three subsamples tested, 15 errors and the aver­
age volume at which the error occurred. The range, the number of sections, and the 
average volume at each volume group are given in Table 1. The sections of gridline 
were stratified into volume groups in accordance with the volumes accumulated in the 
sections from the expanded total sample. 

The summarization of results, per volume group, for each subsample consisted of 
determining the differences in volumes accumulated per section from the original sample 
and the subsample, squaring the differences and accumulating the results of the squar­
ing. The resulting summation was then divided by the number of sections in the volume 
group and the square root of the quotient taken. The result of this procedure is the 
root-mean-square error (RMS error) of the subsample as compared with the total sam­
ple. The equation for determining this error is: 

(1) 

in which 

RMS error = / 2 

RMS error = root-mean-square error 
Vgs = volume accumulated in section i from subsample 
Vg = volume accumulated in section i from total sample 
n = number of sections in volume group 
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TABLE 1 

VOLUME GROUP SUMMARY 

Volume Volume Group Range Number of Sections Mean Volume 
Group (Average Daily Person Trips) Having Volumes of Group* 

No. Within Range ̂  (Average Daily 
Person Trips) 

1 000.1 199.9 268 91.1 
2 200.0 399.9 88 283.2 
3 400.0 599.9 69 486.7 
4 600.0 799.9 45 682.0 
5 800.0 999.9 50 893.3 
6 1, 000.0 - 1,499.9 80 1, 244. 5 
7 1,500.0 - 1,999.9 56 1,763.4 
8 2, 000.0 - 2,499.9 58 2,257.4 
9 2, 500.0 - 3,499.9 86 2, 998. 6 

10 3, 500.0 - 4,499.9 62 4,001.4 
11 4, 500.0 - 5,499.9 

- 7,999.9 
42 5, 020. 9 

12 5, 500.0 
- 5,499.9 
- 7,999.9 67 6,759.3 

13 8, 000.0 - 9,999.9 41 8, 961.8 
12,401.3 14 10, 000.0 - 14,999.9 34 
8, 961.8 

12,401.3 
15 15, 000 and over 28 21,689.9 

* The number of sections does not equal 1, 520 because some sections did not have any 
trips traced across them. 

* The mean volume was determined from the total sample. 

The RMS error is comparable, statistically, to the standard deviation of a group of 
values around their mean. For example, if the RMS error for a one-third subsample 
volume compared with the original sample volume is 50 person-trips, one would make 
little error by assuming that two-thirds of the expanded volumes obtained from the 
subsample would lie within 50 person-trips of the total sample volume. 

RMS errors were developed for each subsample. That is, a RMS error was devel­
oped for each of the one-half subsamples, for each of the one-third subsamples, and 
for each of the one-tenth subsamples. Little is gained by reporting and analyzing each 
subsample error. Therefore, a mean error was determined from the 3 one-third sub-
samples, from the 2 one-half subsamples, and from the 10 one-tenth subsamples. 

A RMS error was computed for each volume class, and the "percent root-mean-
square error" was determined by dividing the numerical error by the average volume 
of the volume class being considered. The results of the one-third subsample com­
parison are given in Table 2. 

RESULTS 
The results of the trip-tracing program and the statistical procedure used are the 

percent root-mean-square (percent RMS) errors for the one-half, the one-third, and 
the one-tenth subsamples, each measured against the total I%oenix-Maricopa County 
sample. These results are given in Table 3 for each volume group. 

As was to be expected, the percent RMS error for any particular volume group is 
invariably greatest for the smallest subsample rate, and vice versa. For example, 
for an average volume of 1, 763 trips, volume group number 7, the percent RMS error 
for the one-half subsample is 15.3; for the one-third subsample, 23.5; and for one-
tenth subsample 49.4. In addition, the percent RMS error, for each subsample, de­
creases as the volume increases. These decreases in percent RMS error, as volume 
increases, approximately follow a straight line if plotted on logarithmic paper. 

It should be understood that the one-half subsample errors are in reality the percent 
RMS errors between a l-in-30 and a l-in-15 dwellii^-unit sample. Likewise, the 
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one-third subsample rate is actually a 1-in-
45 dwellii^-unit sample and the one-tenth 
subsample a 1-in-150 dwelling-unit sample, 
the error in each case being measured 
against the 1-in-15 sample. 

The values given in Table 3 can be used 
in the following manner. If it is desired 
to estimate trips from a home-interview 
survey at the 4, 000 average daily person-
trip level, volume group number 10, for 
some specific design purpose, the use of a 
l-in-30 dwelling-unit sample would produce 
a volume that is within 11.7 percent of the 
value that would have been obtained with a 
1-in-15 sample two-thirds of the time. Like­
wise, the use of a l-in-45 dwelling-unit 
sample would result in a volume that is 
within 16.4 percent of the value obtained by 
a 1-in-15 sample two-thirds of the time. 
If the probability of being within the l-in-15 
sampling rate volume 95 percent of the 
time is desired, two times the percent 
RMS error would be used. An expectancy 
of 99 percent would require three times the 
percent RMS error. 

By using the values given in Table 3, 
the expected results of a l-in-30, a l-in-45, 
and a 1-in-150 dwelling-imit sample can be 
compared with that of a l-in-15 sample. 
However, the prime purpose of this study 
was to determine the error between the 
volume determined from any dwelling-unit 
sample and the actual volume, the actual 
volume being the average daily person-trips 
measured over the study period. Evident­
ly, only through an overwhelming expen­
diture of time and money could every per­
son in a city be interviewed every day dur­
ing the study period. However, through 
statistical procedures, using the compari­
sons of the l-in-30, the l-in-45, and the 1-
in-150 dwelling-unit sampling rate with the 
l-in-15 sample, an estimate of the error 
between any size sample and the total popu­
lation can be determined. 

The error between a volume determined 
from any of the subsamples and the true 
volume consists of two parts: (1) the er­
ror between the subsample volume and the 
total Phoenix-Maricopa County sample 
volume, and (2) the error between the total 
sample volume and the true volume. In 
statistical computations, for the analysis 
of variance, the total variance of a group 
of samples is equal to the "between sample" 
variance plus the "within sample" variance: 

total = ff within between (2) 
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TABLE 3 
PERCENT ROOT-MEAN-SQUARE ERROR OF SUBSAMPLE VOLUME 

AS MEASURED AGAINST TOTAL SAMPLE VOLUME 

Percent Root-Mean-Square Error of Subsample Volume 
Volume Measured Against Total Sample Mean Volume of Group 
Group One-Half One-Third One-Tenth 

No. Original Sample Original Sample Original Sample 
1 67.5 84.7 193.0 
2 41.4 56.8 120.7 
3 28.4 45.8 88.2 
4 27.6 41.9 80.2 
5 23.1 32.6 67.7 
6 18.0 26.6 55.7 
7 15.3 23.5 49.4 
8 13.4 20.7 45.0 
9 14.2 17.7 36.6 

10 11.7 16.4 33.8 
11 10.2 14.1 29.0 
12 9.3 12.1 26.4 
13 6.7 9.6 21.4 
14 5.4 8.0 18.5 
15 3.8 8.0 16.0 

in which 
variance 

The percent RMS errors computed for this study, as mentioned previously, are 
statistically comparable to the standard deviation of a group of values about their 
mean. Therefore, an equation for relating percent RMS errors, comparable to Eq. 2 
is: 

in which 
E 

ss-o 
E. 

ss-s 

s-o 

E« ss-o E* + E* ss-s s-o (3) 

percent RMS error of subsample volume measured against 
true volume 
percent RMS error of subsample volume measured against 
total sample volume 
percent RMS error of total sample volume measured against 
true volume 

An equation for estimating the error for a sample from the error found for another 
independently selected sample is: 

E = E . ss-o s-o/ 
N . (4) 
N . 

ss 
in which 

N = number of interviews taken in original survey s 
N = number of interviews represented in subsample ss 

Assuming that this is an acceptable approximation to the situation being considered 
and substituting Eq. 4 into Eq. 3: 
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N 

or 

- T S ^ — E* = E* + E* N s-o ss-s s-o ss 

g 2 _ ss-s 
- ° ^s - ^ss 

therefore. 

ss-s (5) 

Considering Eq. 5 for determining the percent RMS error between the total sample 
volume and the actual volume from the error determined from the one-tenth sub-
sample, Eq. 5 then becomes: 

^ ^1/10-s ^ ^1/10-s 
s-o 

V 1/10 N " ^ 

or, E , / , n 
_ _ 1/10-s . . . 
^s-o 3 (6) 

Likewise, the equations for determining the error of the total sample from the one-
half and one-third subsample errors are: 

-s-o = = -1/2-s (^) 

_ -1/3-s _ -1/3-s . . . 
-s-o - A i r - - 1.41 

Eqs. 6, 7, and 8 were used to determine independent estimates of the percent RMS 
errors in the total sample volumes, measured from the actual volume, from the one-
tenth, one-half, and one-third subsample errors, respectively. If each of these in­
dependent calculations produced consistent estimates of the RMS error for the l-in-15 
sample, i t appears reasonable to assume that other sampling rates would be equally 
consistent. These independent estimates of the error in the total sample are given 
in Table 4. 

A comparison of the estimated percent RMS errors of the l-in-15 dwellii^-imit 
sample, for each volume group, shows little variation. The mean of the three estimates 
was, therefore, determined and plotted on logarithmic paper (Fig. 3). A least-squares 
f i t determined from the points is also shown in Figure 3. The equation of the developed 
line is: 

percent RMS error of l-in-15 Q 
dwelling-unit sample = A . o o > i (9) 

volume"-^^^* 

The coefficient of correlation developed is approximately one, indicating an almost 
perfect functional relationship between the two variables considered. In other words, 
the variation in percent RMS error is explained almost entirely by the variation in 
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TABLE 4 
ESTIMATED PERCENT ROOT-MEAN-SQUARE ERROR OF ORIGINAL SAMPLE 

VOLUME AS MEASURED AGAINST POPULATION VOLUME 

Volume 
Group No. 

Estimated Percent Root-Mean-Square Error from Volume 
Group No. One-Half Sample One-Third Sample One-Tenth Sample Mean 

1 67.5 59.9 64.3 63.9 
2 41.4 47.3 40.2 43.0 
3 28.4 32.4 29.4 30.1 
4 27.6 29.7 26.7 28.0 
5 23.1 23.1 22.6 22.9 
6 18.0 18.8 18.6 18.5 
7 15.3 15.9 16.5 15.9 
8 13.4 14.7 15.0 14.4 
9 14.2 12.6 12.2 13.0 

10 11.7 11.6 11.3 11.5 
11 10.2 10.0 9.7 10.0 
12 9.3 8.6 8.8 8.9 
13 6.7 6.8 7.1 6.9 
14 5.4 5.7 6.2 5.8 
15 3.8 5.7 5.4 5.0 

ESTIMATING EQUATION 
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Figure 3. Relation of percent root-mean-square error and to t a l person tri p s for 1-ln-
15 dwelling-unit senrgilje. 
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volume. Because this is a logarithmic relationship the standard error of estimate for 
the line is a constant percent of the estimated value rather than a constant percent er­
ror. The error, which is 5.65 percent of the estimated values, means that at a volume 
of 1, 000 trips, the standard error is about 1.2 percent (5.65 percent x 21 percent) and 
at 10, 000 trips the standard error is about 0.4 percent (5.65 percent x 6.8 percent). 

Eq. 4 can be used, in the following form, for determining the relationship between 
percent RMS error and volume for any sample rate: 

^ i - o " ^1/15-0 ' f f ^ (10) 
in which 

E._^ = error of any sample i 
^1/15-0 ~ ° ' 1-in-15 dwelling-unit sample 

N. = number of times the sampling rate of survey i is less than 
1 in 15. For example, if l-in-60 rate is used, N. would be 
4. H the rate was 1 in 5, N. would be 1/3. ^ 

If a 1-in-1 sample were taken, every person in the city interviewed once, the equation 
for determining percent RMS error would be: 

629.0 x y N 
percent RMS error = A ,f.aA 

volume 
in which 

therefore 
N. = 1/15 

percent RMS error for 1-in-l 162.4 
dwelling-unit sample volume ^ ' ^ ^ ^ (11) 

It should be noted that the error for a 1-in-1 dwelling-unit sample is correctly not zero, 
because a 1-in-l sampling rate is not a 100 percent sample for determining average daily 
traffic during the survey period. Every person in a city would have to be interviewed 
about his travel for every day during the survey in order to obtain the imiverse of travel 
for that period. 

Eq. 11 can be used for determining the equation for percent RMS error at any sample 
rate. Simply multiply Eq. 11 by the square root of the denominator of the sample rate 
ratio used. For example, if a l-in-30 home-interview sample rate is used, multiply 
Eq. 11 by the square root of 30. Figure 4 shows predictive lines for estimating percent 
RMS errors for volumes between 100 and 100, 000 person-trips per day for various 
sampling rates. 

COMPARISON OF RESULTS 
A theoretical approach to the problem of estimating the accuracy of various sample 

sizes relies on the estimation of the standard deviation in volumes determined from the 
samples. The theory states that the expected deviation (IT) is expressed as follows: 

<T =/ (volume) X / percent sample \ x A percent sample \ 
^ \ 100 } y Too ) 

Inasmuch as the probable volume (V) is equal to the volume obtained from the sur­
vey times the sample rate: 

— ^ = / (volume) X /percent sample A x f , percent sample\ 
V V V 100 — / y- loo ) 

(volume) x / percent sample \ 
( ^ 5 } 
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percent a = 100 

or 
/ 
(100 - percent sample) 
(volume) X (percent sample) 

A comparison of the errors predicted by the preceding theory with the relationship 
developed in this paper is given in Table 5 for various volumes and sample sizes. It 
can be seen that the observed root-mean-square errors are from 1.7 to 1.9 times as 
great as the error predicted by theory. This difference may be due to nonsampling 
errors such as response and coding errors. For example, a study made in Cincinnati, 
Ohio, shows that the respondent reports too few trips in some cases and too many trips 
in other cases. 

TABLE 5 
COMPARISON OF OBSERVED ERRORS AND THEORETICAL SAMPLING ERRORS 

Sample Rate 
(%) Volume 

Observed 
Error 
(%)^ 

Theoretical 
Sampling Error 

(7o)̂  

Observed Error 
Theoretical Sampling 

Error 
1 100 171.31 99.50 1.7 

1,000 55.64 31.46 1.8 
10, 000 18.07 9.95 1.8 

100, 000 5.87 3.15 1.9 
3 100 98.91 56.87 1.7 

1,000 32.21 17.98 1.8 
10, 000 10.43 5.69 1.8 

100, 000 3.39 1.80 1.9 
4 100 85.65 48.99 1.7 

1,000 27.82 15.49 1.8 
10, 000 9.04 4.90 1.8 

100, 000 2.94 1.55 1.9 
5 100 76.60 43.60 1.8 

1,000 24.90 13.80 1.8 
10, 000 8.10 4.36 1.8 

100, 000 2.62 1.38 1.9 
10 100 51.50 30.00 1.7 

1,000 16.70 9.50 1.8 
10, 000 5.43 3.00 1.8 

100, 000 1.76 0.95 1.9 
^ This is the percent root-mean-square error as developed in this paper. 
* This is the theoretical percent standard deviation error. 

As Table 5 shows, the observed error is almost two times as great as the theoreti­
cal error. This means that in order to maintain a desired degree of accuracy, i t is 
necessary to increase the sampling rate to almost four times the rate indicated by the 
theoretical standard deviation computation. 

USE OF RESULTS 
The curves plotted in Figure 4 have been developed for total person-trips and can be 

utilized to determine the sample rate to be used when desiring an estimate of volume 
with a desired degree of accuracy. For example, if it is desired to estimate an aver­
age daily volume at the 10, 000 person-trip level, and be within 8 percent of the true 
value 95 percent of the time, from Figure 4 at volume equal to 10, 000 and percent RMS 
error equal to 4 percent (8 percent 2 for 95 percent confidence), i t is found that a 
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Figure k. Relation of percent root-niean-sq,uare error and volume for various dwelling 
unit sample rates. 

l-in-5 sample should be taken. Similarly, the curves can be used to estimate the error 
in accumulated volumes after the results of an O-D survey are obtained. For rates 
not plotted, Eq. 11 would be used in the following form: 

Dwelling-unit 
sample rate 
in percent 

1,624 
(percent RMS error) (^^i^^^ 0.4884) (12) 

For the problem explained, a dwelling-unit sample rate of 20.4 percent would result 
from the use of Eq. 12 indicating that 1 out of every 5 dwelling units should be inter­
viewed. 

More often than not, the highway engineer is interested in the number of vehicle-
trips rather than the number of person-trips—vehicle-trips being the figure used for 
highway design purposes. Therefore, the question is: Can the curves developed for 
person-trips be used as an indicator of error for vehicle-trips ? 

The volume of automobile vehicle-trips throughout a city is less than the volume of 
person-trips, but is similarly distributed. The errors, if developed between the sub-
samples and total sample for automobile vehicle-trips, should not, therefore, be any 
different from the errors determined for all person-trips. That is, a percent RMS 
error for 10, 000 automobile vehicle-trips should be no different from the error de­
termined for 10, 000 person-trips. The curves presented in Figure 4 and the equations 
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developed can therefore be used for total person-trips, automobile vehicle-trips, bus-
passenger trips, truck- and taxi-passenger trips, and automobile passenger-trips. The 
results of this study can also be applied to any home-interview type of O-D survey be 
cause accumulation of trips and not individual zone-to-zone movements are being com­
pared. 
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Panel Discussion on Inter-Area Travel Formulas 
JOHN T. LYNCH, Chief, Planning Research Branch, U.S. Bureau of Public Roads, 
Moderator; 
GLENN E. BROKKE, Highway Research Engineer, U.S. Bureau of Public Roads; 
ALAN M. VOORHEES, Traffic Planning Engineer, Automotive Safety Foundation, 
Washington, D. C.; and 

MORTON SCHNEIDER, Chief of System Research, Chicago Area Transportation Study 

Mr. Lynch 
Comprehensive origin-and-destination (O-D) surveys have been conducted in more 

than 130 urban areas during the past 16 years, and repeat surveys have been made in 
many of these. The means for developing and analyzing the current travel pattern is, 
therefore, well established. But the real problem is to predict the travel pattern at 
some time in the future, for i t is on such a prediction that the highway network layout 
and design must be based. 

In the field of forecasting future travel, many theories have been propounded and 
numerous procedures have been developed. They have one thing in common—they all 
recognize the fact that future travel must depend on the kind, intensity, and direction 
of urban development. For it is the size and distribution of the population and the com­
mercial and industrial centers that wil l determine the travel pattern. Some of the 
methods being used or proposed are as follows: 

1. The Growth Factor method, including the Fratar formula among others, pro­
jects the present travel pattern forward on the basis of anticipated growth in different 
areas. 

2. The Gravity Model and modifications of it , used in many cities, assume that the 
travel between two areas depends on their attractive power and the distance between 
them, similar to the law of gravitation. 

3. At the O-D survey committee meeting (January 11, 1960) Howe of the University 
of Cincinnati propounded an "electrostatic field" theory of trip attraction. 

4. The model being used in Chicago introduces the concept of "intervening oppor­
tunities" on the theory that absolute distance is of lesser importance than the avail­
ability of opportunities to fu l f i l l the travel desire at nearer locations. It assumes that 
travel wi l l take place in such a manner as to minimize time. 

5. The late Sam Osofsky of the California Division of Highways developed a mul­
tiple regression method of forecasting traffic volumes that he claimed to be better than 
either the Fratar or the Gravity Model method. 

6. J. G. Waldrop, of the British Road Research Laboratory has developed a model 
for forecasting the distribution of traffic on a road system based primarily on the cost 
of travel. 

Here are 6 methods based on different theories, probably producing significantly 
different results. They have not been fully evaluated statistically and compared, though 
research projects are under way with this objective. But some of them have been wide­
ly used because the road program if i t is to f u l f i l l the pressing needs of traffic cannot 
await the standardization of procedures, which may not be accomplished for several 
years. 

At the present time there is considerable controversy in this field and on this panel 
there are three men who can be expected to bring out some of the controversial points. 

Glenn E. Brokke, of the Bureau of Public Roads, is one of the principal advocates 
of the Growth Factor method. Alan M. Voorhees of the Automotive Safety Foundation 
has done much in developing and applying the Gravity Model. Morton Schneider of the 
Chicago Area Transportation Study was principally responsible for developing the 
Chicago Model. 

128 
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Mr. Brokke 
Two problems are involved. One is concerned with the method that one would vise 

today to forecast trips to 1980. Here, the question is not so much how perfect is the 
method but rather is i t better than any other fully developed procedure and does i t pro­
vide an acceptable degree of accuracy? 

The other problem is concerned with the research aspects. Is there any room for 
improvement of our present procedures? Most everyone would agree that there is. 
The difficulty is in evaluating improvement. Hindsight is always 20/20 but foresight is 
often less acute. Because all methods now being considered are of relatively recent 
origin, none, so far as is known, have received the acid test of time. Therefore eval­
uations must necessarily be somewhat synthetic and subject to the vagueness of statis­
tical inference. 

With these limitations in mind a return to the problem of which method is best for 
use today is in order. A test of various growth factor models two years ago determined 
the errors at various volume ranges U). A re-examination of these errors in the light 
of the Phoenix data presented by Sosslau (2) indicates that if the results can be consider­
ed applicable to the two surveys in Washington, D. C., the growth factor method was 
about as accurate in projecting 1948 data to 1955 as a 1 in 35 sample O-D survey in 
1955 would have been. This degree of accuracy is really quite good and should i t con­
tinue to hold for more comprehensive tests over longer time intervals, it does represent 
an acceptable standard to be used in evaluating alternate procedures. 

Within the last year or so an interarea travel formula was developed and used in a 
large western city. The volumes as determined from the formula and also as measured 
in an O-D survey were each assigned to a highway network by identical criteria. The 
differences in the assigned volumes indicate that this particular equation had an accur­
acy in duplicating present, not future, trips about equivalent to a 1 in 175 sample O-D 
survey. 

The State of California has developed a multiple regression approach to forecasting 
urban area traffic volumes as reported by Sam Osofsky at the eighth WASHO Planning 
Conference in April 1959. This study indicates that a very considerable increase in 
accuracy is obtained by using an individual formula for each zone rather than area 
wide equations. It is to be noted that this method involves a stratification by zone 
rather than by trip purpose althoi^h land-use factors for the individual zones may pro­
duce somewhat similar effects. 

This brings up the point of having a standard method of measuring the accuracy of 
various travel distribution equations. The method described by Sosslau (2) appears 
to be unbiased, sensitive, and relatively easy to accomplish with modern computers. 
Its use in forthcoming tests is anticipated. 

Before leaving the urban problem, two rather new features of the growth factor me­
thod should be reported. One feature has the purpose of alleviating the difficulties 
caused by interzone volumes of zero. It is accomplished by combining low density zones 
with neighboring zones of similar character that have a more stable travel pattern. 
The forecast is made using the larger zones and the total volume is then prorated back 
to the smaller individual zones on a probability ratio. 

The second feature is even more basic and may lead to a fimdamental change in 
traffic assignment. From studies available in the Bureau of Public Roads, i t can be 
shown that speeds during peak hours are significantly different from those during non-
peak hours. In addition, traffic counts at 282 urban locations throughout the nation 
indicate that morning peak hour volumes on expressways may vary from 3.9 percent 
to 15 percent of the daily traffic with from just more than 50 percent to as much as 
94.6 percent of the traffic flowing in the heavier direction. In the afternoon, peak hour 
volumes vary from 4.2 percent to 17. 8 percent of the daily traffic with as much as 93.4 
percent of the traffic moving in the heavier direction. This variation of several hundred 
percent in design hour volumes can seriously affect the cost and utility of proposed 
highway improvements. The more intimate one's knowledge is of present methods of 
forecasting and assignment, the more clearly one wil l recognize that present procedures 
for estimating peak hour flow and directional split involve gross approximations from 
area wide averages. 
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The growth factor method can be applied to trips as represented by individual tabu­
lating cards just as easily as it can be applied to total zone-to-zone movements, except 
that the computer wi l l run a few minutes longer. If, then, it is assumed that future 
trips wi l l be made during the same time as their present counterpart, these trips can 
be sorted into those made during the morning peak, the afternoon peak or any time per­
iod desired. These trips can then be assigned to a highway network by direction using 
travel times that are appropriate for the time period involved. The result is the as­
signed traffic volume by direction during the morning peak, the afternoon peak and the 
total for the day. 

The Minnesota H^hway Department has used these procedures in assignments for 
Minneapolis and St. Paul. The data developed indicate a pattern very similar to that 
foimd on existing expressways throughout the United States. Further research is need­
ed, however, to demonstrate the effectiveness of this procedure. 

Outside of the urban field, a formula of the gravity model type appears to have much 
merit in predicting travel between cities. Using data obtained from the external cordon 
survey at Detroit, Michigan, the following equation was developed: 

Trips^g = K Population^ x Population^ 

Distance^g " 

If the populations of the two areas are measured in thousands and the distance be­
tween them in miles, the proportionality constant "K" and the exponent "n" for dis­
tance have the following average values for various vehicle types: 

Vehicle Type K n_ 
Passenger cars 157 2.49 
Panels and pickups 27.5 2.81 
Single unit trucks 13.3 2.66 
Combinations 0.32 1.58 
Total trips 156 2.44 

The Bureau is in the process of enlarging this study by including data from other 
cities and at the same time e3q)ects to investigate other factors. 

The principal problem is one of evaluating the various formulas. Until this is done, 
discussion usually involves more heat than light. Spot discrepancies to one observer 
wil l appear accidental or trivial; while to another, they wil l appear basic and conclusive. 
Confirmation of the over-all effects of the various equations must necessarily await 
increased knowledge and e^qwrience in the use of computers in the traffic field. 

Prepress, however, is inevitable and i t is believed that soon the means wil l be found 
for recc^izing and alleviating areas of traffic congestion before they occur. 
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Mr. Voorhees 
There are now two general types of techniques that are being used for traffic pro­

jections. The f i r s t type attempts to extrapolate existing patterns. In other words, on 
the basis of existing O-D patterns and anticipated growth within, various sections of the 
region traffic are projected into the future. The "growth factor" procedures fal l in 
this category. The main advantage of these procedures is that unique travel patterns 
are taken into consideration. But the disadvantage is that they cannot be used effective-
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ly if there are substantial changes anticipated in land-use patterns or in transportation 
services. For example, the procedure cannot be used effectively to estimate traffic 
patterns that would result if an area were to change from an industrial to a residential 
area, or if a rapid transit system were developed. 

The other approach is that of developing formulas or mathematical models which can 
be used in estimating traffic. Naturally, such techniques can be "designed" to evaluate 
the impact that changes in land use or transportation service would have on traffic 
patterns. In general, the models that are now in use can do this fairly effectively, but 
they do not consider the influence that social and economic factors have on travel pat­
terns. 

For example, a certain residential area might be closely tied to the downtown area 
because of some social and economic patterns that have developed in the community. 
The number of trips between these areas do not follow the "averages" that are esti­
mated by the model. However, with proper application of mathematical models, ad­
justments can be made to account for these deviations. 

An O-D study, for example, was conducted in Cedar Rapids, Iowa, and the state 
highway department analyzed this information and developed a mathematical model which 
reflected the "averages" derived from the observed data. They then followed this pro­
cedure in developing a complete O-D pattern for the area. Comparison was then made 
between the patterns obtained from the actual O-D and that derived from the model. 
It was found that in most cases i t checked very well (within plus or minus 10 percent), 
thov^ in a few instances modifications had to be made. This was achieved by using 
weights similar to those applied for trips to the downtown area in the recent Baltimore 
transportation study. 

TYPES OF MODELS 
Although there are many types of models that are now being considered and applied, 

most of them follow two general steps. First is that of determining trip production 
or the number of trips that start from an area, and the second step is that of determin­
ing the destination of these trips. 

The procedure by which trip frequency information is calculated varies. Some base 
the estimates on the acres of residential, commercial or industrial land in a zone, 
whereas others consider car ownership, population and employment data. The use of 
the latter type of parameters seems to give better results from tests that have been 
made, as, after all , the number of people employed in an area dictates the number 
of work trips, not the number of acres in industrial use. If the parameters deal with 
car ownership, population, etc., frequency patterns are usually expressed in terms of 
trip purpose—work, commercial and social. If the parameters deal with acres of 
residential, commercial and industrial land, then the categories of trips are usually 
divided into land-use groups: such as, trips between residential and commercial 
areas, commercial and industrial areas, etc. This division of trips into categories 
is aimed at modifying any variations in tr ip behavior related to various activities. 
Generally, i t has been found that if trips are divided into three or four categories 
sufficient breakdown Is obtained to make the synthesis of existing traffic patterns fair­
ly accurate. Further breakdowns would improve results somewhat, but the improve­
ment does not warrant the extra cost. 

Generally, there are about i% trips produced per car in the largest cities, 5 trips 
per car in cities between 250, 000 and 500,000 and around 6 trips per car in cities of 
less than 100,000. It appears that this difference in trip frequency is related to the 
fact that in smaller communities the average tr ip is shorter, so more trips are made 
by the average individual. But, within limitations of city size, it does appear that 
trip production f ^ r e s are very comparable throughout the country. 

As indicated in Figure 1, the number of auto-travel shopping trips made from any 
residential area largely depends on the number of cars per dwelling unit. Generally, 
for every 1, 000 cars in a residential area there are about 1,600 commercial trips 
made each day. Figure 1 shows that this number wi l l vary depending on the type of 
tr ip. In all cases, except the work trip, the number of trips seems to increase 
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Figure 1. Auto driver t r i p frequency vs car ownership. 

directly with car ownership. However, because there is a ceiling in the total number 
of work trips, due to the limitation in the size of the labor force, this pattern levels 
off (Fig. 1). 

TRIP DISTRIBUTION 
The next step is probably more difficult—that of determining the distribution of these 

trips. There are several mathematical procedures that have been used to estimate 
this. One is the multiple regression approach developed by Sam Osofsky, which has 
been used in California. Another is a linear programming method which has been pro­
posed by Howard Bevis. Still another is a so-called opportunity model which is discuss­
ed further by Morton Schneider. 

However, probably the most widely used model is the gravity model. In adjusting 
Newton's Law of Gravity to urban traffic i t has been necessary to make several modi­
fications. The adaption that seems to make most sense takes into consideration the 
relative travel time between various zones and the intensity of activity within these 
zones. 

This type of model can be expressed by 
M<3 

1-2 M„ 

^ ^ 2 

M„ 

n.3 

M_ 

^ t n 

(1) 

in which M designates the intensity of the activity in the zone in some appropriate unit 
by employment or population, T represents the travel time for the trip, and x is the 
empirically determined exponent. 

The main advantage of this model is that it not only is sensitive to changes in travel 
time between the zones, but also takes into consideration competition between land 
uses. It is similar in concept to the opportunity model. The main difference between 
the two models is that they use different mathematical procedures to relate the two 
variables—travel time and intensity of activity within a zone (which is referred to as 
opportunities in Schneider's model). 

In applying this type of model, generally trip patterns are divided into three or four 
types of trips. In the Baltimore and Hartford studies four trip purposes were used: 

1. Home-based work trips. 
2. Home-based commercial trips. 
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3. Home-based social trips. 
4. Non-home based trips. 

In both of these studies, in applying the model M was expressed in terms of employ­
ment in dealing with work trips; population for social trips; retail employment for com­
mercial trips; and for non-home based trips a factor that equals the population plus 25 
times the retail employment for each zone. 

In the seven cities in Iowa, where the gravity model was used recently, the trip 
purposes were divided as follows: 

1. Home-based work trips. 
2. Other home based trips. 
3. Non-home based trips. 

In this case the M for work trips was expressed in terms of employment, other home-
based trips by a factor that equaled the population plus 25 times retail employment plus 
employment for each zone. Non-home based trips were done in a similar manner. 

In applying this model for work trips usually an iterative process is xised to make 
the trip patterns conform to the number of workers that live or are employed in a zone. 
In studies that have been made in Iowa, i t is quite clear that this process is not neces­
sary for other types of trips. In fact, better results are obtained by not iterating to 
some predetermined number of trips based on land-use characteristics. 

As already indicated, the gravity model only takes into consideration two variables. 
But there are other factors that influence travel habits, particularly those related to 
social and economic conditions. For example. Sears Roebuck, primarily because of 
its merchandising policies, is able to attract people from much greater distances than 
most stores of similar size. Social patterns in a community also influence social and 
recreational travel habits. Comparative tests between actual patterns and those develop­
ed from the model should be made. Significant variations should be corrected by simply 
adding weights to the model (3). However, this means that in forecasting traffic one 
has to estimate how these weights wi l l perform through time. 

To develop these weights, a systematic procedure should be developed. To reduce 
sample errors to a minimum it would be best to compare the observed trip patterns with 
the patterns estimated by the model on a district-by-district basis. This should clearly 
reveal the traffic patterns that are significantly influenced by social and economic for­
ces. In addition, i t would be advisable to correct for calibration errors made in de­
termining average travel time within a zone and between adjacent zones. This should 
be done at the same time as the examination of district-to-district travel to detect so­
cial and economic influences. This weighting process has the additional advantage in 
that i t wi l l eliminate the need for an iterative procedure to bring the work trips into 
balance. 

So, by this procedure the gravity model can be made sensitive to many factors. This 
flexibility is one of the main advantages of the gravity model. 

Perhaps the most salient feature of the gravity model is that the parameters that 
are used, appear to be fairly constant and some have apparently held over a consider­
able period of time. For instance, the work trips in Hartford, Baltimore, San Fran­
cisco, Cedar Rapids, Iowa, or Wichita, Kansas, seem to follow the same basic patterns 
and these patterns can be calculated by using the gravity model. It has been noted in all 
these cities that travel time, if raised to the 0.8 power, w i l l give good results. The 
fact that this is consistent throv^hout the coimtry, and has also held over time (4), would 
indicate that the gravity model is approaching a universal law. In other words, the great 
advantage of Newton's Law of Gravity is that the distance factor in his calculation, when 
raised to the second power, has given good results when and wherever measured, and 
certainly an attempt should be made to achieve in traffic models the development of 
some technique that would be universally applicable. 

Another advantage of the gravity model is that i t is easy to understand and, there­
fore, easy to apply in any particular community. Numerous state highway departments 
and city officials have found i t very easy to comprehend this procedure and, therefore 
have been able to follow through on their own in applying the technique. 
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The gravity model is also adaptable to computer programming, and has now been 
programmed for the IBM 704 and Univac. This permits one to use the gravity model 
quickly and cheaply in any particular area. Recently, one person in Frankfort, Ken­
tucky, in the period of one month, was able to develop the existing and future traffic 
patterns by the use of a gravity model. During this period he also made numerous 
checks to compare the existing travel habits with the gravity model results. 

However, there is one general weakness with the gravity model and that is that the 
concept of applied physics to human behavior is being used. It seems that one should 
be able to develop some procedure that would really be more fundamentally related to 
human behavior. Surely in the near future this wi l l be done, and it wi l l be possible to 
improve existing techniques. However, the more experimental results developed with 
the gravity model and these other techniques, the more can be learned about human 
behavior. Thus, a better imderstanding can be developed as to what should be included 
in a more sophisticated model that would interrelate all the factors that seem to be im­
portant in influencing urban travel. 

Therefore, the most important thing is not personal liking for the gravity model or 
any of the other models, - but that the value of applying models in urban transportation 
planning work is appreciated. Whatever model is selected and checked with the existing 
information, i t wi l l give more light as to what factors influence travel behavior. U 
this is done enough throughout the country, i t wi l l soon be possible to develop a sound 
procedure. But, until that time, in light of the experience with the gravity model, one 
can apply the gravity model with considerable confidence. 

REFERENCES 
3. Voorhees, A . M . , and Morris, R., "Estimating and Forecasting Travel for Balti­

more by Use of a Mathematical Model." HRB Bull. 224 (1959). 
4. Voorhees, A . M . , "Forecasting Peak Hours of Travel." HRB Bull. 203 (1958). 

Mr. Schneider 
Perhaps the most meaningful interpretation of the Fratar method regards it as mak-

i i ^ this statement: if the trip populations of a set of zones are altered, the resulting 
interchanges are such that the ratios of the new interchanges to the corresponding or i ­
ginal ones have a minimum dispersion, according to some measure, aroxind 1, subject 
to the prescribed zone populations being satisfied. In its applied aspects the Fratar 
method is expensive and inflexible; i t requires a complete O-D survey, fixed zonal and 
regional boundaries, and troublesome data handling and computations. In its support, 
the argument is commonly advanced that one cannot go too far wrong with the Fratar 
method, that i t preserves the strongly established characteristics of the present. Un­
doubtedly this is true over a short term in which negligible change occurs, but con­
sidering that the avowed purpose of the technique is to deal with change, that point 
seems somewhat blunted. Besides, among the strongly established characteristics 
that i t preserves is the Instability of small number events. 

A crucial flaw in the Fratar method is its handling of small interchanges, notably 
the limiting case of zero. K an interchange volume is surveyed as zero, the Fratar 
method cannot threaten, torture, or cajole i t into becoming anything else—unless a 
zone volume at one end of the interchange grows from zero to something finite, and 
that would be an amusing situation inside a computer. To catalogue a few other con­
spicuous faults: the results are not independent of arbitrary procedures—a forecast 
performed throi^h intermediate stages wi l l not be the same as one performed directly 
in one jump; the method grants no effect whatever to changes in access, such as a 
whole new expressway system. An interesting extreme example is that of two cities, 
close to each other but separated by an Impassable ravine. If a bridge is built across 
that ravine, the Fratar method becomes inapplicable. 

On the other hand, no claim has been voiced that the Fratar method is strictly ten­
able, but merely that it is a good rough workii^ tool. When it comes to this ground, 
these comments appear a bit captious. Working tools are not as easily come by as they 
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may seem, and they can be more usable within their limits than elegant theory. The 
Fratar method certainly is neither foolish nor indefensible, but it does not contribute 
to an understanding of trip behavior. 

The "gravity" formula declares, without preamble, that the interchange between 
two zones is proportional to the trip volumes at each of the zones and inversely pro­
portional to some power of the distance (or travel time, or cost) between them. It 
has nothing at all to do with physical gravity, of course. Although this formulation 
avoids some of the shortcomings of the Fratar method, its behavior exhibits a number 
of peccadillos that disqualify i t as a serious hypothesis (Appendix A). It can be shown 
that the formulation is not generally valid over an imlimited or undefined range of the 
distance variable, but can only be entertained within a region between some stated 
minimum and maximum distances. When these limits are given, however, the formula 
becomes a function of them, and they are quite arbitrary. Moreover, no tampering 
with the formula, not even a change of exponent, can yield the same results if the ar­
bitrary boundary of the region is moved. And, to be usable, the exponent must be 
supposed stable from place to place and time to time. The author's experience leads 
him to doubt that. 

Like the Fratar method, the gravity formula has a certain utility, but, in spite of a 
few arguments that have been voiced, no conceptual content is apparent. 

The method being applied in the Chicago study rests on a premise that certainly 
sounds good: total travel time from a point is minimized subject to the condition that 
every destination point has a stated probability of being accepted if i t is considered. If 
that probability is constant, the problems of choosing the minimizing order of consider­
ation and deriving the consequences of probabilistic behavior are rather simple (Ap­
pendix B). It is less simple to say whether or not the working method, with its as­
sumptions and approximations, extorted from this proposition is worthwhile. 

It is not easy to assay the quality of a set of interchange predictions. Graphs and 
charts give an impression, of course, but cumulative curves are meretricious at best, 
and less seductive displays are hard on the eyes. The statistical measures suggested 
are not unreasonable, but they have a makeshift air to them and a slightly upsetting 
tendency towards comparing aggregate data and predictions; upsetting because it is 
obvious that any large-scale a^regation is specious. That the variance in individual 
interchanges need never be considered because interchanges are such small quantities 
and there are so many of them is a meaningless and perplexing point of view, like dis­
missing atomic weights because atoms are tiny and numerous. K these small quantities 
do not matter, why fool with them at all? K they do matter, what mystery causes de­
viations in them to cancel out in, say, the assignment process? Actually, deviations 
in interchange values may cancel each other in assignment, but the extent to which they 
do is a measure of the system's insensitivity to zone centroid locations (which is re­
lated to the complexity of the road network); if the assignment is insensitive to zone 
positions, then zones may as well be grouped into super-zones and super-interchanges 
developed. But the only point in assignment is to deal with the locational properties of 
trip ends, so as these properties are lost or dispersed the assignment itself becomes 
inane. If zonal definitions are properly geared to the assignment network, individual 
interchanges cannot be sanguinely, or even glumly, neglected. 

Getting back to the merit of the Chic^o method, the formula that evolves from the 
basic concepts turns out to be computationally convenient, and most well-behaved 
mathematically. Aside from precision effects, i t is independent of zonal or regional 
boimdaries; and it entails no special cases. It compares with data better than had been 
expected: computed interchanges assigned to a network by minimum paths does not 
give, on the planning scale, a noticeably different pattern from data interchanges as­
signed to the same network; the virulent attacks of members of the CATS staff on this 
method have not indicated that some other method would be just as good; using inter-
clianges from seven scattered zones to all others in the Chicago study area as a base, 
it was found that seven different gravity models predicted the same data from which 
they were obtained less well than the over-all Chicago formula. 

Not that the Chicago formula is all good. The dispersions from data are unquestion­
ably larger than theoretical variance. The Chicago method shares two flaws with the 
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gravity model: the number of trips received at a zone do not necessarily agree with 
the number provided, and there is distinct difficulty in obtaining parameters for future 
or unknown situations. On the f i r s t score, some comfort is derived from the received 
and provided totals being generally within 10 percent of each other; the discrepancies 
have been important clues to the functioning of the system and to defects in the formu­
lation. On the second point, the staff is confident that fairly good estimates of unknown 
parameters can be obtained, and tests of that confidence are being conducted. But more 
than that, the formulation holds out direction and hope for defining them exactly. 

A l t h o i ^ the formulation has proved agreeably serviceable on the applied level, it 
seems that its most telling contributions are heuristic. It has introduced subtended 
volume, the voltmie of trip opportimities lying closer to the origin than the point of in­
terest, as an explicit parameter and has attributed to it an e;q>liclt mechanical role. 
It has explicitly treated interchanges as probability numbers. It has focused fuzzy 
areas of study, and pointed to new ones. It has elicited sharp probings into such mat­
ters as the distributional properties of trips with respect to various parameters, and 
the meaning of i t al l . It is fair to say that discussions of trip behavior among the in­
terested Chicago staff have taken on vitality and new color. 

It is not intended to convey that the Chicago approach, even with present working 
simplifications removed, is a sovereign remedy. In fact, some work has been done 
in a different direction that may be more profitable ultimately. But the approach dis­
cussed here has given a practical method that seems better than any other available, 
while i t has engendered much intellection and germinated many ideas. And with all 
respect to working tools, ideas are not so easy to come by, either. 

Appendix A 

The gravity formula may be written 
Vij = W / r * y (1-1) 

in which 
= interchange from zone i to zone j ; 

Vj^ = total trip volume at zone k; 
r ^ = distance (or travel time, or travel cost) between zones i and j ; 
a = a constant e:q)onent expressing the resistance, or something, of 

distance; and 
= a normalizing constant—that is, the constant required by the condition 

Sj V i j = V i . 

Because the formtila is independent of zone size, it should hold for small zones, so 
that Eq. 1-1 can be thought of as 

dV. = K. V. p ^ / ^a = 2TrK.V.p r̂ '̂̂ W (1-2) 

in which p is the average trip density in the annular region dA, at any r distance from 
the origin zone. From this it follows that the normalizing constant must be 

K. = l/2irp F r(l"*W (1-3) 
1 J B 

Here, p is an average trip density for the region between r=C and r=B, in the sense 
that 

p /S ( l - )d r= /^p r ( l - )d r 
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bitegratlon of Eq. 1-3 gives 

K = 2-a 
' 2-irp (C^^"^^ - B^^"*^) i f a 2 (l-4a) 

K. = if a = 2 (l-4b) 
1 2irp log (C/B) 

Now p, because it is an average, is only weakly affected by changes in the limits C and 
B—provided the interval of integration is reasonably large and encloses all singular 
regions, such as the CBD—and may be considered more or less constant in this argu­
ment. Thus Ki , and through it any interchange calculation, varies with the minimum 
and maximum distances used. Inspection of Eqs. 1-4 shows that the sensitivity of Ki 
to these limits increases as the e:q)onent, a, moves away from the value 2; as a de­
creases, the sensitivity is more and more to the upper limit, C, while as a increases, 
the sensitivity shifts to the lower limit, B. 

To show that a change of exponent cannot correct for a change in (due to movii^ 
the boimdaries of the region), it is only necessary to compute the new e^^nent, a', 
that would make an interchange computation the same under a new constant, K / . This 
can be done by simple algebra from Eq. 1-1, and the result is 

log K V K 

- • = - i 5 ? 7 7 - ^ (1-5) 

This is not a constant, as required by the formulation, but a function of distance: the 
formulation cannot be rectified, made to yield the same calculations, from one boimdary 
situation to another. (K^ is, of course, a function of a' as well as of the boundaries; 
but the final, purified solution for a' need not be obtained, inasmuch as the argument 
depends only on being different from K^. That they are different follows from the 
hypothesis that they are equal: then a' would equal a, which implies the contradiction 
that Ki does not equal K.) 

Appendix B 

K the probability of a destination point being acceptable is independent of the order 
in which destinations are considered, the order that wi l l minimize travel time is clear­
ly time proximity, from near to far. And the premise may be re-stated: a trip pre­
fers to remain as short as possible, but its behavior is governed by a probability of 
stopping at any destination it encounters—it cannot always just go to the nearest destination 
and stop; it must consider the nearest destination, and if that is unacceptable consider the next 
nearest, and so on. To cast this into mathematical language: the probability that a trip wi l l 
terminate within some volume of destination points is equal to the probability that this volume 
contains an acceptable destination, times the probability that an acceptable destination 
closer to the origin of the trip has not been found. But the latter two probabilities may vary 
from point to point, so the problem must be stated in terms of limitingly small quantities. 
This leads to 

dP = (l-P)LdV (2-1) 
P is the probability the trip has terminated within the destination volume, V, lying 
earlier in the order of consideration (or subtended volume); L is the probability den­
sity (probability per destination) of destination acceptability at the point of consider­
ation. 

If L is constant, the only case discussed here, the solution of Eq. 2-1 is 

P = 1-ke"^^ (2-2) 
But K (the constant of integration) = 1, because P must be zero when V is zero, so 

P = 1-e-LV (2-3) 
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The expected interchange from zone i to zone j is simply the volume of trip origins at 
zone i multiplied by the probability of a trip terminating in j ; that is, 

= V. [P(V+V.) - P(V)] = V. (e-^V - e-^(V+V.)j 

An obvious extension of this is the supposition that, although L is constant for each 
trip, different trips have different L's. The more general equation then is 

= f'^ie-^^ . e-L(V.V.)) (2-5) 

^min 
in which is the distribution of Vi with respect to L; that is, = - ^ j — . Further, i t 
can be argued that the destinations are also distributed in their affinities. This may be 
allowed (without going into detailed reasoning) by construing V and Vj in Eq. 2-5 as 
effective volumes, and functions of L. The computation of Eq. 2-5 cannot be realized 
in practice without far more understanding. But an attempt to adjust Eq. 2-4 in the 
direction of Eq. 2-5 can be made by clustering trips into "kindred" sub-populations with 
all members of a given sub-population being governed by the same L. The approxima­
tion to Eq. 2-5 is then 

V j . = I Vj(g) (e-^(s)%) - e-^(s) < % ) •^j(s)^ (2-6) 

The subscript (s) is the sub-population index. This is quite analogous to the stratifica­
tion commonly used with gravity, iteration, and other models, but a little different in 
concept. 

Readers with a taste for rigor may feel there is some mathematical license in 
treating discrete, unitary trip ends as a continuous "volume," and that a more proper 
form of Eq. 2-1 would be the difference equation 

AP = (l-P)LAV = (l-P)L (sinceAV = 1). (2-7) 
But Eq. 2-7 represents a well-behaved step function—piecewise continuous and every­
where finite—so the difference between it and Eq. 2-1 is one of precision rather than 
of kind, and the discrepancy introduced by integrating a continuous approximation to a 
step function is small if the number of steps is large. Differentials are preferable to 
differences, in this instance, simply for reasons of tractability—continuous egressions 
are amenable to generalization and adjustment, and they are usually more lucid. Eq. 
2-7 can be solved easily enough, if L is constant, by stating i t as P„+i - Pn = (l-Pn)L 
and then writing out the recursions (Eq. 2-1 can be solved by inspection), but any de­
parture from that special case requires considerable manipulation. 

Mr. Lynch 
It is fairly clear that there is no ^reement among experts as to the best method for 

projecting future urban travel. However, they all agree on one thing—that considerably 
more research is needed in this field. It is hoped that research now under way, or to 
be undertaken in the not too distant future, wi l l result in general acceptance of one of 
the methods already developed or of a new method yet to be devised. 



Multiple Screenline Study to Determine 
Statewide Traffic Patterns 
MARK K. GREEN, Director of Traffic Analysis, Pennsylvania Department of 
Highways Planning Division 

•FOR MANY YEARS past the Planning Division of the Pennsylvania Department of 
Highways has been conducting O-D studies throughout the state. The studies have 
varied in type and scope according to the population density of the area under study. 

The extent of the studies ranged from the "Comprehensive Internal-External" type of 
survey used in large metropolitan areas, the "Parking-External" type of survey used 
for the smaller urban areas, and roadside interview surveys operated at a number of 
locations in rural areas of the state. 

Although the surveys conducted varied in type, scope and costs, the motivation was 
the same—to study the highway needs of a relatively small area. 

Over a period of years of analyzing the O-D information obtained both at spot loca­
tions in rural areas and that obtained from the external phase of the metropolitan area 
surveys throughout the state, a somewhat sketchy picture of the statewide traffic pat­
tern was developed. 

However, when it became apparent that an Interstate System of Highways was due 
to become something more than a mere dream, and that Congress was ready to imple­
ment a substantially increased over-all highway program, i t became evident to the 
Planning Division of the Pennsylvania Department of Highways that the Division needed 
to know a lot more about its statewide traffic pattern than was known. 

A comprehensive picture of the traffic pattern throughout the state would not only 
provide the information needed to determine the justification of proposed major highway 
locations but also enable the state to minimize the efforts of pressure groups proposing 
locations that cannot be justified by the facts. 

The problem arose as to how to obtain this needed information quickly, economically, 
and in a form that would lend itself to rapid and easy processing. 

After careful consideration of various approaches to this problem i t was decided that 
a series of screenlines be established to obtain trip O-D information of vehicles using 
the highways at the four borders of the state and those using the state highway system 
at four locations within the state. 

In addition, Pennsylvania Turnpike users would be interviewed at the west gateway, 
the east gateway, and at each interchange. 

The primary purpose of this report is to present an outline and brief discussion of 
the Pennsylvania experiences in conducting and developing this multiple screenline study 
and to outline what has been accomplished. 

Consistent to this general objective, no attempt is made to present all the detail as 
to the field operations or the techniques used in processing the survey informatlcm. 

THE SURVEY 
The field operations of the survey were conducted during the period from June 25, 

to September 13, 1957. Three interview crews were used throughout the survey. 
Each crew consisted of an average of 11 men and a supervisor. Personnel used for 

the interviewing were students on summer leave from college and preparatory schools 
except for the crew supervisor and the portable machine man. 

Each of the three crew supervisors were men with several years experience in con­
ducting field operations for the Planning Division. 

The Screenlines 
Eight screenlines were established at which traffic was interviewed on all highways 

carrying significant traffic volumes. In general, highways carrying less than 500 
vehicles per day were not interviewed. Exceptions were made in a few cases when 
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considerable gap In the screenline would occur by not intervie-wing roadways under 500 
vehicles. 

The eight screenlines were established as follows: 

1. An east-west screenline along the northern border of the state. 
2. An east-west screenline extending f r o m the west border to the east border ap­

proximately midway between the north border and the south border. 
3. A north-south screenline extending f r o m the north border to the south border 

on a line approximately midway between Lancaster and Reading. 
4. A north-south screenline extending f r o m the north border to the south border 

approximately midway between the east border and the west border. 
5. A north-south screenline extending f r o m the north border to the south border on 

a line approximately midway between Greensburg and Johnstown. 
6. A north-south screenline along the western border of the state. 
7. An east-west screenline along the southern border of the state. 
8. A north-south screenline along the eastern border of the state. 

The relative location of the eight screenlines is shown in Figure 1. 
Screenlines one, six, seven and eight are in effect a cordon line boxinding the state, 

while screenlines two, three, and four and five are internal screenlines. 
Also shown in Figure 1 are 22 groupings of certain stations f r o m the eight screen-

lines which may be used to f o r m a cordon line around each of eight regional areas in 
the state. 

Pennsylvania Turnpike Tra f f i c 

Turnpike t r a f f i c was interviewed at each interchai^e and at both the eastern and 
western gateway stations. A l l interviewing was conducted at t o l l booths, thus el imina­
ting possible hazards f r o m stopping high-speed t ra f f i c on the main roadway of the tu rn ­
pike. 

T r i p O-D information was obtained only f r o m dr ivers leaving the turnpike. 
Information as to the location where the d r iver entered the turnpike was ob­
tained through the cooperation of the turnpike employees who handled the t o l l 
transaction. 

Thus, with both the point of entry and point of exit recorded f o r each turnpike t r i p , 
mainline station data was constructed to complement other screenline data available 
at each of the three north-south internal screenlines. 

6-1 

G-2 

G-15 G-14 

Interview Stations 

Two hundred stations were scheduled f o r operation. Three stations were not opera­
ted on schedule as the normal t r a f f i c pattern had been considerably disrupted by con­
struction operations at or in the vicini ty of the station. However, origin-destination at 
these locations was taken in the summer of 1959. 

T r a f f i c was interviewed in one direction 
at each station location. However, on ma­
jor th ro i^h highways, the direction of i n ­
terviewing was reversed at the several 
screenlines in order to check the direc­
tional consistency or balance of flow as to 
t r ips crossing more than one screenline. 

In selecting the location of the interview 
stations, one consideration was to avoid 
densely populated metropolitan areas 
where large volumes of commuter and other 
local t r a f f i c would be intercepted. 

The Interview Form 

G-3 

£ G - I 2 

S G-4 

Screen Line I 

G-5 

- J Screen Line 2 

G-6 

G-7 

G-IO 

G-8 

Screen Line 7 
G-19 G-20 G-21 

G= Group of stations 

G-17 

G-18 

Figure 1. The interview f o r m adopted f o r use in 
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Highway Pfannmg D i v i s i o n 
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Ent ry 
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* U s e for T u r n p i k e S t o t i o n s only 

Figure 2. Reproduction of 
tervlew sheet. 

short form i n -

the f i e l d is shown in Figure 2. I t w i l l be 
noted that only information as to the o r i ­
gin and destination of his t r i p need be ob­
tained f r o m the vehicle operator. Use 
of the short f o r m interview blank requir­
ed minimum delay to the motorist and 
considerably reduced the number of f i e ld 
personnel required f o r the survey. 

In view of the fact that more detailed 
and precise information would need be 
obtained to analyze specific route loca­
tions, i t was decided the origin-destina­
tion information to be obtained f r o m the 
vehicle operator f o r the purpose of the 
statewide survey should be that of his 
"over-a l l t r i p , " rather than f r o m the 
"point of his last stop" to that of his "next 
intended stop." 

A total of 279,892 usable interviews were obtained 
of 764, 250 vehicle t r ips . Figure 3 shows the number of interviews as compared to 
the ground coimt at each screenllne. 

Cost of Field Operations 

The cost of the f i e ld operations amounted to $45, 835.41. 
The average cost per Interview f o r the 279, 892 interviews amounted to $0.1638. 
This cost per interview considerably exceeds the average cost per external interview 

in metropolitan area surveys. However, a substantial portion of the cost per interview 
($0.715) is represented by t ravel and personnel maintenance costs required due to a 
constantly shift ing base of operations and the necessity of interviewing many routes 
carrying relatively smal l volumes of t r a f f i c . 

A breakdown of the f i e ld costs is as fol lows: 

The interviews represent a total 

Cost For Field Operations 

Personal cars - (8 cents per mi) 
State cars & corps busses 
Generators & t ra i le rs (for night operations) 

Sub-Total 

Expense accounts - (food & lodging) 
Wages - (salary & hoiu-ly) 

Total cost f o r f i e ld operations 

$ 3,266.09 
2,486.35 

608.00 

6,360.44 

$13,660. 77 
25.814.20 

$45,835.41 

Coding of Data 

The basic coding of the data is on a f ive digi t code. 
Information fo r t r i p origins-destination within the United States is available at the 

county level. 
However, f o r the preparation of a general report a l l data is reduced to an area level 

as follows: 
Tr ips to or f r o m adjacent states were assigned to areas determined by known routes 

of t ravel into or out of Pennsylvania. 
Tr ips to or f r o m states other than adjacent states were grouped on a regional basis. 
The basic coding f o r areas other than Pennsylvania and adjacent states is shown at 

the three digit level. 
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I n t e r v i s w s 

8 P«nnsylvania 
T u r n p i k a 

S c r s e n I 
L i n e 

Figure 3. Nianber of interviews obtained 
compared to the nxaober of vehicles counted 

i n each survey operation. 

Tables 

The tabular information was then trans­
fe r red to triangulated tables which present 
the total (non-directional) number of t r ips 
between any two areas and the number of 
int ra- t r ips within the area in which the 
station was operated. 

The tables are arranged to present the 
information in three major groupings: 

1. Out of state to out of state t r a f f i c . 
2. "Out of State" to "Pennsylvania" 

t r a f f i c . 
3. "Pennsylvania to Pennsylvania" 

t r a f f i c . 

Tables were prepared f o r each of the 
198 interview stations. Composite tables 
were also prepared to show the o r ^ i n -

destination of a l l t r ips crossing each screenline. 
Figures 4, 5, 6, and 7 are examples of the many possibilities f o r c o m p i l i i ^ s ign i f i ­

cant t r i p data f r o m the tables. 

^ I I I I r 
Oul-of-State to Out-of-State 

I Other states to other stotes 
_l Adjacent states to odjacent states 
~J Adjacent states to other states 

I I 1 I I I I 
Areas in Pennsylvania to Areas outside 
Po to states beyond odjacent states 

] Pennsylvonio to adjacent states 

9 2 % 

I 

Pa.' 
18 

I 
4 % 

Pennsylvonio to Pennsylvania I 72 4 % 

10 20 30 40 50 60 70 80 90 100 
Percentage of Total Trips through Internal Screen Lines 

Figure k. 

— \ — I — \ — \ — I — r -
Pennsylvania to Pennsylvania 

n 2 8 % I 
I 

Out-of -state to Out-of-State 
Other states to other s ta tes 

Adjacent states to other states 
Adjacent s ta tes to adjacent states 
I I I I I I I I I 

Areas in Pennsylvania to Areas outside Pa. 
\ Po to s la tes beyond adjacent states 

1 0 8 % 

Pennsylvonio to odiocent s totes 
8 6 4 % 

10 20 30 4 0 5 0 6 0 70 8 0 9 0 100 
Percentage of Total Tr ips through Border Screen Lines 

Figure 5 . 

Figure 7 emphasizes the high percentage of t r ips crossing the border screenlines 
that had a Pennsylvania or igin or destination in areas adjacent to the screenline which 
they crossed. 

I t w i l l be noted that a high percentage of the "out of state" t e rmin i f o r t r ips crossing 
the border screenlines were in "adjacent state" areas contiguous to the Pennsylvania 
border. 

Thus i t is reasonable to assume that the characteristics of the t r a f f i c crossing border 
screenlines is s imi la r to the cliaracteristics of t r a f f i c crossing the internal screenlines. 

Screenline Check of T r i p Data 

A screenline check was made by tabulating a l l cards with the t r i p origin-destination 
as a major control and the number of t r ips through each screenline as the intermediate 
control. 

Screenline checks of the data on the whole were excellent where t r i p volumes were 
significant. Some examples are given in Table 1. 
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> 
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o 
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• • Out-of-state to out-of -state 
Out-of-state to Pennsylvania _ 

I I Pennsylvania to Pennsylvania 

3 3 
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4 0 

2 0 

160 
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I 8 0 
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I " 
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Out -o f 'S ta tc to P«nnsylvania Areas _ 
1 F i rs t row or column of oreos porollel to screen tine 
2 Second row or column of oreos para l le l to screen line 
3 Third row or column of oreos porollel to screen line . 

I 2 3 4 5 _ 4 Al l other oreas of Pennsylvonio 
5 Trips between oreos not in Pennsylvonio 

Screer 
L i n e 

Figure 7* Number of t r ips through each 
border screenllne to and from areae In 
Pennsylvania and between areas not I n 

Pennsylvania. 

Graphic Presentations 

3 4 5 6 7 
Screen L i n e Number 

I t was found that there are almost un­
l imi ted possibilities in preparing graphic 
presentations of the information, and each 
of these in turn could be presented f o r any 
or a l l of several vehicle classifications. 

However, the number of graphic pre­
sentations necessarily must be l imi ted f o r 
reasons of time and cost to those which 
have a practical value. 

A basic concept in the preparation of 
the desired line exhibits is to show the 
relationship between the t r i p origins and 

destinations to population density and the major road network. 

Figure 6. Showing the volume of "out of 
state to out of state," "out of state to 
Pennsylvania" and "Pennsylvania" to "Penn­

sylvania" t r a f f i c at each screenllne. 

TABLE 1 

Tilpg liy Screenllne (no.) 
0-D 
Area 6 5 4 3 8' 1 2 7 
1 - 19 82 95 88 80 49 _ 5 5 
1-18 12 17 11 14 12 - 2 -1-74 6 12 14 - - - - -1-99 12 20 11 8 - - - -1-20 5 - - - - 5 -1-21 68 44 30 28 30 23 2 -
2-18 105 88 95 88 138 2 3 6 
2-19 385 347 336 325 339 15 7 52 
2-74 23 21 22 - 6 - - -2-99 98 87 68 86 8 4 28 
2-20 44 36 22 13 18 24 12 2 
2-21 S66 246 220 244 300 42 27 27 
3-18 418 374 357 379 386 8 6 2 
3-19 1,345 1,319 1,285 1,379 

9 
1,082 52 30 19 

3-74 167 184 185 
1,379 

9 - - 9 4 
3-99 539 511 485 552 7 14 16 29 
3-20 138 34 31 44 68 120 24 4 
3-21 662 454 432 383 497 216 52 20 
5-18 229 210 215 213 141 - 13 7 
5-19 402 384 388 393 351 5 30 -5-74 199 192 194 - - - 19 
5-99 353 312 303 316 - - 9 6 
5-20 85 14 16 8 25 67 8 2 
5-21 303 153 149 145 218 305 IS -
' Two key steUona not aTaUaUe. 
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Turnpike Highl^hts 

The Pennsylvania Turnpike at the western gateway was found to car ry a volume of 
13,960 vehicles. This volume represented approximately 17 percent of the total volume 
of vehicles using the highways interviewed at the western border screenline. 

However, the "out of state" to "out of state" t r a f f i c using the Turnpike represented 
45.4 percent of a l l "out of state" to "out of state" t r a f f i c found crossing the western 
border screenline. 

The high percentage of long-haul t r a f f i c attracted to the Turnpike is readily accoxmted 
f o r by the extremely rugged character of the ter ra in in the west central section of 
Pennsylvania where a series of moimtain ranges spread across the state in a generally 
southwest-northeast direction. 

The Turnpike with its tunnels permits t r a f f i c to go through the mountain ranges i n ­
stead of going over them and thus provides a minimum grade route with f u l l y controlled 
access which affords substantial savings in both time and operation cost to users. 



Land Use Forecasting for 
Transportation Planning 
WALTER G. HANSEN, Highway Research Engineer, Bureau of Public Roads 

#THIS REPORT is concerned with a recent attempt to develop a land-use forecasting 
procedure to be incorporated into the urban transportation plaiming process. The ap­
proach taken and the methods used were conditioned to a large extent by the function 
that such a procedure is required to per form in the larger process of developing urban 
transportation plans. Therefore, a brief review of this over-a l l planning process may 
be helpful in understanding and evaluating the investigations and results reported in 
this paper. 

Figure 1 is a block diagram of the transportation planning process. The approach 
to transportation planning ouUined in this diagram has evolved f r o m the many transpor­
tation studies which have been made during the past decade. In particular, credit 
must be extended to the Detroit and Chicago studies which have contributed so heavily 
to the development of this process and the various techniques required. 

In short, the planning process is composed of policy decisions and a series of es t i ­
mating techniques, the latter being arranged in such a manner that i t is possible to test 
and evaluate a transportation program in light of (a) anticipated future t ravel demands 
and (b) community land-use plans and objectives. Both of these checks must be made 
i f a reasonable transportation program is to be developed (1). 

Examination of Figure 1 shows that several conditions must be met by the land-use 
forecasting procedure i f i t is to f u l f i l l its function. These conditions and characteris­
tics are: 

1. I t is a distributive process. Previously developed aggregate forecasts of popu­
lation and economic activity are to be distributed to transportation planning zones 
throughout the urban area. 

2. I t deals with only the net increase of population and economic activity. The 
existing pattern of land use is assumed to remain stable over the period of the fo re ­
cast. 

3. It must be sufficiently mechanical to be susceptible to machine processing. 
4. The transportation network must be made e}q)licit in the forecasting procedure. 

If this is not done i t w i l l be impossible to evaluate a transportation program in light of 
community land-use plans and objectives. 

A RESIDENTIAL LAND-USE MODEL 

It was decided that the f i r s t investigations of land-use forecasting would be l imi ted 
to the development of a residential land-use forecasting model. This was done, f i r s t , 
because this type of land use constitutes the bulk of urban development, and second, 
i t was fe l t that residential growth was more susceptible to systematic prediction be­
cause i t is the result of numerous individual, relatively minor decisions rather than a 
few large decisions as is the case with commercial and industrial development. 

Among the many factors which could be expected to influence the pattern of r e s i ­
dential growth—topography, existing land-use patterns, transportation faci l i t ies , public 
services, and land development regulations, to mention a few—city planners, econo­
mists, and urban geographers have long emphasized the importance that accessibility 
has on the pattern of urban development. The general hypothesis, that the more acces­
sible an area is to the various activities in a community the greater is its growth po­
tential and probable intensity of development, lias been expressed in one f o r m or another 
f o r some t ime. This general proposition has received close to universal acceptance 
despite the complete lack of any attempts to quantify the relationship and test the hy­
pothesis. 

Consistent with this intuitive acceptance of a relationship between accessibility and 
land development, i t was fe l t that a residential land-use model based on a realistic 

11̂ 5 
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NETWORK 
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ON 
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paths 

_overloads and^xcess_c^cityj 

Figure 1. Transportation planning process. 

measurement of accessibility along with the availability of vacant developable land could 
be established. Such a model would take the following f o r m : 

O. f (A.) 

0 . f (A.) + 0 . f (A. ) + (1) 

in which 

G. is equal to the residential growth in zone i . 

Gj. is equal to the total residential growth in the urban area. 

O. is the vacant developable land in zone i . 

A. is a measure of the accessibility of zone i . 

f is a function. 

The model states that the proportion of the total urban area residential growth which 
can be expected to take place in any zone i is equal to that zone's attractiveness f o r 
development relative to the summation of the attractiveness of a l l zones, where the at­
tractiveness of a zone is equal to the amount of developable land in a zone modified by 
some fimction of the accessibility of that zone. 

As used in this investigation, accessibility is defined as the potential of opportunities 
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f o r interaction. Stated in another manner i t may be thought of as a measure of the ef­
fective opportunities f o r interaction at any zone i , created by the actual opportunities 
at any zone j . Stated in this manner i t is obvious that the accessibility at zone i to a 
particular activity at zone j (say employment) varies directly with the size of the ac t i ­
vity located at zone j (number of jobs) and varies inversely with some function of the 
distance separating zones i and j . More formal ly this concept is e:q>ressed in the 
following formula: 

in which 

.Aj is a measure of the accessibility at zone i to an activity located in zone j . 

S. is a measure of the size of the activity located in zone j ; f o r example, 
'' number of jobs, population, re ta i l sales. 

D. j is a measure of the distance between or separation of zones i and j . 

I t was assumed that the fimction of distance in Eq. 2 would be exponential; that is , 
the measurement of distance would be raised to some power. This assumption was 
based on results of various examinations which have been made of urban travel patterns. 
In addition, to meet the condition that the transportation network be made explicit in 
the land-use forecas t i i^ model, the distance separating the various zones must be 
expressed in terms of t ravel t ime. Under these conditions the formula f o r calculating 
the total accessibility of a zone becomes: 

s - S^ ^='^ s ^ 
A i = ^ L . - - - ^ = E ^ (3) 

" ^ i - i " ^ i - j ^ i - n ' "^i-x 

in which 

T. equals the t ravel time between zone i and any zone x. 

b is an exponent describing the magnitude of the effect that the separation 
Tj^_^ has on the possibility of interaction between zones i and x. 

This measurement of accessibility contains elements of both the existing pattern 
of land use and the transportation system. I t is a relative measure of the effective 
distribution of an activity around a zone. 

Using Eq. 3 and data f o r the Washington, D. C , metropolitan area, an empirical 
examination was made to determine the relationship between this measurement of 
accessibility and residential growth. O-D studies, conducted in 1948 and repeated 
in 1955, supplied the bulk of the information required to calculate the accessibility 
measurements and to determine the pattern of residential growth over the 7-yr period. 
(The travel data used in the study were collected in 1948 and 1955 in two O-D surveys 
conducted by the Regional Highway Planning Committee f o r the Washington Metropol i ­
tan Area which was financed jointly by the highway departments of the Dis t r ic t of 
Columbia, Maryland, Virginia , and hy the Bureau of Public Roads. Land-use and 
economic data were obtained f r o m the National Capital Planning Commission and the 
National Capital Regional Planning Council.) 

Because a major i ty (80 percent) of a l l personal t ravel originating in residential 
areas la f o r work, shopping, or social purposes, this study was l imi ted to an exami­
nation of the relationships between residential growth and accessibility to employment, 
shopping, and social opportunities. 

Table 1 gives the types of data which were used to calculate the various measures 
of accessibility. The exponents of distance shown in this table were based on informa­
tion made available by the Baltimore Transportation Study of 1957-58. (The exponent 
values are tentative. Additional research is being done by the Bureau of Public Roads 
to develop and statistically evaluate these exponents f o r the Washington, D. C. , area.) 
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TABLE 1 

DATA FOR ACCESSIBILITY CALCULATIONS 

Accessibility Units Used to Express Exponent 
to Act ivi ty Level of Zone of Distance* 

?i ^ 

Employment opportunities Number of jobs 2 . 2 0 
Shopping opportunities Annual re ta i l sales 3 . 0 0 
Social opportunities Population 2 . 3 5 

* Distance is expressed in minutes of off-peak driving time plus 5 to 8 min of terminal 
t ime. 

Travel t ime was e}q)ressed in minutes of driving time plus 5 to 8 min of terminal t ime, 
depending on the location and density of the zone. 

These examinations led to the development of the following residential land-use 
model: 

G . O. A-EJ- 04 

^ T O. A - E 3 . 0 4 + O . A - E 3 . 0 4 + . . . o A - E 3 . 04 
1 1 ] J n n 

( 4 ) 

in which 

G . and G ^ are increases in the number of dwelling units. 

A - E . equals the accessibility to employment at zone i . 

Other models could have been developed based on accessibility to re ta i l activity or 
population or some combination of a l l three accessibility indexes; however, accessi­
bi l i ty to employment was found to be most closely correlated to residential growth and 
i t was not fe l t that the inclusion of the other measures of accessibility would result 
in any substantial improvement of the estimating accuracy of the model. This formula 
varies f r o m one previously reported ( 2 ) . 

The model (Eq. 4 ) was used to estimate the distribution of the 1 9 4 8 - 1 9 5 5 residential 
growth (zonal increase in dwelling vinits) f o r the Washington, D. C . , area. Comparison 
of these estimated growths to the actual increase of dwelling units in each zone showed 
that approximately three-quarters of the estimates were within 5 0 percent of the actual 
growths. 

Although these results are quite promising and indicate that accessibility and the 
availability of land are major determinants in the pattern of residential growth, they do 
not in themselves produce sufficiently accurate estimates f o r planning purposes. Other 
factors must be examined and included in the model i f a usable estimating process is to 
be developed. 

The immediate value of the described model is that i t makes i t possible to examine 
empirically the effects that other factors such as zoning, taxes, and land costs have 
on the pattern of residential growth. The effect of such factors can be determined by 
studying their relationship to the differences between the actual distribution of growth 
and the estimated distribution of growth based on accessibility. In brief, the model 
can be used to establish a common reference base. 

These examinations would provide both the city planner and the transportation plan­
ner with a deeper insight into the process of urban development. 

An examination of this type is now being made in the Hartford, Conn., area. Several 
factors which seem to exert a substantial influence on residential growth have been i -
dentified: land costs, cost of providing ut i l i t ies , zoning policies, land holding, and 
prestige. When these and other related factors with their relationship to residential 
growth have been quantified, i t should be possible to develop a sufficiently accurate 
residential land-use model. 
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The following example is presented to help c l a r i fy the mechanics of the model and to 
demonstrate its potential value to transportation planning. The model used in this ex­
ample is based solely on accessibility to employment and vacant land, and should not 
therefore be interpreted as a proposal, but rather as an i l lustrat ion. 

ZONE 3 

200 acres vacant 

X T = 36 

ZONE 2 

100 acres vacant 

h - T T = 26 

T T = 26 

ZONE 1 

5, 000 jobs 
0 acres vacant 

- T T = 31 

T T = 31 

. T T = 16 ZONE 4 

50 acres vacant 
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T T = Travel time in minutes (driving plus terminal time). 
Note: Intrazone travel time equals 9 min. 

Figure 2. Il l u s t r a t i o n of land-use model. 
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Illustration of Model 
Figure 2 is a diagram of a four-area hypothetical metropolitan region, showing the 

existing employment, vacant developable land, and the t ravel times between areas. 
Estimated growth f o r the entire metropolitan region, by some future point in t ime, is 
2; 000 dwelling units and 1, 000 jobs. The distribution of residential growth w i l l be fo re ­
cast fo r each of the following cases: 

Case I . The travel times between areas are the same in 1965 as at present and the 
increase in employment takes place in zone 1. 

Case n . By 1965 an express highway is built between zones 1 and 2 reducing the 
travel time f r o m 26 min to 21 min. The increase in employment takes place in zone 1. 

Case ni. The travel times between zones are the same in 1965 as at present and the 
increase in employment takes place in zone 3. 

The calculations in Figure 2 demonstrate the potential value of this and s imi lar land-
use models to city and transportation planning. The model can assist the planner in 
assessing the probable effects of a given action; fo r example, the construction of an 
express highway (Case II) or a policy of decentralizing employment (Case HI). Of par­
t icular importance is the fact that this determination of consequences need not be l i m i t ­
ed to some predetermined area of "influence," but can be assessed fo r a l l areas within 
the metropolitan region. For example, comparing Case I I to Case I in the preceding 
i l lustrat ion, the fact that zones 3 and 4 w i l l experience less than expected growth due to 
the construction of the expressway may be more important than the increased growth 
in zone 2. Present estimating procedures would be imable to make such assessments. 

By incorporating this land-use forecasting model into the transportation planning 
process (Fig. 1), i t would be possible to determine the impact that these changes would 
have on the transportation system. 

It should be pointed out that the re l iabi l i ty of this model fo r forecasting purposes is 
sensitive to the quantity of residential growth being distributed. The model distributes 
an increment of growth according to a constant set of factors, fii reali ty, however, 
growth is a continuous process and the factors affecting its distribution, accessibility, 
vacant land, and other elements, are constantly changing. If a large increment of 
growth expected to occur over a f a i r l y long period of time (20 yr ) is distributed in a 
single application of the model, the resulting e r rors are l ikely to be quite large. 

This does not mean that the model cannot be used fo r long-range forecasts; quite 
the contrary. When combined with estimates of the probable density of development 
in each zone, successive applications of the model can be used to synthesize urban 
growth up to any point in t ime. I t is this aspect of the il lustrated residential land-use 
model which offers the greatest potential value to the transportation planning process. 
When coupled with the t r a f f i c estimating procedures, i t w i l l be possible to examine the 
reasonableness of a transportation program in light of travel demands at several points 
in t ime. Such an examination would prove invaluable in determining p r io r i t i e s . I t 
would also be possible to determine the t iming and sequence of constructing segments 
of an expressway system which would best promote a desired distribution of metropoli­
tan residential growth. 

As other factors are examined and incorporated into the model—in particular these 
factors which are subject to change by conscious public action, such as zoning and the 
provision of public services—the model should become increasingly valuable f o r plan­
ning purposes. For example, i t would be possible to coordinate a program of zoning 
regulations with a transportation program so that the transportation system w i l l operate 
with maximum efficiency. 

In conclusion, i t is fe l t that a prototype of the land-use forecasting procedure r e ­
quired f o r transportation planning purposes has been developed. However, much hard 
work remains to be done before the potential value of this procedure can be realized. 
I t is hoped that this paper w i l l stimulate others to investigate this potentially productive 
area of research. 
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New York Port Authority's 1958 0-D Survey 
Using Continuous Sampling 
WARREN B. LOVEJOY, Transportation Economist, The Port of New York Authority 

• T H E PORT OF NEW YORK AUTHORITY in 1958 adopted a continuous sampling 
method of conducting roadside O-D surveys. Previously, so-called "one shot" surveys 
in which one to three days of t r a f f i c were surveyed as representative of an entire year's 
t r a f f i c had been employed. The thinking behind this new method and the technique em­
ployed are reviewed and a resume of the 1958 Survey results is given. 

Br ie f ly , this new technique is based on a carefully designed and controlled probabil­
i ty sample which builds up the interviews obtained to the required number f o r any de­
sired degree of re l iabi l i ty by sampling over a considerable length of time rather than 
by sampling heavily in a short period of several days. Thus, by obtaining a few hundred 
interviews each day, a total of 93,329 interviews were accumulated over the course of 
the year 1958. These interviews were obtained under a l l of the varying conditions which 
existed in the f i e l d throughout the year. 

ADVANTAGES OF CONTINUOUS SAMPLING 

There are a number of advantages to be derived f r o m the use of this new t r a f f i c 
survey technique. »Among the more important of these, as they apply to the Port A u ­
thori ty 's O-D survey problem, are the following: 

1. By spreading the sampling over a long period of t ime, this system avoids the 
possibility inherent in "one shot" surveys that seasonal or other variations might make 
t r a f f i c unrepresentative on the day or c^ys surveyed. In continuous sampling, a suf­
f ic ient variety of t r a f f i c patterns over the days and seasons are covered so that the 
survey results are representative of normal t r a f f i c patterns. By the same token, 
spreading the Interviews in this way makes i t possible to measure seasonal variations. 

2. This new technique provides up-to-date information on O-D patterns at a l l times 
because the survey data is continuously being obtained and can be analyzed periodically. 
This has already been useful in analyzing t r a f f i c developments in the light of weather 
variations, recession and construction of new fac i l i t ies . 

3. Building the size of the sample over a long period, rather than by intensive 
sampling during one day or several days, has eliminated the necessity of h i r ing large 
numbers of unskilled, temporary employees as interviewers and coders. For the 
continuous sampling, four regularly employed interviewers did a l l of the Interviewing 
as wel l as the coding. These men were trained in interviewing methods, had a thor­
ough knowledge of the geography of the Metropolitan Area, and were skilled in the 
coding of the data. 

4. Because continuous sampling avoids intensive sampling at any fac i l i ty at any 
one t ime, there is l i t t l e chance of causing congestion at the faci l i t ies while obtaining 
the O-D information. Furthermore, skil led interviewers greatly reduce the time re ­
quired ifor each interview and are thus able to get complete information on each inter­
view without undue delay to the motorist . 

5. By using a probability sample, i t is possible to compute mathematically the 
degree of re l iabi l i ty achieved by the survey and thus keep a constant check of the ac­
curacy of the results. 

The design of the sample is as follows: 

1. The sample was a probability sample requiring that every vehicle t r i p made dur­
ing the year over the Port Authority tunnels and bridges have a known probability of 
selection. This was achieved by a randomized selection procedure at every stage of 
the sample design. 

2. The level of re l iabi l i ty required in the survey specified that with the expected 
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over-al l sample size of f r o m 90 to 100 thousand interviews, a sample estimate of 1 
percent, or 1, 000interviews, would have a coefficient of variation (maximum margin 
of e r ro r ) of the order of 3 to 6 percent. 

3. There was built into the sample design a procedure for developing proper mea­
surements of the standard er rors of the various sample estimates. 

DEVELOPMENT OF GENERAL SAMPLE DESIGN 

The general sample design had to be such that a l l of these statistical requirements 
f o r a probability sample were met, but i t also had to be able to accommodate the prac­
t ica l problems encountered in the actual conduct of the survey. These two considera­
tions necessitated development of a number of procedures, as follows: 

1. The survey budget permitted the assignment of four permanent f i e ld survey i n ­
terviewers to this project. These interviewers were responsible fo r both the f i e ld 
work and the office work in connection with this survey. Because this was the l i m i t 
of the manpower available, i t was determined that the f i e ld work had to be restricted 
to eleven tours of duty per week. 

2. Reasonable working hours and the necessity of minimizing fluctuations in hourly 
t r a f f i c volumes within shifts were used as the c r i t e r ia in designating the hours fo r 
shifts which became the pr imary sampling units. The shifts were set up as 8-hr periods 
to be spent at one fac i l i ty on any one of the seven days of the week. The hours of the 
shifts decided upon were 11 p. m . to 7 a. m . , 7 a. m . to 3 p . m . and 3 p . m . to 11 p. m . 

3. To insure good coverage of O-D patterns, directional flows, vehicle types and 
vehicular volumes at each fac i l i ty during each 8-hr period, the interviewer moves 
f r o m one lane to another each hour in a prescribed pattern of rotation. The design 
includes specified relief periods each hour, but i t is assumed, with good reason, that 
the t r a f f i c patterns during these rel ief periods are not different f r o m those sampled 
during the interviewing periods. 

4. Because of the distances involved in covering the entire to l l plaza of a fac i l i ty , 
i t was necessary to subdivide each fac i l i ty into two or more locations. The locations 
were selected in such a manner as to allow interviewers to enumerate the number of 
lanes open within a location in each hour. The interviewer rotates among the lanes 
at one specified location f o r 4 hr and then moves on to another location. 

5. Experience with previous "one shot" surveys supplemented by f i e ld testing i n ­
dicated that an average work load of 40 interviews per hour could be achieved by the 
interviewers. This does not mean that in busy periods more than 40 interviews per 
hour could not be secured. It does mean that throughout the conduct of the survey an 
average rate of about 40 interviews per hour was achievable. 

6. A knowledge of hourly t r a f f i c variations via each fac i l i ty on the different days 
of the week was uti l ized in selecting uniform sampling rates during each shif t that would 
allow fo r reasonable work loads fo r the interviewers. The possibility of selecting any 
shif t at any fac i l i ty was proportionate to the amount of t r a f f i c volume expected to occur 
during the shif t . 

7. To assure a self-weighing sample, a procedure of balancing actual interviews 
against expected interviews was introduced. Thus, interviews could be duplicated or 
omitted depending on such factors as the ratio of actual to expected lanes open, loss of 
interviewing time due to bad weather and non-response. 

1958 SURVEY RESULTS 
Much of the data obtained in the survey is of interest only to those concerned with 

t r a f f i c in the New York-New Jersey Metropolitan Area. However, the following ma­
te r ia l is of general interest part icularly as i t shows what can be accomplished by this 
type of survey: 

1. More than 83 percent of the t r ips over the Port Authority bridges and tunnels are 
made entirely within the 18-County Metropolitan Area. Nearly 14 percent have either 
origin or destination in the bi-state Port Dis t r ic t and only 3 percent are through-trips 
with neither origin nor destination in the Dis t r ic t . 
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2. Trends in O-D patterns since 1949 emphasize the Importance of providing futxire 
peripheral faci l i t ies and routes both fo r autos and trucks. Tra f f i c growth was most 
pronounced in the outlying counties of the Port Dis t r ic t whereas the Manhattan Central 
Business Dis t r ic t (Manhattan south of 59th Street), decreased sharply as a t r a f f i c gen­
erator f r o m 39.3 percent of total trans-Hudson vehicular origins and destinations in 
1949 to 33.9 percent in 1958. 

3. As might be e j e c t e d , weekday patterns are considerably different than Sunday 
patterns. Peripheral t r a f f i c (that is , vehicles with neither or igin nor destination in 
Manhattan or Hudson County) constituted 53 percent of weekday trans-Hudson t ra f f i c 
as compared with 69 percent on Sundays. 

4. Seasonal analysis shows a pronounced shif t in t r a f f i c during the summer months 
away f r o m the core areas toward the periphery. As might be expected, the largest 
seasonal variations were observed in t r a f f i c to and f r o m the resort areas located in 
Union County and south. Furthermore the seasonal variations in these areas are large 
enough to have a definite effect on peak t ra f f i c loads. 

5. The hourly and directional analyses made possible by this type of survey clearly 
indicate that wide differences in O-D patterns exist between averages fo r an entire 
weekday or Sunday and patterns which occur during peak periods in each direction. 
For instance, the Manhattan CBD, where 32 percent of trans-Hudson autos originated 
or terminated their t r ips on an average weekday in 1958, accounted fo r 39 percent of 
the eastbound t ra f f i c f r o m 7 to 10 a, m . , but only 17. 5 percent of the westbound volume 
during those hours. In the afternoon peak hours, 4 to 7 p. m . , the Manhattan CBD ac­
counted fo r 39 percent of the westbound t ra f f i c and 24 percent of the eastbound volume. 
Here is a definite indication that the subject of reversible approach lanes is certainly 
well worth investigating. 

6. Only 47 percent of the trans-Hudson auto t r ips during 1958 were made fo r busi­
ness purposes, 51 percent f o r recreation and personal reasons and a surprisingly low 
2 percent f o r shopping. During morning peak periods on weekdays, however, 86 per­
cent of the t r ips were fo r business purposes. This proportion dropped in the afternoon 
peak periods to 68 percent f o r eastboimd t ra f f i c and 72 percent f o r westbound t r a f f i c . 

7. There has always been a heavy reverse f low volume eastbound into New York 
City f r o m 4 to 7 p. m . By combining hourly purpose and hourly license plate analyses, 
i t was shown that this heavy volume was composed of the normal f low of New Yorkers 
returning home f r o m work in New Jersey plus a large number of New Jersey residents 
driving into New York City for pleasure purposes. 

8. The average number of persons per trans-Hudson auto during the peak hours 
eastbound in the morning and westbound in the afternoon tends to be somewhat lower 
than the non-rush loads. Car pooling is not a large factor in this movement to date 
probably because the bulk of this commuting is s t i l l done by common car r ie r . Jxist 
the opposite is true, however, f o r the "blue-collar" workers commuting to New Jersey 
industrial locations, who obviously make much greater use of car pooling. 

To sum up, i t is fe l t that this new method of continuous sampling in O-D work has 
been successful, and i t is planned to continue its use in the future . Statistically, i t 
is found that the level of re l iabi l i ty in the survey results has been high and one of the 
reasons fo r this is the use of skil led rather than non-skilled interviewers. The survey 
has given much better seasonal, hourly and supplemental information than obtained 
previously, and this information has been and w i l l be kept current in the future. The 
cost of the survey f o r the year was considerably less than the cost of conducting a 
"one-shot" survey. Finally, this method gives great f lex ib i l i ty in the types of informa­
tion obtained f r o m the survey. For instance, the Port of New York Authority has been 
e}q)erimenting with obtainit^ routing information to supplement its knowlec^e of origins 
and destination. Also, in the 1960 Survey peak periods are being concentrated on in 
order to obtain more detailed and accurate information concerning peak t r a f f i c flows 
which are so important in the analysis of demand versus capacity considerations. 



A Theoretical Prediction of Work-Trip Patterns 
ROBERT T. HOWE, Associate Professor of C iv i l Engineering, University of 
Cincinnati 

• ORIGIN AND DESTINATION surveys have been developed into effective tools f o r 
determining travel patterns. Unfortvmately, such surveys have two major shortcom­
ings: they are quite e;Q)ensive, and they are tied closely to the localities and points 
in time in which they are made. During the past 5 or 6 y r , considerable ef for t has 
been expended in attempts to f ind relationships between land-use patterns and travel 
patterns in cities where such surveys have been made. I t is hoped that the relation­
ships which are found may be used to synthesize patterns of movement in those com­
munities at other points in time, or may be translatable to other cities. This paper 
may contribute to the synthesis of an origin and destination (O-D) survey. 

Three and one-half years ago, research was begun on the possibility of creating a 
purely theoretical model of the movement of people in response to varying land uses 
based upon the principles of electrostatics. Although the ability of this theory to pre­
dict a l l types of movement has not been checked as yet, i t does seem to be capable 
of predicting work- t r ips patterns in a metropolitan area within usable l imi t s of accur­
acy. This paper presents the techniques which have evolved thus fa r f r o m the research, 
but does not delve into the theory behind these techniques. 

BASIC ASSUMPTIONS 

It is an interesting paradox that nothing in nature occurs with true mathematical 
precision, although so many natural phenomena are so nearly predictable f r o m math­
ematical relationships. When human decisions and vagaries are involved in the events, 
larger er rors must usually be expected than may be necessary when dealing with i n ­
animate objects. 

In particular, i t must be recognized that i t is probably impossible to predict wi th 
any degree of accuracy the movements of any one person. In addition, the theory, 
herein demonstrated, requires that the following simplifying assumptions be made in 
order to permit mathematical formulat ion. 

1. The region to be analyzed must be precisely bounded. An alternate f o r m of this 
premise would be that every worker l iving within the region of interest has a job within 
that region, and every job within the region is f i l l e d by a worker l iv ing within the region. 

2. Every worker goes to work every day, and there is no "turnover" in employ­
ment. The technique described herein depends on an in i t ia l unbalance in this respect, 
but the derived pattern of movement is assumed to be stable. 

3. Movement between places of varying land use is independent of the mode of t ravel . 
Predictions resulting f r o m the theory concern the movement of people, not of vehicles. 
H walking tr ips are not of interest, ttiey must be factored out of the theoretical pattern 
of movement. 

4. Every center of employment includes a hierarchy of employees, ranging f r o m 
common laborers to company presidents. I t is recognized that any one organization 
may have a preponderance of either higher or lower echelon workers, but i t is assumed 
that these irregulari t ies balance out within a comparatively small area. 

5. Workers of a l l income levels l ive in a l l parts of the region of interest. This does 
not necessarily mean that laborers and managers live side by side, but there are very 
few tracts, of even 1 sq m i in area, within metropolitan regions which are completely 
homogeneous with respect to incomes of residents. 

6. The separations between centers of residence and centers of employment are 
best measured by the straightline distances between such centers. Even Uiough the 
actual movement between two centers of activity is quite l imited because of physical 
obstructions, if the potential fo r movement is great enough, someone w i l l build a 
Mackinac Bridge, a Lincoln Tunnel, a tunnel through the Alps, or even a tunnel under 
the English Channel. Any other measure of separation would seem to merely ref lect 
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how people react to existing conditions, and not how they would behave if given a better 
alternative. 

7. Real land-use patterns, made up of centers of residence, centers of employment, 
centers of shopping, centers of recreation, etc., may be represented as patterns of 
noncompeting centers of positive charge; that is, at no point in time does a center of 
recreation compete with a center of employment in the attraction of workers. 

8. Human beings may be considered to be electrons. Given the initial distribution 
of these unit negative charges, corresponding to centers of residence, and the distri­
bution of centers of positive charge, representing places of employment, with magni­
tudes equaling the numbers of persons employed, the probability of movement between 
places of residence and places of employment can be predicted on the basis of electro­
static field theory. 

SOURCES OF INFORMATION 
To apply the theory to a real community, the places of residence and of employment 

must be abstracted and made centers of negative and positive charge, respectively. 
Many governmental agencies collect data on population and on business, and many 
private organizations compile business statistics, so there are many sources of infor­
mation on where people work and where they live. 

The Federal Government publishes census data on the population, housing, retail 
trade, wholesale trade, service trade, and agriculture. Some useful information based 
on Social Security records is also published. 

State governments may make available sales-tax records or unemployment-com­
pensation records. Ohio publishes annually a "Directory of Ohio Manufacturers, " which 
lists every manufacturing establishment in the state by name and address, with the 
numbers of male and fenaale employees of each one. 

City planning commissions have land-use maps, and other sources of information. 
Private organizations publish a number of marketing and investment guides which 

contain much information on population and production characteristics of the areas 
covered. City directories are invaluable sources of information, as are Sanborn Fire 
Maps. In some cities, electric power companies and telephone companies keep records 
of the places where they have installations which may be helpful. 

Despite the many sources of information on where people live and where they work, 
it must be expected that some desirable information wi l l not be readily available whereas 
some of that which is available w i l l be conflicting. Neither is i t likely that all of the informa­
tion can be obtained for one point in time. Withduecare, however, it should be possible to 
create a reasonably accurate pattern of distribution of places of residence, of employment, 
of shopping, of recreation, etc., from existing sources of information. 

After the city has been translated into such an abstract field of centers of positive 
and negative charges, the basic equations of electrostatics may be used to predict the 
patterns of movement which wil l develop. 

EQUATIONS FOR PREDICTING MOVEMENT 
It is believed that the equations presented herein are capable of predicting all types 

of movement, but thus far they have been tested only for work trips, and this discus­
sion wil l be confined to this type of tr ip. It wil l be noted that these equations are quite 
similar to those proposed by Casey (1) and Voorhees (2). So far as is known, these 
men arrived at their models empirically from the analysis of O-D surveys. As stated 
previously, the model presented herein was arrived at theoretically by assuming that 
human movement can be represented by that of electrons in a field of positive charges. 

By its nature and derivation, Eq. 1 wi l l insure that the correct number of workers 
wi l l be drawn from each zone of residence. 

5 p. 
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in which 

P.Q^ is defined as the probability of movement from i to j . 
is the number of workers living in zone i . 
is the number of jobs available at center j . 

R.. is the straightline distance from i to j if the field contains no physical 
^ barriers. Where such barriers exist, R would have to be the straight-

line distance from i to the point of passage across the barrier plus 
that from the point of passage to j . 

Eq. 2 is quite similar to Eq. 1, but it insures that the correct number of workers 
is assigned to each job site. 

V = ^ ( j=l , 2, n) (2) 
j ^ ^ P 

i=l Rjj 

in which 
V q p is defined as the probability of movement to j 

j i terms are as in Eq. 1. 
from i , and the other 

Unfortunately, the direct use of Eqs. 1 and 2 wi l l usually yield two different sets of 
movement, and not the unique pattern which is desired. Eq. 1 does not take into ac­
count the total number of workers assigned to each job site by the "m" solutions each 
for i= l , 2, n, and, therefore, wil l usually overassign or underassign workers to 
the various job centers. Eq. 2 does not keep track of the total number of workers 
drawn from each of the zones of residence by the "n" solutions each for j = l , 2, m, 
and, therefore, tends to overdraw or underdraw from the various zones. 

Two alternate methods have been developed for arriving at completely balanced as­
signments. Inasmuch as either method may be applied to either of the basic equations, 
four patterns of movement may be calculated. Several sets of sample calculations have 
indicated that all four of these patterns wi l l be essentially identical. It, therefore, 
seems safe to state that the theory develops a vinique pattern of work-trip movements in 
any given field of activity. The f i rs t of these methods is theoretically justifiable, where­
as the second reduces the number of calculations significantly. 

CALCULATION BY SUCCESSIVE PARTIAL ASSIGNMENTS 
The theoretically justifiable method for balancing the ass^ment of workers to job 

sites and the drawing of workers from zones of residence wil l be illustrated with refer­
ence to Eq. 1, although application to Eq. 2 is quite similar and no more difficidt. 

Let it be assumed that there are "m" places of employment scattered over the region 
of interest, each of which wishes to hire Qj ( j=l , 2, m) workers. Also let there 
be "n" zones of residence in the region, in each of which there are Pj (i=l, 2, n) 
workers who are seeking employment. The only restraint placed on these numbers is 
that2!)Qj = E P i . Figure 1 shows such a situation in general terms, with m = 3, and 
n = 2. 

As stated, the direct application of Eq. 1 to this region "nm" times (once for every 
center of employment to interact with each zone of residence) wil l insure that the cor­
rect number of workers is drawn from each zone of residence, but is not likely to as­
sign the correct number of workers to any job site. K, however, only Pi workers are 

X 
initially drawn from each place of residence, "x" can be chosen sufficiently 
large (perhaps even as 100 or 200) so that no job site wil l be overassigned 
by the first set of calculations. After this set of "nm" solutions of Eq. 1, 
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"22 

F i g u r e 1. Generea h y p o t h e t i c a l cammimity 
wi t h three c e n t e r s of employment and two 

centers of re s i d e n c e . 

each Qj is reduced by the corresponding 
n 
E V 
i= l PiQj 

the total number of workers 

assigned to the site from the "n" zones of 
residence. The next group of £ i workers 

X 
from each zone faces a somewhat different 
field than did the f i rs t group, because each 
Qj is now somewhat different, and, indeed, 
some of them may have been reduced to 
zero. These steps are repeated through 
"xnm" solutions of Eq. 1 so that, at last 
every worker has been assigned to a job 
site, and every job site has been exactly 
satisfied. Table 1 gives the f i rs t few steps 
of this method as applied to solve the gen­
eral community of Figure 1. Table 5 is 
a numerical solution of a particular com­
munity by this method. 

TABLE 1 
PORTIONS OF GENERAL SOLUTION OF WORK-TRIP PATTERN FOR 
COMMUNITY OF FIGURE 1 BY SUCCESSIVE PARTIAL ASSIGNMENTS 

Original Assignments 
From To 

Q i 
To 
Q2 

To 
03 

Sum 

Qi Pi 
Ri i x i 

Qi . JQ2_ ^ Q3_ 
R i i Ria Ris 

PiQi 
Xi 

PjOa 
Xi 

'PiQs 
Xl 

P i 
Xl 

P2 

Q i Pa 
Ri i Xl 

Rii RS3 
L P ^ i 

Xl 
: p * q . 

Xl 
'Prfb 

Xl Xl 

Total 
Assigned 
to Q 

' P i Q i 
Xl Xl 

1P1.Q2 "PA, 
Xl Xl 

VOs^^^PiOa 
Xl Xl 

Second Assignments 

From 
To 
Qi 

" ^ P i Q i " ^PoQi 
Xl Xl 

R i i 
P i 

" ^ P i Q i " ^ P i Q i ^ • ^ P i Q . " ^PjQa ^ ' ^PiQs " ^P,Q3 

^ ^ Q i 
Xa 

Xl Xl Xl Xl Xl Xl 
Ria 

Subscript on x denotes the number of partial assignment, x being a constant. 
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In a real community, this method of assignment wi l l involve a large number of cal­
culations. When the theory was used to predict work-trip patterns in Lafayette, Ind., 
for example, 45 zones of residence and 13 centers of employment were used. Instead 
of keeping x a constant, i t was found possible to vary x and thereby reduce the number 
of calculations, but even so, 10 sets of partial assignments were needed to assign the 
f i rs t 99 percent of the workers. In this problem it was found possible to use x = 5 for 
three sets of calculations, x = 10 for one set, x = 25 for four sets, x = 50 for one set, 
and X = 100 for one set (Pi (3x1/5 + 1x1/10 + 4x1/25 + 1x1/50 + 1x1/100) = 0.99Pi). 
When the theory was applied to the metropolitan area of Cincinnati, assignments were 
made from 455 zones of residence to 480 centers of employment so that i t did not ap­
pear feasible to use this method of partial assignments. 

CALCULATION BY CORRECTION FACTORS 
In an effort to reduce the number of calculations required in a complex community, 

anempiricalmethodwasdevisedfor balancing the drawing of workers from zones of resi­
dence and assigning them to places of employment. 

The explanation of this system, too, wi l l be limited to use with Eq. 1, although it 
works equally well with Eq. 2. Eq. 1 is solved "m" times for each value of i , or "nm" 
times, using the fu l l values of each Pi and Qj. The total number of workers ass^ed 
to each job site, y* V_ ^ , is foimd, and each total is divided into its corresponding 

i t l "^i"*] 
value of Qj to get the f i rs t set of correction factors, Cj^ . When each value of Vp.Q 

is multiplied by the correction factor for the corresponding job site, Cj, and checked 
by adding v V_ ^ • C. and V V^, ^ • C. , the former sums should exactly 

^ 1 i ^ j j ^ l i ^ j 
equal the corresponding values of Qj from the nature of the correction factors. It has 
been found that the latter sums may be close enough to the corresponding values of Pi 
to be acceptable. If, however, these latter sums are not sufficiently close to the o r i ­
ginal values of Pi, new correction factors may be formed by dividing PI V_ „ • 

Cj i into the corresponding values of Pi . This system of calculation is given in Table 
2 with reference to the community of Figure 1, with Qs made zero to reduce the cal­
culations to manageable size. 

It wi l l be noted from Table 2 that the general solution by this method gives no in­
dication that the drawing of workers from zones of residence and the assignment of 
workers to places of employment wi l l ever balance out, nor what the individual as­
signments wi l l be, should such a balance ever be achieved. Limited e}q>erience in­
dicates that such a balance does occur within a few iterations of correction factors, 
and that the resulting assignments are essentially identical to those obtained from the 
method of successive partial assignments. Table 6 solves the community of Table 5 
by means of correction factors to illustrate these points. 

Table 7 compares the results obtained by the two alternate methods of solution. 

CHECKS OF THE THEORY 
To determine whether the theory, thus far demonstrated, might be capable of pre­

dicting work-trip patterns in real communities, it was applied, as noted previously, to 
Lafayette, Ihd., and the metropolitan area of Cincinnati, Ohio. 

Lafayette was used as a pilot study. Workers were assigned to zones of residence 
with considerable accuracy because a special census had been taken in 1953. Fairly 
accurate employment figures were obtained for the six largest individual employers, 
but jobs were assigned to another seven places of employment by estimations based 
on the 1947 Census of Business and 1950 Census of Population data. The work-trip 
pattern created by the theory was checked against the vehicular movements found by 
the 1953 O-D survey of the area. The 585 predicted movements resulting from the 
theory contained many discrepancies when compared with the corresponding O-D 
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TABLE 2 
PORTIONS OF GENERAL SOLUTION OF WORK-TRIP PATTERN FOR 

COMMUNITY OF FIGURE 1 BY CORRECTION FACTORS 

Original Assignments 
From To To 

Qi Qa 

^ Pi ^ Pi Let Qi = aQa 
Qs = O 
Pi = bP 

Rii = cRai = dRi2 = eRi 

Pa Qi , Qa Qi , Qa ~ 
Rai Raa Rai Raa 

Original Assignments in Terms of Ratios Sums 
aPi dPi 
a+d a+d P 

Pa ^ P, 
ac + e ac + e 

Q „ ^ „ aPi (b(ac+e)+c(a+d)) „ Pi (bd(ac+e)+e(a+d) 
^"^""^ (a+d) (b) (ac+e) (a+d) (b) (ac+e) = ^ 

Correction Factors - S ^ = C-̂  = C^ X l Qi X Qa 

Original Assignments Multiplied by Correction Factors 
New Sums 

p Qi (b) (ac+e) Qa (bd) (ac+e) 
b(ac+e) + c(a+d) bd(ac+e) + e (a+d) 

Qi(c) (a+d) Qa (e) (a+d) 
b(ac+e)+c(a+d) bd(ac+e) + e(a+d) * 

Qi (b(ac+e)) (bd(ac+e)+e(a+d)) + - ^ (bd) (ac+e) (b(ac+e)+c(a+d)) 
(b(ac+e)+c(a+d)) (bd(ac+e)+e(a+d)) 

Qi(c) (a+d) (bd(ac+e)+e(a+d))+-|i- (e) (a+d) (b(ac+e)+c(a+d)) 
(b(ac+e)+c(a+d))(bd(ac+e)+e(a+d)) 

findings, but a large enough proportion of the predicted movements were sufficiently 
close to the observed movements that a much more detailed analysis of the Cincinnati 
area seemed to be justified. 

A 2, 000-ft grid was drawn over a map of Hamilton County, andportions of Campbell 
and Kenton Counties in Kentucky. Workers were assigned to 455 places of residence 
on this grid as accurately as available data permitted. Every known source of informa­
tion on employment was studied, and 480 job sites were established in Hamilton County. 
No job sites were established in northern Kentucky, but the difference between the num­
ber of workers living in that area and the number of jobs which could be accovinted for 
there, amounting to about 40, 000 workers, was assigned to work in Hamilton County. 
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When all of the data had been assembled, it was foimd that 348, 308 workers had been 
assigned to places of residence while 333, 537 jobs had been assigned to places of em­
ployment. Because of the experimental nature of this project, these totals were not 
adjusted to bring them into balance, but i t is strongly recommended that such adjust­
ment be made if this theory is used again. 

Todate, only a few of the 218, 400 predicted movements have been studied, buttwode-
tailed checks were made of some of the movements. The f i rs t of these compared the pre­
dicted movements between six communities of the area with the numbers of passei^er car 
trips found by the 1954 post-card-type O-D survey of the county. The communities were 
chosen so that the majority of the actual trips between them might reasonablybe expected 

TABLE 3 
COMPARISON OF PREDICTED WORK TRIPS AND 1954 O-D SIHIVEY 

TOTAL PASSENGER CAR TRIPS BETWEEN SELECTED 
COMMUNITIES IN THE STANDARD METROPOLITAN 

AREA OF CINCINNATI, OHIO 

From 
I I 

as I CO 

1 1 fa S 

i 
.3 
1 .2 

§?2 
(a) Movements by Theory 

Cheviot, Ohio 262.0 70.5 87.3 277.7 61.4 16.2 
N. College H i l l -
Mt. Healthy, Ohio 16.3 688.2 144.9 302.2 60.8 14.0 
Lockland, Ohio 2.3 16.0 513.5 107.7 21.5 3.5 
Norwood, Ohio 12.2 56.1 188.8 3,839.9 211.8 34.3 
Fairfax—Marie mont. 
Ohio 5.2 20.9 65.8 334.8 992.7 31.5 
Mt. Washington 2.6 9.3 28.2 132.9 67.5 163.7 

(b) Comparison of Movements 
Cheviot, Ohio 
7,740 workers 
N. College H i l l -
Mt. Healthy, Ohio 
6,675 workers 
Lockland, Ohio 
2, 827 workers 

Norwood, Ohio 
15,691 workers 

Fairfax—Mariemont, 
Ohio 
5, 354 workers 

Mt. Washington 
2, 347 workers 

262.0* 
86.8 

313 — 
(0.55) 
89.6 
55 

looy 
289.9 
191 
(3. 02) 

66.6 
46 

(2.90) 
18.8 
23 

TOT) 

688.2' 

160.9 
285 

T r a ) 
358.3 
527 

81.7 
61 

(2755T 
23.3 
89 

(OiT 

Total predicted one-way trips. 
Passenger car trips by O & D. 
Persons per passenger car.* 

513.5^ 

296.5 3,839.9' 
491 T061 

87.3 
47 

(37647 
31.7 
43 

(17441 

546.6 
653 
TOT) 
167.2 
469 TOD 

992. T' 

99.0 
364 TOi) 

163.7* 

' No check available for these predictions. 
' Number of passenger car trips, found by O-D survey, 

number of one-way trips. 
divided by twice the predicted 
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to be auto-driver and auto-passenger work trips. Table 3 gives a comparison of the 
predicted work trips and the total passenger car trips, as found by the O-D survey, 
between these communities. The second check consisted of comparing the predicted 
places of residence of the approximately 1,400 full-time employees of the University 
of Cincinnati with the actual places of residence, as determined from the 1957 payroll. 
Table 4 gives the distribution of discrepancies between the predicted and actual places 
of residence, as foimd in this comparison. 

TABLE 4 
DISTRIBUTION OF ERRORS: PREDICTED NUMBER OF RESIDENTS 

MINUS ACTUAL NUMBER OF RESIDENTS, FULL-TIME 
EMPLOYEES OF UNIVERSITY OF CINCINNATI 

Range of Error Median Frequency Remarks 
From To Values of Errors 
-77.9 -76.0 -77.0 1* Adjacent to Univ. 
-75.9 -74.0 -75.0 1* Adjacent to Univ. 

-21.9 -20.0 -21.0 1* 
-19.9 -18.0 -19.0 0 
-17.9 -16.0 -17.0 0 
-15.9 -14.0 -15.0 2 (6) (6) includes avg of 4 
-13.9 -12.0 -13.0 2 poor values at U. C. 
-11.9 -10.0 -11.0 5 
- 9.9 - 8.0 - 9.0 2 
- 7 . 9 - 6.0 - 7.0 3 
- 5.9 - 4.0 - 5.0 8 
- 3.9 - 2.0 - 3.0 13 
- 1.9 - 0.0 - 1.0 16 
+ 0.1 + 2.0 + 1.0 24 
+ 2.1 + 4.0 + 3.0 9 
+ 4.1 + 6.0 + 5.0 9 
+ 6.1 + 8.0 + 7.0 6 
+ 8,1 +10.0 + 9.0 3 
+10.1 +12.0 +11.0 1 
+12,1 +14.0 +13.0 0 
+14.1 +16.0 +15.0 2 

+24.1 +26.0 +25.0 1* 

+30.1 +32.0 +31.0 1* Northern Kentucky 
+32.1 +34.0 +33.0 1* Basin area of city. 

+38.1 +40.0 +39.0 1 Adjacent to Univ. 

+48.1 +50.0 +49.0 2* Northern Kentucky 

+54.1 +56.0 +55.0 1* Adjacent to Univ. 
115 

Case 1. Including entire table. 
Mean error = +0.57 Standard Deviation = 15.5 

Case 2. Excluding values marked*. 
Mean error = -0.37 Standard Deviation = 5. 75 

Case 3. Averaging errors at University and dropping values marked Basin and 
Kentucky. Mean error = 0.15 Standard Deviation = 8.88 
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TABLE 5 
SOLUTION OF HYPOTHETICAL COBiMUNITY OF FIGURE 2 BY EQUATION . 1 . AND SUCCESSIVE 

ASSIGNMENTS OF P,/x WORKERS CALCULATIONS' 

X 1". P/x QL Qi Qi 
Ri. Hi. 

Qs 
" u \' 

\ Q I 

x~ X X 
Sum 

4 600 150 500 200 100 0.0250 0.0167 0.0250 14.99 56.2 37.6 56.2 150.0 
4 200 50 500 200 100 0.1000 0.0182 0.0048 8.13 40.7 7.4 2.0 50.1 

4 600 ISO 403 155 42 0.0202 0.0128 0.0105 22.99 69.7 44.1 36.2 150.0 
4 200 50 403 155 42 0.0806 0.0141 0.0020 10.34 41.7 7.2 1.0 49.9 

4 600 150 291 104 5 0.0147 0.0087 0.0012 40.81 90.6 52.2 7.2 150.0 
Overassigns Qi by 7.2 - 5 = 2 .2 , therefore use x = 10. 

10 600 60 291 104 5 0.0147 0.0087 0.0012 40.81 35.7 21.3 2.9 60.1 
10 200 20 291 104 5 0.0580 0.0095 0.0002 14.77 17.1 2.8 0.1 20.0 

10 600 60 238 80 2 0.0119 0.0067 0.0005 52.36 37.4 21.0 1.6 60.0 
10 200 20 238 80 2 0.0495 0.0075 0.0001 17.57 17.4 2.6 0.0 20.0 

10 600 60 183 57 0 0.0092 0.0048 - 71.43 39.4 20.6 0.0 60.0 
10 200 20 183 57 0 0.0365 0.0052 - 23.98 17.5 2.5 0.0 20.0 

10 600 60 126 34 0 0.0063 0.0028 - 109.9 41.5 18.5 0.0 60.0 
10 200 20 126 34 0 0.0232 0.0031 - 38.02 17.6 2.4 0.0 20.0 

10 600 60 60 13 0 0.0034 0.0011 - 222.2 45.3 14.7 0.0 60.0 
Overassigns Q I by 14.7 - 13 = 1. 7, therefore use x = 20. 

20 600 30 60 13 0 0.0034 0.0011 _ 222.2 22.7 7.3 0.0 30.0 
20 200 10 60 13 0 0.0134 0.0012 - 68.5 9 .2 0.8 0.0 10.0 

20 600 30 35 5 0 0.0018 0.0004 - 454.5 24.5 5.4 0.0 30.0 
20 200 10 35 5 0 0.0070 0. 0005 - 133.3 9.3 0.7 0.0 10.0 

Overassigns % by 1.1, and underassicns Qi by 1.2, but use as I S . 

' Summary of assignments in Table 7. 
' kp Is reciprocal of Si 

TABLE 6 
SOLUTION OF HYPOTHETICAL COMMUNITY OF FIGURE 2 BY APPLICATION OF 

CORRECTION FACTOR TO DHTIAL SOLUTION OF EQUATION . 1 . 

^ l Qi Qi Qi Qi 
«ll 

Q I 

«!. 
Q> 
«i . • ^ i \ Q I \ Q I \^ 

600 500 200 100 0. 0250 0.0167 0.0250 14.99 224.9 150.2 224.9 
200 500 200 100 0.1000 0.0182 0.0048 8.13 162.6 29.6 7.8 

Initial sums 387.5 179.8 232.7 
Calculation of correction factors: 

500 First set: = 1.290; 

Second set: 

Fourth set: 

= 1.083: 

1.031 

Summary of assignments: 
Movement 

'PiQi 

'^P.Q. 
^PiQi 
^PiQ. 
^PiQ. 

1.007; 

First 
Assign. 
224.9 

162.6 

150.2 

29.6 

224.9 

7.8 

200 
T T O 

200 
"24670 

200 
-20T 

200 
"SBiTT 

= 1.112; 

= 0.813 

= 0.963; 

= 0.980 

Second 
Assign. 
290.2 

209.8 

167.1 

32.9 

96.9 

3.3 

100 
2 3 0 

100 
ToTTs 

0.430 

= 0.932 

Third 
Assign. 
314.3 

170.6 

181.0 

26.7 

104.6 

2.7 

Fourth 
Assign. 
324.0 

175.9 

174.3 

25.7 

97.5 

2.5 

Fifth 
Assign. 
326.3 

172.4 

175.5 

25.2 

98.2 

2.5 

Totals assigned to: 
Qi 
Q I 

337.5 
179.8 
232.7 

500 
200 
100 

484.9 
207.7 
107.3 

500 
200 
100 

498.7 
200.7 
100.7 

Totals draw from: 
Pi 
Pi 

600 
200 

553.9 
246.0 

600 
200 

595.8 
204.1 

600 
200 
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11.000 

P Z . - 2 0 0 

5 ,000 
12.000 

PI = - 600 

4,000 

Figure 2. Hypothetical cammunity w i t h 
three centers of employment and two cen­

t e r s of reside n c e . 

CONCLUSIONS 
This paper has attempted to present 

the possibilities of a new theory for pre­
dicting travel patterns in urban areas. No 
attempt has been made to explain the basis 
of the theory, but its use has been illustra­
ted by the prediction of work-trip patterns 
in a simple, hypothetical community and 
in the metropolitan area of Cincinnati, 
Ohio. 

Given the distribution of residences of 
workers and the locations of all jobs in a 
bounded region, i t appears that the pro­
posed method can be used to develop 

TABLE 7 
SUMMARY OF ASSIGNMENTS FROM TABLE 5 AND COMPARISON 

WITH ASSIGNMENTS FROM TABLE 6 

PiQi 'PaQi 'PiQa 'PaQ. ' P 1 Q 3 'PaQ3 Check Total 
Assignments 

4 56.2 40.7 37.6 7.4 56.2 2.0 
4 69.7 41.7 44.1 7.2 36.2 1.0 

10 35.7 17.1 21.3 2.8 2.9 0.1 
10 37.4 17.4 21.0 2.6 1.6 0.0 
10 39.4 17.5 20.6 2.5 0.0 0.0 
10 41.5 17.6 18.5 2.4 0.0 0.0 
20 22.7 9.2 7.3 0.8 0.0 0.0 
20 24.5 9.3 5.4 0.7 0.0 0.0 
Sum 327.1 170.5 175.8 26.4 96.9 3.1 

326.3 172.4 175.5 25.2 98.2 2.5 

Check Assignments to Q, Qi 
327.1 
170.5 
497.6 

Qa Qs 
176.8 96.9 
26.4 3.1 

202.2 100.0 

Pi Pa 

327.1 170.5 
175.8 26.4 
96.9 3.1 

599.8 200.0 
by partial assign­

ments. 
by correction fac­

tors. 

theoretical work-trip patterns which approach the actual patterns closely enough to be 
usable. Given anticipated future distributions of workers and jobs, future work-trip 
patterns should be predictable. 

The method presented herein is much less costly and time-consuming than a com­
prehensive O-D survey. It is believed that further research wil l permit the theory to 
develop shopping-trip, personal-business-trip, and recreation-trip patterns, as well 
as work-trip patterns in urban areas. 
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Critique of Home-Interview Type 
O-D Surveys in Urban Areas 
NATHAN CHERNIACK, Economist, Comprehensive Planning Office, 
The Port of New York Authority 

# r r HAS BEEN STATED (1.) that " i t has now been 15 years since the home-interview 
method of making origin-and-destination surveys in urban areas was developed. The 
method has now been used in 126 urban areas and repeat surveys have been made or 
started in 10 of these. The field methods and the information obtained have been 
changed very little since the earliest surveys. Present emphasis is on the improve­
ment of analysis methods." 

It has been said that where a method has been in use for 5 years, it should be re­
viewed; if i t has been in use for 10 years, i t is ready for drastic revision; if it has 
been used for 20 years, i t should be presumed to be obsolete. On the basis of this rule 
of thumb, the home-interview method of collecting O-D data is rapidly approaching 
obsolescence, if i t has not already reached i t . 

INHERENT DEFECTS OF HOME-INTERVIEW SURVEYS 
A home-interview survey of the origins and destinations of trips, in any given study 

area, does reveal a fairly faithful picture of all trips made in the course of a 24-hr 
weekday, for all purposes, by all modes of travel. Such a survey does also have the 
advantages that 5 percent sample interviews, conducted at randomly selected homes, 
can be tied to a known universe of homes and an intercensal estimate for the year of 
the survey, of total population in each of the O-D zones of residence in the study area. 
But having said all this, the remaining characteristics of the home-interview method 
of assembling O-D trip data, for purpose of planning limited-access highways, and 
mass transportation, particularly in urban areas, are replete with inherent defects 
which are practically incurable with any statistical methods, or by electronic com­
puters. 

For one thing, only a fraction of the usual 5 percent sample of the primary trips 
(those originating at or destined for homes in any given zone in the study area), con­
sist of journeys to and from work or business or other trips that would utilize existing 
arterials or expressways, or would utilize proposed expressways in the future. Sub­
stantial portions of such primary trips are usually made on local streets—picking up 
and delivering children at schools, visiting local shopping areas, friends and homes, 
and for other local area chores. Other large portions of the sampled trips are made 
along directions crosswise to existing arterials or proposed expressways. Consequent­
ly, of the e^^anded 5 percent home samplings of primary trips, only fractions can 
actually be utilized to the base year trip potentials for proposed expressways of the 
future. 

Lynch further states that "throughout the past 10 years, much research has been 
conducted on trip production and trip attraction in relation to land use." For purposes 
of measuring the drawing powers of different types of land-use generators, like sites 
of employment in the study area, the numbers of inter-zonal trips actually recorded 
in an over-all 5 percent home-interview sampling, are so few and inadequate as to 
make them rather crude instruments for such measurements. But to make matters 
worse, before such meager samplings can be used to correlate with land-use data, 
they must f i rs t be broken down by significant trip purposes, such as journey-to-work 
trips, business trips, trips for shopping, recreation, amusement, etc. In some in­
stances, such as journey-to-work trips, the fraction of the sample must be further 
reduced to reflect only the significant morning and evening rush hour travel. These 
types of breakdowns often reduce some samplings of inter-zonal trips, to such small 
numbers as to be wholly worthless for research purposes. 

Nor does the "fattening up" of sample zonal trips, by combining trips in several 
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zones into larger areas, to counteract the trip purpose and rush hour breakdowns, for 
example, serve to cure the inherent defects of the original meager zone samplings. 
The pairs of combined zones now become areas too large to be characterized by aver­
age travel times, distances and costs, between their centroids. Lynch states that 
"i t is necessary, however, to smooth out the reported times because of the small num­
ber of reported trips between some pairs of zones." Correlations with average travel 
time, distance and cost determinants thus become blurred and blunted, evidenced by 
the wide scatters on correlation graphs. Imagination must often be stretched to the 
elastic limit to glean the types of quantitative relationships between zonal trips and 
some of the factors of trip generation. Then, to explain exceptions to the derived re­
lationships, a number of additional factors, quite unpredictable in the future, have 
usually been introduced. 

But that is not all . In any study area, zonal trip ends as usually tabulated, con­
stitute a kind of "chemical mixture" that consists of (a) primary trips originating in 
or destined for homes in individual zones and produced by residents domiciled in those 
zones, plus (b) trips attracted to those same zones to non-residential land uses located 
in those same zones, for purposes of work, shopping, etc. Consequently, as a result 
of these "chemical mixtures" of primary and attracted trip ends, correlations between 
these mixtures of zonal trip ends and the autos domiciled in the corresponding zones, 
could not possibly yield satisfactory relationships. The trips generated by non-resi­
dences in the zones are definitely not related to either households nor autos domiciled 
in those zones. Lynch apparently realizes this when he says, "difficulties have been 
encountered because of mixed land uses within zones and lack of precise knowledge as 
to the character of the establishments at the end of each t r i p . " 

Before any meaningful correlations could be derived between trip determinants and 
trips they produced, i t is therefore essential, f i rs t , to break down this "chemical mix­
ture" of primary and attracted trip ends into "elemental" primary trip ends. To break 
down such mixtures, i t is necessary to go back to the original home-interview sched­
ules and distill out of them the pure "elemental" primary trips for each zone—that is, 
trips of one or all purposes, originating in or destined exclusively for residences in 
those zones. Only such "elemental" primary trip ends could yield meaningful cor­
relations with autos domiciled in those zones. This step has now actually been taken 
in the analysis of the National Capital Region, by retabulating original trips. The 
category of trips with the ludicrous "purpose, " "to home" has been mechanically elim­
inated; in its place, the more realistic category of "work trips to and from homes" has 
been substituted. 

Where "elemental" primary trip ends could be made available, such trips which 
began or ended at homes may be expected to yield excellent correlations with autos 
domiciled in the corresponding zones. 

Car densities in small areas (expressed as cars per acre) are intimately related 
to the corresponding household densities (expressed as households per acre). In 
suburban sparsely settled communities cars are absolute essentials. In more densely 
populated communities, auto densities are also higher but not proportionately so, be­
cause in such areas car ownerships become less essential by reason of convenient 
public transportation and of cars being more costly to own and operate. 

Auto ownership densities thus increase with household densities, not in proportion 
but rather at declining rates. In the New York-New Jersey Metropolitan District for 
example, as of 1955, in Somerset County, N .J . , the average household density for 
the county was around 2 households per acre, auto density was about 3 autos per acre; 
in Bergen County, N . J . , where household was about 4.5 households per acre, auto 
density was about 5. 5; in Essex County, N .J . , the corresponding figures were 8 and 
8. 5; in Hudson County they were 15 and 13; and in Manhattan there were 52 households 
per acre and about 21 autos per acre. 

Because autos per acre do not increase in proportion to households per acre, autos 
per household in densely populated areas usually constitute, currently, less than a 
car per household. In Somerset County, with 2 households per acre, there were 140 
autos per 100 households; in Bergen County with 4. 5 households per acre 120; in Hud­
son with 15 households per acre 80; in Manhattan with 52 households per acre only 40 
autos per 100 households. 
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Household densities would appear to constitute far more stable indicators of auto 
ownership than are such other indicators as groups of income levels. Besides numbers 
of households and residential acreage for small areas are far more predictable, in the 
future, than income levels. 

Also, distances from the CBD are not good fundamental determinants of either car 
ownerships or trips. Distance from the CBD is only a space parameter, akin to a 
time parameter. Mere distance from the CBD, which itself has been changing signifi­
cantly in character, like mere passage of time, are both generally weak and, at times, 
unreliable determinants for forecasting purposes. More fundamental and considerably 
more predictable determinants, like household densities, are needed to measure zonal 
auto ownerships which in turn, are the determinants for generated zonal trip ends. The 
urban area is never a homogeneous continuum that spreads out in circles from a center, 
like the centroid of the CBD, out to the suburbs, in all directions. There are dense 
zones in the distant suburbs and less dense zones in close-in areas near the CBD. In 
any given urban study area, individual residential zones of widely varying household 
densities make for correspondingly widely varying auto ownership densities, and thus 
for widely varying volumes of auto ownerships at similar distances from the CBD. The 
last, in turn, generate widely varying volumes of zonal trip ends. Aggregate house­
holds in the study area and the spacial distribution of widely varying household densi­
ties, thus determine, to a large extent, the aggregate absolute number of trip ends in 
any given urban area. 

Also in any given urban area, every O-D zone is not only a residence but also a 
non-residence zone. The same type of "chemical breakdown" is thus equally essential, 
in order to obtain trip ends in every O-D zone as non-residence zone—that is, trips 
originating in or destined for workplaces, shopping areas, recreational, amusement 
and cultural areas, but excluding homes as origins or destinations. If such a break­
down were actually made, by going back to the original schedules, such "elemental" 
tr ip end data to and from non-residence zones, could then be correlated with such cor­
relative land-use data as, gainfully employed at sites of employment for journey-to-
work trips, floor space in commercial buildings for business trips, floor space in re­
tail establishments for shopping trips, and floor space in other buildings for amuse­
ment and other trips, etc. These types of land-use data have only very recently be­
come available in connection with the home-interview O-D trip surveys, and in only 
a few cities. And yet these are some of the fundamental determinants of the relative 
number of trip ends in non-residence zones, just as households and household densities 
are the fundamental determinants of the absolute number of trip ends in residential 
zones. 

The final group of essential fundamental data (in addition to land use data) that should 
liave been, but which were not, usually assembled in the past, in conjunction with and, 
where possible, also simultaneously with, the collection of home-interview O-D data, 
are the travel impedances some of which must be obtained through test runs between 
residence and non-residence zones. Test runs should have been made between every 
pair of zones in any given study area and along various alternate routes and modes of 
travel, by riding autos, buses and railroads, where the last are important. In con­
nection with such test runs, data should have been assembled, on travel distances and 
travel times along actual routes, tolls at bridges, tunnels and highways, parking fees 
in non-residence zones, and on annoying, irritating and potentially hazardous aspects 
of routes, like direct left turns, clover leaf left turns, parked cars, pedestrainscross­
ing, etc. 

HOW SHOULD O-D TRIP DATA BE ASSEMBLED IN THE FUTURE? 
Having criticized the home-interview O-D survey, it is fair to ask whether there is 

a better method of assembling trip data. 
There are really only three possible methods of assembling O-D trip data. One is 

to interview persons enroute from origins to destinations, at roadside stations. The 
second method is to interview persons at home about trips made in a recent period by 
members of the household. The third method is to interview persons (and to obtain. 
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by other means, other correlative data) at non-residence locations, where there are 
large concentrations of persons, with respect to their trips for the specific purposes 
which brought them there. 

It would seem to this researcher that, for planning future urban expressways, sam­
ple trip and correlative data on trip determinants should really be assembled, not in 
the homes but in areas where people are concentrated during the day. Such areas are: 
central business districts, large commercial and industrial sites of employment, 
shopping areas, amusement and recreation areas, and in general, sites of public as­
sembly. Those are the areas on which traffic converges, where traffic is concentrated 
on approach highways and where consequently additional vehicular capacities are usual­
ly urgently needed on peak weekdays, in peak leisure time periods, and in peak hours. 

Trip data to and from non-residences, if assembled at these sites, could at the same 
time, just as readily include correlative data on modes of transportation that were used 
to reach areas of concentration, travel distances, times and travel costs, as well as 
the conveniences and inconveniences of alternate routes and modes of travel between 
homes and such areas of concentration. Thus, for example, data on journey-to-work 
trips could be assembled at selected sites of employment, together with the correlative 
data on locations of employee residences, travel times, distances and costs to and 
from employees' homes. Such work trip data could then be correlated with data on 
employed labor forces residing in small residential zones, whence employees had 
been drawn. Such correlations would, at the same time, disclose the varying strengths 
of selected and stratified sample sites of employment in their ability to draw different 
classes of employees from different types of residential zones located at varying travel 
distances, times and costs from these sites of employment. The varying power of at­
traction of any given site, zone or area of concentration of persons, whether i t be a 
large or small traffic generator, for trips from different resident zones, measured 
by the varying proportions of zonal employed labor forces which it draws, would be, 
to a large degree, inversely proportional to the travel distances, times, costs and 
other travel impedances between that site, zone or area and the residences scattered 
over the study area. 

This type of inverse relationship is often referred to as the "gravity model." How­
ever, it is believed that this inverse relationship does not follow the so-called "gravity 
formula," which is a power function, but rather an inverse exponential type of mathe­
matical fimction. 

But to validate any hypothesis, which postulates inverse relationships with travel 
impedances, sample O-D data are, of course, essential. To establish adequate con­
fidence in any proposed hypothesis which sets forth the fundamental determinants of 
tr ip generation, sample O-D trip data, plus the correlative supplemental data on de­
terminants, must be quite substantial. Sample O-D trip data should therefore be as­
sembled at locations, not where people are diffused over the study area as in their 
respective homes, but where people are concentrated, as at sites of employment. 
Trip data should therefore be assembled at work places, in retail establishments, in 
office buildings, in manufacturing plants, at recreational and amusement areas, and 
at cultural centers. Jn short, O-D trip data, to be useful for research and for the ap­
plication of the relationships for planning purposes, whether for future expressways 
or for the revitalization of CBD's, or for the planning or replanning of commercial 
and industrial areas, must be assembled at sites where people are concentrated; also 
O-D trip data should reflect travel in rush hours, whether to or from work on week­
days, or to or from recreational areas in peak leisure time periods. 

A SUGGESTED PROGRAM FOR THE FUTURE 
Three types of research projects suggest themselves for the future: (1) re-analyze 

O-D trip data, which have been assembled over the years by the home-interview me­
thod, in relation to minimum fundamental trip determinants which prevailed at the 
time of the O-D surveys; (2) in the future assemble O-D trip data, together with cor­
relative data on travel distances, times, modes and costs, at locations where people 
are concentrated; and (3) inaugurate the collection and compilation of a minimum of 
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data on independent fundamental trip determinants, for small zones in the study area 
on a continuing basis. 

Today there is a wealth of trip volume data between small areas in more than 100 
cities, for which millions of dollars have been spent to assemble by the home-interview 
method and more millions for analyses of these data. Some of these original data 
should be "exhumed" and repunched on new cards. Some fundamental supplemental 
data, on trip determinants, reflective of the time of the survey period, should be punch­
ed into those cards. They should be retabulated. They should be re-analyzed, with a 
view of establishing quantitative relationships between trips and the minimum number 
of fundamental factors of trip generation that prevailed in different cities at the time 
of the O-D surveys. 

Then after such quantitative relationships had been established, but before they are 
applied to estimate future changes in trip volumes, these relationships should be tested 
to see how close the differences in trip determinants in various zones of the study area 
actually account for significant differences in trip generations in those zones as of the 
survey period. 

At t l i s point, i t would also have to be realized that a philosophical step would have 
to be Lroduced between the current trip determinants and their use for estimating 
future travel patterns. It is this: Currently, a unit difference in any trip determinant 
like distance, time or cost would be associated with a related difference in generated 
trips, as between two locations in the study area. It would have to be assumed that a 
corresponding unit change between two points in time, in any trip determinant, would 
be associated with an equivalent change in generated trips. 

A great wealth of understanding would flow from such re-analyses of home-interview 
O-D trip data. Minimum real and essential trip determinants would be identified; the 
most effective methods of assembling the types of data required for planning purposes 
would be revealed. 

Such re-analyses would, on the one hand, point to a serious consideration in the 
future for tapering off home-interview O-D surveys and on the other hand, point to the 
need for assembling future O-D trip data (together with correlative data on travel dis­
tances, times, and travel impedances, as well as cost via various modes of travel used 
to and from homes), at sites and areas of concentrated economic, social and recrea­
tional activities in urban areas. 

In addition, the need to collect and compile a minimum of supplemental fundamental 
determinants for small zones on a continuing basis would become evident. These trip 
determinants would consist of the followii^ data: population, households, autos, num­
bers of gainfully employed at sites or zones of employment, net residential acreages, 
floor space at industrial, commercial, management, office, amusement and recrea­
tional sites. 

By assembling O-D trip data in areas where people are concentrated, a much richer 
body of data would thus become available for identifying the minimum tmderl3ring fun­
damental determinants of urban transportation and for the forging of more powerful 
tools for planning. Realistic and understandable relationships between generated trips 
and fundamental trip determinants that would be predictable, to a large extent, could 
indicate which determinants of trip generation could be controlled, through land-use 
planning, for example, and which changes in determinants must simply be anticipated. 
Such relationships could thus become effective aids and even powerful tools for the 
formulation of city planning and transiportation policy decisions. 
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The writer agrees with Mr. Chemiack that the home-interview method has inherent 
defects. However, little else is found in his paper with which the writer can agree. 
The fkct that there are defects in the technique does not prevent the home-interview 
method from becoming a useful tool for urban transportation planning. There are de­
fects in the way steel structures are designed and constructed, in the way cars are 
driven, in relations with people; in fcict, there is hardly a process which is free from 
defect. However, the fact that there are defects does not prevent these processes or 
relationships from being useful when handled properly. 

The author states that only a fraction of trips collected with the usual 5 percent sam­
ple consist of journeys that would utilize existing arterials and ejcpressways, and that 
substantial portions of these primary trips are usually made on local streets. The 
Chicago Area Transportation Study home interviews are based on a sample rate of 1 in 
30 (3.3 percent). The vehicle-miles of travel accounted for by these reported trips 
have been calculated, and through a system of sample on the ground coimts, vehicle-
miles of travel in the study area for the same year have been estimated. The total 
vehicle-miles of travel estimated by the two techniques agree within 10 percent of 
this total mileage. Eighty percent is on streets classified as arterial or expressway. 
The close correlation of these results certainly e:q)lodes the theory that trips resulting 
from interviews at home accoimt for a small portion of the travel on arterials or ex­
pressways. 

Mr. Chemiack's next point is that in a 5 percent sample, the number of interzonal 
trips reported are so few and inadequate as to make them rather crude instruments for 
purposes of measuring drawing powers of different types of land use. In Chicago this 
was not the case. As a result of the home-interview survey, a record of over 350,000 
trips was obtained. Thus, i t was possible to group trips by purpose and by land use 
at the destination and sti l l have enough trips in a group to analyze the variation of at­
tractiveness or drawing power of the same type of land use in 45 different geographic 
areas. 

The author's next major point is " in any study area, zonal trip ends as usually 
tabulated constitute a kind of 'chemical mixture' that consists of (a) primary trips 
originating in or destined for homes in individual zones and produced by residents 
domiciled in those zones, plus (b) trips attracted to those same zones to non-residential 
land uses located in those same zones, for purposes of work, shopping, etc." His con­
cerns are several. First that relationships of autos domiciled in the zone to population 
or to net residential density or other variables could not be determined accurately. 
Second that correlations of trips to various land uses wMch are indicators of trip gen­
eration are clouded by this chemical mixture. What he says is true i f the kind of land 
at which the trips begin or end on cannot be identified. 

This problem has been eliminated in Chicago. Four years ago when the home-inter­
view data was collected the kind of land use at each end of the trip was determined from 
the respondent. This information, along with the trip puzpose, tells a great deal about 
the trip. For example i t is not only known that a trip ends in a zone, but that i t is 
going to a residential, a commercial, an industrial use, etc. In addition i t is known 
that a person going to a residential land use is going "to home" thus he is domiciled 
there. Or conversely i t is known that a person is going to a residential area "to work." 
He is a carpenter, or painter, or domestic servant, etc. He is not domiciled there. 
Similar examples can be made for trips to all kinds of land uses. This precision helps 
to pull out information required to sharpen the relationships of auto ownership, traffic 
generation, etc. 

Next, Mr. Chemiack says that to complete the essential fundamental data, "test 
runs should be made between every pair of zones in any given study area and along a l ­
ternate routes and modes of travel." This is an impossible task in an area as large 
as the Chicago Metropolitan area. More important, however, is that this type of in ­
formation is all but useless for planning purposes. The planning period is some distant 
target year 20 to 30 years in the future. Twenty years from now the travel speeds on 
arterial and expressway, train, or bus wi l l bear no resemblance to the speeds inven­
toried on today's roads under today's traffic conditions. 

It is the feeling in Chicago that a sampling of speeds on different types of streets in 
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different areas during the peak hour under today's conditions is useful. These sample 
speeds related to net residential density or trips per square mile might be useful in 
estimating average speeds on facilities which have the same characteristics predicted 
for the future. 

Next Mr. Cherniack suggests that the way to proceed in obtaining trip data is to go 
to the areas where people concentrate during the day, such as a CBD, industrial sites, 
shopping centers, etc. First, these are the areas where the predictions from the 
home-interview study are best. For example, in Chicago checks were made on the 
reported trips to work at several industrial plants of varying size. Based on the trips 
reported "to work in" at these plants from the home-interview study, i t was possible 
to check within 95 percent the number of people reported at work by the plants for these 
same time periods. 

The great disadvantage of interviewing at place of concentration Is that there is no 
total frame of reference which can be used as a guide. That is, what is the total universe 
of trips per day? How many vehicle-miles of travel are driven in the area each day? 
This information cannot be obtained by this type of survey. The importance of knowing 
the total scale should not be underestimated. 

Information about the household, which is useful in projecting future trips and other 
related trip information cannot be obtained by interviewing at the work end of the trip. 
The influence of "home" in organizing the travel in an area cannot be overlooked. 
Eighty percent of all.trip ends are at home. That is to say, 80 percent of all trips 
begin or end at the home. This is a substantial indicator that trips inventoried at the 
home produce a good sample of the total trip pattern. 

Mr. Cherniack states that the gravity formula which is a power function does not 
adequately describe the power of attraction of any given site. He feels that an inverse 
exponential relationship would produce better results. The writer heartily agrees with 
Mr. Cherniack on this point. Using a formula of this kind and 1956 trip ends and as­
signing to the existing arterial and expressway network we have been able to duplicate 
the vehicle-miles travelled in this system within 5 percent of the estimated vehicle-
miles travelled in 1956. 

In summary, the writer cannot agree with Cherniack that the home-interview study 
because of its inherent weaknesses is valueless. Nor can he agree with Mr. Cherniack's 
statement that the proper way to obtain this data in the future is by collecting trip in­
formation at points where people concentrate. On the contrary, the writer feels that 
the home-interview study is and has been a useful tool. The field of urban studies is 
relatively new and the tools are being developed. The home-interview technique is 
a stepping stone to the development of new tools. In the near future trips may be es­
timated based on land-use forecast, coupled with population and economic projections. 
This synthesis of trip data would result in great economies in data collection. This 
new tool would not have been possible without utilizing data collected by the home-in­
terview method. 

JOHN T. LYNCH, Chief, Planning Research Branch, U. S. Bureau of Public Roads— 
The writer agrees with Mr. Cherniack that the home-interview type of 0-D surveys, 
as now conducted in urban areas, may become obsolete in the not too distant future. 
It is hoped that the analyses being made of the extensive data that have been collected, 
and particularly the study of chaises in the travel pattern over periods of ten years or 
more, wi l l make possible the development of a cheaper and more accurate method of 
forecasting future travel. This is the objective of much of the research now under way. 
But without the benefit of the data from these statistically controlled surveys, and es­
pecially from the repeat surveys now being conducted in a number of cities, the develop­
ment of a sound and proven method would not be possible. 

The home-interview method of conducting O-D surveys was adopted after a careful 
study of numerous shortcut methods previously used. Although some of these had pro­
vided satisfactory answers to specific problems of limited scope, they had proved to 
be entirely inadequate for the planning of extensive urban highway networks. In most 
of the cities where they had been tried, comprehensive home-interview type surveys 
have subsequently been undertaken. 
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One of the shortcut methods that was found to be inadequate was the assembling of 
data "at locations where people concentrate," a procedure now advocated by Mr. Cher-
niack. This was tried in Washii^ton in 1939-40, in Cleveland and in Detroit about 
1944, and also in other places. The difficulties encountered were numerous and the 
results of limited value. 

For one th i i^ , information was obtained about only a fraction of the traffic that 
would use a freeway or arterial network. Even for those routes that lead to the CBD, 
much of the traffic has neither origin nor destination in that district. In cities of about 
one million population, not more than one-quarter of the trips by all modes of travel 
have been found to have either origin or destination in the CBD. Most of the remaining 
trips were on arterial routes for a portion of their lei^th. How can a freeway or ar­
terial route be planned and designed properly i f information is lacking for an unknown 
and relatively large portion of the travel that would use it? 

Aside from the omission of important segments of the travel, such surveys were 
found to be unsatisfactory for other reasons. Among the most important of these were 
inability to obtain information from a scientifically selected sample, lack of a satis­
factory universe for expansion purposes, and inability to evaluate the accuracy of the 
results. There were varying degrees of cooperation from different establishments, 
resulting in undersampling for some types of work trips and oversamplii^ for others. 
It was impossible to obtain representative information for travel other than work tra­
vel, even that occurring during the peak hour. Information about shoppii^ trips to 
the big department stores could sometimes be obtained, but not about those to the in ­
numerable smaller establishments. There was no satisfactory method of accounting 
for the many duplications where shoppers went from store to store. 

In the home-interview type of survey, the sample is selected on a systematic area-
wide basis, a procedure developed by the highly competent statisticians of the Bureau 
of the Census and advocated by them for this purpose. This is the only type of survey 
of which the writer has knowledge where information is obtained about all of the travel, 
by all modes; where the sample is selected on a sound statistical basis; and where the 
results can be reliably appraised. In addition to internal checks of statistical relia­
bility, there are many checks that can be made with independent data such as 
population, automobile ownership, and screenline counts. 

As Mr. Cherniack points out, the sample is much too small (generally about 5 percent 
in the larger cities) to permit an accurate determination of the zone-to-zone movements. 
If the true number of trips between a certain pair of zones is 50, for example, the 
number of such trips included in a 5 percent sample might, by chance, be 0, 1, 2, 3, 
4, 5, or even more, which would be expanded to 0, 20, 40, 60, 80, 100 or more, with 
a high percentage error in most cases. But in estimating traffic volumes, concern 
is not with individual zone-to-zone movements, but rather the accumulation of a large 
number of such movements on an expressway, arterial, or transit line. Tests have 
shown that the errors for such accumulation are generally acceptable. One test that 
has been made is to determine from the O-D data the number of trips that would have 
been expected to use certain bridges or highway sections and compare the results with 
actual ground counts. Another more comprehensive, i f somewhat more theoretical 
method has been to establish a grid on a map of the entire area by drawing lines, say 
1 mi apart in a north-south direction and 1 mi apart in an east-west direction, and cal­
culate from the original sample and a number of subsamples the number of zone-to-
zone movements that would cross different sections of this grid i f made in an airline. 
From the variations of the results obtained from the different subsamples, the errors 
in the original sample can be estimated by the use of a statistical formula. A report 
on a test of this kind is included elsewhere in this Bulletin (see p. 114). 

Mr. Cherniack is quite right in saying that the combining of zones into larger ones 
to increase the number of trips in the zone-to-zone movements introduces too great 
an inaccuracy in such factors as distance and travel time to be an acceptable procedure 
for the purpose of determining traffic movements. The accumulation of the smaller 
number of trips between smaller zones, as discussed previously, is much better for 
the purpose of assigning trips to highway and transit facilities. For purposes of 
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determining trip production in relation to land use, a different procedure is available. 
Information is now being obtained concerning the land use at each end of a trip, and trips 
to like land use can therefore be combined to obtain an adequate sample for different 
areas of the city. The availability of electronic computers makes the task a relatively 
simple one. 

Another source of error, not mentioned by the author, is probably considerably 
more important than the error due to the smallness of the sample. This is a "response" 
error, due to the fact that the interview often must be conducted with someone other than 
the person who performed the travel—usually the housewife. An attempt is being made 
to correct this in the more recent surveys by a double-interview procedure. On the 
f i r s t call a form is left with the request that all persons making trips on the following 
day record the origin and destination of each trip, the time of departure and arrival, 
the mode of travel, and the trip purpose. The forms are picked up and the other de­
sired information is obtained on a subsequent day. 

The writer certainly agrees with Mr. Cherniack that the mass of data collected in 
the nimierous O-D surveys should be correlated with other data and extensively analyzed 
in order to establish fundamental facts that wi l l aid in forecasting future travel. This 
is being done, with the aid of electronic computers, to the extent that funds and per­
sonnel permit. Data from the two surveys in Washington, D. C., in 1948 and 1955, the 
two in Phoenix, Arizona, in 1947 and 1957, and the two in St. Paul-Minneapolis in 1949 
and 1958 are being used for this purpose. In Detroit, a continuing organization is re­
analyzing the data from the original survey, and is collecting and analyzing data from 
a few zones on a continuing basis, as Mr. Cherniack suggests. As the results of these 
studies become available, i t is hoped that improved methods of determining the future 
travel pattern in relation to urban development can be devised. 

C.A. STEELE, Chief, Highway Economics Branch, Highway Needs and Economy Divi­
sion, U. S. Bureau of Public Roads—These comments are prompted by the impact that 
this paper m^ht have on the motor-vehicle-use and other similar interview-type 
studies. Althoi^h the urban O-D studies and the motor-vehicle-use studies are made 
for widely different purposes, many of the basic sampling and analysis techniques em­
ployed are the same or nearly the same. 

The home-interview method of collecting data for the motor-vehicle-use studies and 
their predecessors, the so-called road-use studies, has now been in use for nearly 
30 years. On the basis of the "rule of thumb" cited in the paper this method should now 
be presumed to be obsolete. However, during the 30-yr period so many fundamental 
changes have been made in the selection of the sample, the design of the interview 
forms, the nature of the data collected, and the methods of collecting them, that motor-
vehicle-use study interviews obtained today bear only a superficial resemblance to 
those obtained 25 or 30 years ago. For example, the statistically supportable "proba­
bility" sampling method has replaced the old "purposive" sampling method originally 
employed. Furthermore, in designing modern motor-vehicle-use study samples, 
stratification is used wherever possible to improve the coverage of certain types of 
areas or characteristics that i t is desired to represent, and to reduce the size of the 
over-all sample that i t is necessary to obtain. As a result, the motor-vehicle-use 
studies home-interview samples taken today are not obtained on a flat across-the-board 
percentage basis as was formerly done, but a separate sampUng rate is set for each 
stratum that i t is desired to sample which wi l l be sufficient to reflect with reasonable 
accuracy those characteristics that i t is desired to analyze most completely. 

In the design of stratified samples due consideration is given to the matter of 
household densities mentioned by Mr. Cherniack. The point he makes that auto owner­
ship densities increase with household densities, but at declining rates rather than in 
proportion, is a good one, and has been given at least indirect recognition in the de­
sign of motor-vehicle-use study samples in several states. It is to be hoped that the 
decennial census of 1960 wi l l provide much more complete information on housing and 
households than has been available from previous censuses, although the information 
obtained in the 1950 census was extremely helpful in the design of samples for the motor-
vehicle-use studies. 
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Mr. Cherniack's concern throi^hout his paper seems to be with the collection and 
analysis of O-D travel data to aid in the design of specific facilities. It has long been 
recognized that the purpose for which a travel study is to be made wi l l have an important 
bearing on the type of data collection to be employed, and the design of the sample to 
be used in obtaining the information. The U. S. Bureau of Public Roads and the state 
highway departments have had recourse to all of the three methods mentioned in Mr. 
Cherniack's paper, or to combinations thereof, in the many studies that they have made. 

In addition to the more common applications of these sampling methods there are 
a few which are not so well-known but in each of which the specific method employed 
was best adapted to obtaining the desired information. Thus, roadside interviews 
were used to obtain information for rural road-service studies in Oregon and Washing­
ton in an attempt to define the radius of "access" and "neighborhood" trips for a rela­
tive-use analysis of highway benefits. The interviewing of travelers at their destina­
tions—places of work, department stores, eto.—was done extensively in connection with 
the war industry transportations studies made during World War n for the purpose of 
developing information basic to the rationing of motor fuel and motor vehicle tires. 

For the purposes of the studies just described these methods of interviewing were 
the best available. For the purposes of the motor-vehicle-use studies, however, there 
is as yet no known substitute for the home-interview type study where i t is desired to 
obtain characteristics of motor vehicle ownership and use, especially the use of pas­
senger cars. Inasmuch as i t has been found that the use of commercial trucks is often 
not directly related to households, a fourth method of sample selection and interviewing 
has been developed and applied in a number of states within recent years. Here the 
sample of trucks on which interviews are to be made is obtained from the registration 
lists and the interview itself is made either with the owner of the vehicle or, i f he is 
not the principal driver, with both the owner or his representative and the principal 
operator. 

Each of the interviewing methods listed above has its particular virtues but each 
also has its shorteomings. Although the destination type of interview mentioned by 
Mr. Cherniack can be used to good advantage for certain types of studies, such as de­
termining how the workers at a given plant travel to and from work, such interviewing, 
especially when conducted at retail establishments, is likely to produce extensive dupli­
cation in the information reported through the interviewing of the same person at several 
locations, and is also likely not to give a good distribution of sources f rom which the 
travel originated. 

ROBERT T. HOWE, Associate Professor of Civil Engineering, University of Cincin­
nati—A casual reading of this paper does not do justice to the importance of the author's 
basic ideas. Unfortunately he implies, but does not specify, what appears to be his 
fundamental objective. This discussion f i r s t considers what appears to be this basic 
goal, and then comments in detail on three of the author's suggestions. 

It would seem that what Mr. Cherniack wants is a completely bounded study of 
origins and destinations. Inasmuch as he does not refer to this objective specifically, 
many of his same comments about the weaknesses of present home-interview O-D 
surveys may be turned on his su^ested "destination-interview" survey. It is assumed, 
therefore, that the data, which he proposes to collect from samples of workers at 
places of employment, shoppers in business districts, and recreation-seekers at 
places of amusement, would be e}g)anded on the basis of the numbers of households in 
the actual zones of residence of the interviewers. Actually, i t would be possible to 
expand existing home-interview data on a comparable basis, rather than on the ratio 
basis usually used. Censuses of business, and various state employment publications, 
combined with information from a city directory, can give a comprehensive picture of 
the actual distribution of jobs in an area as a control for expanding work-trip patterns 
from a statistical sample of such trips originating in homes. 

Al l centers of entertainment must keep attendance records for tax purposes, and 
these would form a control on the expansion of recreation trips. Department stores 
and chain drug and food stores may not have records of the number of customers served 
in each store each day, but at least they have some record of the number of sales made 
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each day, and this information could be used to control the expansion of shopping trips. 
Mr. Cherniack fluctuates in his use of the term "trip" from total trips (including 

walkii^), to auto plus transit trips, to auto trips alone. It is inconceivable to the 
writer that the number of households per acre in any way influences the total number 
of trips generated per household in any way. The figures given on automobile and house­
hold densities are most interesting, and are certainly significant in the generation of 
automobile trips. 

To check the author's contentions concerning the relationships between auto density 
and household density, the writer analyzed ten zones of the 1954 O-D Survey of Cin­
cinnati and calculated household densities from the 1950 Census data and auto densities 
from the 1954 registration figures. The particular zones were chosen because the 
census tract and O-D boundaries coincided. Table 1 summarizes this analysis and 
seems to confirm the data given in the paper. 

TABLE 1 
DATA ON AUTO REGISTRATION AND HOUSEHOLD DENSITY 

IN TEN ZONES OF CINCINNATI, OHIO 

Distance 
Area from CBD Households Automobiles 

Suburb (acres) (mi) per Acre per Acre 
California 1,250 7.2 0.2 0.2 
Winton Place 1,860 

875 
5.1 0.9 0.3 

Riverside 
1,860 

875 6.0 0.5 0.5 
Reading and Lockland 3,100 9.5 1.4 1.7 
College HiU 2,120 7.2 1.4 1.8 
Clifton 1,350 3.4 2.3 2.2 
Avondale 1,960 3.6 4.5 3.8 
Norwood 1,950 

360 
5.1 5.8 5.1 

Westend (south) 
1,950 

360 1.0 20.5 6.5 
Westend (north) 340 1.1 26.4 8.9 

In their report on the Baltimore study, Voorhees and Morris (HRB Bull. 224) state 
that they used the numbers of employees in business districts as a measure of attrac­
tion of such areas for shopping trips, because employment data, and no others, were 
readily available. The writer believes that the number of employees in places of 
shopping, recreation, etc., is the only valid measure of attraction of such centers. 
Employment can usually be varied appreciably in the short term, and therefore, re­
flects changes in attraction with much greater sensitivity than does floor space, which 
can only be altered substantially in the long term. 

An excellent example of the difference between number of employees and floor space 
as measures of attraction is the situation in a major suburban shopping district in 
Cincinnati. About 1940, a large, local grocery chain, built a "supermarket," Store 
A, in this district. About 1946, another large grocery chain built a competing unit. 
Store K, almost directly across the street from Store A. Both buildings are of simi­
lar size, and have similar facilities. Both chains carry on major advertising cam­
paigns, and both give trading stamps. Neither side of the street has obvious shopping 
advantages or disadvantages, although Store K has a much better parking lot. Both 
stores have four check-out lanes. In the autumn of 1958, Store A was employing two 
check-out clerks on Saturday afternoons, and these were not too busy. At the same 
time, Store K was employing four such clerks, and they appeared to be very busy. 
In October of 1959, Store A closed and completely vacated its building. The floor 
areas of these buildings has not been changed since they were erected, but the numbers 
of employees and the powers of attraction have changed greatiy. 
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As another example, consider the fact that a gasoline service station, occupying a 
100- X 200-ft lot and employing four men in a 16-hr day, is not likely to attract many 
more customers than a specialty shop employing four persons for a total of 10 hr a 
day in a 10- x 20-ft room. 

From another point of view, i f employment data are gathered to control the expan­
sion of work-trip patterns, as suggested previously, the same data can be used to con­
trol the expansion of shopping and similar trip patterns. 

At one point in his discussion of future trip patterns, the author says "The power 
of attraction of any given site—would be found to be inversely proportional to the travel 
time—and the residences scattered over the study area." This appears to be a slip, 
because i t is inconceivable that the number of trips between zones of residence and 
zones of non-residence could vary inversely as the populations of the residence zones. 

The exponential-type function suggested in place of the "gravity model" has a serious 
disadvantage i f Eq. 1 is approximately what the author has in mind. 

J e'̂  

in which 
Aj = number of trips attracted to a non-residence center j from residence 

center i ; 
P. = population of residence center i ; 
k = constant of proportionality; and 
X = a measure of the distance from i to j . 

When there is no impedance to the movement, and x reduces to zero, Eq. 1 assigns 
the total population to the co-terminous non-residence center, and this is scarcely a 
defensible assignment. 

In summary, that which seems to be the author's goal, to completely bound the con­
ditions for a given type of movement, in order to more accurately expand the O-D trip 
pattern for that type of movement, is completely valid and desirable. It appears, how­
ever, that some of his specific suggestions for achieving this goal are of dubious merit. 

NATHAN CHERNIACK, Closure. - I n supporting his disagreements with the author, 
Mr. Campbell has leaned heavily on the Chicago study data and experience. The 
Chicago and Detroit studies have taken lor^ strides in meeting some of the author's 
criticisms leveled against the home-interview type surveys which have preceded those 
in Detroit and Chicago. But there is still a long way to go toward improvii^ present 
methods of collecting data on urban travel and its determinants, as well as improving 
present methods of analysis. 

For example, the author has brought together (Table 1) selected data from the Ap­
pendix to the Chicago Area Transportation Study (CATS), Volume One, for 77 districts 
in Chicago on total dwelling places and autos owned (Table 19, page 108), for resi­
dential land use expressed in acres (Table 21, page 110) and all residential person 
trip destinations (Table 23, page 113). From these basic data, the author calculated 
for each of the 77 districts, dwelling places per acre, autos per acre, and trips per 
acre. 

Plotting autos per acre versus dwelling places per acre, yields a "scatter diagram" 
(Fig. 1) which demonstrates what the author had suggested in his paper; namely, "auto 
ownership densities thus increase with household densities not in proportion, but rather 
at declining rates." In fact, a simple parabola throv^h the origin, used as a fast f i rs t 
approximation, indicates that autos per acre in the Chicago Study Area increase as 
dwelling places per acre, raised to a power of about 0.66. Autos per acre for any one 
of the 77 districts can thus be estimated from this simple f i rs t approximation to within 
a standard deviation of 15 percent of recorded autos per acre in each of the 77 districts 
in Chicago. (Much closer relationships could, of course, be obtained with more care­
ful mathematical analysis.) 

Also, a "scatter diagram"of person-trips per acre versus autos per acre (Fig. 2) 



178 

TABLE 1 
DWELLING PLACES PER ACRE AUTOS OWNED PER ACRE PERSON TRIPS PER ACRE 

IN CmCAGO 1956-57 

Person- Dwelling Autos Person-
Total Trips Places Owned Trips 

Dwelling 
Places' 

Autos Destination Residential Per Per Per 
District 

Dwelling 
Places' Owned' Residential' Acreage' Acre Acre Acre 

01 12,756 1,298 24,524 11.4 
11 137,811 48,871 240,179 1,071.5 128.6 45.6 224.2 
21 59,631 29,455 130, 577 866.6 68.8 34.0 150.7 
22 38, 723 23,175 87, 552 750.8 51.6 30.9 116.6 
23 53, 564 29,987 122,120 960.1 55.8 31.2 127.2 
24 28,832 17,732 66,747 569.3 50.6 31.1 117.2 
25 19,825 11,931 41,859 396.2 50.0 30.1 105.7 
26 13,842 8,673 34,353 

82,836 
359.2 38.5 24.1 95.6 

27 42,577 15,061 
34,353 
82,836 545.7 78.0 27.6 151.8 

31 71,830 40,976 156,397 1,135.7 63.2 36.1 137.7 
32 56, 559 41,955 169,230 1,825.0 31.0 23.0 92.7 
33 50,347 36,803 149,316 1, 574. 7 32.0 23.4 94.8 
34 32,631 23,070 89,319 894.9 36.5 25.8 99.8 
35 22,592 15,933 62,988 884.9 25.5 18.0 71.2 
36 30,670 19,474 87,182 1,001.0 30.6 19.5 87.1 
37 81,787 37,332 174, 061 1,052.8 77.7 35.5 165.3 
41 72,092 58,668 214,166 2,282.8 31.6 25.7 93.8 
42 59,889 50, 078 182, 776 3,174.5 18.9 15.8 57.6 
43 68,558 62,669 243,255 4, 505.0 15.2 13.9 54.0 
44 39,692 37,995 143, 746 2,805.7 14.1 13.5 51.2 
45 24,386 21, 769 89,145 1,895.3 12.9 11.5 47.0 
46 67,524 54,141 221,899 3,031.6 22.3 17.9 73.2 
47 103,975 68,297 302,674 2,771.8 37.5 24.6 109.2 
51 37,371 33,509 145,845 2,511.9 14.9 13.3 58.1 
52 38,676 41,952 163,705 4,312.5 9.0 9.7 38.0 
53 32,152 34,952 137,777 3,748.6 8.6 9.3 36.8 
54 29,306 23,548 86,985 2,632.2 7.7 8.9 33.0 
55 19,595 20,040 81,071 2,045.9 9.6 9.8 39.6 
56 35, 778 38,510 158, 752 4,092.3 8.7 9.4 38.8 
57 42,232 37,106 169,175 2,615.1 16.1 14.2 64.7 
61 20,145 25,148 116,513 4,630.2 4.4 5.4 25.2 
62 26,552 32,303 135,244 4,560.4 5.8 7.1 29.7 
63 33,023 38,434 147,178 5,902.7 5.6 6.5 24.9 
64 22,499 27,815 120,288 4, 810.2 4.7 5.8 25.0 
65 12,988 16,298 62, 550 2,757.1 4.7 5.9 22.7 
66 41,101 43,416 196,282 4, 559.4 9.0 9.5 43.0 
67 31,356 26,883 141,321 2,293.5 13.7 11.7 61.6 
71 16,709 20,649 85,163 3,581.1 4.7 5.8 23.8 
72 22,174 26,443 105,950 5,917.2 3.7 4.5 17.9 
73 16,838 20,025 84,285 5,314.6 3.2 3.8 15.9 
74 17,086 19,987 79,084 5,042.6 3.4 4.0 15.7 
75 3,801 4,239 17, 020 1,359.9 2.8 3.1 12.5 
76 35,176 38,126 181,946 6,117.2 5.8 6.2 29.7 
77 15,015 16,920 73,492 2,403.7 6.2 7.0 30.6 

Total 1,730,666 1,341,646 5,606,527 115,574.8 15.0 11.6 48.5 
' Chicago Area Tran^rtation Study, CATS, Vol. 1, TaWe 19, p. 108. 
' Chicago Area Transportation Study, CATS, Vol. 1, TaUe 23, p. 113. 
' Chicago Area Tran^rtation Study, CATS, Vol. 1, Table 21, p. 110. 

indicates that equally good approximations of person-trips per acre could be estimated 
from autos per acre. Another f i rs t approximation, this time a straight line through the 
origin, indicates that there are about 4.2 person-trips per acre for every auto per acre. 
Person-trips per acre can thus be computed from autos per acre from this simple f i rs t 
approximation to within a standard deviation of about ±15 percent of recorded person-
trips per acre, in each of the 77 districts in Chicago. 

These two diagrams for the Chicago Study Area thus confirm the author's e:qpressed 
ju(%ment that "household densities would appear to constitute far more stable indicators 
of auto ownership than are such indicators as group income levels. Also, distances 
from the CBD are not good fundamental determinants of either car ownerships or trips. 
Distance from the CBD is only a space parameter akin to a time parameter." That is 
exactly what Figure 32, page 61, of Volume One (CATS) illustrates. Examining Figure 
32 carefully, the author is firmly convinced of this judgment also expressed in his 
paper, that "mere distance from the CBD, which has been changing significantly in 
character, like mere passage of time, are both generally weak and at times unreliable 
determinants for forecasting purposes. More fundamental and considerably more pre­
dictable determinants, like household densities, are needed to measure zonal auto 
ownerships, which in turn are the determinants for generated zonal trip ends." 

One need but compare the author's two scatter diagrams derived from the basic 
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Figure 1. Relation between autos per acre and. households per acre for 77 d i s t r i c t s i n 
Chicago, 1956-57 (from Table l ) . 
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Figure 2. Relation between person-trips per acre and autos per acre for 77 d i s t r i c t s i n 
Chicago 1956-57 (from Table l ) . 

data in the Chicago Area Study—autos per acre versus dwelling places per acre, and 
person-trip destinations per residential acre versus autos per acre—with Figure 32, 
page 61 of Volume One, CATS, as well as the formulas in Appendix Table 37, to 
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determine for one's self which are the simpler, more fundamental, more accurate 
determinants of person-trips in the 77 individual districts in Chicago. These simple 
determinants of dwelling places and residential acreages may readily be kept up-to-date 
in the continuing study. Also, auto ownerships in selected districts could be sampled 
from time to time and thus trips per residential acre estimated. A continuous check 
can thus be had of both the end results and the relationships established on the basis of 
1956 data. 

Although such forecasts wi l l yield total person trips in the 77 districts in the study 
area, they do not pinpoint the journey-to-work trips, most of which occur in peak per­
iods, built up on arterials close to concentrations of sites of employment, and absorb 
substantial portions of highway capacities. Accommodating journey-to-work trips close 
to concentrations of sites of employment is and wi l l be the critical urban transportation 
problem. Consequentiy, the author insists that eventually O-D surveys wi l l have to be 
made at locations where people are concentrated. 

At the outset of his discussion, Mr. Campbell states that he "would agree with Mr. 
Cherniack that the home-interview method has inherent defects. However, littte else 
is found in his paper with which the writer can agree." The author is happy to find that 
the "Uttie else" with which Mr. Campbell can agree with the author is in a highly im­
portant research area, and is also supported by the results of the Chicago study. Mr. 
Campbell phrases his agreement with the author as follows: "Mr. Cherniack states 
that the gravity formula, which is a power function, does not adequately describe the 
power of attraction of any given site. He feels that an inverse exponential relationship 
would produce better results. The writer heartily agrees with Mr. Cherniack on this 
point." 

It is kind of Mr. Lynch to express agreement with the author on several of Ms c r i t i ­
cisms of the home-interview type of O-D surveys, which Mr. Lynch has pioneered and 
which he has been personally instrumental in improving continuously over some 15 
years. 

Nevertheless, there stil l remains a large area of disagreement. The author, there­
fore, feels impelled to speak out on the need for continuing to assemble essential data, 
and by methods which would be most effective and most adequate for a deeper under­
standing of the urban traffic pattern. Understanding of urban travel patterns and urban 
transportation needs, is stil l lai^ely in the astrology stage and just b ^ i n n i i ^ to show 
glimpses of the astronomy stage. Yet there is a tendency to speak and write on this 
subject as i f the astronautical stage has been reached, and that all that is now needed 
are the proper electronic computers and all transportation problems would be solved. 

The author's suggested procedure for assembling data at locations where people 
concentrate (which is the heart of his paper) is described by Mr. Lynch as "one of the 
short-cut methods that was found to be inadequate... The difficulties encountered were 
numerous and the results of very limited value." The author's suggested method is 
far from being just another "short-cut method." It requires considerable thoi^ht to 
design such surveys properly. Consequentiy, there are many difficulties to be antici­
pated in conducting such surveys. But does the fact of difficulty of a given type of 
O-D survey necessarily preclude its use i f this procedure is, in fact, an effective means 
for acquiring a deeper understanding of the major facets of the urban traffic and trans­
portation problem? The author is not ready to concede Mr. Lynch's opinion that the 
results of data collected at locations where people concentrate would have "very limited 
value." 

Mr. Lynch reveals the weaknesses of the data actually assembled in Washington 
(in 1939-40), and in Cleveland and Detroit (about 1944), by pointii^ out that the data thus 
obtained revealed "only a fraction of the traffic that would use a freeway or arterial net­
work. Even for those routes that led to the Central Business District (CBD), much of 
the traffic has neither origin nor destination in that district." Apparentiy in the Wash­
ington, Cleveland and Detroit tests the data assembled at the sites of employment and 
business were located only in the CBD's. The author, however, did not suggest the 
"short cut" of limiting the assembly of such data only to CBD locations where people 
were concentrated. He suggested such locations everywhere within the study area 
(at the Pentagon, for example, as well as the Treasury Building in Washington, D. C.). 
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So, when Mr. Lynch asks how a freeway or arterial route can be planned and designed 
properly i f information is lacking for an vmknown and relatively lai^e portion of the 
travel that would use i t , the author answers that of course i t cannot, on the basis of 
the short-cut methods that were used and with such incomplete and inadequate data as 
were assembled at the CBD sites of employment in Washington. No wonder "the re­
sults were of very limited value." 

If, however, one recognizes the now commonly known facts that sites of employment 
and concentrated shopping areas have become quite diffused over urban areas, and that 
CBD's are not the only such areas of concentration of people in metropolitan districts, 
one would proceed to assemble sample data at al l locations where people are concen­
trated. He would thus obtain data that would reveal all actual and potential locations 
within urban areas where traffic concentrations occur on the arterials and which could 
be anticipated in the future on proposed expressways. 

Mr. Lynch objects to the assembly of data at locations where people concentrate on 
several other technical grounds, such as "the inability to obtain information from a 
scientifically selected sample, the lack of a satisfactory universe for expansion pur­
poses, and the inability to evaluate the accuracy of the resiilts." To the author, these 
reasons smack of statistical idolatry. Are we so engrossed in maJdi^ sacrifices to 
statistical idols as to forego the pursuit of a better understanding of urban traffic and 
transportation through the medium of pure statistical colorations without benefit of 
published, detailed theoretical statistical maps? What i f outer space scientists took 
that same attitude? They do not. They send up missiles costing millions to explore 
outer space. We as social scientists should also do some exploring. Even where a 
precise value cannot be put on the entire universe (although not being altogether naive 
about its size), data should stil l be assembled at locations where people concentrate, 
obtaining their travel habits and correlating them with data on land uses and travel 
impedances, to obtain a better understandii^ of people's travel habits than is now 
possessed. 

Mr. Lynch dredges up a number of other difficulties encountered in the collection 
of data at locations where people were concentrated. "There were varying degrees of 
cooperation from different establishments resulting in under-sampling for some types 
of work trips and over-sampling for others." To detect this under- and over-sampling 
statistically, one had to have some approximations of the respective universes; and 
if there were such approximations, the estimated under- and over-samplings could be 
statistically corrected, at least approximately. 

Mr. Lynch goes on to say that " i t was impossible to obtain representative information 
for travel other than work travel, even that occurring during the peak hour." But a 
well-known slogan says, in part, "The impossible takes a little longer." It can be done. 

Mr. Lynch continues: "Information about shoppir^ trips to the big department stores 
could sometimes be obtained, but not about those to the innumerable smaller estab­
lishments. " The author's procedure would be to assemble the data available and an­
alyze what is at hand. In this way, exploration wi l l have been made further into the 
dark and light sufficient to outiine the whole wi l l have been shed. 

Continuing, Mr. Lynch says: "There was no satisfactory method of accounting for 
the many duplications where shoppers went from store to store." Each store or group 
of stores would constitute a small, statistical universe for the study of such travel be­
haviors. However, when i t came to adding the universes to other segments which con­
tained duplications, there would be set up an approximate control on the aggregates so 
as to eliminate most of the duplications, numerically. 

Mr. Lynch continues: "In the home-interview type of survey... in addition to in ­
ternal checks of statistical reliability, there are many checks that can be made with 
independent data such as population, automobile ownership and screenline counts." 
Checks of statistical reliability are highly theoretical and are based on the assumption 
that the sample is purely random, whereas in actual practice i t may be far from being 
random. 

Data on population in intercensal years are, at best, extrapolated "guesstimates" 
based on the previous decennial population census data, supplemented by recorded 
births and deaths since the census year plus guesses as to net migrations into or out 
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of the area. "Checking" expanded sample person trips with such population "guessti­
mates" is like the bUnd leading tiie bUnd. 

Few urban areas have current auto registrations tabulated by small areas, that could 
be used to check the expanded 5 percent samplings of autos roistered in the O-D zones. 
To be sure, data on individual addresses of car owners are available at the vehicle 
registration bureaus of the respective states. But in how many home-interview studies 
have the auto r^s t ra t ions as of the year of the survey, been tabulated by O-D zones 
to check the e3q)anded 5 percent samplings of car ownership in these zones? 

Screenline vehicle traffic coimts are, in fact, excellent checks on expanded vehicle 
trip samplings obtained from home interviews, but only for a fraction of the total trips 
generated in the total study area. Besides, such vehicle covmts have invariably re­
vealed under-enumerations in the aggregates, particularly in off hours. Moreover, 
i f roadside O-D interviews had been made at the screenline (as they have not been), i t 
would have been discovered that errors in the expanded vehicle trip samplings from 
individual O-D zones would be quite large. Also, i f O-D surveys were simultaneously 
made at sites of employment they would probably reveal, quite dramatically gross er­
rors in certain ejqpanded home-interview zone-to-zone movements. 

Mr. Lynch does agree that 5 percent samples are "much too smaU to permit an ac­
curate determination of the zone-to-zone movements." But, he continues, "In esti­
mating traffic volumes, concern is not with individual zone-to-zone movements, but 
rather with the accumulation of a large number of such movements on an expressway, 
arterial or transit line. And tests have shown that the errors for such accumulations 
are generally acceptable." Again the author must disagree on two grounds. On the 
first , the author maintains that concern is with zone-to-zone movements, which are 
the elements of the trip aggr^ates that impii^e upon proposed expressways at their 
various entrance and exit ramps. Mr. Lynch makes the implicit assumption that in 
the accumulation of a large number of such zone-to-zone movements, the individual 
errors wi l l be compensating and the algebraic sum of the individual errors wi l l be 
smaller than the error in any individual zone-to-zone movement. This is not neces­
sarily so: the errors may be cumulative, not compensating. Besides, the theoretical 
tests described by Mr. Lynch are not completely satisfying. 

The second ground of disagreement is that, again, concern is with zone-to-zone 
movements because these movements must be utilized to obtain sound relationships 
with trip determinants such as land uses, as well as distances, times, costs and other 
impedances between pairs of zones, which relationships can eventually be fed into 
electronic computers so that there would be some degree of confidence that the com­
puter answers wiU be realistic. And the individual expanded zone-to-zone movements, 
which are known to contain large errors, cannot be cured statistically by merely com­
bining trips between small zones into those between large zones and thereby reducing 
the size of the errors. 

It is gratifying that Mr. Lynch admits that the author is correct in maintaining that 
"the combinii^ of zones into larger ones, to increase the number of trips in the zone-
to-zone movements, introduces too great an inaccuracy in such factors as distance and 
travel time to be an acceptable procedure for the purpose of determining traffic move­
ments. " He goes on to say, however, that "the accumulation of the smaller number of 
trips between smaller zones... is much better for the purpose of assigning trips to 
highway and transit facilities." They would be better i f the original bases for assign­
ments that were established from the individual zone-to-zone movements were in fact 
valid, but these bases are themselves weak because, for correlation purposes, the 
original samples of the individual zone-to-zone movements were so anemic. 

Mr. Lynch goes on to say that "information is now being obtained concerning the land 
use at each end of a trip, and trips to like land use can therefore be combined to obtain 
an adequate sample for different areas of the city. The availability of electronic com­
puters makes the task a relatively simple one." A beginnii^ is just being made on as­
sembling data on areas devoted to residential, commercial and industrial uses, in 
an effort to obtain approximations of the trips generated by significanUy different types 
of land use. Such land-use data for small O-D zones, together with the corresponding 
data on the trips that focus on locations where people concentrate, in the urban areas 
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where O-D data have been assembled, constitute a veritable mine of urgently needed 
researchable data. Such assembled land-use and travel-impedance data, even without 
benefit of electronic computers, would be far more valuable than the availability of 
electronic computers without such data. If a deeper understanding of urban traffic pat­
terns is to be acquired and sound bases for an intelligent appraisel of the needs for 
urban transit facilities are to be established, i t is the simultaneous collection of such 
land-use and travel-impedance data for the O-D zones in urban areas where trip data 
wil l be assembled, which is now the crying need, rather than availability of electronic 
computers. 

Mr. Lynch volunteers a serious source of error in the home-interview type of O-D 
surveys which the author had not mentioned in his original paper. "This is a 'response' 
error due to the fact that the interview often must be conducted with someone other than 
the person who performed the travel—usually the housewife." In assemblii^ trip data 
at locations where people concentrate, such as at sites of employment, the data for, 
say, 100 journey-to-work trips may be obtained not by ringing 5 home doorbells but 
by ringing just one doorbell—the personnel officer's. The data on 100 journey-to-work 
trips would thus be obtained with no "response" error of the type that would result 
from multiplying by 20 the responses from the wives of the 5 workers. Besides, a 
sample questionnaire distributed among the workers at sites of employment would also 
yield individual journey-to-work distances, times, costs and modes of travel between 
homes and work places. 

The author has taken time to spell out his disagreements with Mr. Lynch in order 
to call attention to the fact that there is stil l a far way to go in developing a profound 
understandii^ of urban travel patterns sufficient to plan wisely for urban transportation 
needs. This results from the fact that despite all the voluminous trip data that have 
been collected by home-interview surveys over some 15 years, there is stil l a lack 
because of not having contemporaneously collected data on trip determinants. Short­
changed trip determinants consist of such data for O-D zones as areas occupied by 
residences, commercial and industrial establishments, as well as travel impedances 
for individual zone-to-zone movements, both of the type that are directly measurable 
(highway distances, travel times and costs) and those that are only indirectly mea­
surable (travel irritations and annoyances) by recording traffic lights, left turns, 
parked cars, and other known and suspected travel irritants. 

In his discussion Mr. Steele places the home-interview type of O-D survey in its 
proper perspective and in the light of all the sampling techniques which have been 
used by the U. S. Bureau of Public Roads for various data collection purposes. He 
also sets forth some effective fundamental principles on sampling techniques and data 
collection. Consequently, the author must necessarily agree with most of Mr. Steele's 
discussion. In fact, the author wishes to take the liberty of using certain of Mr. Steele's 
statements of sampling principles and practices to underline the author's own suggestion 
for collecting O-D data at places where people concentrate. 

Mr. Steele f i rs t points out that "so many fundamental changes have been made in 
the selection of the sample, the design of the Interview forms, the nature of the data 
collected, and the methods of collectii^ them, that motor-vehicle-use study interviews 
obtained today bear only a superficial resemblance to those obtained 25 or 30 years 
ago." Excellent'. These changes are all to the good. Obsolescence of the methods of 
collection is thereby postponed. 

But Mr. Steele goes on to point out that in certain types of sampling, stratification 
has been used, and for good reasons. To the author's knowledge, however, home-in­
terview surveys have stil l been based on random, rather than stratified samplings. 
Under random samplings, i t is implicitly assumed that homes are distributed in a 
study area much like the molecules of a gas are in a receptacle. It is known, however, 
that household densities vary widely in different sections of the study area and are not 
randomly distributed. Sampling of households stratified on the basis of household den­
sity, for example, would improve coverage, as Mr. Steele suggests. The author, 
however, is not aware that home-interview samplings had been stratified except for 
special types of dormitories. 

Assuming that a parallel system of sample interviews were also made in areas 
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where people are concentrated, such as in CBD's as per the author's suggestion, one 
would not adopt the naive attitude that there is no awareness that clusters of sites of 
employment exist. It would have to be recognized that there were financial, theatrical, 
shoppii^ and other such clusters. Stratification of sample interviews in areas where 
people are concentrated would thus be a sine qua non of sampUng in such areas, be­
cause as Mr. Steele indicates, stratification under those conditions would improve 
coverage immensely. 

Mr. Steele hopes that the decennial census of 1960 wi l l provide much more com­
plete information on housing and households than has been available from previous 
censuses. It probably wi l l . But the acreages necessary to calculate household den­
sities expressed as households per residential acre are stil l lacking. Residential 
acreages wi l l st i l l have to be compiled by the local plannii^ agencies in the respective 
study areas. 

Mr. Steele states a fundamental canon of statistics when he says: "I t has long been 
recognized that the purpose for which a travel study is to be made wi l l have an important 
bearing on the type of data collection to be employed and the design of the sample to 
be used in obtaining the information." Then he goes on to say: "For purposes of motor-
vehicle-use studies, however, there is as yet no known substitute for the home-inter­
view type study where i t is desired to obtain characteristics of motor-vehicle owner­
ship and use, especially the use of passenger cars." Here the author disagrees with 
Mr. Steele that the essential purpose of current travel studies is to obtain characteris­
tics of passenger car ownership and use. Instead, the purpose of the travel study is 
to obtain quantitative measures and a thorough understanding of urban traval patterns 
in study areas, on the basis of which transport systems may be conceived that would 
adequately meet current and future needs of urban travel, particularly in peak periods 
when the capacities of existing and proposed transport facilities wi l l be largely absorbed. 
Consequentiy, i t is essential to interview especially those who travel in peak periods 
(workers on weekdays) and to interview them at their destinations which are closest 
to locations where the capacities of transport systems are and wi l l usually be largely 
absorbed in peak periods. 

Mr. Steele states: "Mr. Cherniack's concern throughout his paper seems to be 
with the collection and analysis of origin-destination travel data to aid in the design of 
specific facilities." Instead, the author's concern is with urban transportation sys­
tems, including existing rai l as well as highway facilities, existing rai l transit where 
available, and mass transit by express buses, and not just with ownership and travel 
by autos on the highways. That is why the author desires as accurate a quantification 
of the characteristics of the journey-to-work pattern as possible. 

The War Industry transportation studies made during World War I I for purposes of 
motor fuel and tire rationii^, to which Mr. Steele refers, are exacUy the types of 
studies the author has in mind in connection with his si^gestions contained in the paper. 
Such studies, when amplified with supplemental data, would yield valuable "isochron 
lines" which would indicate how far away, timewise, various sites of employment drew 
50 percent or 75 percent, or other percentages, of their employees. These studies 
would also reveal the varying percentages of the labor pools in small residential areas 
which different sites of employment drew at varying travel times between plants and 
homes. These are the types of travel data for which there is presently a great need, 
for the purpose of plannii^ urban highway transport systems of the future to handle 
particularly the journey-to-work travel in peak periods. 

It is refreshii^ to have Professor Howe say: "To check the author's contentions con­
cerning the relationship between auto density and household density, the writer analyzed 
ten zones of the 1954 survey of Cincinnati and calculated household densities from the 
1950 Census data and auto densities from the 1954 registration figures," and incident­
ally that "Table 1 summarizes this analysis and seems to confirm the data given in the 
paper." 

Professor Howe did just what the author recommended in his paper; namely, to "ex­
hume" home-interview data, to retabulate them and to re-analyze them, and then dis­
cover some significant relationships previously not revealed. 

Table 2 and Figures 3 and 4 were prepared on the basis of the data drecfeed up by 
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TABLE 2 
AUTOS PER ACRE AKD HOUSEHOLDS PER ACHE IN 10 ZONES OF CINCINNATI, OHIO, 

AND 18N.Y.-N.J. COUNTIES 

New York - New Jersey Counties Locations in Clnciimatl. Ohio 
Householdŝ  Autos* Householdŝ  Autos' Distance 

County per per Suburb per per From CBD 
Acre Acre Acre Acre (mi) 

1 Suffolk, N.Y. 1.3 2.2 1 California 0.2 0.2 7.2 
2 Morris, N.J. 1.8 2.3 2 Winton 0.9 0.3 5.1 
3 Somerset, N.J. 2.2 3.0 3 Riverside 0.5 0.5 6.0 
4 Middlesex, N.J. 2.7 3.4 4 Reading and Lakeland 1.4 1.7 9.5 
5 Bockland, N.Y. 2.7 3.6 5 CoUegeHill 1.4 1.8 7.2 
6 Richmond, N.Y. 3.0 3.5 6 CUtton 2.3 2.2 3.4 
7 Monmouth, N.J. 3.2 4.0 7 Avondale 4.5 3.8 3.6 
8 Nassau, N.Y. 3.3 4.3 8 Norwood 5.8 5.1 5.1 
9 Westchester, N.Y. 3.9 4.8 9 Westend (South) 20.5 6.5 1.0 

10 Beigen, N.J. 4.5 5.3 10 Westend (North) 26.4 8.9 1.1 
11 Umon, N.J. 4.6 6.0 
12 Passaic, N.J. 5.3 5.5 
13 Essex, N.J. 
14 Queens, N.Y. 

7.8 8.5 13 Essex, N.J. 
14 Queens, N.Y. 8.4 7.2 
15 Hudson, N.J. 15.4 13.0 
16 Bronx, N.Y. 
17 Brooklyn, N.Y. 

22.9 9.5 16 Bronx, N.Y. 
17 Brooklyn, N.Y. 38.1 16.5 
18 Manhattan, N.Y. 52.0 20.9 
' Estimated for 1955. 
' Registrations as recorded in 1955. 
' As of 1950. 
' Registrations as of 1954. 

Professor Howe. In Figure l b the center of the CBD has been plotted on the right, and 
distances therefrom to the left, in order to make this plot visually comparable to 
Figure la . It wi l l be seen that households per acre is a much superior determinant of 
autos per acre than is the distance from the CBD. Also, from any curve fitted to the 
relationship of autos per acre versus households per acre, a derivative equation may 
be readily obtained of autos per household by dividing both sides of the equation by 
households per acre. 

Figure 4 shows autos per acre versus households per acre in 10 zones in Cincinnati 
and 18 New York and New Jersey counties in the New York-New Jersey metropolitan 
district. The similarity is marked for two such widely separated urban areas. 

When Professor Howe says: " I t is inconceivable to the writer that the number of 
households per acre in any way influences the total number of trips generated per 
household," he apparenUy does not realize that households per acre is only an indicator 
of autos per acre, and that, in the same manner, autos per acre then also becomes 
an indicator of not only auto trips but also of person-trips both by auto and by common 
carriers, where the latter are in fact available in the respective zones. 

He also suggests that "the number of employees in places of shopping, recreation, 
etc., is the only valid measure of attraction of such centers," instead of floor-space 
data as proposed by the author. It would seem that, for purposes of long-term pro­
jections, i t would be much more convenient to measure areas on a map and then to 
establish factors of floor space per 100 workers for various non-residential uses. 
For any future year, areas of non-residential uses would f i rs t be forecast and then 
translated into person-trips on the basis of the future intensity of use of floor space 
by workers and occupants. For example, future office space in CBD's would f i rs t 
be forecast. Then, in the light of the increasii^ use of office equipment for data pro­
cessing, requiring greater areas of office space, estimates of office employees for the 
future would call for higher factors of floor space per 100 office workers. 

In a paper by Harper and Edwards (HRB Bull. 253) ofwhich the authorwas not aware 
when he wrote his own paper), they state: "Some workers in the field of city planning 
have been sayii^ that the traffic which flows in and out of a city every day is generated 
by the buildings, or rather by the businesses which occupy and use the buildings in the 
center. So far as could be ascertained, such statements have not been checked... To 
investigate, the Ontario Joint Highway Research Program sponsored research at Queen's 
University to see if a relationship between amount of floor space in use in various classifica­
tions and travel to the CBD could be demonstrated." Of some 120 cities where O-D studies 
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Figure k, CcMparlson of auto vs household 
concentration for (a) 10 locations in Cin­
cinnati, Ohio, and (h) l8 Hew York and New 

Jersey coimties. 
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Figure 3- Auto distribution vs (a) house-
•hold distribution and (h) distance from 
the CBD for 10 locations in Cincinnati, 

Ohio. 
had been made, they could find only Phila­
delphia, Detroit, Baltimore, Seattie, Van­
couver and Tacoma where they could esti­
mate floor areas in CBD's. Theyconclude: "The resultsare such that i t is possible to say 
that the number of people attracted to an area in a city center appears to be closely related to 
the amount of floor space being used for variouspurposes in the section of the CBD consider­
ed. It seems that, for highway planning, i t would be valid to use sound, economic forecasts 
offuturefloor-spaceuseinacentralareaasanindexofthearea'sfuture attraction." 

Not only has some support been received from Harper and Edwards in the matter of using 
floor space as an indicator oftrips to and from non-residence areas, but there is apainful 
awareness of the general paucity of data on employment in smaU areas of employment. Con-
sequentiy, theauthorishereinpleadingforsometypesofdatanotnowavailable, asindi-
catorsoftheda3rtimepopulationinnon-residenceareasof economic activities. Dataare 
needed to give meaning and quantitative e3q)ression to relationships between per son-trips 
and land use, which are assumed to be generally available but which do not now, in fact, exist. 

Again, when Professor Howe says that censuses of business, and various state em­
ployment publications, combined with information from a city directory, can give a 
comprehensive picture of the actual distribution of jobs in an area, the author takes 
that statement with an oversized grain of salt. In this area, he can only comment that 
Professor Howe needs to get his hands dirty with statistical data on economic activities 
and social behavior in order to temper his optimism with humility. 

Planners talk freely and qualitatively about land use and its traffic generating char­
acteristics; so much so that many students of planning take i t for granted that quanti­
tative land-use data are generaUy and readily available in usable form for correlating 
with person-trip data; that a number of such relationships had been generally established. 



ERRATA 
BULLETIN 253 

In Bulletin 253, pages I87 and I88, the 
following corrections should be made to the equations: 

Eq. 3 A. = k 1 P̂ e ^̂ "̂̂ ^ 

Eq. 4 e^(^-^)=E 

Eq. 5 E=e^(^-^> 

Eq. 6 loggE=logg(e^^^"^^)=R(d-x) 

Eq. 8 log^E=(d-x)log^(l + r) 

Eq. 9 E=(l+r)̂ ^"'̂ ^ 

Eq. 10 A.=klP.(l+r)^**"''^ 
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T h i s j u s t i s not so. S t a t i s t i ca l data o n a reas devoted to res idence and non- res idence 
uses a r e not gene ra l l y and r e a d i l y ava i lab le i n such form tha t they cou ld be used as 
f k c t o r s o f t r i p genera t ion , e i the r now o r i n the f u t u r e . 

The e^qponential-type ma thema t i ca l f u n c t i o n , as an e g r e s s i o n o f the i n v e r s e r e l a ­
t ionsh ip between t r i p s and impedances l i k e dis tance, does not seem to appeal to P r o ­
f e s s o r Howe and so he d i s m i s s e s i t qui te ab rup t ly ; he p r e f e r s the " g r a v i t y model"— a 
p o w e r f u n c t i o n . I t i s the p r i v i l e g e o f any r e sea r che r to choose the m a t h e m a t i c a l f u n c ­
t i o n w h i c h , i n h i s judgment , best expresses the l a w he i s t r y i n g to state m a t h e m a t i c a l l y . 
Unfo r tuna t e ly , economic and soc i a l data never p r e c i s e l y de f ine the m a t h e m a t i c a l f u n c ­
t i o n . The r e sea rche r m u s t se lect f r o m a f a m i l y o f cu rves the one w h i c h i n h i s judgment 
i s best su i ted to express the l aw he i s seeking. I t i s the au tho r ' s judgment that the e x ­
ponen t ia l - type f u n c t i o n does t h i s best f o r the i n v e r s e r e l a t ionsh ip quoted p r e v i o u s l y . 
The soundness o f the au tho r ' s judgment may be demons t ra ted w i t h P r o f e s s o r Howe ' s 
own E q . 1 and h i s own nomenc la tu re . 

F o r use i n a p r a c t i c a l p r o b l e m , E q . 1 may a t first be r e w r i t t e n as 

A . = k P.e" ' ' (2) 

Then s e v e r a l constants a r e in t roduced w h i c h , however , do not change the f o r m o f the 
equation as an e:q)onential- type. 

A . = k l P . e - ^ ( ' * - ' ^ ^ (3) 

Now i t i s assumed tha t the t o t a l n u m b e r o f employees tha t w o r k i n non- res idence zone 
j , and that a r e d r a w n f r o m a l l res idence zones i n the study area , may be obtained f r o m 
Census data. F r o m these data, k may then be obtained by d i v i d i n g the t o t a l employees 
who w o r k i n non- res idence zone j by the employed l a b o r f o r c e ( E L F ) i n the study a rea . 
The constant k w o u l d thus be expressed as "employees i n zone j p e r 10,000 employed 
l abo r f o r c e i n the study a r e a . " 

P i i s the popula t ion i n res idence zone i . I n the equations, i t i s m e r e l y an i n d i c a t o r 
o f the E L F r e s i d i i ^ i n zone i . I f E L F of zone i happens to be ava i l ab le , w o n d e r f u l ! 
Bu t tha t i s a r a r i t y . B y a p p l y i i ^ the constant 1 o r " E L F p e r 1,000 p o p u l a t i o n , " o b ­
ta inable f r o m the l a s t ava i lab le decennia l Census data, a guess t imate may be made o f 
the E L F i n res idence zone i . 

The p r o d u c t k l P j then i s equal to employees i n non- res idence zone j p e r 10,000 E L F 
i n study a rea m u l t i p l i e d by the E L F i n res idence zone i . T h i s p r o d u c t thus y i e l d s " p r o b ­
able employees i n non- res idence zone j d r a w n f r o m res idence zone i , " i f t r a v e l d i s ­
tance, t i m e , cos t , e t c . , w e r e not r e a l t r a v e l impedances . T h i s computed number o f 
employees d r a w n f r o m zone i consequently r e f l e c t s on ly the s ize o f P i i n zone i , but 
not i t s t r a v e l impedance f r o m zone j . 

F o r the f u n c t i o n 
- R ( d - x ) 

e E (4) 

w h i c h r e f l e c t s the e f f e c t s o f t r a v e l impedances , the average "employees p e r 10,000 
E L F f o r the study a r e a , " o r k , l i e s on a c i r c l e a t a mean t r a v e l dis tance d f r o m the n o n -
res idence zone j to a l l res idence zones i n the study a r ea f r o m w h i c h employees w e r e 
d r a w n . T h i s d is tance d (or t i m e ) i s obtainable as p a r t o f the employee data tha t the 
author has recommended be assembled . When x i s equal to the mean dis tance d , i n 
E q . 4 , e becomes equal to one. A j f o r t r i p s f r o m cen te r s o f res idence zones l y i n g on 
the c i r c l e o f mean dis tance, d , then becomes equal to k l P i , o r equal to the p robab le 
number o f employee t r i p s . When x i s s m a l l e r than d and d - x i s p o s i t i v e , the e n t i r e 
exponent i s negat ive . Thus , w h e r e the center o f a res idence zone i s c l o s e r than the 
mean dis tance, d , the number o f t r i p s d r a w n t h e r e f r o m i s l a r g e r than average; when 
X i s l a r g e r than d, and d - x i s negat ive , o r w h e r e a res idence zone i s f a r t h e r away than 
the mean dis tance, d , the number o f t r i p s d r a w n t h e r e f r o m i s f e w e r . 

By not p r o b i n g h i s own m a t h e m a t i c a l equation too deeply. P r o f e s s o r Howe has come 
to an apparen t ly e r roneous conc lus ion that the exponent ia l - type f u n c t i o n "ass igns the 
t o t a l popula t ion to the c o - t e r m i n u s non- res idence cen te r and t h i s i s s ca rce ly a defens ib le 
a s s ignmen t . " 
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Inc iden ta l ly , R i n £ q . 4 has a spec ia l s ign i f i cance . I t expresses neat ly how the 
d i f f e r e n t i a l percentage r a t e s o f t r i p s p e r 10 ,000 E L F v a r y w i t h n u m e r i c a l d i f f e r e n c e s 
i n t r a v e l impedances . The c l o s e r o r f a r t h e r away a res idence zone i s f r o m the a rea 
o f employment , the g r e a t e r o r f e w e r the " t r i p s p e r 10,000 E L F " i t f u r n i s h e s t h i s a rea 
o f employment . I t i s these d i f f e r e n t i a l r a t e s o f a t t r a c t i o n w h i c h i t i s d e s i r e d to es­
t a b l i s h f o r v a r i o u s types o f a reas o f employment and f o r o the r a reas o f a t t r a c t i o n . 

A m a t h e m a t i c a l t r a n s f o r m a t i o n o f E q . 4 w i l l b r i n g t h i s out sha rp ly . 

E = e - X W - ' 

then 

Then l e t R = l o g 

(5) 

(6) 

.H 
loggE = - ( d - x ) logg (1+r ) 

E = (1+r)-^ '*"^^ 

- ( d - x ) A . = k 1 P. (1+r) 

(7) 

(8) 

(9) 

(10) 

The constant r i n Eqs . 9 and 10 represen t s the inc reased (percentage) d i f f e r e n t i a l 
r a t e , compounded, o f t r i p s p e r 10 ,000 E L F , w i t h each n u m e r i c a l u n i t o f r educ t ion i n 
t r a v e l dis tance x , f r o m the average t r a v e l d is tance , to r each non-res idence zone j o r , 
i n gene ra l , w i t h each n u m e r i c a l u n i t o f r educ t ion i n t r a v e l impedance l i k e t i m e , cos t , 
and o the r impedances , expressed i n cents , w h i c h w o u l d be subst i tu ted f o r d and x 
i n E q . 9 o r E q . 10. 

I n the f u t u r e , g i v e n new a reas o f employment , the employee r e s e r v o i r , and the 
co r re spond ing spa t i a l d i s t r i b u t i o n o f employees i n the v a r i o u s res idence zones f r o m 
w h i c h these a reas o f employmen t w o u l d d r a w employees , c a n thus be computed f r o m 
Eqs . 9 and 10. 

HRB:0R-3Ml-



TH E NATIONAL A C A D E M Y OF S C I E N C E S — N A T I O N A L R E S E A R C H COUN­
C I L is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

A C A D E M Y itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap­
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
A C A D E M Y and the government, although the A C A D E M Y is not a govern­
mental agency. 

The NATIONAL R E S E A R C H COUNCIL was established by the A C A D E M Y 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
A C A D E M Y in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL R E S E A R C H COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa­
tives nominated by the major scientific and technical societies, repre­
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its R E S E A R C H COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The H I G H W A Y R E S E A R C H BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL R E S E A R C H COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the A C A D E M Y - C O U N C I L and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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