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Foreword 
Origin and destination studies are useful in the planning, design and operation 
of transportation routes and terminals, When such studies appeared on the 
scene several decades ago, the procedures were relatively simple. As facility 
demand increased and all forms of transportation began to be considered, 0-D 
studies necessarily became more comprehensive and increasingly complex. 
The advent of the high-speed computer brought additional technology to bear 
on the problems-the 1962 highway legislation served to further this type of 
work-so that 0-D studies have virtually achieved scientific status although 
admittedly operating in an area where a great deal of "art" as compared to 
"science" still exists . 

The papers in this RECORD present for the most partfindings derived from 
the massive transportation studies under way in the large urban areas of the 
country. The roles of the various modes, the fine points of the methodology 
emphasized, the problems involved in handling large amounts of data-all these 
aspects and many more are presented here, Officials of agencies such as 
highway departments, transit companies, urban transportation planning groups 
and city planning organizations will find the material to be of interest. How
ever, the chief beneficiaries will be those involved in the day-to-day operation 
of the many urban transportation studies. 

The first paper examines trip generation and trip attraction as found in two 
small Canadian cities. Relationships existing between various factors and the 
relative degree of error expected with different sample sizes are reported. 

The difficult task of predicting potential rapid transit trips from those trips 
made using surface transit has been examined for the Washington, D. C., area 
in the second paper. Using special computer programs, the authors evolveda 
sensitive diversion analysis technique, results of which indicated greater ac
curacy in the prediction of trips over previously utilized methods. 

In the third paper, a Tri-State Transportation Commission researcher 
reports on the various techniques used to estimate and distribute auto owner
ship for forecasting person and vehicle trips. Numerous variables were 
investigated and it was found that the best methodology used the combined 
effects of household income and residential density. 

Cost savings possible through simulation techniques, alternate sampling 
methods and refinement and elimination of present procedures in transporta
tion studies are explored by two consultants in the fourth paper. The large 
sums of money spent on urban planning could be reduced if techniques shown 
in this paper were employed. Two discussions explore the views presented. 

The problems of programming an algorithm to find minimum time paths 
through a large transit system are set forth in the next paper. Step-by-step 
descriptions and flow charts of the "tree-building" algorithm and transit "path
finder" algorithm are presented. Use of the pathfinder program is said to 
significantly reduce the number and degree of problems confronting the analyst. 

In the sixth paper, a Tri-State Transportation Commission analyst has 
explored sampling methods for collecting transit passenger data. A method of 
sampling existing transit services to obtain the requisite data is outlined, 



Three examples are given of surveys using the sample design, and the results 
of the three different surveys are compared. 

The next paper, by a Bay Area Transportation Study researcher, presents 
a novel traffic assignment procedure designed essentially to cope with the 
problem of evaluating large numbers of transportation system alternatives, 
rather than just elements of a system or only a few alternatives, as is presently 
the case. 

Three consultants show, in the final paper, how intercity highway travel 
can be projected using 0-D data. In Illinois and Arizona, functional classifica
tion systems of streets and highways were developed. Trip length and traffic 
volume data were utilized to develop the future facility needs for 1985. The 
paper outlines the basic procedures employed (different for each state) and the 
results achieved. 
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Trip Production and Attraction 
Characteristics in Small Cities 
M. D. HARMELINK, Department of Highways, Ontario; 
G. C. HARPER, N. D. Lea and Associates, Vancouver, B. C.; and 
H. M. EDWARDS, Queen's University, Kingston, Ontario 

Several factors affecting the estimation of trips produced by and 
attracted to various areas of a small city were examined for vari
ous trip purposes. The trip production study was conducted for 
one city only, Kingston, Ontario, while the trip attraction study 
treated two cities, Kingston and Barrie, Ontario. Planning and 
assessment departments and home-interview 0-D surveys pro
vided all the basic data. For the most part, 24-hour person trips 
by vehicle were studied. 

In the production study, attempts were made to relate trip pro
duction to car ownership, population, distance from CBD, resi
dential density, proportion of single-family dwelling units, and 
percentage of the population less than five years of age. The most 
reliable predictor of trip production was found to be car owner
ship. Results indicated decreased accuracy of trip estimation 
with increased segregation of trip purpose, and showed little im
provement in the trip estimates with increased sample sizes. In 
the attraction study, relationships were found between attracted 
trips and the assessed value of land and buildings and area of land 
in each of four land-use categories. The results of the study have 
expected application in both conventional 0-D surveys and math
ematical traffic models. 

•FOR proper evaluation of the transportation problems in an urban area, a knowledge 
of traffic movements within the area is essential. A quantitative understanding of the 
factors which influence traffic movement is, therefore, of major importance. 

As an outgrowth .of comprehensive origin-destination studies and the relation of area 
traffic movements to land use and economic and population characteristics of the area, 
mathematical models (formulae) describing traffic movements have been developed and 
used for predicting future traffic movements in the area. Home-interview 0-D surveys 
are still required for model formulation since they provide the most reliable input data 
necessary for the model (1). It is claimed, however, that fewer interviews are required 
for model formulation than for conventional 0-D surveys. 

This paper describes trip production and attraction characteristics in small cities. 
Certainly, previous attempts have been made to relate the number of trips produced by 
residents of an area to certain population and location characteristics. Kudlick, Fisher, 
and Vance (2) used car ownership and population as predictors of trips from a zone. 
Others have- used labor force as a predictor of work trips, where such data were avail
able (3). Mertz and Hamner (4) used car ownership, population density, income per 
household, and distance from The CBD as predictors of total trips, but found that car 
ownership was the most reliable predictor. 

Attempts have also been made to relate the number of trips attracted to an area to 
land-use characteristics of the area. Voorhees ~' ~), Barnes ~), and Kudlick, Fisher, 

Paper sponsored by Committee on Origin and Destination and presented at the 46th Annual Meeting. 
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and Vance (2) all used employment and population as predictors of trips attracted to a 
zone. Harper and Edwards (7) found a strong relationship between the total number of 
daily person trips attracted to the CBD and the floor- space area in three use categories
retail, service-office, and manufacturing-warehousing. 

However, few investigations of the factors affecting trip production and attraction 
appear to have been made for small cities (less than 75,000 population), where good 
land-use data are less generally available. Moreover, the effects of sample size on 
accuracy of trips estimates and on the optimum trip purpose groupings to be used have 
seldom been examined. These matters were felt to warrant investigation. A further 
innovation was relating trip attraction to assessment values (readily available in small 
cities) rather than to employment in each of several categories, estimates which may 
not be so readily available in small cities. Besides reflecting intensity of land use and 
competitiveness between different land uses, assessment will also reflect multiple usage 
of land or buildings. It is recognized that assessment values will probably not be equal 
to real market values, but they should reflect relative values within the same land-use 
categories. Moreover, since the assessment process is generally treated in a quasi
judicial manner (by the method governing appeal), assessed values of land and buildings 
have little tendency to reflect speculation in land and building values and thus supply 
stable, consistent measures of land-use intensity as it exists- not as the market thinks 
it should exist. 

The city selected for the trip production study was Kingston, Ontario (study area 
population of 63,000). The cities selected for the attraction study were Kingston and 
Barrie, Ontario (study area population of 22,000). The data used in the studies were 
obtained from the planning and assessment departments in each city and from the home
interview origin-destination study conducted in each city in 1961 according to Bureau 
of Public Roads recommendations. 

TRIP PRODUCTION 

Research Procedure 

The trip production study was concerned only with daily (24-hour) person trips by 
vehicle made by residents of the study area. Data from separate truck, taxi, and ex
ternal roadside surveys were excluded, and there was no modal split. Fifty- five traffic 
zones were used in the study, of which 49 were Group A zones (predominantly single
family dwelling units) and 6 were Group B zones (predominantly multiple- family dwell
ing units). 

Three sample size s (based on the total number of dwelling units) wer e selecte d to 
cover a r easonable r ange of sizes and to br acket the number of 1, 000 inter views sug
gested as adequate for gravity model formulations (8). The emphasis in this study was 
placed on systematic sampling r ather than cluste r sa mpling. Cluster sampling has been 
used in several model formulations; however, Hansen, Hurwitz, and Matlow (9), Deming 
(10), and Lieder (11) all suggest reasons for preferring systematic sampling to cluster 
sampling, the primary reason being smaller variance. The samples were selected by 
systematically sampling the or iginal 121/2 per cent dwelling unit sample identification 
number; the results of the sample selection are shown in Table 1. Although no definite 
conclusions could be drawn regarding variability among samples of the same size, the 
two 5 percent samples were tested to observe qualitatively the kind of differences that 
might arise. 

To examine the effect of various trip purpose categories on accuracy of prediction, 
trip production studies were made for seven trip purposes, as follows: 

1. Total trips, 
2. Home-origin work trips, 
3. Non-work home-origin trips, 
4. Non-home-based trips (neither origin nor destination at home), 
5. Home - origin shopping trips, 
6. Home-origin social-recreational trips, and 
7. Miscellaneous home-origin trips. 
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TABLE 1 

KINGSTON SAMPLE SELECTION 

Sample Sampling Sample Size: No. of Sample D. U. 1 111 eelected out 
Designation Rate No. of D. U. 's of every 10 Home-Interview D. U. 1s 

S-. 025-K 2. 5% 508 

S-.05-1-K s. 0% 983 

S-. 05-2-K s. 0% 984 

S-, 10-K 10, 0% 1967 

Note: "S-. 025-K" designate& a 2f% sample of Kingston data 

The category "total trips" for a given zone refers to all person trips by vehicle made 
by the residents of that zone, regardless of origin or destination of trip, a~d excludes 
all trips made to or from the zone by non-residents of the zone. The "miscellaneous" 
category includes trips made for the purposes of personal business, medical-dental 
service, school, eating a meal, changing mode of travel, and serving passengers. 

If it is assumed that all home-origin trips return home, estimates of total trips may 
be made in three ways, using different combinations of the given trip-purpose cate
gories, as follows: 

Total Trip Estimate 1: Trip Purpose Category 1 
Total Trip Estimate 2: Trip Purpose Categories 2, 3, 4 
Total Trip Estimate 3: Trip Purpose Categories 2, 4, 5, 6, 7 

For the sample sizes tested, attempts were made by means of simple and multiple 
regression analysis to relate sampled trips per D. U. for various purposes to sampled 
values of the following land-use parameters and characteristics of the zonal population : 

X1 Cars/dwelling unit 
X2 (Car s/dwelling unit)2 = ~ 
xs Per sons/dwelling unit 
X4 (Persons/dwelling unit)2 = x2 

Xe Airline distance from CBD (tenths of miles) 
X6 log10 (airline distance from CBD) = log10 Xs 
x, Residential density (dwelling units/net residential acre) 
:xs log10 (residential density) = log10 x, 
X9 Proportion of single-family dwelling units 

X10 Percentage of population less than 5 years of age 

In the regression analysis, the observations were weighted in accordance with the num
ber of dwelling units in the zone. 

The estimation equations of best fit are fully documented (12). The equations for .total 
trips, home-origin work trips, and home-origin shopping trips are given in Table 2. 

The trip estimation equations showed that in Kingston, car ownership was the most 
reliable single predictor of the trips produced by residents of a zone. For almost all 
estimates, car ownership was a variable in the estimation equations, and only for home
origin shopping or social-recreational trips was the multiple regression equation an 
improvement over the simple regression equation using car ownership alone as the in
dependent variable or predictor. 

An important observation was that, for a given trip purpose category, although the 
regression equations derived from the larger sample sizes appear to be better estimat
ing equations by virtue of their larger coefficients of correlation and smaller standard 
errors, the actual regression equations for different sample sizes show a distinct simi
larity. This similarity was evident for all trip purpose categories except home-origin 
shopping and social-recreational trips, where greater equation differences occur. 
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Sample 

S - • 025 - K 

TABLE 2 

BEST REGRESSION EQUATIONS FOR TRIP PRODUCTION ESTIMATES (KINGSTON) 

Total Tripe 

y' = -2. 327 + B. 757x
1 

r = 0, 87 Se= 1, 39 Trips/D. U , 

Home-Origin Work Tripe 

y' = O. 149 + 1, 00Zx
1 

r = 0,71 Se= 0.29 Trips/D.U, 

Home-Origin Shopping Tripe 

y' = -0, 017 + 0, 448x
6 

- 0, 008Sx
10 

r = 0.47 Se= 0,24 Trips/D.U. 

S - , OS .. 1 - K y' = -2. 484 + 8. 289x
1 y' = -0. 025 + 1, 09Sx

1 
y' = 0, 902 - 1. 152x

1 
+ 0, 859x

2 
- 0.328x

8 
r = 0, 90 Se = 1. 05 Trips/ D, U . r::0.75 Se::0,25Trips/D.U , r::0,85 Se::0,12Tripe/D.U. 

S-,05-2-K y'= - 2. 710 + 8. 7Slx
1 y' = -0. 013 + 1, 14Sx

1 
y' = O. 038 + 0, 399x

6 
- 0, 01Zx

10 
r = 0.91 Se= 1,04 Tripe/D.U. r = O. 79 Se= O. 23 Trips/D, U, r = 0, 66 Se:: O. 14 Tripe/D. U . 

.S - • Ul - K y' = -3, 041 + 8, Y83x
1 y' = -0. 024 + 1. 124x

1 
y' = -0. 056 + 0, 15Sx

2 
+ O. 209x

6 
r = 0, 94 Se= 0, 70 Tripe/D. U , r = O. 81 Se= 0, 19 Trips/D, U . r = 0, 81 Se= O. 10 Trip!!!/D. U , 

Note: y 1 = Trips/D, U . 

Trip Estimates and Discussion of Errors 

From the regression equations, the number of zonal trips for each trip purpose cate
gory was calculated from the actual zonal values of the basic parameters listed previ
ously and the total number of zonal dwelling units. The actual zonal values of the basic 
parameters (except for distance from the CBD and residential density, which were mea
sured directly) were obtained from an expansion of the original 121/.i percent sample to 
100 percent, due to lack of better data. However, where sample sizes smaller than 
121/2 percent were tested, it was assumed that base data comparable to those obtained 
from the expansion of the 121/.i percent sample to 100 percent would be available from 
planning sources, and the comparable base data could be substituted in the estimating 
equations. 

For a comparison of actual and estimated trips, the actual number of trips was ob
tained in each case from an expansion of the original 121,h percent home-interview sur
vey data to 100 percent. Although it was recognized that these actual trip values are 
probably in error, they were used as the standard of comparison in this analysis be
cause they are the generally accepted figures, because they have been used as a stan
dard of comparison in other studies (7, 13, 14), and because there was no available 
substitute. - - -

The estimated trip volumes were compared with the corresponding actual trip vol
umes and the errors or discrepancies were calculated. Thest! results are documented 
elsewhere (12), and are shown graphically for total trips, home-origin work trips, and 
home-originshopping trips in Figures 1, 2, and 3 respectively. 

So that Figures 1-3 could be plotted, actual zonal volumes of trips were grouped into 
arbitrary ranges of trip volumes. F'or each range of trip volumes, the root-mean
square (RMS) error was calculated and plotted as a percent at the arithmetic mean of 
the trip volumes in the range: 

where 

Vest 
Vact 

n 

RMS error 

estimated volume, 
corresponding actual volume, and 
number of zones in range. 

Percent RMS error 

(vest - V act)2 

n 

RMS error X 100 
v 

(1) 

(2) 
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Figure 2. Errors in production estimates of home-origin work trips for various sample sizes. 
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Figure 3. Errors in prod uct ion est imates of home-origin shopping trips for va rious sample sizes . 

where V = mean actual trip volume in range. The percent RMS error was plotted 
against V. 

Now, similar estimating equations, though derived from different sample sizes, 
would be expected to produce trip estimates of comparable accuracy. Generally this 
was found to be true, as shown by Figures 1-3. For total trips, home-origin work 
trips, non-work home-origin trips, non-home-based trips, home-origin social-recrea
tional trips, and miscellaneous home-origin trips, the 5 percent samples appea r to 
produce results as good as or better than the 10 percent sample, with some overlap of 
the curves. The 21,4 percent sample is generally slightly poorer than the 5 percent or 
10 percent samples, but the differences are not great. For home-origin shopping trips, 
larger sample sizes appear to improve the estimates slightly, but again the differences 
are not great. This seems to indicate that sample size (within the range of sample 
sizes tested) has little effect on accuracy of trip production estimates, and that a con
siderable cost saving could be made by using a relatively small systematic sample. 
The use of a small sample is, of course, contingent upon the adequacy of a small sample 

TABLE 3 

COMPARISON OF RMS ERRORS AMONG TffiP PURPOSE CATEGORIES 

Trip Purpoe e Cate a o ry Average RMS Error at Zo.W Trip Volume of 

10 100 1000 10000 
Tat.al 

72% Z4% 7% 
Home-Origin Work Z05o/o 42% 10% 

Non-Work Home-Origin 110% 41% 15% 

Non-Home- Ba.ee d 69% 24% 

Home-Origin Shopping 194% 45% 

Home-Ori gin Soc. -Rec . 116% 40% 

Miacellaneoua Home -Origin 44% ZO% 



7 

for trip attraction and distribution as well as for trip production. The effect of sample 
size on trip attraction estimates is described in a later section of this paper. 

In all cases, the percent RMS errors decrease with increasing trip volume. With 
increased segregation of trip purposes, the trip volumes considered are smaller, and 
the percent RMS errors are generally larger over the range of trip volumes. However, 
Table 3 shows that at a given zonal trip volume, the errors are about the same size for 
all trip purpose categories except for total trips and non-home-based trips, whose er
rors are somewhat larger and approximately equal. Although the percent RMS error 
at 10 zonal trips shows considerable variability, the absolute difference is quite small 
and insignificant. 

No definite conclusions can be made at present regarding the number of trip purpose 
categories that should be used in a small city. Table 3 indicates that for a given vol
ume, average percent RMS errors will be approximately equal for all trip purpose cate
gories except total trip and non-home-based trips. It would appear then that the smaller 
trip purpose categories may be used for production estimates, but the larger trip pur
pose categories should be used as a check on them. Even then, however, the check 
may not provide much of an improvement over the individual purpose categories used 
separately. For example, in a given zone assume: 

No. of Home-Origin Work Trips 
No. of Non-Work Home-Origin Trips 
No. of Non-Home-Based Trips 

100 
100 
30 

Assuming that the home-origin trips return home, 

No. of Home-Oriented Work Trips 
No. of Home-Oriented Non-Work Trips 
No. of Non-Home-Based Trips 

Total No. of Zonal Trips 

200 
200 

30 

430 

Approx. 
RMS 

Error 

42% 
41% 

120% 

42% 
41% 

120% 

Approx. 
Absolute 
Error 

42 
41 
36 

84 
82 
36 

Total Error = 202 

Thus using the individual purpose categories, the RMS error"" 202/430 = 47 percent. 
Using Figure 1, for total trips, at 430 trips, the RMS error is about 37 percent, an 
improvement of about 10 percent. Using an even further segregation of purpose cate
gories, and assuming the 200 home-oriented non-work trips to be made up of 70 home
oriented shopping trips, 70 home-origin social-recreational trips, and 60 miscellaneous 
home-oriented trips, the RMS error on total trips is about 62 percent, compared with 
47 percent and 37 percent as determined earlier. 

Grouping zones into districts also has the general effect of reducing percentage er
rors. When the trip estimates for individual zones were summed to district totals, the 
percentage errors for the district totals were generally found to be quite small in re
lation to many of the percentage errors in the individual zonal estimates. As with trip 
purpose categories, as greater definition and segregation are sought (in this case, of 
land areas), the accuracy of trip production estimates is decreased. 

In traffic model analysis, trip production values have generally been assumed cor
rect, and where discrepancies arise in screenline checks or trip length distributions, 
adjustments have been made to either the attraction figures or the time function used in 
distribution. This study indicates, however, that errors in trip production estimates 
may be sizable. Thus, it would seem appropriate to examine the effect that higher pro
duction rates might have on trip distribution and assignment, especially in critical 
areas. 
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Theoretical Standard Error Determination About the 
True Zonal Production Values 

In the preceding discussion of errors, the errors were determined using the actual, 
or expanded home-interview, numbers of trips produced by each zone as the standard 
of comparison. It is recognized that these actual values may themselves be in error, 
but they were accepted as being the best available standard of comparison. 

While it is not possible to determine the errors measured about the true or correct, 
but unknown, zonal values (of which the actual zonal values are estimates), it is pos
sible to determine statistically the range in which the true zonal value is expected to 
lie, and this expected error in the estimate of the true zonal value may be combined 
with the standard error of the regression line to obtain a statistical expected standard 
error of the zonal trip estimate. 

The derivation of this expected standard error is as follows: 

Sampling is carried out in a number of zones in a specified area, and ZT is the total 
number of sampled zones. For each zone i, the sample provides an estimate of the 
mean number of trips per D. U., 

Sampie trips, zone i 
ti = No. of sampled D. U. 's in zone i Sample No. of 

trips per D. U. 
produced by zone i 

where Yij = sample number of trips from D. U. j in zone i. For zone i, the variance of 
the numl:ier of trips per D. U. is ~): 

where Ni = total number of D. U. 's in zone i, and 

( 1 - ~~) = finite population correction, zone i, = fpq 

These :9i values, with their corresponding Xi values, were combined in a regression 
analysis. This produced the regression line y' =a+ bx. The estimate of the number 
of trips produced by zone i is then: 

(3) 

where Yi =regression estimate of trips per D. U. for zone i. The variance of this esti
mate, from which the standard error of the estimated Yi may be determined, is: 

Var (Yi) = Var (Ni yi) = Ni Var (yj) (4) 

The true variance of yi, the regression estimate of trips per D. U., is: 

E{yi - Y1>2 
(5) 

Vi 

where 

Yi true, or correct, value of trips per D. U. for zone i, and 
vi degrees of freedom, zone i. 
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This true variance Sy'i is made up of two parts: 

1. The variance between the regression estimates and the sample estimates of trips 
per D. U.-this variance is the square of the standard error of the regression line. 

2. The variance between the sample estimates of trips per D. U. and the true values 
of trips per D. U.-this part is normally not considered, because it is usually assumed 
that the observed values used in regression analyses are true, not sampled, values. 

Considering the sums of squares only, 

E [<Yi - Yi) + (Yi - Yi)r 
E(yi - Yi)2 

+ 2!; (yj - :9i) (:9i - Yi) + E (Yi - -Yd 

The two parts of the variance are independent. Therefore, the cross-product term be
comes zero, and 

(6) 

or 

i.e., 

(7) 

The true value of the zone average, Yi> is unknown. However, in general terminol
ogy, the variance of sample means about the true mean may be determined from 

s~ = Sy -= .,;(y - :9)
2 

(fpc) 
Y n n(n - 1) 

Now, in a given zone i, a sample of ni D. U.' s provides :9i and 

S
2 _ E(Yij - yif 
Yi - ni - 1 (fpci) 

and the variance of :9i about Yi, the true mean, will be 

(8) 

and for a given zone, 

S2 S2e + ~i Yt = -y (9) 

Over all or selected zones, a pooled or weighted estimate of this variance may be 
determined from 

2 2 2 2 

v 1 Sy 
1 

+ v2 Sy2 + Ila Bya + . . . + llp Syp 

!Ji + Va + V3 + • · • + Vp 

where p represents the p th and final zone to be included in the pooled variance 
calculation. 
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Now, since in each zone, 

2 

Sy1· 
sJi = ni 

where SSD = sum of squares of deviations, then, 

Therefore : 

Also, Vi = ni - 1. Hence, 

so that 

2 

Sy 

2 2 2 
Since Sy' Se + Sy, therefore 

2 2 

Sy' = Se + 

SS Di 
(fpq) 

ni 

Lil + L/2 + ... + Lip 

p 

'2: (ni - 1) 
i = 1 

p 

2: SS Di 

i = 1 ni 
.:: 

(fpCi) 

t ni - p 
i = 1 

p ni (yij - Yi)
2 

2: L: ni 
i = 1 j = 1 

p 

:E ni - p 
i = 1 

SSDp 
+ np- (fpcp) 

(1 - ~~) 

Two assumptions have been made in the derivation of Eq. 11: 

(10) 

(11) 

1. Within a given zone, the frequency distribution of the number of trips per D. U. 
is approximately normal; and 

2. Among all zones, the variances of the number of trips per D. U., s)r., are ap-
proximately equal. 

1 

Both ammmptions woro found to bo falso. Tho froquoncy distribution in the first as
sumption appear d to be a truncated normal distribution rather than normal, and the Sh varied considerably from zone to zone, often because of an occasional very high 

value of trips per D. U. of 20 or more. 
For this analysis (total trips only), the weighted average zonal variance was deter

mined for each sample size by summing the individual sums of squares of deviations 
about the zonal means and dividing by the total number of sampled D. U.'s less the num
ber of zones. Thus, for zone i, 
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SS Di 
ni - 1 (fpCi) 

Over all zones, and assuming fpCi is the same for all zones, the weighted average zonal 
variance becomes 

"82"" y (fpc) 

where ZT =total number of sampled zones. For any zone having ni sampled D. U.'s, 

s2 
S2

1 ::: S2 + _x 
Yi e ni 

ESSDi 
The values of S~, and fpc for each sample size (the two 5 percent samples 

!:ni - ZT ' 
have been averaged) are given in Table 4. On the basis of Table 4, Figure 4 was plotted 
for comparison with Figure 1. In a sense Figure 4 is somewhat artificial, for the Sy'i 
values, from which the RMS errors in Figure 4 are derived, are related to the number 
of dwelling units rather than the number of trips. Each point plotted in Figure 1 repre
sents a certain range of trip volumes; in order to provide a comparison with Figure 1, 
the same zones grouped for each range in Figure 1 were grouped for each point in 
Figure 4. 

The RMS error and Sy'i are analogous measures of dispersion, whose squared values 
are equal to the average value of the squares of the deviations from a central value. In 
the case of the RMS error in Figure 1, the central value is the expanded or actual num
ber of trips; in the case of the RMS error in Figure 4 derived from SYi• the central 
value is the true number of trips, and this RMS error expresses the statistical expecta
tion of the variation from this value. The values plotted in Figure 4 were obtained by 
finding x, the average number of zonal total trips in each range, and N, the average 
number of total zonal dwelling units in each range. The average RMS error for each 
range is then, from Eq. 4, 

RMS error = N S / 
Yi 

Expressed as a percentage of the average zonal trip volume in the range, 

Percent RMS error 
N Syi x 100 

TABLE 4 

rsso 
VALUES OF S~, --1 - AND fpc BY SAMPLE SIZE (TOTAL TRIPS) r 0 1 . ZT 

Sample sz rsso, 
fpc sz 

Size • £: 0
; - ZT Yi_ 

2 t% I. 93 28. 05 o. 975 sz = I. 93 .~ (0.975) 
Yj_ "1 

5 % 1. 09 ll. 40 o. 950 sz = I. 09 + ~ (0. 950) 
Yj_ "1 

10 % o. 49 22, 58 o. 900 sz 
Yi = o. 49 + 1.i . SB (0. 900) 

" 1 

(12) 
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Figure 4. Relationship between RMS error based on total trips Sy; and trip volume. 

Comparison of Figures 1 and 4 indicates that larger errors may be expected statis
tically than are apparently obtained when the actual number of trips is used as the stan
dard of comparison. It is to be expected that some of the actual trip volumes used as 
standard in Figure 1 are in fact in error, so that the true errors in the trip estimates 
cannot be determined. On the other hand, if the trip estimation equations are very simi
lar among sample sizes, and if they produce very similar zonal trip volume estimates, 
it follows that the error curves must be very similar, as they are in Figure 1. Figure 4 
therefore shows not the true RMS error, but rather what we might consider the limit of 
the expected RMS error and the dependence of that limit on sample size. 

TRIP ATTRACTION 

Research Procedure 

The trip attraction study was conducted for both Kingston and Barrie, and it too was 
concerned only with daily person trips by vehicle made by residents of the study area. 

Sa.mple 
Designation 

S-. 04-B 

S-. 08-1-B 

S-. 08-Z-B 

S-. 16-B 

S-Total-B 

TABLE 5 

BARME SAMPLE SELECTION 

Sampling 
.Rate 

4.0% 

8.03 

8. 0% 

16. o~. 

20 , 03 

Sample Size: 
No. of D. U. 'e 

260 

504 

502 

1006 

1Z54 

No. of Sample D. U. 'e 
Selected out of every 10 
Home-Intervi e w D. U. 1 e 

10 
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Fifty zones were used in the Kingston study and 31 zones in the Barrie study. For King
ston, the same sample sizes were used as for the production study: 21,h percent, 5 per
cent, 10 percent, and in addition, the full 121,h percent sample. For Barrie, the sys
tematic sample sizes tested were 4 percent, 8 percent, 16 percent, and the full 20 per
cent sample, with the 16 percent sample size approximating 1, 000 interviews, as shown 
in Table 5. 

The trip purpose categories examined in the attraction study were the same for both 
Kingston and Barrie, and were designated as follows: 

ALL: The total of all purpose categories 
1: Trips to work 
2: Trips made to conduct personal business 
8: Trips made to shop 
0: Trips made to home 

The modal breakdown was also examined to some extent in that examinations were 
made for 

1. All modes combined (excluding walking trips), and 
2. Auto driver and passenger combined. 

Since the investigation was based on the assumed existence of a relationship between 
the trips attracted to an area and certain assessment-area variables, it seemed rea
sonable to assume that if a relationship did exist, it would exist not only for the total 
trips attracted to any area for various trip purposes but also for different sized samples 
of these trips. In an attempt to determine a possible relationship, multiple regression 
analyses were performed on trips obtained from the various samples selected and the 
following assessment-area variables: 

x1 Assessed value of residential land (thousands of dollars) 
x2 Assessed value of residential buildings (thousands of dollars) 
X3 Assessed value of commercial land (thousands of dollars) 
Xi Assessed value of commercial buildings (thousands of dollars) 
Xs Assessed value of industrial land (thousands of dollars) 
Xi; Assessed value of industrial buildings (thousands of dollars) 
x1 Assessed value of public land (thousands of dollars) 
Xe Assessed value of public buildings (thousands of dollars) 
Xg Area of residential land (acres) 

x10 Area of commercial land (acres) 
Xu Area of industrial land (acres) 
X12 Area of public land (acres) 

The assessment information was obtained by examining the assessment rolls of each 
city and recording the assessed value of each piece of land and building under its partic
ular land-use category (residential, commercial, industrial, and public) for the traffic 
zone in which it was located. The land areas in each land-use category for each traffic 
zone were obtained by planimetry from the land-use maps prepared by each city. 

The estimation equations of best fit are documented in a separate report (12). The 
equations for all purposes, work trips, and shopping trips, for all modes combined are 
given in Tables 6 and 7 for Kingston and Barrie respectively. 

Again, the equations obtained for each travel mode category and trip purpose ap
peared to be similar in form, for a given city, although there was little or no similarity 
between cities. This does not necessarily imply that a common relationship is impos
sible. Rather, it is believed that the differences exhibited in this study may reflect 
variations in assessment philosophies and methods in the two cities. 

The relationships developed also appear to be realistic for each city, in that the 
assessment-area variables tending to have the most pronounced effect in the estimating 
equations are those which are most logically associated with the trip purpose under 
consideration; that is, shopping trips are very dependent upon the commercial assess
ment-area variables, work trips are dependent upon commercial, industrial, and pub
lic assessment-area variables, etc. 



TABLE 6 

REGRESSIONS EQUATIONS FOR TRIP ATTRACTION ESTIMATES, ALL MODES, KINGSTON 

Sample 

B - I 025 - K 

S- ~ 05 ,, 1 - K 

s - . os ... 2 -- K 

S - • 10 - K 

S - Tota.I- K 

All Purposes 

Y' = 163 - 4. 058x
1 

+ 1, 432x
2 

- O. 468x
3 

+ 5. 430x
4 

+ O. 226x
8 

+ 23. 64x
9 

- 19. 37x
10 

+ 3, 76x
11 

r = O. 98 

Y' = 183 + 0, 900x
2 

- 0, 91Sx
3 

+ 4, 236x
4 

- 1, 78Sx
7 

+ O. 292x
8 

+ 10, 57x
9 

- 26, 04x
10 

+ 2. 89x
11 

r = 0, 98 

Work Trips 

Y 1 = 100 - O. 576x
1 

+ 1. 352x
4 

+ 3, 746x
5 

+ 1. 658x
7 

+ O. 054x
8 

+ 4. 89x
9 

- 13. 4lx
10 

+ 2. 05x
11 

r = 0, 97 

y1 = -64 - O, 47 lx
1 

+ O, 838x
4 

t 1. 767x
5 

+ 1, 514x
7 

+ 0, 074x
8 

+ 4, 17x
9 

- 12, 30x
10 

+ 1, 99x
11 

- 0, 67x
12 

r = O. 96 

Y' = 301+O.944x
2 

+ 3. 244x
4 

Y' = -33 + 0, 332x
1

+1,27Sx
4 

+ O. 247x
8 

+ 2, 7 Sx
11 

+ l, 350x
5 

+ O. 30Sx
6 

+ 1, 07 lx
7 

+ 0, 099x
8 

+ 3, OOx
9 

- 19. 4lx
10 

+ 0, 73 x
11 

- 1, Zlx
12 

r = 0. 96 r = O. 98 

y1 = 162 - 3.007x
1

+l,115x
2 

Y 1 = -41- 0.425x
1 

+ l.03lx
4 

- O. 503x
3 

+ 4, 424x
4 

+ 0, 209x
8 

+ 20. 47x
9 

- 24. 16x
10 

+ 2. 93x
11 

r = 0, 98 

+ 1, 424x
5 

+ O. l 95x
6 

+ 1. 250x
7 

+ O. 092x
8 

+ 3. 50x
9 

- 10. 3 lx
10 

+ 1, 26x 11 - 1. llx 12 

t' = 0, 98 

Y' = 103 - 2, 850x
1 

+ 1. 298x
2 

Y 1 = -2 + 0. 8llx
4 

+ 0, 439x
6 

- O. 377x
3 

+ 4. 186x
4 

+ 0. 73lx
7 

+ O. 126x
8 

+ 1. 19x
9 

+ O. 189x8 + 17. 23x
9 

- 21. 96x
10 

+ 3, 10x
11 

r = 0, 98 

. 5. 8Bx
10 

+ 0. 70x
11 

- 2. 37x
12 

r = O. 98 

Note: Y' = No. of trios atha.cted to zone 

TABLE 7 

Shopping Trips 

Y 1 :: 15 - 0, 790x
3 

+ 1. 6B7x
4 

- 0.9Bx
9 

+ 27.09x
10 

r = 0, 95 

Y 1 = 2 - O. 804x
3 

+ 1, 619x
4 

- 1. lox
9 

+ ZS. 9Sx
10 

r = 0, 93 

Y 1 = 4 - O. 142x
1 

- O. 604x
3 

+ 1. 514x
4 

+ 18. 95x
10 

r = 0, 96 

Y' = 9- 0.679x3 + l.519x
4 

- 1. 06x
9 

+ 21. 60x
10 

r = 0, 95 

Y' = - 1 - O. 138x1 - O. 702x
3 

+ 1. 540x
4 

+ 18, 5Bx
10 

r = 0, 96 

REGRESSION EQUATIONS FOR TRIP ATTRACTION ESTIMATES, ALL MODES, BARRIE 

Sa.mple 

S - • 04 - B 

S - , 08 - 1 - B 

S - • 08 - 2 - B 

S - • 16 - B 

S - Total - B 

All Purpoeee 

Y' = - 79 + 1. 476xi, + 4. 023x
4 

- 11, 148x
7 

+ 9. 9Zx
11

+28.99x
12 

r = O. 92 

y1 = - 150 + 4. 719x
1 

+ O. 617x
2 

+ 6. 137x
3 

+ 1. 449x
8 

+ 17. 76x
10 

+ 8,33x
11 

r = O. 96 

Y' = - 53 + 1. 34Zx
2 

+ 5. 75lx
3 

+ 1, 429x
4 

- 11. 675x
7 

+ O. 735x
8 

+ 9. 2Bx
10 

+ 8. 4zx
11 

+ 21, 5Zx
12 

r = O. 95 

Y' = - 139 + 2. 856x
1 

+ 0, 925x
2 

+ 2, 06Zx
4 

+ O. 940x
5 

+ 0, 724x
8 

+ 15. 30x 10 + 7, 38x
11 

+ B. 83xl:i. 

r = 0, 97 

y1 = _ 96 + 2. 110x
1 

+ l. 309x
2 

+ 6. 230x
3 

+ l, 164x4 - 3. 183x
7 

+0,939x
8

+ ll.4Zx
10

+9.45x
11 

+ 11. 2Zx
12 

r = 0, 98 

Note: Y 1 =No, of trips attracted to zone 

Work Trips 

Y' = - 16 + O. 849x
1 

+ 1. 028x
4 

+ 0. 216x
6 

- 1, 07x
9 

+ 4. 20x
11 

+ l. 14x
12 

r = O. 97 

y1 = - 23 + 1. lllx
1

+2.127x
3 

+ 0, 62Bx
4 

- 1. 076x
5 

+ O. 696x
6 

+ O. 279x
8 

- 1. 6lx
9 

+ 2. 28x
11 

r = 0, 98 

Y' = 16 + 3. 3Z6x
3 

- 0, 325x
5 

+ 0, 47lx
6 

- 1. 229x
7 

+ O. 173x
8 

+ 1, Z8x
11 

+ 1, 73x
12 

r = O. 99 

y1 = - 5 + O, 63tx
1

+2.475x
3 

+ O. 34lx
4 

- O. 654x
5 

+ 0, 574x
6 

+ O. 155xi - 1, Oox
9 

+ 2. 4lx
11 

+ 1. 49x
12 

r = O. 99 

y1 = - 14 + O. 95lx
1 

+ 6. 825x
3 

- O. 738x4 - 1, 616x5 + 1. 063x
6 

- 1. 06x
9 

+ 1. 66x
12 

r = O. 99 

Shopping Trips 

Y' = - 32 + 1. 054x4 - O. 276x
8 

+ l. 02x
9 

+ 4. 90x
11 

+ 2, 67x
12 

r = O. 92 

Y' = - 57 + 2. 630x
3 

- O. 100x
8 

+ 1, 34x
9 

+ 6. 09x
10 

- 1. 15x
11 

r = 0. 91 

Y' = - 10 + 2. 16lx
3 

+ O. 423x
5 

- O. 047x
8 

+ O. 45x
9 

- O. 87x
11 

r = O. 98 

y1 = - 75 + 2. 585x
3 

+ O. 335x
6 

- O. 196x
8 

+ 1. 80x
9 

+ 7, 15x
10 

- 3, 90x
11 

r = O. 91 

Y' = - 89 + 3. 046x
3 

+ O. 370x
6 

- O. 223x
8 

+ 2, 2lx
9 

+ 8, Olx
10 

- 4. 48x
11 

r = 0, 90 
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Trip Estimates and Discussion of Errors 

Substitution of the zonal assessment-area data in the estimation equations provided 
estimates of the number of trips attracted to each zone within the city by travel mode 
category and trip purpose for each sample size. These trip estimates were compared 
with the expanded home-interview 0-D trip data (actual) and the differences were cal
culated. The results of these comparisons (12) are shown for all purposes, work trips, 
and shopping trips, for all modes combined, in both Kingston and Barrie, in Figures 
5 through 10. So that these figures could be plotted, actual zonal volumes of attracted 
trips were grouped into arbitrary ranges of trip volumes, and the percent RMS errors 
were calculated in the same way as for the trip production estimates. 

As in the trip production study, one would expect similar estimation equations to 
produce trip estimates approximately comparable in accuracy. Examination of the 
Kingston results shows that this expectation generally holds true. For work trips, per
sonal business trips, shopping trips, and "to home" trips, the 5 percent samples ap
pear to produce results as good as the 10 percent sample with some overlap of the 
curves. The 21,4 percent sample is generally somewhat poorer than the 5 percent or 10 
percent samples. For trip purpose ALL, the errors appear to decrease with increase 
in sample size. Regression equations based on the total 0-D sample do not appreciably 
improve the accuracy of trip estimates. 

The error results for Barrie are more variable, although in all cases but shopping 
trips, the regression eq<Uation based on the total 0-D sample does appear to improve 
considerably the accuracy of trip estimates. Only for shopping trips does the 4 percent 
sample give consistently poorer results than the 8 percent or 16 percent samples. For 
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Figure 5. Errors in trip attraction estimates, Kingston. 
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the other four trip purposes, the error curves overlap in such a way that no conclusions 
can be drawn as to the effect of sample size on estimates of attracted trips. 

It may be seen, therefore, that the sample size (within the range of sample sizes 
tested) has little or no definite and consistent effect on the accuracy of trip attraction 
estimates. Consequently, it appears that a considerable saving in cost could be achieved 
by using a relatively small 0-D sample. 

For the smaller attracted volumes, it may be noted that the percent RMS error is so 
great as to cause one to question the value of small trip volumes. This implies that 
perhaps zone boundary selection should be governed to some extent by the number of 
trips attracted to the zone. 

The attraction study shows that trip attraction estimates, as well as production es
timates, may exhibit sizable errors. Again, however, it is suggested that the estimates 
are useful, and that it would seem appropriate to examine the effects of higher produc
tion and attraction rates on trip distribution and assignment in critical areas. 

Although no calculations were made, the method of determining theoretical standard 
errors about the true zonal values, as outlined in the production study, should also be 
applicable, with minor modifications, to trip attraction. 

CONCLUSIONS 

1. Estimation equations may be developed for small cities which relate trip produc
tion to car ownership primarily as well as to other population and land-use parameters, 
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and which relate trip attraction to assessment and land-use parameters. For trips having 
the same trip purpose and mode of travel, the equations developed for a given city show 
similarity and also appear to be logical in that the expected significant variables play a 
predominant role in the estimating equations. 

2. Comparison of the estimating equations for trip attraction for the two cities in
dicates some dissimilarities. It is suggested that variations of this kind might be re
duced if equalization of assessment between cities could be accomplished. 

3. The size of the origin-destination sample used to develop the estimating equations 
does not appear to affect significantly the accuracy of trip estimates, although theoret
ically it would be expected to. (Accuracy here means agreement with expanded 0-D 
survey results.) 

4. The size of the percent RMS error in trip estimation appears to increase with 
more extensive breakdown or segregation of trip purpose categories and land areas. 
On the one hand, variation of estimating equations among trip purposes is quite evident 
(especially for trip attraction), indicating that separate equations would appear to be 
necessary for estimating these different kinds of trips. On the other hand, it would 
appear that attempts to stratify trips too extensively will result in rather sizable errors. 
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Estimation of Sub-Modal Split 
Within the Transit Mode 
RICHARD H. PRATT and THOMAS B. DEEN, Alan M. Voorhees and Associates, Inc. 

Because riders diverted from surface transit comprise the bulk of 
patrons on new central-city rapid transit lines, effective estima
tion of sub-modal split is of major importance to rapid transit 
patronage forecasting. The estimation of sub-modal split for the 
National Capital Transportation Agency's initial subway system is 
described. Data from the Skokie Mass Transportation Demonstra
tion Projects were used fo construct a logistics curve sub-modal 
split relationship which compared satisfactorily with previous data. 
Weighted excess times were introduced to represent travel con
venience in curve derivation and in transit computer network cod
ing. Overall alternate travel times with excess time weighting of 
2. 5 appeared to be sufficient input to adequately predict sub-modal 
split. 

Analysis techniques used a combination of special computer 
programs and standard traffic assignment programs. The re
sultant diversion analysis was found very sensitive to the assumed 
rapid and surface transit routings and headways. Results indicated 
use of all-or-nothing assignment for diversion computation would 
not have provided the accuracy required for the NCTA study. 

•THE transportation planning process in its recent development has moved from con
cern with predicting the future of a single mode of travel to use of modal split tech
niques for evaluating the future interaction of public transit and the private automobile. 
Closer examination of the public transit mode is now leading to investigation of sub
modal split. We are now being asked if the trip-maker, having chosen the transit mode, 
will use bus, rail, or some other available alternate. 

This is not a question of mere academic interest. Experience with rapid transit fa
cilities opened in the past two decades both here and abroad indicates that the bulk of 
urban riders will be those diverted from surface transit. In Cleveland, Toronto and 
Boston, studies of patronage on new rail lines indicate a minimum of 80 percent of the 
riders are not new to public transit. Even the Chicago Skokie Swift demonstration, 
where the new rapid transit service was an extension entirely outside the central city, 
reports that 50 percent of the riders made their entire former trip by transit, and 74 
percent used transit for some portion of their former trip (1). 

These percentages are not presented to discredit the very real importance of trips 
attracted to improved transit service from the private auto, trips kept from ultimate 
loss to auto, or trips which would not have been made at all without the new service. 
The point to be made is that, particularly for central city rapid transit proposals, esti
mation of patronage should include detailed examination of the numbers of persons who 
will use the new facility in preference to surface transit. 

In Washington, D. C. , the initial rail rapid transit system authorized by Congress is 
to be almost entirely within the central city. The importance of sub-modal split in esti
mation of patronage on this system was recognized at the outset in the design of traffic 
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forecasts prepared for Washington's National Capital Transportation Agency (NC'rA). 
In the course of the project a sub-modal split relationship suitable for application to 
individual interchange volumes was derived, and methodology for its application to 
large numbers of origin-destination zone combinations was developed and applied. 

This paper reports on the sub-modal split relationship development and application, 
with the reporting being necessarily within the context of the studies conducted for 
NCTA. In these studies the sub-modal split computations were applied to a trip table 
of existing transit trips in the manner of a diversion analysis. The resultant trip 
table consisting solely of rapid transit trips was then subsequently modified to introduce 
the effects of estimated change in modal split (auto vs transit) and area growth and 
change. The relationships and methods discussed should, however, be equally perti
nent to any investigation where sub-modal split must be predicted for a given body of 
trips. 

DERIVATION OF THE SUB-MODAL SPLIT RELATIONSHIP 

Two important simplifying assumptions were immediately applicable in the deriva
tion of a sub-modal split model for the NCTA study. First, there were only two sub
modes sufficiently important to be considered: the future rail system and its comple
mentary bus network. Second, fares were to be assumed equal via either bus or rail 
for any given trip. 

In addition, it seemed not unreasonable to assume that passenger loadings and trans
port equipment conditions would in the aggregate not seriously affect sub-modal choice. 
The same general standards of passenger loading would presumably apply to both bus 
and rail. Although the rail equipment would initially be newer, this condition would 
cease to exist as operation continued. It was also felt that a satisfactory relationship 
could be found that would not require the socioeconomic characteristics of the trip
maker as an input. Certainly the principal effects of such characteristics are felt in 
the choice of the prime mode of travel. Once consigned to mass transit, there is no 
apparent reason why the captive rider should approach his sub-modal selection differ
ently than the rider by choice. 

In accord~ce with these assumptions and logic, a relationship was sought which would 
take into consideration the two remaining model split parameters of importance-relative 
travel time and relative convenience of travel. Several diversion curves previously 
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prepared were examined for applicability and to serve as a check against any new 
derivations. These curves are presented in Figure 1. All use time saving in minutes 
via rapid transit to compute the percent diversion from surface transit to rapid transit. 

The Philadelphia Transportation Commission curves are from early studies of 
Market Street Elevated patronage (2). They were reputedly used with satisfactory re
sults in estimating Broad Street Subway passenger volumes. The three curves apply 
respectively to trips requiring no extra transfer via rapid transit, one extra transfer, 
and two extra transfers. The first two were fitted to field data and the third was as
sumed on the basis of the trend shown by the first two. 

The Tennyson curve was based on surface-transit passenger counts of alighting pas
sengers and passengers riding through at points of sub-mode choice in Newark, Phila
delphia and Waukesha (3). In each case the alternative routes continued on to a common 
destination. The curve- is interesting in its use of the Detroit Metropolitan Area Study 
freeway diversion relationship to establish the shape of the curve. It is intended for 
use when one extra transfer is required via rapid transit. One extra transfer was 
similarly involved in the data collected for the NCTA Pilot Study curve shown (4). In 
this investigation interviews were conducted at a bus stop north of a mode change point 
on Philadelphia's Broad Street Subway. Each person was asked his destination and 
whether or not he intended to transfer to the subway. Travel times including walking, 
waiting and running time were computed in detail for the alternative routes. Thirty
five interviews of persons who had a true sub-modal choice were completed and the 
curve shown was drawn by connecting the resultant data points. 

The Penn-Jersey study linear diversion curves illustrated were the product of re
gression analyses of sub-modal split computed from origin-destinationdataandarrayed 
against sub-mode travel time differences derived from a coded transit network (5). 
The analysis was conducted using trips aggregated on a district-to-district basis-:- The 
regression was run separately for the Broad Street Subway as compared to other Phila
delphia rapid transit, for trips under and over four miles in length, and for city center 
and non-city center trips. Only the results for city center trips are shown. 

Although all of the existing diversion curves investigated were based primarily on 
travel time difference, a measure of the quality of service provided is implicit. The 
Philadelphia Transportation Commission curves were stratified by the number of extra 
transfers involved in the rapid transit trip as compared to surface transit. The Ten
nyson and NCTA Pilot Study curves were specifically intended for use when one extra 
transfer was involved. The variations between the various Penn-Jersey equations may 
well be reflections of differing quality of service offered the separate categories of 
trips considered. 

Research done in Toronto and Washington on choice of the prime mode of travel has 
indicated excess time to be a useful measure of travel service (6, 7). In the trip by 
transit, excess time is made up of the time spent walking, waitillg;- and transferring. 
In studies where excess time has been evaluated it has been shown to be a more heavily 
weighted factor in mode choice than transit running time when both are expressed in 
identical units. 

In recent work by Alan M. Voorhees and Associates the weighting of excess time has 
been applied directly in transit network computer coding . The network is coded not in 
true time but in equivalent time, with true walking, waiting and transfer link times 
multiplied by an appropriate equivalence factor. When a minimum path through the net
work is chosen it is the minimum equivalent or weighted time path. The overall travel 
time involved in the minimum path is expressed in equivalent time. 

An excess time equivalence factor of 3 has generally been used, based on a study of 
Washington modal split relationships developed from the 1955 origin-destination survey 
and more recent government employee surveys. Recent unpublished regression anal
ysis of origin-destination data from Calgary along with general experience with the ex
cess time factor indicates a somewhat lower multiplier of 2. 5 may be appropriate. 

In approaching the question of sub-modal split it would seem likely that the excess 
time measure of travel convenience would have the same or a similar effect as it does 
in the choice of the prime mode of travel. Accordingly this line of investigation was 
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pursued in the work for NCTA. The 
weighting of excess time links in the 
future transit computer network was 
provided for and a sub-modal split 
model which would be responsive to 
equivalent tra:vel times was sought. 

Data recently made available from 
the Department of Housing and Urban 
Development CTA-Skokie and Intra
Skokie Mass Transit Demonstration 
Projects in Illinois made possible the 
derivation of a new curve. In the 
Skokie area the newly instituted 
"Skokie Swift" rapid transit extension 
parallels and competes with an es
tablished bus route also operated by 
the Chicago Transit Authority. At 
the same time the bus route provides 
feeder service to the rapid transit 
extension. The two facilities are 
shown in Figure 2, along with the 
system of Chicago Area Transporta
tion Study traffic zones to which pas
senger origins were coded. Transit 
fares on the two alternate sub-modes 
are the same except for local trips. 

CTA-Skokie Demonstration Proj
ect postcard surveys on the Skokie 
Swift rapid transit extension and the 
parallel Chicago Transit Authority 

No. 97 bus were used to provide origin data from 19 zones (1, 8). The 19 origin zones 
selected were those where other bus services were determined-to have a minimal ef
fect on the mass transit market. All trips were assumed to pass through Howard Ter
minal, terminus of the two competing routes, and this was used as a common destina
tion. Known percentages of local trips on the CTA No. 97 bus were removed using as 
a data source boarding and alighting counts from the Intra-Skokie Mass Transportation 
Demonstration Project (9). 

Equivalent travel times by alternate sub-modes were computed from each selected 
origin zone to Howard Terminal using excess time factors of 1, 2, 2. 5 and 3. Since 
trip-making data were for the full service day of the rail and bus facilities, weighted 
averages of peak and off-peak running times and waiting times were used. The com
putations were as follows (WF indicates the weighting factor): 

Time via Bus 

Total of: 

(Walk time to bus) x WF 
(Average bus waiting time) x WF 
(Bus running time to Howard Terminal) x 1 
(Howard Terminal walk time) x WF 

Time via Rail 

Total of: 

(Walk time to bus) x WF 
(Average bus waiting time) x WF 
(Bus running time to rail) x 1 
(Average rail waiting time) x WF 
(Rail running time to Howard 

Terminal) x 1 

or Total of: 

(Walk time to rail) x WF 
(Average rail waiting time) x WF 
(Rail running time to Howard 

Terminal) x 1 
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The smaller of the total equivalent times computed via rail was the one used. 
Walk time within terminals was included only for the bus-to-rail transfer at Howard 
Terminal, all other transfers being across-the-platform or nearly so. None of the 
trains or buses considered operated through to Chicago. 

Percent of travel by rail was plotted against equivalent time savings via rail (posi
tive or negative) for each of the excess time weighting factors tried. The values cal
culated using the 2. 5 equivalence factor were chosen for statistical analysis. 

Not only was the 2. 5 factor the most promising from the standpoint of previous 
modal split investigations, but the curve initially delineated using this factor (and as 
later purposefully formulated) passed exactly through the point of 50 percent diversion 
at zero equivalent time difference between sub-modes. The possibility that this effect 
was partially happenstance cannot be discounted unless further research using travel 
data from varied locations substantiates the positioning of the equivalent-time diver
sion curve. Assuming such substantiation, the prediction of 50-50 sub-modal split 
when alternative equivalent times are equal is most satisfying. It would imply that 
sub-modal choice is indeed less complex than the choice of prime mode, and that it 
can be adequately explained by travel time differences in conjunction with the use of 
weighted excess times as a measure of convenience. 

The final equivalent-time diversion curve was formulated by first applying regres
sion analysis and then hand-fitting a logistics curve to the data points. The resultant 
sub-modal split relationship can be expressed by 

100 
y = 

e-0.3X + l 

where X is the equivalent time saving via rail (equivalence factor of 2. 5) and y is the 
percent using rail. Weighting each data point by the number of observations, the R2 

of the curve is 0. 886. This R2 value is computed by comparing predicted and actual 
percent sub-modal split on an interchange basis. 

The data points and curve are shown in Figure 3. Note that no attempt was made 
to fit the points for analysis zones 12, 17, and 19. The data points for these zones, 
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Figure 4. Equivalent-time sub-modal split curve shown in comparison with previously derived curves. 

which produce 221, 105 and 68 trips respectively, are found in the left-hand portion 
of Figure 3. For these zones the path to the railhead is quite divergent via bus and 
via auto. Although auto was not explicitly considered in the analysis, some moderate 
percentage of the trips from the origins chosen to the rail line are park-ride or kiss
and-ride. It was felt that for these zones where the paths were divergent a bias was 
being introduced in favor of rail. 'l'his is seen in the placement of the data points. All 
points were considered, however, in computation of the 0. 886 R2 value. 

There are obvious dangers in dependence on a curve derived from a single data 
source. It was felt necessary therefore that the new curve compare satisfactorily with 
previous data on the subject. To make this comparison the Philadelphia Transportation 
Commission, Tennyson, and NCTA pilot study curves were plotted in the same context 
as the new equivalent-time diversion curve. (The Penn-Jersey curves were considered 
inapplicable to universal predictive use because of their identification with individual 
subway routes.) The plotting is shown in Figure 4. For comparability the placement 
of the curves had to be recomputed using equivalent times. In the cas e of the NCTA 
Pilot Study curve, full information was available to do this reconiputation. For the 
other curves excess times were approximated. The new curve appears reasonable 
when compared with the previous data, lying as it does mostly within the space cir
cumscribed by the older curves. 

APPLICATION OF THE SUB-MODAL SPLIT RELATIONSHIP 

A perhaps obvious but very important first step in applying a mass transit sub
modal split relationship to a future system as was done for NCTA is to develop in de
tail the total system that is to be tested. Trip choice between surface and rapid transit 
is, within the central city, heavily dependent on the character of feeder service avail
able to serve the rapid transit, and on the character of the bus lines remaining in com
petition with rapid transit. Furthermore, the situation is not like that encountered in 
a central city freeway diversion analysis, where the competitive system (the surface 
streets and arterials) will not be changed significantly by the introduction of the free
way. A bus system can be expected to radically change in character upon introduction 
of rapid transit. The surface transit emphasis will change from that of trunk line op
eration to that of feeder and local operation. 
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The results of the NCTA forecasts showed the sub-modal split to be very sensitive 
to the assumed bus system. Both bus routings and bus headways were important. Re
sults of this sensitivity are illustrated later by means of a contour map of percent 
diversion. 

The future feeder and local bus system designed for the purpose of allowing diver
sion computations as part of the NCTA analysis was developed with the cooperation 
and assistance of the local bus operators. It was desired that it represent the most 
logical coordination of bus and rail service which could be devised pending availability 
of traffic forecasts. Routing, running times and headways were prepared for each 
proposed line. Although the system was for study purposes only it was reviewed with 
the bus companies, the local regulatory body, and NCTA to insure that it was in fact a 
viable and practicable proposal. 

Once the system lo be tested was designed, the sub-modal split computation pro
ceeded utilizing both special computer programming and standard Bureau of Public 
Roads traffic assignment programs (10). The NCTA study involved 580 traffic zones 
and a 29-station rapid transit system-:- The basic computational problem at hand was 
to compute for each combination of zones the minimum equivalent time via surface 
transit and the minimum equivalent time via rail rapid transit, and to use these times 
to compute the interzonai sub-modal split percentages and volumes. The computational 
design was influenced by the desire to produce station-to-station tables of rail trip 
volumes later in the study process. 

The future bus and rail system was computer coded using the link-node system of 
representation including links for walking, waiting and transfer time. There were two 
departures from standard coding procedure. As previously discussed, the link times 
representing excess time were multiplied by an equivalence factor of 2. 5. In addition, 
the nodes depicting the 29 rapid transit stations were numbered in sequence following 
the 580 zone centroids and included on the parameter card as centroids. This allowed 
minimum paths to be traced and times to be computed not only between all zones but 
also between all zones and rapid transit stations. The need for this will be seen shortly. 

The computation of minimum time via rapid transit posed special minimum path 
building problems. For many zone combinations the rail route involved use of feeder 
bus, so use of the network links representing bus routes could not be disallowed. This 
meant that under normal path-building techniques it would be possible for an all-bus 
path to be chosen, and this would indeed happen whenever such a path was any amount 
faster than the minimum path via rail. But it was this latter path which was always re
quired for comparison, 

Freeway diversion analysis techniques have in the past used reduced-time freeway 
network links to attract minimum paths to the freeway even when they would otherwise 
have lain elsewhere (10, p. ill-60). A similar approach could be followed with rapid 
transit links. However, there were two disadvantages to this approach from the point 
of view of the NCTA study. First of all, not all paths can be forced through a set of 
links by the expedient of using reduced times. Some "paths via rail" would actually 
not use rail links and the corresponding minimum times would be erroneous. The re
sultant spurious trip diversions could be weeded out only by means of a traffic assign
ment, as is done as an integral part of the freeway diversion procedure. Secondly, 
such a procedure would not provide basic data required to build simply and cheaply a 
rail station-to-station table of trip volumes, which the alternate procedure devised was 
able to do. 

The technique adopted was to write a special program which utilized minimum paths 
computed between zones and stations, along with rail system station-to-station times, 
to choose a minimum combination. The program computed the total equivalent time 
for all reasonable combinations of origin-to-station, station-to-station, and station-to
destination minimum times for each zone pair, chose the minimum total, and recorded 
the two stations involved. The record of the minimum combination stations for each 
zone pair allowed rail trip volumes from zone-to-zone trip tables to be, at any subse
quent stage of analysis, accumulated by means of a simple program into zone-to-station 
or station-to-station trip tables. These could be assigned to produce link volumes or 
formatted for direct presentation. 
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Figure 5. Computer process flow chart for application of the sub-modal split relationship. 
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The computation process is summarized in the flow chart in Figure 5. Steps 1, 2 
and 3 use Bureau of Public Roads programs PR-6, PR-1, and PR-130 respectively. 
Steps 4 and 7 require special programs, as does the volume accumulation into special 
trip tables mentioned in item 5. 

Note that as shown in step 2A the zone-to-zone, zone-to-station, and station-to-zone 
trees are built with minimum paths through centroids not allowed. This keeps these 
paths off the rail links of the network as is desired. It also means, however, that steps 
1A-3A cannot be used to compute station-to-station rail times. This must be done in 
steps 1B-3B using a separate computer network which need consist only of the rail 
system links. 

The use of a diversion curve, as contrasted to any all-or-nothing assignment tech
nique, produced a very fine-grained sub-modal split analysis. The detail of the re
sultant analysis is shown in Figure 6 by means of a contour map. The map shows the 
Washington, D. C., rail system tested for NCTA and contours indicating the percent 
of transit trips from any geographic area using rail for at least part of the trip to the 
one specific destination zone indicated on the map by the letter A. Contours are drawn 
at intervals of 10, 25, 50, 75 and 90 percent rail sub-modal split. Note that for a 
complete picture of the sub-modal split using this method of graphic presentation, one 
map would have to be drawn for each destination zone of interest. 

The destination zone used in Figure 6 is sufficiently removed from the rail system 
that rail trips to it must use a feeder bus for delivery. Hence the use of rail to get to 
this particular zone is lower overall than to zones served directly by stations. 

The sensitive interaction of the bus and rail system can be seen by reference to 
specific points on the map. As an example, note the low rail usage from area B to A 
despite the presence of a nearby station. The cause is a frequent direct bus service 
coded into the network between the two areas. By contrast rail usage from closer-in 
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F 

A . 
• ZONE2 

Figure 6. Percent diversion contours, transit trips to and from zone 2 (from Washington, D .C., patronage 
forecasts for NCTA authorized system). 

area C to A is much higher. The reason is closer headways on the rail line involved 
combined with relatively indirect bus service. 

An anomaly purely caused by bus routing can be seen at the areas identified byletters 
D and E. The rail usage from Dis high because of good direct bus service east to a 
rapid transit line. At E, bus service to the same rapid transit line is poorer, and 



percent rail usage is predicted to be lower. Equivalent through bus service headed 
toward zone A passes through both areas D and E. 
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A final point to be made can be illustrated by reference to area F and the 50 percent 
contour line in Figure 6. In an all-or-nothing transit assignment us ing the same equiv
alent times as was done in this analysis , all areas beyond the 50 percent line would be 
assigned to rail. In essence, ther e would be 100 percent diversion·. All trips from F 
to A would by all-or-nothing assignment go by rail. The curve-derived diversion is 
just over 70 percent. 

In highway analysis the approximations caused by all-or-nothing assignment are as
sumed to adequately cancel out, thanks to the diversity of auto trips. Transit trips 
are not as diverse. In the NCTA estimates, for instance , over half of all present-day 
transit trips and over three-quarters of all projected 1980 rail trips are destined for 
the downtown area. A serious error of approximation in estimating sub-modal split 
to downtown will not be canceled out. 

Contour plots, including the one illustrated, to different parts of downtown indicate 
area F in Figure 6 would be assigned 100 percent by rail to all of downtown us ing all
or-nothing techniques. Yet the diversion curve rail percentages for such trips ranged 
as low as 58 percent for the specific destination zones plotted. The station serving 
area F would have its patronage overestimated by all-or-nothing assignment by perhaps 
15 to 25 percent. This situation is probably not unique. In any case, individual station
to-station volumes derived by all-or-nothing techniques would clearly be meaningless 
for close-in stations. 

CONCLUSIONS 

Use of diversion curve techniques as compared to all-or-nothing assignment would 
appear justified in transit sub-modal split analysis where close-in central city rapid 
transit stations and routes must be evaluated in detail. Such analysis can be feasibly 
accomplished for small rail networks by the methods discussed. Overall patronage 
estimates or estimates for stations sufficiently removed from downtown probably do 
not require the diversion curve approach for sub-modal split analysis , although an 
actual direct comparison of all-or-nothing transit assignment and diversion curve re
sults would be helpful in reaching a more definitive conclusion. 

Sub-modal split analysis using equivalent times, i.e. , weighted excess times, ap
pears to be an effective technique , par ticularly with the weighted times made a part of 
the transit network description. Although sub-modal cost differentials were not in
volved in the studies described here, there would appear to be no reason why they could 
not be investigated and treated in a similar manner. 

The sub- modal Split curve and corresponding excess time equivalence factor pr e
sented her e s hould ideally be refined and verified using data from several more loca
tions. Preferably this should include a network analysis using city-wide transit origin
destination data for alternative transit modes. Such an investigation would have to 
consider in detail the excess and running times involved in each interzonal interchange, 
or in some other manner explicitly consider travel convenience. Without such detail 
it is doubtful that further research would be very fruitful. 

With the next generation of transit assignment computer programs now becoming 
available, gr eater flexibility is being made possibl e in both fac tor ing and tabulating of 
particular interzonal values such as walk time, initial wait time and transfer time (11). 
The computational abilities of these new programs will give an ass ist to r esearc h into 
the effect of such factors on mode choice. Many of these factors could probably be 
investigated most easily by first r eaching an understanding of their effect on sub-modal 
split before evaluating them in terms of the more complex choice of prime mode. 
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Auto Ownership Revisited: 
A Review of Methods Used in Estimating 
And Distributing Auto Ownership 
HAROLD D. DEUTSCHMAN, Transportation Engineer, 

Tri-State Transportation Commission 

The intent of this study is to examine some of the methods used for 
estimating and distributing auto ownership. The importance of auto 
ownership is described for the generation of person trips and for the 
modal split decision. The key variables in the auto ownership esti
mation process U:sed by some transportation studies and analysts are 
reviewed for their logic and predictive power. The preliminary 
findings from the Tri-State Transportation Commission are used to 
check out the logic of the variables used in this process. 

In a test of the forecasting capability of these variables, auto reg
istrations (by county forthe years 1950 and 1960) for the New York 
Metropolitan Area were extracted from State Vehicular Records and 
used as a data base along with census data describing the social and 
economic factors of the predictors. Equations were derived from 
the 1950 data, applied to the 1960 data, and checked for accuracy 
with the auto registration figures for 1960. 

In addition, techniques for deriving total auto registrations for an 
area are examined as well as the methodology employed to factor up 
the small area predictions to this control total. Finally, recommen
dations are offered for the process of setting up techniques for esti
mating and distributing auto ownership. 

•ONE of the most important factors used in the trip generation process of forecasting 
person and vehicle trips is auto ownership. For example, the Chicago Area Transpor
tation Study (CATS) found an excellent correlation between autos owned per dwelling 
place and destinations per dwelling place. The Pittsburgh Area Transportation Study 
(PATS) derived similar results from this relationship (Figs. 1, 2). 

Auto ownership is also a significant determinant of mode choice. The households 
that do not have an auto available to them are in part captive to the service that transit 
supplies. In addition, those households in which another member of the household has 
a m or e pressing need for the family car (e.g., the housewife i n the suburbs) are also 
constrained as to mode choice in their journey to work. PATS data point up the rela
tionship of auto ownership and residential density on transit trips. Figure 3 shows the 
descreasing rate of transit trips to the central business district (CBD) with increasing 
auto ownership, consistent through the range of density readings. 

While it is generally agreed that auto ownership rates must be studied and considered 
in any predictive trip generation equations and/ or models, there does not seem to be 
this concurrence on the methodology employed in predicting and distributing auto owner
ship. The techniques used by some transportation studies and analysts in the field were 
reviewed, and the references used by this author are given in Table 1. 

Paper spansored by Committee on Origin and Destination and presented at the 46th Annual Meeting. 
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TABLE 1 

SELECTED TECHNIQUES USED FOR ESTIMATING AUTO OWNERSHIP 

Procedure Classification 

Pittsburgh Area 
Transportation Study 

Nathan Chern1ack, Economist, 
The Port of New York Authority 

Puget Sound Regional 
Transportation Study 

Social Statistics 

Chicago Area Transportation 
Study (Procedure used for Auto Ownership 
Forecast for Fox River Valley Stu?y) 

Penn-Jersey Transportation Study 

Variable(s) Used 

Dependent variable: 
persons/auto 

Independent variable: 
persons/residential acre 

Dependent variable: 
autos/acre 

Independent variable: 
households/acre 

Dependent variable: 
autos/household 

Independent variable: 
persons/household 

Dependent variable: 
autos/household 

Independent variables: 
persons/household 
socioeconomic status 

Dependent variable: 
autos/household 

Independent variable: 
household income 

Dependent variable: 
autos/household 

Independent variables: 
log median household 

income 
log households/residential 

acre 

References 

PATS Volume I and II 
Technical Paper No. 14, Distributing Future Car Ownership, 

Nov. 1961 
Technical Paper No. 3, Vehicle Registration Forecast, 

June 10, 1960 

Critique of Home-Interview Type 0-D Surveys in Urban Areas, 
HRB Bulletin 253, 1960 

Staff Report No. 9, 1985 Forecasts of Trucks and Passenger 
Vehicles Owned at Households, April 1964 

Staff Report No. 13, Forecasting Household Characteristics for 
Determining Trip Production-Generation Rates, June 1964 

The! tlsc of Social StAUsUcs tn Estimating Auto Ownership 
(Abridgment), by WWlam Michelson, Highway Research 
News No. 16, Dec. 1964 

CATS Car Ownership Forecast: A New Approach, by S. V. 
Ferrera, CATS Research Newsi June 1965 

P-J Memo from E. 0. Fichtner to Richard Hubbell, Acting 
Director1 April 5, 1965 

VARIABLES USED IN ESTIMATING AUTO OWNERSHIP 

The variables most commonly used for estimating auto ownership are residential 
density, household income, and persons per household. These variables have been 
used individually and also in linear combinations as determinants of auto availability. 
(For the purposes of this report, auto availability and auto ownership are used 
interchangeably.) 
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In the following pages, each of the foregoing variables is studied to determine (a) how 
well these independent variables reproduce the survey data for auto availability; (b) the 
logic of the variable and the methodology used as a predictive device; and (c) the re
sults of predictions that have been made using these variables vs the results derived 
from control totals (a trend of the dependent variable, autos per household). Finally, 
recommendations are made on the desirability of using each of the variables to forecast 
autos. In addition, recommendations for changes (or additional efforts) are made in 
order to render the equations or models used operational in the sense of producing re
liable future estimates. 

Density 

The measures usually employed to represent density in prP.dictin~ auto ownership 
are net residential density (persons per residential acre), gross density (persons per 
acre), and percent single unit structures. In addition, households per acre may be 
used in lieu of persons per acre. 

The correlation results of density vs autos are usually very good for the base or study 
year. For example, in the Tri-State New York Metropolitan Study, using preliminary 
home interview results with 278 zones as data points (in expanding the home inter
view survey from a 1 percent sample to its representative universe, the study area was 
divided into 278 expansion areas or zones), and fitting the data to a best-fit straight line, 
the results are as follows (see also Figs. 4, 5): 

Dependent Variable Independent Variable Rb s;xc 

Ve hi c les;househo Ida (Log of) Gross density (living 
quarters/sq mi le) 0.92 23% 

Veh i c les;househo Id Percent single unit structures 0.93 22% 

aVehicles;household includes private autos, rented cars and trucks and taxis 
available to the household. 

bR = Coefficient of correlation. 
cs = Standard error of estimate; X = Mean of dependent variable. 

The results from the Chicago Area Transportation Study also showed good correla
tions for the survey year using a measure of density to estimate autos. Fitting a para
bolic curve to the data from 77 districts in the study area (Fig. 6 ), the standard error 
was ±15 percent for the relationship of autos per acre vs households per acre. (This 
relationship was derived by Nathan Cherniack-see Table 1.) 

The Pittsburgh Area Transportation Study, using persons per residential acre as a 
measure of density, produced a good fit for the relationship of autos per population vs 
density. The standard error of estimate was 19 percent, using a total of 220 zones in 
the study area for this analysis. 

The variable density has reproduced autos available very well for the survey year. 
However, if one thinks about using a measure of density for estimating future auto 
ownership, a careful look at a curve of vehicle availability vs household income, strat
ified by number of housing units (HU) in the structure (Fig. 7), should indicate that 
residential density (measured by number of units in the stl'uclurt!), wht!u usec.l as lite 
sole criterion or function for predicting autos, will underestimate autos by a significant 
number. The areas that are presently at a capacity such that no new growth is expected 
(or, in other words, when the density will remain constant) must also maintain their 
constant rate of auto ownership according to the stated relationship (autos vs density). 
This appears false, since as income changes (rises) with a constant density, the car 
ownership rate will also change (increase). To illustrate, a change in income from 
$6, 000 to $ 8, 000 in ~ 5 HU/ structure will yield an increase in auto availability from 0. 46 
autos/ household to 0. 62 autos/household. A change in income of $ 8, 000 to $12, 000 in 
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single unit structures will yield an increase in auto availability from 1. 38 autos/house
hold to 1. 65 autos/household. 

The studies that used density as the sole variable to forecast autos found that their 
prediction underestimated the expected number of autos derived from control totals. 
In distributing future auto ownership, PATS used the best-fit straight line of persons 
per residential acre vs autos per person. PATS estimated the independent variable for 
the forecast year and then predicted autos per person using the regression results. 
However, this method distributed only 55 percent of the "expected" total auto increase. 
The expected increase in autos was derived from a trend analysis of the dependent vari
able (autos per person) and a comparison of PATS data to that of the United States. 
PATS then had the task of distributing the remaining 45 percent of the autos. This was 
completed by distributing them as a direct function of the population of each zone. 

In a general conclusion, the cross-sectional type analysis of density vs autos is not 
valid for predictive purposes. The reasoning that when any zone B reaches the density 
of a zone A it will have the same auto availability rate as zone A appears to be false 
unless the element of time is introduced to the solution. This element of time refers 
to the natural growth of autos per household in zone A due to the effect of increased real 
household income, more leisure time, etc. 

Household Income 

Preliminary results from the Tri-State Transportation Study have shown that the 
relationship between income and autos is approximately a straight line in the low- and 
middle-income range and then flattens out (or is parabolic) for the higher incomes 
(Fig. 8). Using zonal data (n = 278 zones), and fitting a straight-line relationship be
tween median household income and vehicles per household, the correlation results 
were only fair with a coefficient of correlation of 0. 68 and a standard error of 48 per
cent (Fig. 9). 

Whereas household income has been used in combination with other independent vari
ables in predicting vehicles, it has not been used by transportation studies as a sole 
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TABLE 2 

CATS PROCEDURE FOR FORECASTING AUTOS 
PER HOUSEHOLD 

Income Class 
Percent of Percent of 

(;) Households in Change* Households in 
Survey Year Forecast Year 

0-3, 000 15 0 
-7. 0 7. 0 

3, 000-5, 000 13 +7. 5 
-6. 5 14. 0 

5, 000-7' 000 24 +6. 5 
-12. 0 18. 5 

7, 000-10, 000 27 +12. 0 
-13. 5 25. 5 

10, 000-15, 000 14 +13. 5 
-7. 0 20. 5 

15, 000-25, 000 +7. 0 
-2. 0 9. 0 

25, 000+ +2. 0 
0 5. 0 

*Am.1ming a change in rool income per household of 50% for the survey 
yeor to the forecast yeor, the percent in each income clan is changed 
as follows: 50% of the households in each income class ore shirted lo 
llu:t lleAI ...!u». Tl1U$1 llt6 im .. Unr6 "-luu 50-:l,OOO whi'h h\ltlully C.01\ 

tained 15% of all households, now hos only 7,5% of th e households, 
with 7.5% shifting to the $3,000-5,000 income class. The $3,000-
5,000 Income group loses 50% X 13% or 6..5% to the next income 
group and thus has a +7.5% - 6.5% total change or on increase of 
1% of households for the forecost year, 

Assuming the number of pe~ons per household will remain constant 
(survey year to forecast year) the total number of autos per z.one is de
t•nnined by multiplyl"O tha ot.110 cwn.anhlp tales~)' ln~e class) by 

/ E11lmolad Pop.) ,. ,., h Id) 
the number of housoholcfs ; \PCpJHouuihOkf V"'fJI0111CMO o 

independent variable for a regression
type analysis . Income, however, hasbeen 
used as the single independent variable in 
a process for estimating autos per house
uuiu. This pi·ocess , recenliy devt:!luped 
by CATS (see Table 1), uses the following 
methodology for estimating autos ver 
household and total autos for an area: 

1. Establish from survey results the 
percent of households owning 1, 2 and 3 
or more autos per income group; 

2. Predict a single figure of percent 
growth of real income (per household) for 
the survey year to the forecast year; and 

3. Hold the rates from (1) constant 
with the percent of households in each in
come group changing at the same rate as 
the real income change (survey to forecast 
year). The method used in this procedure 
is outlined in Table 2. 

Critical Appraisal of CATS Procedure
The CATS methodology is limited by its 
rigid and arbitrary movement from one 
income class to the next. It is in a sense 
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tied in to the classification of its income classes for its results. For example, for the 
$10, 00 to $15, 000 income classification, a uniform income increase of 50 percent 
should propel all of the households in the class into the next one ($15, 000 to $25, 000) 
and not the 54 percent (7. 5 + 14) suggested by the CATS method. The author suggests 
that the methodology would have real merit if a uniform or normal distribution is as
sumed for each income class and the households moved through time as follows: 

Percent of 
Income Class Households in Change 

Survey Year 

$0-3000 15 0 
-5.0% 

$3000-5000 13 +5.0% 
-10.8% 

To explain, if everyone's income is increased 50 percent and a uniform distribution is 
assumed for each income class, then all the households earning $ 2000 or more in the 
survey year will be propelled to the next class. Thus, 1/s of 15 percent or 5 percent of 
the households move to the $ 3000- $ 5000 class and % of 15 percent or 10 percent of the 
households remain in the $ 0- $ 3000 classification. 

The results of the two procedures for predicting household income distributions 
(CATS vs uniform distribution) are given in Table 3. 

Limitations-The CATS procedure, modified by the stated recommendations in the 
procedure of moving households through and within the income groups, has merit for 
forecasting autos by studying the changes in real income. One assumption inherent in 
this procedure is that the growth in any county or zone between the survey year and the 
forecast year will approximate the density configuration already intact in that area. In 
other words, the additional households should have approximately the same percentage 
distribution of single family units and apartment houses. For example, if the growth 
of a suburban community is expected mainly in two-story garden apartment houses, 
then the relationship between household income and auto availability when not stratified 
by density will produce rates on the high side for autos available per household for these 
new garden-type apartments. In a similar manner, if the growth is expected predomi
nantly in single family units, above and beyond the distribution of single unit structures/ 
total units for this area for the survey year, then the rates derived from the survey data 
will produce results on the low side for the additional units (see Fig. 7). 

TABLE 3 

COMPARISON OF TWO PROCEDURES FOR FORECASTING 
HOUSEHOLD INCOME DISTRIBUTIONS 

Income Class 
($) 

0-3, 000 
3, 000- 5, 000 
5, 000-7, 000 
7, 000-IO, 000 

10, 000-15, 000 
15, 000-25, 000 
25, 000+ 

Percent of 
Households in 
Survey Year 

15 
13 
24 
27 
14 

4 
3 

Percent at Households in 
Forecast Year 

CATS Method 

7. 5 
14. 0 
18. 5 
25. 5 
20. 5 

9. 0 
5. 0 

Uniform 
Distribution 

10. 0 
7. 2 
8. 5 

22. 3 
31. 0 
14. 6 
6. 4 

Assuming a mean income value as the midpoint of each ineome group and 
the mean value of the open-ended class of $25,000+ OJ $40,000, then the 
mean household income for the survey year was $8,310. Under the assump
tion that everyone's income increases by 50%, then the mean value of a 
househo Id income for the forecast year should be about S 12,500. The mean 
Income For the CATS procedure of rigidly moving 50% of the households 
from one group to the next produced a mean income of S 10,430 while the 
recommended shifting of households by assuming a unifonn distribution pro
dU<:ed o mean income of S 12,300. 

The procedure also has other recogniz-
able limitations in the assumptions. The 
average income increase is assumed to be 
constant for each income class. Thus, if 
the increase is 50 percent, the household 
earning $10, 000 will move to $15, 000 
while the household earning $ 3, 000 will 
move to $4, 500. Data from the New York 
Tri-State Metropolitan Region for income 
distributions for the years 1950 and 1960 
show that the income increase is not dis
tributed uniformly for each class (Fig. 10). 
In this time period, the increase for the 
middle-income class in 1950 was greater 
than that for the lower and upper classes. 
In addition, there was a spreading out of 
the range or flattening out of the curve for 
these middle-income classes in this 10-
year period. 
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Figure 10. Forni ly income distributions for the New York Metropolitan Area, 1950-1960. 

Input to this procedure also includes an estimate of the average change in real income 
by area, between the survey year and the forecast year. Data are available for this in-
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tions, which report personal income per consumer unit by year, by state and also for 
the United StofofJ. In addition, income data are available from census surveys every 10 
years (with the possibility in the future that such reporting will be made at 5-year inter
vals). The Census Bureau reports income data for census tracts, municipalities, and 
counties. 

The use of household income (as specified in the modified CA TS procedure) appears 
valid as a technique for forecasting autos. It is recommended, however, that care be 
exercised in using the technique in the following areas of concern: 

1. Checking that the distribution of new housing units by type is approximately equal 
to that existing (if a large difference exists, the estimates of autos must be adjusted 
accordingly); 

2. Checking the validity of the assumption that everyone's income increases by a 
uniform amount; and 

3. Making a concentrated effort to insure that the estimated average change in real 
income from the survey year to the forecast year is reasonable and reliable. 

Persons Per Household 

The variable of persons per household has been used by the Puget Sound Regional 
Transportation Study as the sole determinant for distributing autos for a forecast year. 
This distribution was made on the basis of a linear regression relationship between 
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TABLE 4 

REGISTERED AUTOS PER HOUSEHOLD FOR NEW JERSEY 
COUNTIES IN THE TRI-STATE METROPOLITAN AREA• 

Year 
County 

1940 1950 1960 

Bergen 1. 01 1. 03 1. 26 
Essex 0. 84 1. 00 1. 02 
Hudson 0. 60 0. 72 0. 77 
Mercer 0. 90 1. 05 1. 18 
Middlesex 0. 94 0. 91 1. 23 
Monmouth l. 07 1. 15 1. 26 
Morris 1. 14 1. 04 I. 42 
Passaic 0. 91 1. 00 1. 09 
Somerset l. 08 1. 12 1. 02 
Union 1. 00 l. 20 1. 33 

"Number of househo lds were obsfrocted from census data; number of registe red 
autos were abstracted from stole registration totals. 

average household size and average num
ber of automobiles per household (autos 
per household increases with increasing 
household size). Using survey results, 

this relationship reproduced the survey results (by analysis zone) to within an accuracy 
of ±0.05 autos per household on the average. 

Since autos increased faster than population (independent estimates), Puget Sound un
derestimated the total number of autos distributed by approximately 28 percent, or 
255,666 automobiles, when checked with control totals. The trend total was derived in 
part by an historical trend of the dependent variable autos per household using an ad
mittedly small number of households for the base. 

For the New York Tri-State Metropolitan Area, the household size has been on the 
decline since 1900, with the number of households increasing about 1.4 times faster than 
the population (Fig. 11). Furthermore, county data for 1940, 1950 and 1960 for the New 
Jersey portion of the Metropolitan Area indicate that autos per household are on the in
crease (Table 4). 

Evidence from the data for the New York Metropolitan Area has shown that autos per 
household increased while persons per household decreased (contrary to the Puget 
Sound results). It is thus recommended that persons per household should not be used 
as a sole determinant of autos per household. 

INTRODUCING THE ELEMENT OF TIME IN ESTIMATING AUTOS FOR A 
FORECAST YEAR 

In describing residential density as a predictor of auto availability, it was pointed 
out that this independent variable would underestimate the number of autos because auto 
ownership changes at a much more rapid rate with time than does density. Hoch, in a 
CATS paper (1), introduces time as a function of his analysis procedure. The methodol
ogy of this procedure is as follows: Budget data are gathered relating income to autos 
registered for a number of different years. A linear equation Y = MX + B +Kt is de
rived where Y is autos per household, X is a measure of household income and B + Kt 
is the Y axis intercept. The observed intercept B + Kt is then related to the average 
household income (for the different years in which the data were collected). The fore
cast year intercept is then derived by extrapolating the curve of intercept value vs aver
age income (Fig. 12). 

Another method of introducing time in the predictive function is to relate auto avail
ability to the combined effect of household income and residential density. If the density 
of an area remains the same, then the auto availability rate per household will increase 
if the real income per household increases. In addition, a move or shift from one den
sity level to another will produce a real change in auto availability. Preliminary results 
from the Tri-State Transportation Study show excellent linear correlations between the 
combination of density and income in estimating autos. Using expansion areas as zones 
(n = 278 zones) for observation points, the results are as follows: 
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Dependent Vari ab le 

Vehic !es/household 

Veh ic I es/house ho Id 

Independent Variables 

Median Household Income 
Percent Single Unit Structures 
Median Household Income 
Log of Gross Density (living 

quarters/sq mi le) 

R S/X 

0.94 20% 

0.95 19% 

Prohahly more significant than the good correlation for one point in time between the 
foregoing independent variables and vehicles per household is the seemingly logical re
action of these variables (rate of change with time) with that of auto availability. 

Validity and Limitations of the Procedures 

The use of the combined time series and budget study procedure for forecasting autos 
(Hoch' s methodology) is considered valid, although some inherent assumptions must be 
recognized before employing the procedure. Since data on income vs auto ownership 
are available only for the United States, one must assume that the relationship derived 
with national data holds for the study area under consideration. Care must also be ex
ercised in the extrapolation of the relationship between mean income and the intercept 
value. 

The procedure of using household income and density to forecast autos is also a valid 
and logical process although this technique has some of the same limitations as those 
discussed previously in the section on income, such as estimating the real income change 
as well as the distribution of income classes. 
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DERIVING CONTROL TOTALS 

In conjunction with estimating autos per household or the total number of automobiles 
for a study area by using independent causal variables, most :>tudies control these es
timates by applying a trend analysis to the dependent variable autos per household or 
autos per person. The basic data available for such control totals are the yearly tabu
lations from the Automobile Facts and Figures Handbook. These tabulations present 
the percent of households owning 1 or more cars for the United States by year starting 
in 1948 to the present and the percent households owning 2 or more autos by years for 
the years 1954 to the present. One method that transportation studies have used to es
tablish a control total of autos for their study area is to extrapolate the percent of house
hold in each auto ownership class, as developed from United States data . This assumes 
that the percentage distribution of households in the auto ownership classes (0, 1, 2 or 
more autos) for the study area approximates that for the United States, and more im
portant, that this relationship (of study area to the U.S. ) will hold in the future. 

Automobile Facts and Figures also tabulates the number of autos registered by county, 
by year, for selected counties in the United States. In addition these tabulations include 
estimates of population and households. The State Motor Vehicle Agencies also publish 
yearly data by county on auto registrations. A second method of establishing control 
totals is to draw a trend of autos per person by county, for a number of years. A con
trol total of autos per person could be established by studying these trends as well as 
data from other areas. A maximum rate of autos per person could be established by 
determining what portion of the population will most likely own an auto. To illustrate, 
assume the portion of the population either under 18 or over 65 years (for the forecast 
year) is 40 percent, and that no one in these two age groups is likely to own an auto; 
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Figure 13. Relationship of the number of licensed drivers and vehicle registrations to population in the 
vehicle operating age groups. 
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then the maximum rate of autos per person for this area is 60 autos per 100 persons. 
This, of course, presumes an average rate of 1 auto per person in the 18-65 age group. 
The absolute minimum rate would be the present rate of autos per person assuming that 
autos will increase at the same rate as population. More reasonable control totals of 
autos per person may be established within these maximum and minimum rates. 

A study by the Highway Statistics Division of the Bureau of Public Roads (2) has indi
cated that the technique of relating the number of licensed drivers to autos owned is very 
useful for predictive purposes. Data collected for the total population of the United 
States, the persons of driving age, and the number of licensed drivers produced the re
lationships shown in Figure 13. This graph shows a good fit of licensed drivers / 1000 
persons vs year as well as motor vehicles / 1000 persons vs year. More important, a 
stable relationship is also shown between licensed drivers and motor vehicles. The 
curves (parabolas) are then extrapolated to yield estimates of drivers and vehicles for 
the future. 

Either of the outlined procedures, trend of percent households vs car ownership rate 
by year, or trend of autos per person by year, is considered valid for establishing a 
trend of autos per person or of autos per household. The latter method is preferred 
for the following reasons: 

1. Use of United States data presumes that the study area characteristics will be 
similar in the future to those of the United States; 

2. A curve of percent households owning 1 or more autos vs time does not yield rea
sonable control limits, except that the total should not exceed 100 percent, and it also 
does not reflect individual household behavior; and 

3. A trend of persons per household can be checked for reasonableness. The data 
for this type of analysis are also readily available at the level of the study area. 

Use of Control Total vs Estimates From Independent Variables 

The estimate of total autos derived from a technique or model using independent vari
ables should be reasonably close when compared with that established by the control 
totals. If the two estimates differ substantially (i.e., greater than ±20 percent), then 
there is reason to review carefully both procedures. Too often the total derived by a 
trend of autos/ household is held fixed even though the data source to derive these re
sults is not as rich or reliable as that used in the model using independent variables. 

The ideal case involves the establishment of reasonable maximum and minimum limits 
of persons/ auto and the acceptance of the results produced by the independent variables 
or models if they fall in this range. 

TESTING FOR THE PREDICTIVE POWERS OF THE VARIABLES 

The process of determining the equation(s) and/ or models fo r use in pr edicting autos 
usually consists of formulatine; a loe;ir.a.1 hypot.hP.sis and then testing it against the sur 
vey data. Too many times, however, the variables for the process are chosen by an 
analysis of the survey data. In other words, the process is often a sophisticated method 
of curve fitting. The measure of success of a procedure is not primarily how well the 
curve fits for the present (measured by the coefficient of correlation and the standard 
error of estimate), but how well the relationship holds up over time. In lieu of a time 
machine, the analyst must test his procedure by gathering up data for two periods in 
time. The data may not be too rich in information or source, and they may not be for 
tho specific area under consideration, but neverthelei;i; they can serve as an indication 
of the predictive power of the variables chosen. This type of analysis coupled with the 
logic of the variables in describing the change over time is a must for insuring an ac
ceptable performance by the estimating process. 

It was thus decided to test the predictive power of variables most often used for es
timating auto ownership : (a) residential density, (b) household income, and (c) persons 
per household. These tests were made on the variables taken one at a time and also in 
combinations. The two points in time for this study were 1950 and 1960 since census 
data were ava.iiaUle by county for these two years . The areas chosen for the analysis 
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Figure 14. Autos per household vs percent (1 & 2) units per structure for the years 1950 and 1960. 
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Figure 15. Autos per household vs persons per household for the years 1950 and 1960. 
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TABLE 5 

ACTUAL AND PREDICTED 1960 AUTOS PER HOUSEHOLD 

Predictive Variables 

Zone 
Actual 1960 

Autos/Household Median 
Household 

Income 

% (1 & 2) 
Unit 

Structures 

Persons/ 
Household 

Median 
Income and 

% (1 & 2) 
Unit Structures 

Median Income and 
Per sons /Household 

% (1 & 2) Unit 
Structures and 

Persons/Household 

1 Bergen 
2 Essex 
3 Hudson 
4 Mercer 
5 Middlesex 
6 Monmouth 
7 Morris 
8 Passaic 
9 Union 

10 New York City 
11 Dutchess 
12 Nassau 
13 Orange 
14 Putnam 
15 Rockland 
16 Suffolk 
17 Westchester 

1. 26 
1. 02 
0. 77 
1. 18 
1. 23 
1. 26 
1. 42 
1. 09 
1. 33 
0. 47 
1. 14 
1. 37 
1. 06 
1. 59 
1. 24 
1. 31 
1. 20 

Root Mean Square Comparison 

&(Aclu.'ll-Predlol df 
N 

I, 17* 
1. 09 
I. 06 
1. 10 
1. 12 
I. 08 
1. 16 
I. 08 
1. 16 
1. 06 
1. 08 
1. 20 
1. 04 
1. 09 
1. 14 
1. 10 
1. 18 

0. 23 

1. 05 0. 90 1. 31 1. 16 
0. 72 0. 82 0. 88 0. 98 
0. 64 0. 81 0. 77 0. 93 
1. 07 0. 93 1. 24 1. 09 
1. 09 0. 96 1. 29 1. 16 
1. 09 o. 93 1. 24 1. 07 
1. 13 0. 97 1. 37 1. 22 
0. 94 0. 85 1. 08 0. 99 
1.01 0. 89 1. 25 1.14 
0. 50 0. 76 0. 61 0. 87 
1. 04 1. 00 1. 18 1. 16 
1. 11 1. 00 1. 41 1.31 
1. 04 0. 91 1. 13 1. 00 
1.14 o. 91 1. 30 1. 06 
1. 08 1. 06 1. 30 1. 30 
1. 16 1. 03 1. 33 1. 22 
0. 81 0. 89 1. 07 1. 16 

0. 23 o. 33 0.10 0. 19 

Mean of Dependent Variable (Autos/RH)=;: 1.17 for 17 zones 

1. 05 
0. 73 
0. 65 
1. 08 
1.10 
1. 10 
1. 14 
0. 95 
1. 02 
o. 51 
1, 04 
1. 11 
l , 04 
1. 15 
1. 08 
1. 16 
0. 81 

0. 23 

*To illustrate the use of this table, the number 1.17 refers to the number of autos per household predicted by the independent variable Median Household Income, 

were the counties in the New York Metropolitan Area, except for New York City which 
was one reading. Each point was of equal weight, since the desired result was a test 
of rates and not of totals. Auto ownership data were taken from state registrations. 
The best-fit linear regression line was derived for 1950 for each independent variable 
and combinations of the variables. These relationships were then used to estimate 
autos per household for 1960 and compared to the actual figures for that year. The re
sults of the comparison are given in Table 5. 

The results indicate that the combination of median household income and a measure 
of gross density yielded the smallest root mean square error~ 0.10, or 8.5 percent. 
The next best combination of variables produced an error of almost twice this magni
tude, 0.19. The variable persons per household produced the worst results, a root 
mean square error of 0. 33, or 28 percent. Selected graphs from this analysis for 1950 

TABLE 6 

ESTIMATING AUTO OWNERSHIP, 1950 

Independent Variable(s) R 
S/X\ Dependent Variable Equation Coeff. of Std. Error (in percenl No. Dcocription Correlation of Estimate 

Auto Ownership (Xi) (X,) Mcclinn houochold income (000) X, • 0. 05008 X, I 0. 603 0. 14 o. 21 22 
Autos/Household 

(X,) % (1 & 2) units/structures Xt = 0. 00958 X3 + 0. 231 0. 90 0. 09 

(X,) Persons per household x, = 0. 294 x. - 0. 098 0. 33 o. 20 21 

(X,) Median household income (000) x, = 0. 075 x, + 0. 00965 x, . 0. 11 o. 92 0. 09 (X,) 'Ii (1 & 2) units/structures 

(X,) Median household income (000) x, = 0. 075 x, + 0. 00965 x, (X,) % (1 & 2) units/structures • 0. 0001 x, - 0. 11 
0. 92 o. 09 

(X..) Persons per household 

(X,) Median household income (000) 
Xt = 0. 077 X2 + 0. 313 Xoi - 0, 513 0. 37 o. 20 21 (X..) Persons per household 

(x,) % (1 & 2) units/structures 
X1 = 0. 0097 X3 - 0. 019 X4 + 0. 293 0. 90 o. 09 (X,) Persons per household 

1Root mean square error 
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TABLE 7 

ESTIMATING AUTO OWNERSHIP, 196~ 

Independent Variable(s) R s;x, 
Dependent Variable Equation Coeff. of Std. Error (in percent 

No. Description Correlation of Estimate 

Auto Ownership (X,) (X,) Median household income (000) x, = 0. 167 x, + 0. 006 0. 52 0. 22 19 
Autos/Household 

(X,) % (1 & 2) units/structures x, = 0. 011 x, + o. 31 o. 88 o. 13 11 

(X..) Persons per household X,=0.611X, - 0.94 0. 66 o. 20 17 

(x,) Median household income (ODO) x, = 0. 086 x, + 0. 010 x, - 0. 207 o. 91 0. 11 (X,) % (1 & 2) units/structures 

(X,) Median household income (000) x, = 0. 10 x, + 0. 013 x, - 0. 284 x. (X,) % (1 & 2) units / structures o. 93 0. 10 
(X..) Persons per household + 0. 446 

(X,) Median household income (000) x, = o. 10 x, + 0. 498 x. - !. 25 0. 72 0.19 18 (X..) Persons per household 

(X,) % (1 & 2) units/ structures x, = 0. 013 x, - o. 17 x.. + o. 75 0. 88 0. 13 11 
(X.) Persons per household 

and 1960 indicate the best-fit straight line relationships for the variables (Figs. 14-16 ). 
The equations for these graphs are given in Tables 6 and 7. 

The graph of autos per household vs percent (1 + 2) units/structure (Fig. 14) shows an al
most constant slope between these two variables with an increasing Y intercept with time. 
If a methodology is to be developed using this independent variable as a predictor of 
autos, then the (increasing) intercept factor must be established for the future. The 
graph of persons per household vs autos per household (Fig. 15) reveals the unstable 
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Figure 16. Autos per household vs percent (1 & 2) units per structure stratified by household income 
for the years 1950 and 1960. 
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relationship between the two variables. A decline of auto availability from 1950to 1960 
for 1 and 2 person households is indicated from the graph, which seems to be unrea
sonable. The graph of percent (1 + 2) units/structure (Fig. 16) stratified by median 
household income shows excellent correlation between the 1950 and 1960 curves for the 
$5000 and $6000 household income levels plotted. 

FORECAST CAPABILITY 

A technique selected for forecasting must be based not only on the variables' and/or 
model's capabilities as predictors but also on the dependability of the estimates of these 
independent variables. 

A purpose of this report is to isolate those techniques that would yield reasonable 
forecasts, regardless of the difficulties of estimating the independent variables. For 
example, it i.vas pointed out th~.t an estimation of ho•..1.sehold income is c.Qn1'inereil '='""en
tial in all of the recommended techniques for forecasting autos, even though the esti
mation of household income is thought of as somewhat of an arduous task for the analyst. 
Nevertheless, the results of this report indicate a need for more concentrated efforts 
in an analysis of this variable. Guidelines for needed work in this area include: 

1. Study of the changing shape of the income distribution curve (rate of change by 
income groups); 

2. Relationship of change of median income to change in each income group; and 
3. Relationship of household income vs auto availability (are the rates constant over 

time or are they changing?). 

Need for Evaluation 

Perhaps the greatest need pointed out by this report is that of a continued evaluation 
of procedures for estimating auto availability. Data are needed for an area for two 
points in time to establish whether the procedures currently in use produce acceptable 
results. 

The trip generation procedures and modal split models in use today are very much 
dependent on a measure of auto availability. Measuring the reliability and sensitivity 
of the techniques used in forecasting autos is essential for the effective use of these 
procedures. 

CONCLUSIONS 

1. The use of residential density measures as the sole determinant for estimating 
autos is not valid for predictive purposes. Autos forecast by this procedure will gen
erally be significantly lower than the totals established by control totals. 

2. Persons per household, when used as the only parameter, is not a good indicator 
of autos per household. In the New York Metropolitan Tri- State Region, autos per 
household have increased in the 10-year period between 1950 and 1960 while persons 
per household have decreased in this interval. This relationship has shown a positive 
slope in other areas (autos per household rising with an increasing persons per house
hold), which indicates an unstable relationship between these two variables. 

3. Household income may be used as the single independent variable for forecasting 
autos per household. Care must be exercised in using the relationship of average in
come changes leading to average auto availability changes since a substantial change in 
residential density for a zone will yield auto availability rates significantly different 
from those rates predicted by income alone. If the incremental growth of residential 
development forecast does not approximate the density configuration already in place, 
then the preferred methodology for forecasting autos per household is the use of the 
combined effect of household income and residential density. 

4. The recommended procedure for establishing control totals for autos available 
is to develop a trend of persons per auto by county in conjunction with the setting up of 
maximum and minimum limits for persons per auto. 
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Cost-Saving Techniques for Collection and 
Analysis of Origin-Destination Survey D ata 
AUSTIN E. BRANT, JR., and DANA E. LOW, Tippetts-Abbett-McCarthy-Stratton 

The traditional approach in urban transportation planning requires 
the collection of sufficient travel data on a sample basis to per
mit stability at the zom1J level after expansion, analysis of zonal 
trip generation as a function of zonal characteristics and, until 
recently, distribution of generated trip ends by expansion of cur
rent patterns. With the advent of models, the trip distribution 
process has been largely given over to simulation rather than ex
pansion techniques. This development represents progress toward 
understanding more about the urban travel phenomenon and requires 
far less origin-destination survey data. 

This paper summarizes a suggested procedure for the use of 
limited 0-D survey data for other phases of the travel forecasting 
process, with attendant savings in data collection and analysis. 
In the area of trip generation, it is suggested that relationships 
be derived directly from home interview information at the house
hold level, rather than after aggregation of 0-D survey travel data 
and socioeconomic and land-use data to the zonal level. 

A second cost-saving technique involves eliminating the traffic 
zone as the basic unit of analysis for all phases of the planning 
process. As a result, layouts of planning areas could be made 
that would better serve fewer functions. Other opportunities for 
cost savings include alternative methods of home interview sam
pling, use of mailed questionnaires for parts of the truck survey, 
and the possibility of reducing the effort usually expended in mak
ing roadside interviews by interviewing in one direction and ad
hering to rigid sampling techniques. 

•THE preliminary steps of an urban transportation study-data collection and analysis
have been largely unchanged for 10 or 20 years. Can we do a more effective job of 
analysis through variations in data-gathering techniques? Do we really need as much 
travel data as we have traditionally accumulated for transportation planning studies? 
Is it necessarily true that the smaller the traffic zone size, the more refined the re
sult obtained? These are some of the questions considered in this paper. 

Comprehensiveness has not been an objective of the authors; if this paper does no 
more than cause some urban transportation planners to probe more deeply into the im
plications of their customary procedures, it will have achieved a measure of success. 
We must seek greater economies in pursuing urban transportation studies while we 
seek greater sophistication. It is the authors' contention that these are not always 
antithetic al goals. 

THE TRADITIONAL APPROACH 

Since the early 1940's the home interview type of origin-destination survey has been 
used to provide the basic travel data for urban transportation planning studies. Methods 
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of conducting 0-D surveys of this type have become a part of urban planning 
"tradition"-in Webster's definition, "something handed down from the past." Mea
sured in years and months this "past" is not so long, but in terms of the number of 
cities in which these surveys have been made (several hundred in the United States 
alone during the past two decades), number of people affected (millions), and total cost 
(considerable), this "past" is extensive. 

The three basic ingredients of a typical 0-D survey of the home interview type are 
the dwelling unit survey, the truck and taxi survey and the roadside interview survey. 
In the dwelling unit survey, occupants of a carefully controlled sampling of dwelling 
places are interviewed to obtain detailed data about personal travel in the urban area 
under study. Considerable information about the occupants themselves is also recorded. 
In the roadside interview survey, selected drivers entering or leaving the study area 
are questioned about the trip that they are making into or out of the area. When the 
travel data obtained in each of these sample interview surveys are properly expanded 
and combined, a complete description of current travel in the study area is obtained. 

Traffic zones are traditionally used as the basic areal units for summarizing and 
analyzing the vast amounts of data obtained in the interview surveys. A long list of 
criteria governing the manner in which the study area should be subdivided into traffic 
zones could be prepared, but basically they are all aimed either at minimizing the dis
tortions that arise from aggregation of data or at conforming to areal definitions for 
which other data are or will be available. 

Expansion of sample data from a full-scale 0-D survey yields statistically reliable 
measures of both current trip generation and current trip distribution. Forecasting 
future trip generation usually involves development of trip production and attraction 
equations by means of multiple regression analysis, in which zonal trip ends within 
the study area determined from the 0-D survey are related to various socioeconomic 
and land-use parameters of the zones. Separate equations are usually derived for var
ious trip purposes and sometimes for different periods of the day. Future zonal esti
mates of the independent socioeconomic and land-use variables are introduced into trip 
generation equations to determine future zonal trip productions and attractions. 

TRIP DISTRIBUTION 

Travel patterns are the result of an immensely complicated interweaving of forces 
brought about by the spatial separation of people from the activities, places and other 
people that play a part in their lives. Growth factor procedures for forecasting trip 
distribution have a number of well-known limitations which are really all reflections 
of the fact that they "recognize" these forces without "explaining" them. 

Philosophically at least, the use of models represents a considerable advance over 
the older techniques. Models which incorporate general theories and seek to simulate 
complex phenomena lead us to understanding of these phenomena. From this under
standing we can hope to use the general theories with no more than a simple calibration 
process to account for special or unusual characteristics of the area in which they are 
to be applied. In transportation planning, models have been most successfully applied 
to trip distribution. The success of this application has led the authors to the following 
conclusions: 

Proposition 1-We should seek to emulate the philosophical strength 
of the trip distribution models in all areas of transportation planning. 
That is, we should try to develop procedures that will "explain," not 
simply "recognize" the significance of diverse factors that influence 
human travel behavior. 

Proposition 2-When we have accomplished the above, we need only 
calibrate to account for differences from the norm. We are not re
quired to derive a basic theory for each particular area which we are 
planning. It follows that considerably less travel data should be suf
ficient, and therefore considerable cost savings should be possible. 
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With the gravity distribution model, for example, we require a set of friction fac
tor curves. Current practice is to develop these to "fit" a particular area by trial 
and error procedures, but the first trial is generally to use available curves developed 
for some other area with similar characteristics. And when the model is calibrated 
the final curves are really not so very different, in general appearance anyway, from 
the initial curves. It has been shown that a very small random home interview sample 
will provide sufficient data for calibration of a gravity trip distribution model in a 
small urban area (1). The authors believe that further research will point to the same 
conclusion for larger urban areas. 

At the heart of the approach suggested in this paper is the belief that a small sample 
will be sufficient foundation for urban travel forecasting if structured and analyzed on 
some other basis than traffic zones. No suggestions are made here for reducing the 
quantity 0r '11-~ality of socioeconomic a!!d l~d-~se data customa:ri!y ~orrsidered ne~es
sary for urban transportation planning studies. As a matter of fact, many of the pro
posed procedures are dependent upon having such data in considerable detail and at a 
high level of reliability. 

TRIP GENERATION 

Most urban transportation studies have analyzed trip generation using multiple re
gression techniques on data aggregated by zones or districts. Generation equations 
derived in this manner usually prove to be quite reliable, and seem to explain trip pro
duction and attraction to a reasonable degree in the area for which they are developed. 
Assuming that these equations really do get to the causes of trip-making in the partic
ular area for which they were developed, does the fact that equations for the same types 
of trips developed in different urban areas seldom bear much r esemblance to one another 
force us to conclude that people are r eally that much different, insofar as their travel 
habits are concerned, from area to area? The authors suggest that the process of zonal 
or district aggregation of data is actually wasting much information collected in the in
terviews, and that this aggregation procedure in itself may be the cause of many of the 
variations between different areas . It is suggested in this paper that the household 
would make a better analysis unit for this purpose . 

The authors believe that fewer data will be required and better results will be ob
tained if portions of the trip generation analysis are carried out at the household level, 
with each home interview r epr esenting an observation. Using this procedure , the sam
ple size would depend primar ily on the r ange of s ocial and economic stratifications of 
the population in the area, and would be set to obtain adequate household and travel data 
within each stratification, without too much regard for the geographic extent of the area 
or its population. The same small random home interview sampling required to pro
vide data for calibration of a gravity trip distribution model will very likely yield enough 
information for this type of generation analysis. 

It might be well to introduce a word of caution at this point. Although the authors 
feel that more meaningful results ::ire potentially available from the suggested type of 
analysis , the statistical measures of accuracy normally used lo evaluate how g·ood an 
equation is may not look as favorable. Much of the variance among samples is damp
ened as a result of aggregating data to the zonal level. Of course, much of the essential 
meaning may have been lost, too, even though the statistical correlation of zonal aver
ages looks better. 

Home-based trip production equations would be developed using home interview data 
pertaining to home -based trips and household characteristics. Multiple regression 
analyses would be carried out on an interview basis, with the number of home-based 
trips (perhaps stratified by purpose) per household taken as the dependent variable, and 
various socioeconomic or land-use characteristics of the household as independent vari
ables. If the resulting equations were linear, they could be used directly in forecasting 
of home-based trip productions on a zonal basis by simply entering zonal forecast aver
ages of the independent variables and multiplying by the forecast number of households 
in each zone. If nonlinear variables were involved, separate equations could be devel
oped for different s tratitications of the nonlinear variables, in which case some special 
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treatment would be required to insure that the actual distribution of the nonlinear vari
ables were properly incorporated into the final zonal forecasts. Or values taken by an 
independent variable could be stratified into several classes and each class made a 
dummy variable in the regression equation. Using this technique, the dummy takes on 
values of either 1 or zero for each observation in the regression analysis depending on 
whether or not the variable falls within the dummy class. 

Trips with one end at home are generally considered to be produced at home, re
gardless of whether they are to or from home. There is great logic in so relating trip 
production to the people who make the trips, and to the socioeconomic and land-use 
characteristics of the household which are indicative of the reasons behind their desire 
and ability to make trips. When it comes to non-home-based trips, however, the logic 
of the traditional mode of analysis diminishes. Because neither end is at home, we 
customarily take the origin end to be the production end and seek out a relationship be
tween non-home-based trips produced and circumstances at the production end. It is 
suggested that it would be more logical to consider these trips to be generated at home. 
Exactly as with home-based trips, it is the complex combination of circumstances that 
we can measure only at home that fashions the travel desires and capabilities of people 
to make non-home-based trips. Where they make them is, of course, another question. 
The authors would estimate zonal productions of non-home-based trips in two steps, 
first by determining area-wide totals, and second by allocation of these totals to pro
duction zones. Analysis of home interview sample data, again using each sample as 
an independent observation, would be employed to relate number of non-home-based 
trips made by household members (perhaps in more than one trip purpose category) to 
various socioeconomic and land-use parameters of the household. Solution of the re
sulting equation using area-wide forecast averages of the independent variables would 
produce an estimate of the number of non-home-based trips to be expected per house
hold in the future. Multiplication by the forecast number of households would, of course, 
produce the total number of resident non-home-based trip productions in the area. Non
linear variables could be handled in the same manner described for home-based trip 
production. Internal trips by external residents (which must be non-home-based) are 
usually not included in transportation studies. However, there is no reason why an 
estimate of the number of nonresident non-home-based trip productions in the area 
should not be added at this point. 

An allocation function, to determine the number of trip productions within each zone 
in the area, could be derived from non-home-based trip production equations developed 
in some similar area where a full origin-destination survey had been made, yielding 
reasonably stable data on non-home-based trip production at the zonal level. Following 
this procedure, data collected in the particular area under study would be used to de
termine the overall significance of this type of travel, but the assumption would be made 
that the proportional influence of various parameters in explaining where non-home
based trips might be expected to originate is the same as in the similar area. This 
would seem to be a valid assumption in most cases. 

An alternative means of deriving an allocation function would have to be employed, 
of course, if there were no reasonable non-home-based trip production equations up for 
adoption. One means of accomplishing this would be to break down the first step de
scribed-that of deriving an equation for the generation of non-home-based trips through 
relation to home parameters-into several origin purpose categories, and then distribute 
each purpose subtotal in accordance with the one zonal parameter that seems most 
reasonable. 

The customary procedure in most transportation planning studies has been to derive 
an independent set of equations to relate trip attraction directly to various socioeco
nomic and land-use parameters. But 0-D data from a small sample home interview 
survey will not provide a sufficient basis for this kind of trip attraction analysis. The 
authors recognize that this is a major disadvantage of the procedures suggested. Per
haps here again equations developed from a similar area, if such are available, could be 
used to advantage. Total attractions might then first be determined by recognizing that, 
over an entire area, total attractions must equal total productions plus or minus the net 
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effect of trips crossing the external boundary of the area, and then be allocated to 
zones in one of the ways described for non-home-based trip productions. As far as 
non-home-based trips are concerned, it may not be unreasonable in some areas to as
sume that attractions equal productions in each zone. But, of course, such an assump
tion would not be valid for home-based trips. 

The authors do not know of any actual transportation study where trip generation 
equations have been developed from unaggregated data at a household level and then 
used in the forecasting process. However, in a research project sponsored by the 
U.S. Bureau of Public Roads (2), multiple regression techniques were used to attempt 
to derive meaningful householatrip production equations using data from 824 house
holds spread all over the United States. Although the BPR-sponsored study was founded 
upon a limited nationwide sample, the findings demonstrated that this type of analysis 
had promise and ought to be pursued. 

TRAFFIC ZONES 

Traffic zones have traditionally been used as the basic unit of analysis for the entire 
transportation planning process. Trip data are usually coded to traffic zones, and socio
economic and land-use data are usually inventoried on a traffic zone basis. Trip genera
tion and distribution are also performed on a zonal basis. In traffic assignment, the trips 
to and from each zone are applied at a single point representing the centroid of trip end 
locations in the zone. 

These different reasons for having traffic zones all translate into different criteria 
for delineating them, depending upon who is doing the traffic zone layout. Demographers 
are interested in availability of current and past population data; they prefer to have 
zone boundaries conform with areas already established by census authorities. The 
0-D survey data codtu·s are inte1·ested in the ease with which addresses can be con
verted to traffic zone codes; they want to avoid running zone boundaries down the middle 
of streets , or they might even try to put entire streets in one zone or the other. The 
statisticians do not want the zones to be so small that sample data aggregated to the 
zonal level are statistically unstable. The transportation planners do not want the zones 
to be too large and are very concerned about the orientation of zones with respect to 
the transportation network. The trip generation analysts would be most concerned 
about homogeneity of zones, both from the point of view of character and of size. 

Delineation of traffic zones in most transportation studies has been in accordance 
with criteria that did not permit wholesale adoption of areal units used for other 
purposes-for example, by the Census or by local planning bodies. Usually, when this 
occurs much of the value of past planning is lost and planning must be redone on the 
basis of the new system of traffic zones, which may not be logically and reasonably de
lineated from the point of view of regional planning. No layout of zones can ever satisfy 
everyone , but if traffic zones were not required to perform so many different functions 
at once, they should be able to perform certain functions better and more economically. 

Traffic zones need not play a part in the trip generation analysis, and perhaps not 
even in the distribution model calibration process. If in neither , there would be no 
need to code 0-D survey trip data to zones since we would be interestedonly inhouse
hold characteristics, numbers of trips of various types (purpose, mode and time) made 
by household members, and the lengths of such trips-not specifically where the house
holds were or where the trips went. Current trip generation and distribution would be 
simulated directly from household data. It would not be until this point then that some 
manageable unit of area larger than a household would be required. It is rP.commP.nded 
that such a larger area, called a " planning area," be used. 

PLANNING AREAS 

Planning areas could be larger than traffic zones, and would be laid out primarily 
to serve the purposes of demographers, economists, geographers and planners. The 
transportation analysts would be concerned only with the degree of homogeneity of char
acter for each of those parameters that affect generation of several trip categories be
ing considered. Heavy industry and low-income, high-density residential development 
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Figure 1. Use of planning areas in trave l forecasting . 
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could occur in the same planning area, but combinations of heavy industry and light 
industry, or of low-income, high-density residential development and high-income, 
low-density residential development within the same planning area would be avoided. 

How then would the travel forecasting process be carried out? First, trip genera
tion equations developed primarily from household data would be used to forecast the 
numbers of trip ends in each planning area. The forecast trip ends would then be dis
aggregated to trip loading nodes on some reasonable basis for each trip purpose cate
gory, as illustrated in Figure 1. The allocation procedure used to do this could vary 
widely in sophistication, just as the procedures used to allocate area-wide population 
forecasts, for example, vary widely in sophistication. But the objective in either case 
is the same-to get a fairly reliable forecast quantity for a larger area allocated to 
s maller areas. 

Use of this concept would usually result in significant economies since all phases 
of the gathering oi current data and the torecasting of future data would not need to 
conform to a single rigid system of traffic zones . Furthermore, the areal units used 
in the compilation and analysis of one class of data (e.g., population data) would not 
necessarily have to conform to the units used in the compilation and analysis of another 
class of data (e.g., employment data). Nor would the areal units used for current data 
necessarily have to conform to units used for forecasts. Several different breakdowns 
could be used for the forecast year , reflecting varying land-use development patterns . 
Of course, uniformity would be desirable where readily achievable, but the greater 
flexibility made possible by this approach may often provide advantages of economy 
and logic that far outweigh the relatively minor bookkeeping difficulties occasioned by 
having to keep track of more than one different system for subdividing the study area 
into workable planning area units. 

Following the allocation of generated trip ends to loading nodes, trip distribution 
and tr affic assignment would proceed in the normal manner. How many trip loading 
nodes are selected, where they are located and how they are connected to the trans
portation network would be left to the transportation analysts. 

One of the important criteria in the selection of planning areas is the availability of 
data. Thus, for example, since census units are important to any study of population 
characteristics , they should be used as planning areas , at least for home-based trip 
analyses, whenever possible. Another criterion in the selection of planning areas is 
size. The size of individual planning areas must not be so great that a reasonably re
liable allocation of any total pertaining to s ome characteristic of the planning area to 
various sectors within it cannot be made by inspection, on the basis of familiarity with 
the locale. It is very difficult to state this criterion in quantitative terms; its applica
bility in any given situation revolves around what is "reasonably reliable." This in
cludes an appreciation of what impact a given level of imprecision in this allocation 
might have on the output of the transportation planning process, and also an apprecia
tion of how significant a given level of imprecision in this allocation really is in com 
parison with the reliability of overall forecasts of regional activity. 

DATA COLLEC TION 

The major advantage of the method of analysis proposed heretofore in this paper is 
that much less origin-destination survey information than is usually considered neces
sary will support it. Since data collection is one of the major items of cost in any 
urban transportation planning study, the implications of this fact alone are of great 
significance. But there are other possible opportunities for cost savings in the data 
collection phase that may be within reach also. 

Home Interview Survey 

Great care must be taken in the ordinary home interview survey to insure that sam
ples are randomly selected from a complete statistical universe, and that sample data 
are expanded to account for the whole, even where there are gaps due to refusals and 
similar circumstances. These measures are essential when the purpose of the home 
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interview survey is to observe and quantify a statistically sufficient sample of current 
travel so that the expanded sample represents the universe of current travel. 

Using the type of analysis suggested in this paper, the purpose of the home inter
view survey would be to gather enough data to allow development of trip generation 
equations at the household level and to calibrate a trip distribution model. 

Satisfactory calibration of a distribution model, such as the gravity model, from 
limited survey data appears to require that the small sample be uniformly distributed 
in a random fashion over the entire geographical area under study. The possibility of 
using a clustered sample of the same size was studied in a research project using data 
from the Pittsburgh Area Transportation Study (3). It was found that travel time fac
tors developed from clustered survey data varied considerably from those developed 
from total study area data. 

For the purposes of supporting the type of trip generation analysis proposed herein, 
the sample must provide sufficient observations within each socioeconomic grouping, 
but uniform sampling of all groupings and geographic dispersion of the sample are not 
required. As long as a small random uniform sample is required for gravity model 
calibration, it can be used, and probably will be sufficient, for sampling of household 
trip generation and related household characteristics as well. 

If home interview survey data are to be used at the household level for the trip 
generation analysis, the question arises as to why the sample need be expanded at all. 
Current practice is to obtain trip length frequency from expanded survey data, but it 
would probably be just as reasonable to use trip data at the household level for this 
purpose also. Considerable savings could be effected if the sample did not require 
expansion. Moreover, if expansion is not required, do we really need the extensive 
and expensive measures traditionally taken in home interview surveys to insure com
plete, uniform, unbiased sampling of all segments of the universe? Since we are not 
seeking through sampling means a measure of the number of people in each socioeco
nomic group or in each geographic area, or a measure of area-wide trip generation or 
0-D trip patterns, must we encompass all corners of the statistical universe? If we 
are using utility records for sampling households, for instance, must we worry about 
the small percentage of households not served by the utility? Ordinarily we probably 
would because the proportion, though small, is indeterminate and we would have no 
basis on which to adjust expanded survey data. 

These and other questions should be explored in the planning stage of the home in
terview survey. Perhaps collection of some additional data (e.g., stage in the family 
life cycle, availability of alternative transportation modes at times when specific trips 
were made, etc.) may be desirable to support the analysis of trip generation charac
teristics at the household level. 

Alternative means for actually collecting the data should be investigated also. For 
example, several studies have reported success in making interviews by telephone (4). 
The Ohio Department of Highways uses a booklet which is dropped off at the sample -
address with a personal explanation of what is required, and later picked up and re
viewed with the respondent to insure complete and accurate information. 

Truck Survey 

Heretofore not much has been said about analysis and forecasting of truck travel. 
The usual approach is to obtain travel data from interviews in a sampling ·survey in 
which the vehicle itself is the sample and an attempt is made to determine information 
concerning a particular day's travel. 

There is a possibility that research will point the way toward a better understanding 
of truck trip generation leading to means of reducing the quantity of data required from 
an origin-destination survey. The initial step in this direction might be to separate 
trucks into three groups and deal with each separately: 

1. First, trucks that are owned and used by individuals or families as personal 
vehicles should not really be considered as trucks at all in the trip generation analysis. 
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2. Second, a separate analysis should be made of travel by trucks that are pri
marily oriented toward providing services to households. These would include deliv
ery trucks, repair trucks, refuse disposal trucks, mail trucks, and so forth . Itshould 
be possible to relate generation of trips by such vehicles to household characteristics; 
perhaps actual interviews would not be required at all for such vehicles, and sufficient 
data could be gathered to support a largely synthetic trip generation analysis through 
an expanded home interview survey or by special cordon counts around residential 
areas . 

3. Third, all of the remaining trucks involved in the area's basic industries and 
businesses would undoubtedly have to be surveyed separately, and travel data analyzed 
and forecast on a zonal basis in the usual manner. It may be that there would be too 
much variation and too few observations from this gr oup of trucks to support any sort 
of regression analysis, and that trip rate analysis by industry category would prove 
morP. !rnt.iRf~~tory_ 

The authors' firm has recently completed origin-destination surveys in two urban 
areas in West Virginia (5, 6) in which part of the truck s urvey was conducted by mailed 
questionnaire. In -both areas, questionnaires were mailed to owners of 100 percent of 
the non-fleet trucks (trucks registered to an owner who had no more than three trucks 
registered in his name). Fleet trucks were sampled and interviews conducted in the 
usual manner. In the larger of the two areas, a 38 percent return was received without 
making any follow-up mailing or telephone calls; a 27 percent return was obtained in 
the other area. The cost of conducting the mailed questionnaire survey was very much 
less than would have been required to select samples and make interviews in the nor
mal manner. The average number of trips per interview was lower and the proportion 
of trucks making no trips on the travel date was higher for the mailed questionnaire 
su1·vey than it was for the interview s urvey In l>oth areas, but tltis is probably charac
teristic of the diffe1·ence between non-fleet and fleet trucks. Research is clearly in
dicated to determine whether an uncontrolled sample of trucks, such as is obtained 
from voluntary return of mailed questionnaires, will yield unbiased trip generation 
and trip length frequency data. 

An unusual procedure was employed by the authors ' firm to collect truck travel data 
in a small urban area in New Hampshire (7). Here the home interview sampling rate 
was so great (1: 5) as a result of the area's small size, that statistical stability of data 
relating to truck travel could be assured by obtaining origin-destination data for inter
nal truck trips in conjunction with the home inte rview survey. This was accomplished 
with no particular problems, and at little increase in cost to the home interview survey. 
Special adjustments were made to account for wholly internal truck travel by external 
residents. 

Roadside Interview Survey 

In most urban transportation studies the collection of travel data at roadside inter
view stations on the cordon line surrounding the area represents a major portion of 
the lolal data collection effort. Careful design of questions to ask and forms on which 
to record answers is particularly important for the roadside interview survey because 
of the limited amount of time available for each interview. 

An example of the kind of poorly worded question that should be avoided is the follow
ing, which oddly enough has become standard in many areas: 

Question: Where is the car normally garaged? 
Answer (circle one): 

1. At origin inside cordon 
2. At destination outside cordon 
3. At neither 
4. At origin outside cordon 
5. At destination inside cordon 
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There are at least three things wrong with these answers: (a) they are confusing; 
(b) the specification of whether the origin or destination is inside or outside the cordon 
is redundant information; and (c) since the real purpose of asking the question is to 
find out whether or not the respondent is a resident of the internal area, if Answer 3 
is given, do we know? Why not provide two answers-inside or outside-and let it go at 
that? 

With regard to interview form design, the person who is organizing and preparing 
for the roadside interview survey should really have made some interviews himself, 
preferably in cold, wet weather at night with a large volume of traffic delayed. Many 
forms look fine in the office but are hard to use in the field. Poor form design is ex
pensive, both in extra time spent in the field and in inaccurate, incomplete, or unread
able data brought back to the office. 

A more rigid sampling technique might make it possible to reduce drastically the 
number of roadside interviews required. Roadside interview crews are customarily 
instructed to get all the interviews they can. There really is no control over the sam
ple this way and we console ourselves that we make up for the resulting loss of statis
tical reliability by interviewing such a large percentage of the passing traffic that it 
can make no real difference. Fewer, more carefully selected samples would certainly 
result in lower costs for data collection and subsequent processing, and should pro
duce just as reliable data. 

Even greater savings would come from reducing the number of stations operated 
and the number of hours of operation, or from interviewing traffic in one direction 
only. To evaluate the feasibility of such measures, it is necessary to give careful 
consideration to the manner in which roadside interview data will be used in subse
quent analyses and how external trips will be forecast. 

Three types of trips are intercepted at cordon line stations-through trips, non
through trips by residents, and non-through trips by nonresidents. Non-through trips 
by residents are sampled in the internal home interview and truck-taxi surveys. 
Through trips and non-through trips by nonresidents can only be sampled at the cordon 
line. 

The usual procedure for handling the duplication of resident trip data is to eliminate 
data pertaining to non-through trips by residents from the internal surveys. Non
through trips-by residents and nonresidents-are then distributed by the Fratar method 
or, in accordance with the latest recommendations of the U.S. Bureau of Public Roads 
(8), by a single-purpose gravity model. Through trips are customarily treated sepa
rately and distributed using the Fratar method. Duplication in the collection of data 
pertaining to through trips-each such trip has a chance of being intercepted twice, once 
at each point where it crosses the cordon line-is normally resolved by retaining all 
data collected but applying a one-half factor to them. 

To obtain information about through trips it is necessary to interview on all the 
routes crossing the study area cordon line that carry an appreciable amount of through 
traffic. However, since through trips by definition cross the cordon line twice, we 
would be sure to obtain complete information if we were to interview traffic on such 
routes in one direction only-either inbound or outbound. 

Trip data pertaining to resident travel are obtained in the internal interview surveys 
as well as the cordon line survey. The fact that we have duplicate sets of data to choose 
from is really somewhat of a luxury. If we did not have data from an external survey, 
we would certainly use what we had from the internal survey, probably without any 
qualms as to its adequacy. 

This leaves non-through trips by nonresidents. What do we need to know about such 
trips to support the forecasting process that is normally used? We need to know how 
many trips there are. Insofar as total cordon line crossings are concerned, we would 
know this by interviewing only inbound or only outbound traffic, since total average 
daily inbound crossings must equal total average daily outbound crossings. In most 
cases it would be safe to assume that such an equality would hold for all stations indi
vidually as well as collectively. 

Do we need to know trip purposes? If we follow the BPR recommendation and use 
a single-purpose distribution model, we do not need to know trip purposes. We must 
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obtain from cordon line interviews information about trip lengths so that a trip length 
frequency curve can be developed for calibration of the distribution model. It would 
seem reasonable to assume that the trip length frequency distribution for inbound trips 
would equal the trip length frequency distribution for outbound trips. There are only 
two possible explanations why it would not: (a) triangular journeys with the inbound 
leg through one station, the outbound trip through another station, and the third leg 
outside the cordon line (it seems safe to assume that such journeys would not usually 
represent a significant part of the universe of non-through travel), and (b) triangular 
journeys with the third leg inside the cordon line (we customarily ignore such internal 
travel by external residents anyway). 

It would appear then that, even without changing normal procedures for forecasting 
external travel, careful study should be given to the possibility of interviewing traffic 
in one direction only; probably inbound would be best. Through trips intercepted would 
iiot requke a une-haii factor; ihey wouid stii1 be treated separately and distributed by 
the Fratar method. Non-through resident trips would still be deleted from the internal 
surveys and the assumption would be made that for every inbound non-through trip 
sampled at the cordon line, there is a matching outbound trip; non-through trips by 
residents as well as nonresidents would still be treated separately and distributed us
ing a gravity model. 

Further research is also required in the area of external travel forecasting. It is 
true that trip length frequency characteristics of external non-through trips may differ 
from those exhibited by internal trips, consequently requiring that external non-through 
trips be distributed separately. However, separate distribution requires separate sets 
of forecast trip ends, and the procedure used to split a forecast of total internal trip 
ends into those that must be distributed to other internal points and those that must be 
distributed to external points may be based on such questionable logic as to negate the 
benefits of separate distribution. 

Other Travel Data Surveys 

One disadvantage of the procedures suggested in this paper is that many of the op
portunities available in the traditional approach for checking the completeness of data 
collection and the adequacy of models to reproduce current travel are lost. Thus, with 
current trip generation and distribution primarily simulated, and not enough origin
destination survey data to allow expansion to a universe of current travel against which 
the simulation models can be tested, how can we be sure that we have valid forecasting 
tools? 

Comparison of ground counts with results of an assignment of simulated current 
travel will take on added importance as a test. But in designing an urban transporta
tion planning study to incorporate some of the cost-saving techniques described in this 
paper, it will probably be necessary to conduct other data collection surveys of limited 
scope in order to provide the means for testing and evaluating the tools of travel fore
casting in other ways as well. 

Roadside interviews on a screenline running through the area would be particularly 
valuable in this regard. In some instances roadside interviews in major travel corri
dors, without necessarily forming a screenline, might be helpful. Collection of travel 
data at some of the principal employment and shopping centers or other major trip at
tractors in the area, perhaps by utilizing a postcard survey, should also be considered. 
A similar limited survey of transit riders might also be indicated. 

CONCLUSION 

The authors do not pretend that the cost-saving techniques discussed in this paper 
are any more than ideas, as yet largely untried. But many are felt to be worthy of 
immediate consideration, in planning for new transportation studies particularly. Other 
ideas presented are admittedly pure speculation and require careful evaluation through 
detailed research. 

As stated early in this paper, the authors' main objective has been to stimulate the 
thinking of transpo1~tation pla.1111ers in lhe direction of greater economy and to plant the 
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idea that more economical techniques need not mean sacrificing any degree of reason 
and reliability in the planning process. Indeed the very techniques that will save money 
may lead the way to better planning. 
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Discussion 
JAMES J. McDONNELL, Chief, Urban Transportation Branch, U.S. Bureau of Public 
Roads-As in any other endeavor, there is a need in the urban transportation planning 
profession to continually evaluate the procedure being used in terms of both technical 
adequacy and cost. Ideally, this evaluation process should be made as standard oper
ating procedure. 

The ideas suggested by the authors represent a very commendable start in the eval
uation process. They could conceivably form the basis of a research program taking 
into consideration, of course, the previous research conducted. Some of this research 
is identified in the paper. 

The authors' main objective was to stimulate the thinking of transportation planners 
in the usefulness of the procedures discussed. In my case, they have succeeded in 
this objective. As I see it, the procedures identified for possible change are oriented 
around cost savings in the trip and socioeconomic portions of the data collection phase, 
and the trip generation and distribution portions of the analysis phase. In order to 
make a full evaluation, it would seem appropriate to also include traffic assignment 
procedures. Furthermore, speaking from the technician's point of view, it would seem 
more desirable to evaluate the procedures primarily on technical consideration and 
relegate cost to a secondary consideration. It is my feeling that the dollars that could 
be saved with more streamlined procedures would be greater than those saved by op
timizing procedures that we all agree are not as perfect as we would like them to be. 

The element of work that would be most affected by a reduced sample of home in
terviews or a sample that does not measure the universe of trips would be the analysis 
of nonresidential trip ends. When dwelling unit interviews are analyzed on a one-by
one basis, it is possible, as the authors have pointed out, to determine trips per dwell
ing unit, trips per car, trips per person, and the other commonly used residential trip 
generation rate factors; however, when limited surveys are used for a nonresidential 
trip generation analysis, it has been found that there is difficulty in establishing a sta
ble universe for nonresidential trip ends. Therefore, it would be necessary to determine, 
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for example, shopping trip ends from some other survey oriented to that need. Work 
trip ends could be determined from interviews conducted at work sites, provided there 
is the necessary cooperation. I contend that such an approach would be unsatisfactory 
to the statistician and also very expensive. 

As the authors point out, the home interview survey has been with us for along time. 
I look on its durableness as an indication of its merit. When an urban area is contem
plating improvement programs that will result in the investment of millions of dollars 
of public funds, the dollars that go into a data base seem to me to be money well spent. 
It can be argued that the introduction of simulation models should have made our need 
for voluminous travel data less essential. Well, it has for certain areas of the pro
cess such as residential generation and trip distribution; however, the data also allow 
us to take a much more sophisticated look at other par ts such as modal split and non
residential trip generation analysis. These areas tax the data stability of even the 
"c0mprehe;1sive" hurne iui.erv iew survey data. 

The procedures suggested by the authors show much promise when used in the con
tinuing phase of the urban planning process. The continuing phase consists of five 
elements. They are surveillance, continuing reappraisal, service, research, and 
annual report. 

The surveillance function is basic to the entire continuing process. Yearly main
tenance of land-use and socioeconomic data as well as essential traffic and transpor 
tation data is the key to the continuing process. A trip end estimate based on changes 
in population and employment and other factors that have been determined in the initial 
phase to be significant in trip generation should be made on an annual basis. If this 
surveillance is done, then the procedures suggested by the authors could be developed 
to update and reevaluate the models and plans developed in the initial study. 

Checks could be made of the models developed in initial studies by assigning the re 
sultant trips to a current network and comparing them, as the authors suggest, to 
ground counts accumulated across screenlines and to vehicle-miles of travel checks 
by district and by facility type . At that time, the surveys required should be oriented 
to the refinement of initially developed models. It may be decided that the trip dis 
tribution model is the model that needs r efinement and not the trip end models. If 
such is the case, then a survey could be developed to satisfy the need and for the re
evaluation work, the old trip end models could be utilized. Such models may require 
adjustment in subsequent years and at that time a survey to satisfy a single purpose 
could be developed. 

Specifically then such surveys would be structured around the solving of pr oblems 
that have been identified in the reappraisal element of the continuing process. Any 
such methods should require a careful evaluation by the entire staff involved in the 
urban planning study. 

These authors have brought thoughts and ideas to this forum. They should be eval
uated in detail by other researchers in this country and the results of such work should 
be presented at futur e meetings of the HRB. It is through such research that worth
while planning methods will develop for the use of persons conducting urban trani;por
tation planning studies. 

RICHARD J. BOUCHARD, Director, Rhode Island Statewide Planning P rogr am - Cost
saving techniques for 0 - D surveys have been a familiar topic of dis cussion at HRB 
meetings i n recent years . In 1960, Rober t Davidson, then with Boston Univer s ity, r e 
ported on a very s mall sample survey which was us ed to develop a trip distribution 
model fo1· the Boston region (9) . Since that time, a large number of r eports (for example , 
10, 11 , 12) have been presentecl documenting the validity of the s maller samples for pur
poses ofdeveloping s uch dish·ibution models . But it appears that continuing discussion 
along these gener al lines is still necessar y because even loday large sums of money 
and , perhaps more importanl, large quantities of pr pc ions · e ?.!·e bei!1g spent in ~cn
duc ting, adjus ting, and analyzing large-scale sm·veys . 
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The authors have set forth a number of suggestions which are said to reduce the 
time and costs involved in such surveys. While many of these proposals seem to be 
well presented and objectively discussed, the significance of some of them warrants 
appraisal. 

The authors, for example, suggest that because of the rapid development oI trip 
distribution models, current data needs are governed by the trip generation phase of 
the transportation planning process. They recommend that generation analyses be 
conducted on a household-level basis rather than on a zonal-level basis as a more re
alistic means of developing standardized trip generation equations which could be cali
brated for any area of the country. While this recommendation may merit further ex
ploration, its significance may well be questioned. 

This discussant believes that trip generation has been made overly complicated be
cause of a desire to "explain" too precisely the interrelationships between travel and 
the various characteristics which supposedly generate travel. Seven, eight, and even 
nine variable equations to generate total person work trips are not uncommon today. 
These equations have been justified because they explain an absurdly large percentage 
of the variation in those trips. On the other hand, two variable equations used to ex
plain the same type of trip-making have also been used, but with more limited success 
in terms of their ability to explain current variations in trip-making. 

The point, however, is that if the same statistically reliable measures are accepted 
in the trip gene'ration phases as are already presumably accepted in the distribution 
and assignment phases, perhaps more rapid progress could be made in developing trip 
generation models which are standardized, at least to a degree comparable to present 
trip distribution and assignment models. 

Three factors seem to support a less rigid statistical analysis of trip generation 
equations. First, it is certainly debatable whether the increased number of indepen
dent variables required to enhance the statistics of the equations are justified when one 
keeps in mind that all of these independent variables must be forecast 20 or 25 years 
hence. Second, it is doubtful whether the basic survey data can justify the attainment 
of rigid statistical results. Third, it would appear to be easier and more valid to com
pare one or two variable equations from various study areas throughout the country 
than it would be to compare equations with a larger number of variables. And this com
parison is necessary if a standardized trip generation theory is ever to be developed. 

So while the suggestion that something must be done to reduce the data needs of the 
trip generation phase is valid, the key to this reduction may well lie in acceptance of a 
lesser amount of statistical reliability. Once this notion has been accepted, then sec
ondary improvements, such as use of the household rather than the zonal level, would 
be worthy of investigation. 

In line with this, another thought might also be registered. The authors have cor
rectly suggested that there are certain areas where the recommended procedure fails
notably with the production and attraction of non-home-based trips and with the attrac
tion of all other types of trips. To combat this significant failure, the authors suggest 
that relationships be borrowed from other study areas. If these relationships are to 
be borrowed it would seem that the "standardization" previously mentioned must have 
been reached, at least to a greater degree than apparently has been reached to date. 

The authors make a second principal recommendation in calling for the elimination 
of traffic zones and the establishment of so-called planning areas with multiple loading 
nodes. 

It is somewhat unclear just what the significance of this proposal may be, particu
larly when considered in conjunction with the previous recommendation concerning 
trip generation at the household level. The authors suggest using the household-level 
trip generation equations at the planning area level, and disaggregating the results to 
trip loading nodes on some rational basis. If the basic premise that a household-level 
equation can be applied to an area representing a large number of households is ac
cepted, then it makes little difference whether the equation is applied to the traffic zone 
level as is now customary, or is applied to the planning area level and disaggregated 
to a traffic loading node as suggested by the authors. 
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The authors suggest that their procedure is an improvement because it would 
eliminate the customary concern about standard data collection units and it would be 
possible, for example, to assemble population data on a census tract level and em
ployment data on the individual establishment level. This may be so, but the simple 
fact remains that trips must eventually be allocated to a loading node and this loading 
node must represent a small traffic drainage area if the traffic distribution and as 
signment processes are to yield realistic results. Consequently, it makes little dif
ference whether the trips are disaggregated from the planning area level to the loading 
node as suggested by the authors, or the social, economic, and land-use data are dis
aggregated from the data collection area as is now customary where the collection 
units are not standardized. 

The authors further suggest that this procedure is an improvement because the 
planning area boundaries could be changed over the course of time and therefore could 
be adjusted to better reflect alternate land development patterns in the forecast year. 
The same course of action is possible with traffic zones today if the basic premise 
that the household- level equations can be applied to an areal unit representing large 
groups of households is accepted. In other words, whether you deal with a planning 
area and multiple loading node concept or with a traffic zone concept appears to be 
somewhat immaterial. 

The authors make several other suggestions in their paper which bear some com
ment. They suggest, for example , that it may not be necessary to expand survey 
data to the total universe. This suggestion appears valid. In fact, in two recent sur
veys (13, 14) conducted in Rhode Island, the data were not expanded and the results 
have been entirely favorable. Connecticut has also followed the same procedure in at 
l east two s urveys (15, 16), and s imilar conclusions were reached. 

A tel ephone survey and postcard questionnaire are mentioned by thP. authors as 
possible alternative methods of collecting data. Exper ience in Rhode Island indicates 
that both methods are satisfactory for collecting origin-destination survey data (17) 
and that significant cost savings can be realized by employing such techniques. -

The authors' s ugges tions on truck s w·veys and roadside s urveys, for the most part, 
seem appropr iate and worthy of i mplementation without additional i nvestigation. 

F inally, the authors make the point that , as sample sizes are reduced, the value of 
a good volume-counting program becomes more critical. The importance of this state
ment, regardless of the amount of 0-D data collected, must be recognized by any 
planning program which desires to be active in providing highway design figures. 

In summary, the authors have presented a number of suggestions , many of which 
are quite valid and quite significant. These should be implemented with a minimum 
of further delay. They have also presented two suggestions which may be questionable 
as to their significance and validity. These should be further investigated in the near 
future , perhaps by the authors , and the resulting facts and figures presented as soon 
as possible. 
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AUSTIN E. BRANT, JR., and DANA E. LOW, Closure-The authors wish to express 
their appreciation to the discussants for their thoughtful consideration of the paper. 

Mr. McDonnell emphasizes the important point that any changes in procedures used 
in the transportation planning process must be evaluated from the technical standpoint 
as well as on the basis of costs. The aim should be to improve quality while reducing 
costs, but we cannot ignore the fact that highly sophisticated procedures which utilize 
large volumes of data and complex methods of analysis may not really result in a 
better product. 

Mr. McDonnell suggests that special surveys would be needed to establish a stable 
universe for nonresidential trip ends. The data already available should, of course, 
be fully utilized. Area-wide totals for attracted trips can be determined since total 
attractions must equal total productions, corrected for trips crossing the area bound
ary. Detailed employment data are available in the records of employment security 
agencies. Research projects, such as Keefer's studies of airports, shopping centers 
and industrial plants (20), can be used to estimate attractions. While an approach 
which uses data from many different sources and which accepts models developed in 
other studies may not be statistically satisfying, it should be more than adequate for 
engineers and planners who realize that the entire transportation planning process is 
based on forecasts of socioeconomic data 20 to 30 years in the future. The degree of 
error inherent in such forecasts will far outweigh any statistical errors introduced by 
using streamlined procedures. 

The authors have not attempted to indicate that the home interview survey has been 
in use so long that it is now outmoded. Dwelling unit interviews form an essential part 
of the procedures we have proposed. The use of models, however, reduces the re
quirements for the type of data obtained in the home interview survey. Admittedly, the 
proposed procedures may reduce the statistical validity of simulation for certain types 
of travel, but very often these types form only a small part of total travel and have a 
very limited effect on forecast design hour volumes. 

Mr. McDonnell's suggestions that the proposed simplified procedures be applied to 
the continuing phases are most appropriate. 

Mr. Bouchard points out that trip generation equations can be made overly compli
cated by incorporating an excessive amount of variables. This is very easy to do, of 
course, in multiple regression analyses. After working with computers for some time, 
one may lose sight of the common-sense relationships between cause and effect. The 
development of objective standards for trip generation would seem to be a fertile field 
for research. Mr. Bouchard also brings out the point that all independent variables 
must be forecast far into the future. These forecasts may range from the hopes of 
land-use planners for the types of development that they would like to see occur in the 
future to trend-line extrapolations of what has occurred in the past. 

Mr. Bouchard comments on the proposed use of planning areas in lieu of traffic 
zones. When small traffic zones are used, those responsible for land-use planning are 
required to subdivide their data collection and forecasts into small geographic areas. 
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While land-use planners can forecast the type of developments which will occur in 
large areas, it is unreasonable to expect them to select exact sites for industrial de
velopments, shopping centers and the like. Forcing land-use planners to use traffic 
zones does not improve the accuracy of the result and may be misleading. What is 
proposed is that land-use planners forecast for areas which are within their capabilities 
and that subdivision into smaller areas, or allocation to loading nodes, be done as 
part of the transportation analysis. The authors believe that it does make a difference 
in cost whether or not socioeconomic data are compiled arid forecast on the basis of 
small areas, defined in a consistent manner for all variables. The disaggregation can 
be accomplished at less cost as part of the transportation analysis. Perhaps the dif
ference is one of semantics, but the proper use of words can often clarify concepts. 

Mr. Bouchard reinforces the statements in the paper concerning the value of a good 
volume-counting program. The authors have not been engaged in any study where there 
were too many counts of traffic volumes or transit passengers. 

The authors feel that they have accomplished their first objective-to stimulate the 
thin.king of experienced transportation planners concerning the methods and procedures 
they use, even though these methods and procedures have been in use for many years. 
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Transit Pathfinder Algorithm 
ROBERT B. DIAL, Alan M. Voorhees and Associates, Inc. 

This paper represents one element of the initial phase in the 
development of a package of computer programs to assist in 
mass transportation planning. These programs provide a 
flexible means of predicting ridership on each line of a pro
posed multimode transportation system within a given land-use 
configuration. This paper describes an IBM 7090 computer 
program and its enabling algorithm which finds minimum time 
paths through alarge multi-modal transportation system. The 
program's capabilities and its underlying assumptions are 
summarized, and terms are defined. Step-by-step descrip
tions and flow charts are presented of the widely used Moore 
"tree-building" algorithm and of the transit "pathfinder," an 
extension of the former algorithm accommodating the pecu
liarities of transit minimum paths. 

•FOR purposes of long-range planning, analyses of the efficiencies and economies of 
a proposed transit system require knowledge of the expected path of passengers travel
ing between any two points on the system. The best approximation of this path is the 
minimum weighted time path, wherein the times to traverse various link types are 
weighted to reflect differences in the values the transit user places on the time spent 
walking, waiting or riding by various modes. 

Heretofore, the transportation planner has not had the means, i.e., a computer 
program, to find minimum paths joining nodes of a large intra-regional transit net
work. No available program accepted an economical network description which allowed 
sufficient size and detail. Existing programs either permit only a very small network 
and require a real-time fixed arrival schedule at each transfer point (2), or they require 
summarized "trunk line" descriptions in which route discrimination and transfer infor
mation are lost. Further deficiencies result from the inability of these programs to 
cope realistically with wait and transfer time. All of these factors have seriously 
handicapped the transit system analyst. 

CAPABILITIES OF THE PATHFINDER PROGRAM 

The pathfinder program reduces the number and degree of the problems confronting 
the transit planner. Among the program's important characteristics are the following: 

•The transportation network is input as two items: a link description and a line 
description. The former is similar to coded networks read by existing highway net
work analysis programs (4). The latter resembles a bus schedule. System descrip
tion and updating are greatly facilitated by dual files. 

•The transit network is stored in the computer as a set of "trunk- line links." Each 
trunk-line link is defined as (a) a pair of nodes, (b) a time, (c) a mode, and (d) a set of 
line numbers representing all routes traversing the link in the given time via the given 
mode. This permits the computer to accommodate a vastly larger network than if it 
had to list each line/link combination explicitly. The trunk line description also reduces 
computer running time. Although the program uses a trunk line description, no infor
mation is lost. Its output lists all line numbers on every minimum path. 

Paper sponsored by Committee on Origin and Destination. 
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•Transfer penalties need not be explicitly listed. Previous methods required the 
analyst to code links which represented the possibility of transfer between two lines. 
The traverse time associated with each of these links accounted for the wait time. 
The number of these transfer links rose factorially, precluding a complete network 
description. The pathfinder program does not use transfer links. It assumes that all 
line number pairs at a given node constitute legitimate transfer possibilities, and that 
the time spent transferring depends only on the frequency of the recipient line. (This 
is discussed below.) Thus the majority of both intra- and intermode transfers can be 
handled implicitly, requiring only each line's frequency as input. 

•The minimum paths can be required to satisfy user-specified constraints. The 
user can preclude transfer between certain modes. Any of the 64 possible ordered 
modal pairs can be specified as either a legitimate or illegitimate transfer. The user 
may also put an upper limit on the amount of time to be assessed for a transfer to a 
~ive!! :TI.ode, as '.Vell as the tct:U !!1..!..."nbe!' cf t::-~~sfers en a !!!ini!r!urrl pa.th. '.~!a.it ti!11.es 
can be similarly constrained. 

•Eight modes (walk, auto, and six transit modes) can be accommodated, and the 
time spent on each can have a different cost factor, as can the time spent waiting or 
transferring. In order to implement information uncovered on the different unit values 
a passenger places on the time he spends on rapid transit vs that on a local bus vs that 
walking, etc., the program allows the user to weight these components of travel time 
in the selection of minimum weighted time paths. 

•The program can analyze a large network. Due to the peculiarities of a transit 
network, any description of it in a simple node-link form becomes quite large, and the 
size of the problem the program can handle is of prime importance. The pathfinder ' s 
limitations are quite relaxed and permit even the largest networks to be described in 
fine detail. The program can process a network with the following limiting character
istics (many of the limitations are i·esults of required interface with other programs): 
(a) 2800 transfer points (nodes); (b) 11,000 trunk-line links; (c) 31 lines on any one link; 
(d) 8 modes; and (e) 255 (optionally) round-trip lines (routes) within each of 6 modes. 
The implicit size of the network becomes evident when it is noted that the 11,000 links 
with the attendant line limitations can account for over 32,000 line/link combinations 
and over a quarter of a million transfer links. 

When appropriate coding procedures are established and adhered to, the program's 
limitations do not pose any significant constraints. We are, nonetheless, anxious to 
recode the program for a larger capacity IBM System/360. Not only could the maxi
mum parameters be increased, but rwuri.ng time could be improved and new wrinkles 
added. 

ASSUMPTIONS OF THE ALGORITHM 

There are two principal assumptions underlying the pathfinder algorithm : 

1. That the time to traverse a trunk line link is constant, and 
2. That the time spent waiting to transfer is satisfactorily approximated by one-half 

the inverse of the frequency of the recipient line(s). 

Assumption 1 states that link times cannot change during the pathfinding process. 
The time to traverse a given link must be the same for all paths. The algorithm by 
itself cannot adjust for such things as volume-dependent ("capacity-restrained") speeds 
or times. This is a common assumption in network algorithms (1). 

Assumption 2 states that, ;in the absence o:f an inviolate, real-tTme schedule of 
arrivals of each line at each node, the algorithm can assume a "random" arrival of 
the bus (or train, or walker) from which the transfer is to be made. Indeed, a more 
complicated assumption could be made, but it is not worth the effort. 

The program could assume an actual bus schedule as input. But in so doing it would 
be imposing a hardship both on itself and on the planner. First, it would require the 
planner to produce these schedules for systems proposed for use 20 years hence - an 
exercise of questionable value. Second, the minimum time through a fixed schedule of 
steps ".7aries -..vith the time cf departure from the heme node. Tc find the minimum 
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time over all departure times is an exercise of considerable worth, but only to com
puter suppliers, insofar as long-range transit planning is concerned. For the planners 
the marginal cost/marginal utility ratio is nearly infinite. 

Obviously, the planner must be able to provide an estimate of each line's frequency. 
This is the minimum requirement. It puts a handle on wait times and is needed to 
estimate capital and operating expenditures. 

Thus the algorithm assumes that if a transfer is to be made from route A to route 
B, and route B's frequency is 5 buses per hour, then the expected wait time is one
tenth of an hour or 6 minutes. Further, whenever a transfer can be made to more 
than one route at the same point, the assumed transfer wait time is one-half the sum 
of the departing lines' frequencies. For example, if at a given point a minimum path 
requi1·es a transfer to either r oute B or route C, and route B frequency is 5 buses 
per hour and route C goes by once an hour, then the transfer penalty assessed is 0. 5/ 
(5 + 1) = Yu hour or 5 minutes. 

Assumption 2 makes the transfer wait time independent of the arriving line(s). An 
important corollary results: If a minimum time path from point A to point C requires 
a transfer at point B, then this path begins by using the minimum time path to B. The 
algorithm is free to "forget" the initial origin point of a path involving transfers, pro
vided it "remembers" the point at which the last transfer occurred. Because a mini
mum time path to the transfer point is known, the entire path can be traced back. For 
example, if the minimum time path from A to Chad a transfer at B, this path would be 
described simply as "Take line(s) X at B." The observer, i.e., volume loading pro
gram, would note that B was not the home node A, and it would seek out the minimum 
path to A, namely, "Take line(s) Y at A," and the path would be complete. 

This is a descriptive economy, and it provides the algorithm with a means of keep
ing down the number of transfer possibilities to be examined. As clarified below, the 
only transfers to be examined at a given point are those from a minimum path to that 
point. 

DEFINITIONS 

At this point the discussion of the pathfinder algorithm requires a few definitions of 
terms already used, so as to eliminate any ambiguities which henceforth might prove 
confusing. 

The algorithm works with a network description composed of line frequencies and 
trunk-line links. Line frequencies are simply the average number of buses per unit 
time for each of the lines (routes) in the transit system. Each line can have only one 
frequency. If a round trip route has a different frequency outbound than inbound, then 
the t.wo directions must be coded as separate lines. 

The only purpose for frequencies in the pathfinder program is to assess transfer 
penalties. A transfer penalty X is a function of a set of line numbers S: 

X (S) = __ 0_.5 __ 

L F(k) 
k in S 

where F (k) is the frequency of line k, and the sum is taken over all lines k which are 
contained in the set of line numbers S. 

A trunk-line link (TLL) has three immediate constituents: 

1. An ordered pair of nodes, 
2. A traversing time, and 
3. A set of line numbers. 

1. Nodes are junctions in a network at which transfers occur. There are always 
exactly two nodes associated with a TLL, and each is identified with a unique number. 
The same number must always be used when referring to the node. The first node of 
a pair is called the A-node and the second is called the B-node. A TLL is always 
"one-way." The flow is always from the A-node to the B-node. The highest node 
number permitted by the program is 2800. 
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2. Traversing time is simply the time needed to traverse the TLL. All transit 
lines listed with a TLL must provide identical service between the TLL's A-node and 
B-node. When there is more than one level of service between two nodes which would 
otherwise constitute a single TLL, the analyst must code a second "dummy" link to 
which he can assign the lines providing the second level of service. The highest time 
permitted is 64 minutes. 

3. A set of line numbers constitutes the final element of a TLL's definition. Each 
link has a simple listing of all the lines which traverse it in the same time. Lines 
are coded as integers between 1 and 255. 

MECHANICS OF THE MOORE ALGORITHM 

As mentioned earlier, the pathfinder algorithm is an extension of the widely used 
Moore algorithm (3). Because of their similarity, a description of the latter greatly 
facilitates a description of the former. Therefore, the Moore algorithm is discussed, 
flow-charted and used in an example. 

The task of the Moore algorithm is to "build a tree." A tree is the set of links 
comprising the minimum paths from a given "home node" to all other nodes in the 
network. Assuming there exists a unique minimum path to each destination node, the 
term "tree" is quite appropriate. The uniqueness assumption implies there can be 
one and only one link entering each node. Thus when all minimum paths are plotted 
the result is a series of "branches," spreading as they move away from the home node. 

The Moore algorithm finds the number-of-nodes-minus-one links in a tree in the 
order of their "distance" (measured in time) from the home node. A link's distance 
from the home node is defined here as the minimum time to go from the home node to 
its B-node. The algorithm starts by finding the closest link, which must have the home 
node as its A-node. This link is placed in the tree along with its corresponding "dis
tance." The remaining process consists simply of selecting the link closest to the home 
node among all links connected to links already in the tree but not in the tree them
selves. Each link's distance from the home node is calculated by adding the distance 
to its A-node's tree link to its own link traverse time. The link closest to the home 
node is placed in the tree, and the process repeated. The process stops when nodes
minus-one links have been placed in the tree. 

The flow chart of Figure 1 is an example of a computer program of the Moore 
algorithm. Although not intended to reflect an optimal code, it is realistic enough to 
use with the network of Figure 2 to build a tree from home node A. The resulting tree 
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Fii:_iure 1. Flow chart of Moore a liiorithm implementation. 
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Figure 2. Sample network showing node labels 
and traverse times. 

Figure 3. Tree (with cumulative times). 

and the "distances" (i.e., cumulative times) to each node via the minimum path appear 
in Figure 3 and Table 3. Tables 4 and 5 are "scratch" tables. Tables 1 and 2 describe 
the network in a computer-oriented fashion. (This same example with slightly different 
notation and algorithm coding is found in Ref. 3 with a detailed discussion.) 

Figure 2 is a graph of a network which employs letters for node labels and arrow
heads to indicate the direction of flow. Each (one-way) link has its traverse time 
shown in arabic numerals. Table 1 describes this network by tabulating each node's 
exit links. This table, whose elements are called N(I, J) in the flow chart, shows all 
links exiting any given node. It is entered by finding the column of the node of interest 
and reading across to find the B-nodes of all links which have the given node as an 
A-node. N(I,J) is therefore the B-node of the Jth link which has I as an A-node. 

Table 2 simply lists the times associated with the links in the corresponding posi
tions of Table 1. The flow chart in Figure 1 refers to this table by the symbolic name 
of T, and T(I, J) is the time associated with the Jth exit from A- node L 

TABLE 1 TABLE 2 

N(I, J): LINK DESCRIPTION T(I, J) : LINK TRAVERSE T™E 

~ 1 2 3 4 ~ 1 2 3 4 

A E F H - A 5 12 3 -
B D G - - B 4 10 - -

c E H I - c 4 4 6 -

D B F H - D 5 2 7 -
E A c - - E 7 2 - -

F A D - - F 8 7 - -

G B H I - G 3 7 2 -
H A c D G H 10 8 6 s 

I c G - - I B 6 - -
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Three other tables are used in the flow 
chart. TREE(!) contains the A-node of the 
final link in the minimum path from the 
home node to node I. TABLE (I,J) holds the 
B-node of the J th link whose distance from 
the home node is equal to I minutes. C(I) 
is a count of the number of links in the Ith 
time slot of TABLE. 

Explanation of the Moore Algorithm 
Flow Chart 

1. Initialization consists of setting all 
minimum path times arbitrarily high except 
for the home node's, which is set to zero. 
The link sequencing table is emptied, and 
one link is entered into it representing the 
"minimum path" to the home node H. This 
dummy link is also placed in the tree table 
at location TREE(H). NODE, which counts 
the number of nodes for which the program 

has found a mm1mum time path, is set equal to one. The cumulative time value 
CT is reset, and control transfers to step 3 below. 

2. After a link has been placed in the tree, all links connected to it are examined 
for possible entry into the link sequencing table. For each of the exits from the new 
tree link, a "distance" is calculated by adding the current cumulative time CT to the 
exit link's traverse time T(I, J). Its B-node is then examined to see if a shorter path 
to it has already been found, i.e., if CUM (B-node) is less than the distance just calcu
lated. If it is, the link is ignored. If the new distance is less than that in the CUM 
table, the CUM table entry is updated, CUM (B-node) =CT+ T(I,J), and the link's 
A-node, I, is placed in the tree, while its B-node is entered into the link sequencing 
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Figure 4. Simple transit network (frequency of Line I is 5/hour, of Line II, 5/hour). 

table at a position corresponding to CT + T(I, J). Step 2 is repeated until all exits from 
node I have been examined, at which time control passes to step 3. 

3. This step extracts links from the link sequencing table. Remember that the en
tities in this table are B-nodes and their position in the table corresponds exactly to 
the B-node's distance, i. e., cumulative time, from the home node. The program re
moves the first link at or below position CT in the table. CT is then updated to this 
node's position in the table. If this B-node's cumulative time is equal to its positional 
value, i.e., CUM(TABLE(CT,J)) =CT, then this is a minimum path link, in which case 
control returns to step 4. If CUM(TABLE(CT,J)) is less than CT, then the link is 
ignored and step 3 is repeated. 

4. This step enters a link into the tree. It increases the value of NODE (the number 
of nodes to which minimum paths have been found) by one, and transfers control to step 
3, if all nodes have not been reached. Otherwise, it stops; the tree is complete. 

PECULIARITIES OF TRANSIT TREES 

The Moore algorithm is an efficient means to build a tree, thanks to the fact that 
once a minimum time path to a node is found, the node can be ignored for the remainder 
of the tree-building process. Any minimum path crossing that node will use the same 
(minimum) path up to the node, regardless of the path's ultimate destination. 

Transit trees lack this property. A node can lie on two or more minimum paths, 
none of which uses the same path from the home node to the common node. The simple 
network of Figure 4 illustrates this fact. (In this example, as in all subsequent graphs 
of a transit network, the following conventions are used: boxed letters represent nodes, 
arabic numerals represent link traverse time in the direction of the arrow, and the 
roman numerals represent line numbers of routes which traverse the trunk line link in 
the same time.) Assume that the headways of lines I and TI are equal, and each is 12 

HOME 

Ill 5 15 

I, II II 

10 15 

Figure 5. Entire transit network (frequency of Line I is 4/hour, of Line II, 2/hour, of Line I and Line II, 
6/hour). 
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minutes. The transfer penalty to change from line II to line I at node B is therefore 
6 minutes, and the total time to go from Home to C via this path is 46 minutes (plus 
the initial wait time for line II). On the other hand, by getting on line I at home, the 
trip to C takes 45 minutes (plus the initial wait time for line I, which is the same as 
line II's). Thus the minimum to C passes through B via a different path than the mini
mum time path to B, which is to get on line II at Home. 

While transfers to a line require the pathfinder algorithm to examine reentries to 
a node after the minimum path has been found, the algorithm must also cope with another 
nuisance, namely the penalty for "transferring from" a line. This occurs with the 
diminishing of a line selection group. Assume that Figure 5 is an entire transit net
work. Then obviously the minimum path to any node except A requires a transfer at 
A. If I and II's headways are respectively 15 and 30 minutes, then the minimum paths 
to B, C and D will each arrive at B in a different cumulative time. But any Moore-
type algorithm, including the proposed version, will arrive at B exactly once. It will 
find a path to B requiring a total of 15 + 5 = 20 minutes. The 5 minutes are for the 
transfer at node A, where 6 buses go by each hour. 

However, for any trip destined for C, only two usable buses go by B each hour, 
since the minimum time to go to C is obviously realized by transferring to line I at 
node A. Thus the time to get to B for any trip heading for C is 15 + 7. 5 = 22. 5 minutes. 
Similarly, the minimum path to D crosses B 15 + 15 = 30 minutes after leaving home. 
Therefore each of the three paths requires a different time to B, although the algorithm 
gets them there at the "same" time of 25 minutes. 

An easy solution exists; the algorithm simply adjusts the cumulative time to B for 
each exiting path at the time it is generating the exit links from B to place in the link 
sequencing table. Because it knows on what lines it arrived at B, it knows the value 
of the current transfer penalty. It subtracts that penalty and adds the penalty for 
"transferring" to the through lines as it adds the link's traverse time to the cumulative 
time. The actual computation is described later. 

Although the above problems are easily solved theoretically, it is important to 
realize that there are practical repercussions. The pathfinder has to work much 
harder than the Moore algorithm. While it does nearly the same actions, it performs 
them with much greater frequency. Many more links have to be examined. It will 
always have a fuller link sequencing table, and will have to analyze twice as many links 
for each link drawn from the table. The effect is significant in terms of running time. 

MECHANICS OF THE PATHFINDER ALGORITHM 

Differences between the Moore algorithm and the pathfinder are results of transfer 
penalties. For this reason, the way the program uses them will be elaborated on here. 
A transfer penalty measures the effect of waiting time, and it can seriously affect a 
path. Waiting time can occur at the start of a path and also at transfer points en route, 
whenever a minimum path requires line changing. 

To the algorithm a transfer penalty X, as discussed earlier, is merely a function of a 
trunk-line link or, more simply, a function of the frequencies of the lines on the trunk
line link. In particular, it is a certain number of minutes, equal to one-half the inverse 
of the sum of the frequencies of the link's lines. For example, if link k has line num
bers II, VII and XII whose frequencies are three, five and one bus per hour, the link k's 
transfer penalty is 

X(k) = 0. 5/ (F(II) + F(VII) + F(XII) 
= 0. 5/ (3 + 5 + 1) 
= Y1e hours 
= 3. 3 minutes 

The algorithm incorporates the transfer penalty function X as it puts links into the 
link sequencing table. For each link extracted from the table, it analyzes all links 
exiting from its B-node. For each of these exit links it enters in the sequencing table 
one or both of the following links (assume that L is the link extracted from the sequencing 
table, and Eis a link exiting from L's B-node): 
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1. Link 1 is (almost) always generated. It represents "through" paths and is com
prised of (a) the A-node of L; (b) the B-node of E; (c) the lines which are common to 
Land E; and (d) the time equal to the cumulative time plus E's link time minus L's 
transfer penalty plus E's transfer penalty, i.e., CT + T(E) - X(L) + X(E ). 

2. Link 2 is only generated the first time a link with L's B-node is extracted from 
the table, and then only if T(Link 1) is greater than T(Link 2). Link 2 represents "pure 
transfer paths," and has the following elements: (a) the A-node of E; (b) the B-node of 
E; (c) the lines on E but not on L; and (d) the time equal to the cumulative time plus the 
time to traverse E plus the transfer penalty for E, i.e., CT + T(E) + X(E). 

Explanation of the Pathfinder Algorithm Flow Chart, Figure 6 

1. Initialization is exactly analogous to that of the Moore algorithm, wherein a 
dummy link is placed in the zeroth position of the link sequencing table. The remainder 
of the table is emptied. Minimum path times to all nodes is set arbitrarily high except 
for the home node, whose time is set to zero. The cumulative time pointer CT is set 
to zero, and control goes to step 3. 

2. This step merely finds the uppermost link in the link sequencing table. The 
search begins at the CT th slot and continues downward (upward in minutes) until a 
non-empty slot is found. CT is reset to the slot value containing the first link found 
and control transfers to step 4. If no link is found this means some nodes are not con
nected to the home node, and tree-building stops. 

3. This step extracts a link, called Y, from the link sequencing table. The variable 
I represents this link's B-node, and its line number set is called R All links exiting 
from I, except for U-turns, are examined for line numbers in L. A link is generated 
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Figure 6. Flow chart of pathfinder algorithm implementation. 
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for each exit and placed in the cumulative time table. The description of this through 
link appears earlier, where it is called "Link 1." (The algorithm only generates this 
link whenever there are line numbers common to both Y and the exit link under ex
amination.) The algorithm next examines the minimum path time to I, stored in CUM 
(I). If this is the same as CT, the slot in the link sequencing table at which Y was 
stored, then Y comprises the last leg of the minimum path to I. In this case transfer 
out of I must be examined, and control goes to step 4. Otherwise step 4 is skipped 
and control goes to step 2. 

4. Step 4 generates the transfer paths out of node L It is reached only . when Y is 
on the minimum path to L The transfer path link's description appears earlier, where 
it is called "Link 2." (Step 4 is not executed if Y is the last link in the tree, i.e., the 
number of links found equals the number of nodes in the network. In this case the tree 
is built and the program stops.) A transfer link to I is only generated whenever the 
cumulative time to its B-node, CUM (B-node), is greater than the time to get to I via 
the transfer link. When all exiting transfers from I have been examined, the procedure 
continues at step 5. 

5. This step merely adds the link Y to the tree. It increments the total number of 
links in the tree by one and checks if it has found a link for every node. If so, it is 
finished with the tree, and the program ends. If not, CUM (I) is set to a value below 
the minimum path time to preclude any other link being put in the tree for this node. 
The program then returns to step 2 to extract the next ranking link from the sequencing 
table. 

It should be noted that a different method of storing the tree has to be used in the 
pathfinder program than was used for the Moore algorithm. The reason is that the 
transit network requires a far larger description and link sequencing table. The sizes 
of these tables are such that no room is left in core storage to contain the entire tree, 
and its links must be "written out" as they are found. 

Notation 

Because the pathfinder algorithm is more complicated in its detail than the Moore 
algorithm, an extended notation is used in its flow chart to keep the number of boxes 
down and still provide a thorough idea of the processing. While the basic element of 
the Moore algorithm was a B-node, the pathfinder handles cumbersome trunk-line 
links. It fetches them, stores them, creates them, and discards them. To facilitate 
their symbolic manipulation, the following notation is employed in the flow chart: 

If K is a trunk-line link it is often written as 

K = A, B, T, L 

where A is an A-node number, Bis a B-node number, Tis a time, and Lis a line 
number set. For example, if the graph of the link Pis 

then this link is written as 

fill II, V, X IBJ 
7 

P = Q, R, 7, S 

where S is a set comprised of lines II, V and X 
The individual elements of a trunk line link are extracted with the "functions" A, 

B, T and L where A(K) is K's A-node number, e.g., A(P) = Q; B(K) is K's B-node num
ber, e.g., B(P) = R; T(K) is K's time, e.g., T(P) = 7; and L(K) is K's line number set, 
e.g., L(P) = S = II, V, X 

As line number sets have to be compared and created, the following notation is 
useful: If A, B and Care sets of line numbers, then 



80 

5 IV, VIII 7 IV, V 

4 XI 2 XI 

x 
x x > >' 
>' 

_. _. 
> > > _. 

0 ... "" "' (XJ 
N 

5 II, VII , XI 3 11 , VII 

7 x 10 x 
x 

-· _. 
x > x _. 

>' > 
_. x x > 

6 V, 111 2 Ill, VIII 

8 XII 4 XII 

Figure 7. Hypothetical transit network (letters are node identifiers, arabic numbers are link times, 
roman numerals are bus line (route) numbers, and double-headed arrows are walk links). 

A = NULL means that A has no line numbers 
C A means C has all and only those line numbers in A 
C COMP (A) means C has only those line numbers not in A 
C AND(A, B) means Chas only those line numbers in both A and B 
C DIFF(A, B) means Chas only those line numbers in A but not in B 

The minimum or maximum of a pair of numbers ls often desired. The following 
notation is used in the flow chart: 

A = MIN(T, S) means A equals the smaller of T and S 
A = MAX(T, S) means A equals the larger of T and S 

Transfer penalties are frequently calculated in the algorithm. A shorthand method 
of indicating this computation is used in the flow chart. The penalty for transferring 
to lines contained in the set A is denoted as X(A). Its value is equal to one-half the 



81 

TABLE 6 

TRANSIT NETWORK DESCRIPTION (NET) COMBINED LINK-TIME-LINE TABLE 

,.----- F de rom no 
..---To node 

r=Link Time 
~ine number set 

I A E, 5(111, VIII, IX) F, 12(1, IV, XII) H, 3(11, VII) 

B D, 4(XI) G, lO(IV, XII) J, 3(0) 

c E, 4(Xll) H, 4(Vlll, XI) I, 6(111, V) 

D B, 5(1V, VIII) F, 2(XI) H, 7(V) 

E A, ?(XII) C, 2(111, VIII) M, 1(0) 

F A, 8(111, VIII) D, ?(IV, V) K, 2(0) 

G B, 3(Vll, XI) H, 7(X) I, 2(1V, XII) 

H A, lO(X) C, 8(V) D, 6(Vill) G, 5(11, VII, XI) 

I C, 8(Xll) G, 6(11, X) L, 2(0) 

J B, 3(0) 

K F, 2(0) 

L I, 2(0) 

M E, 1(0) 

inverse of the sum of the frequencies of all lines in A. For example, the penalty for 
transferring to the lines on link P above is 

X(L(P)) = X(S) 
= X(II, V, X) 
= 0. 5/(F(II) + F(V) + F(X)) 

where F(II) is line II' s frequency, etc. 

EXAMPLE 

The transit network shown in Figure 7 is tabulated in Table 6. In the network, nodes 
J, K, Lare assumed centroids, and the links connecting them to the system are walk 
links. As above, roman numerals represent line numbers and arabic numerals are 
time. There are no line numbers associated with the walk links. The line frequencies 
listed in Table 9 complete the system's description. 

The pathfinder algorithm is used to build a tree from node J. A worksheet describing 
the principal calculations comprises Table 11, which tabulates the computations in 
generating candidates for the link sequencing table. Tables 7, 8 and 10 are the working 
tables used in the tree-building process. Tree-building consists of adding links in the 
table called TREE until one link is present for each node. Figure 8 portrays the final tree. 
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TABLE 7 

WORKING TABLE 

DEST CUMULAT IVE 
NODE TIME 

I CUM(I) 

J 0 

K M' 15 

L .21 22 

M n 31 

B 42 

D R" 11 

F J.4' 13 

G .w 18 

H 24' 23 

A 26 25 

I 21' 20 

c 23' .31 31 

E .Kl' 30 

TABLE 9 

TABLE 8 

WORKING TABLE 

LI NK LAST LEG ON 
NO. MINIMUM PATH 

I TREE (!) 

1 J-J(O) 0 

2 J-B(O) 3 

3 B-D(XI) 12 

4 B-F(XI) 14 

5 F-K(O) 16 

6 B-G(IV, XII) 19 

7 B-l(IV, XII) 21 

8 1-L (O) 23 

9 D-H(V) 24 

10 F-A(lll, VIII) 26 

11 F-E(/11, VIII) 31 

12 D-C(V) 32 

13 E- M(O) 32 

LINE FREQUENCIES 

LINE NO. FREQUENCY (BUSES HR.) 

I 6 

II 10 

111 5 

IV 2 

v 6 

V I 5 

VII 3 

VIII 3 

IX 10 

x 6 

XI 6 

XII 3 

TIME 
SLOT 

T 

0 

..l-'21 

2 

.3' 23 

k 24 

5 

1r' 26 

7 

8 

9 

10 

Yr 31 

J.2 32 

J.3' 33 

14 

15 

16 

17 

18 

19 

20 

TABLE 10 

WORKING TABLE 

LINK SEQUENCING 
TABLE 

SEQ(T) 

J-:ftOl 

~ 

J-Ster. .J.-t{6f 

D- H(V) 

.E '(Ill , V111T 

$-EC111, vmr 

.s-etx-rr • .G-C-tVr . .E-M(OJ 

B- C( l2), F-C( l l l , VIII ) 

.S-Ftm 

-1~ 

~ C(IV, Xttt 
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TABLE 11 

WORKSHEET FOR TRANSIT TREE-BUILDING EXAMPLE 

Entered 
Step Extracted Generated Time Calculation "nto 

3equenc-
Link Link ingtable? 

0 - J-J(O) 0 Yes 

1 J-J(O) J•B(O) 3 Yes 

2 J-B(O) B-G(IV, XII) 3+10+X(IV, XII) = 13+6= 19 Yes 

B-D(XI) 3+4+X(XI) = 7+5 = 12 Yes 

3 B-D(XI) D-H(V) 12+7+X(V) = 19+5 = 24 Yes 

B-F(XI) 12+2 = 14 Yes 

D- B(IV, VII) 12+5 =17 >2 No 

4 B-F(XI) F-K(O) 14+2 = 16 Yes 

F -A(III, VIII) 14+8+X(III, VIII=22+4 = 26 Yes 

F-D(IV, V) 14+7 = 21> 12 No 

5 F-K(O) None - -
6 B-G(IV, XII) B-I(IV, XII) 19+2 = 21 Yes 

G-I(Il) 19+2+X(II)> 21 No 

G-H(X) 19+7+X(X)=26+5=31724 No 

7 B-I(IV, XII) I-L(O) 21 +2 = 23 Yes 

B-C(XII) 21 +8+X(IV. XII)+X(XII)=29-6+10=33 Yes 

8 1-L(O) None - -
9 D·-H(V) D-C(V) 24+8 = 32 Yes 

H-A(X) 24+10+X(X) = 25 + X(X)'.7 25 No 

H-G(II. VII, XI) 24+5+X(II, VIl,XI)=21+X(II, VII, 
XI),. 18 No 

H-D(VIII) 24+6+X(VIII)> 12 No 

10 F-A(III, VIII) A-H(II, VII) 26+3+X(II, VII)>24 No 

l!\-F(I, IV, XII) 26+12+X(I. rv. XII);> 14 No 

IF-E(III, VIII) 26+5 =31 Yes 

IA-F(IX) 26+5+X(Il)>13) No 

11 F-E(III. VIII IE-M(O) 31+1=32 Yes 

IF- C(III, VIII) 31 +2 = 33 Yes 

E-A(XII) 31+7+X(XII) -- 25 No 

12 D-C(V) D-H(V) 32+6=38 >24+X(V) No 

C-H(III) 32+6+X(III) > 24+X(III) No 

C-E(XII) 32+4+X(XII) 7 3 l+X(XII) No 

C-H(VIII, XI) 32+4+X(VIII, XI)> 24+X(VIII, XI) No 

13 E-M(O) None - -
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XI 

XI 

12 

--

> --> 

19 24 26 

21 32 31 

23 32 

Figure 8. Minimum paths from home node J (letters are node identifiers, roman numerals are line 
numbers, and arabic numerals are total times from home node). 

To follow the example, the reader should read Table 11 from top to bottom. The 
first column tabulates the links extracted from the link sequencing table in the order 
they are extracted. Each is entered into the tree. The second column lists the transfer 
links and through links exiting the B-node of the link extracted from the link sequencing 
table. Note that there is usually more than one link generated for each tuken out. The 
third column shows the "distance" (time) calculation. First is posted the cumulative 
time to the extracted link's B-node. Next is shown the link traversing time, followed 
by a symbolic representation of the transfer penalty. A yes or no in the last column 
indicates whether or not the generated link was entered into the link sequencing table. 
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Sampling Methods for the Collection of 
Comprehensive Transit Passenger Data 
ARTHUR SCHWARTZ, Mass Transportation Planner, Tri-State Transportation 

Commission 

This paper outlines a method of sampling transit service to 
obtain comprehensive data on passenger usage. Three ex
amples oi surveys using this sample design are described
a bus and streetcar survey in the Pittsburgh area, and 
railroad and bus surveys in the New York area. Differ
ences in the surveys due to refinements in sample design 
and variations in the data desired are explored. Com
parisons of the results of these surveys with complete 
enumerations at selected points are examined. 

•A PORTION of comprehensive transportation planning that has been somewhat ne
glected in the past is the planning for transit facilities and services. Much of this 
neglect has often been due to the separation of transit planning and the other parts of 
the comprehensive transportation planning process, with the responsibility for transit 
planning often being held by a separate agency. More recently, the need for an over
all transportation planning process has been seen and transit planning has become an 
integral part of the program of the comprehensive transportation study. 

This broadening of function has required that additional tools of data collection and 
analysis be developed. It is the purpose of this paper to describe one of these tools
the on-board sample survey method for obtaining transit usage data. Much of the data 
traditionally collected for a comprehensive transportation study are applicable to tran
sit planning as well as highway planning. The home interview survey provides the 
same type and level of information about transit trips as it does about highway travel. 
Land-use surveys are not restricted in use to planning for any one mode of transporta
tion. Although no survey paralleling the cordon line interview survey of highway travel 
is usually made, it is an extremely rare study area that has a significant number of 
external transit trips. 

The major area in which new survey techniques have had to be developed is the col
lection of "on the ground" data measuring the actual operation of the transit system. 
For the purposes of the transportation study, the traditional data collection methods of 
transit operators are not adequate, and a new approach is necessary. Transit operators 
have traditionally used two measures of passenger usage, revenue passengers as de
rived from fare box receipts, and peak load point passengers as observed by field per
sonnel. Each of these measures is seriously deficient as an indication of system usage. 
Revenue passengers based on fare box receipts can be associated with the geography of 
the system only in a rough way, as it is almost never reported in greater detail than by 
route. (Rapid transit systems with station fare collection are an exception.) Thus, the 
best information that can be derived from this source is the number of passengers by 
corridor for a largely radial system without through routings. Whe1·e a grid of routes 
or a substantial number of radial routes passing through the central area exists, even 
this is nearly impossible. In addition, where a zone fare system or any other system 
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of differential fares is in effect, the adjustment of revenue receipts to reflect patronage 
is usually made by some overall allocation formula, which is often seriously misleading 
for a particular route. 

Peak load point passenger counts are commonly used for purposes of preparing 
route schedules. These counts are taken at the highest volume point on a line as deter
mined subjectively, and are analogous to a screenline count for highway traffic. Radial 
lines will almost always have a peak load point at or near the edge of the central area, 
so that a cordon around the central area is often available. Nonradial lines will have 
peak load points at scattered locations, so that usually no pattern of count coverage 
would be available for a grid system. Again, only partial geographical coverage is 
possible using this information, while the level of detail concerning the service passing 
a given point is greater than is needed for system planning work. 

After considering the shortcomings of the standard methods of transit data collec
tion, a method of data collection designed specifically for the uses of comprehensive 
transportation studies was indicated, based on the needs for transitdatain such studies. 
The first need is for a measure of transit usage that can be used to corroborate data 
collected in a home interview survey. Another principal use of the data is in the de
velopment and verification of transit trip distribution and assignment models. The data 
also have uses in assessing the performance and efficiency of the transit system as 
currently operated. For all of these purposes, it is necessary to have a measure that 
is comprehensive, i.e. , that permits assertions to be made about the entire transit 
system or subsystem. This measure should also be designed to be capable of subdivi
sion, both geographically and by time period. 

With these needs in mind, a general method of survey procedure has been developed 
that is not rigid, but can be varied to produce results suite_J to the problem at hand. 
The method relies on the fact that a transit system operates a fixed or largely fixed 
(over the short run) schedule of service. This service has to be specified in complete 
detail for operating purposes. Such information is sometimes available in the familiar 
public timetable, but it is usually necessary to obtain operating timetables, equipment 
assignment lists and other relevant material for sample frame preparation. 

The basic procedure requires that the transit service be divided and ordered into 
units suitable for the selection of a sample. A systematic sample is then drawn, and 
an observation procedure for determining the desired information is developed and ap
plied to the sample. The results of this procedure are then expanded to a total figure 
by use of the ratio of sampled service to all service. The ratio used for the expansion 
need not be based on the same division as that used for selecting the sampling frame. 
Generally, a more detailed examination of the service is possible for the determination 
of the expansion ratio. 

While in theory this sounds extremely simple, there are many pitfalls inherent in the 
procedure, in both a logical and operational sense. It will thus be of interest to ex
amine three surveys that have been conducted using this method. The first was run by 
the Pittsburgh Area Transportation Study in the spring of 1959. The information re
quired of this survey was the total number of mass transportation passenger trips by 
common carrier transportation, excluding suburban railroad passengers. This infor
mation was to be used merely as an accuracy check of the PATS home interview survey 
trip reporting, so that no elaborate data collection procedures were necessary. The 
procedure used in this project was first to prepare a sampling frame of vehicle trips 
(bus and streetcar). Transit service was divided into nine expansion areas based on 
geographic area, vehicle type and CBD orientation as follows: 

1. Streetcars, North, Entering CBD; 
2. Buses, North, Entering CBD; 
3. Streetcars, West and South, Entering CBD; 
4. Buses, West and South, Entering CBD; 
5. Streetcars, East, Entering CBD; 
6. Buses, East, Entering CBD; 
7. Buses, North, West and South, Not Entering CBD; 
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8. Pittsburgh Railways Buses and Streetcars, East, Not Entering CBD; and 
9. other Buses, East, Not Entering CBD. 

Within each expansion area, vehicle trips were ordered by company, route number, 
subroute or branch, direction and time. Each trip was assigned a sequential number 
based on the above ordering. Thus sequence number 00001 would apply to the first out
bound trip on the main route of the route with the lowest number in the first expansion 
area. In all, 16, 603 trips were listed in this fashion, a random start was made and a 
1 percent sample, or 166 trips, were selected for data collection. 

Since the desired information was passenger origins, each sampled trip was ridden 
to observe the number of passengers that originated on it. Fieldwork was very straight
forward. A form with a heading section describing the trip was prepared including time, 
route, boarding point (usually at some location near the end of the previous trip if a 
previous trip was scheduled to be made by the same vehicle), start and end point of the 
count, and points at which time was to be observed. The field personnel were required 
to observe passenger origins (defined as all boarding passengers except those presenting 
transfers), times at terminal and intermediate points and the vehicle number. The last 
two items were used for assessing the quality of the fieldwork. Times were used for 
checking adherence of the san1pled trip to the scheduled tin1e. If the trip was substan
tially late due to veilicle breakdown or traffic conditions , the assignment was r esched
uled. Vehicle number was intended for use if a ques tion arose as to tne actual presence 
of the enumerator aboard his assigned vehicle. The assignment of a particular vehicle 
to a trip could be checked with the operating company's records, making it possible to 
determine, if necessary, whether or not an enumerator had actually been aboard the 
vehicle with a fair degree of certainty. Although not necessary in this survey, this 
check has been quite helpful in settling cases of suspected non-performance of duties 
by enumerators. 

Processing of the information was relatively simple. Since the sample selection 
frame and the expansion frame were identical, it was merely necessary to multiply the 
observed passenger origins by the ratio of sampled trips to total sequenced trips, by 
expansion area. Thus a sample count of 3, 684 passenger origins was expanded to a 
total of 369, 096 passenger origins. While this number was not verified independently, 
it appeared to be in reasonably close agreement with home interview passenger trip 
origins, after corrections for services not included in the survey were made (school 
buses and inclined planes). 

Some major shortcomings were found in the design and operation of this first survey 
based on service sampling. Most important, the ability of the enumerator to observe 
passenger movements was seriously underestimated. Thus, in addition to boarding 
passengers, departing passengers could have been recorded and exact stop locations 
could have been noted rather than the sequential numbers used. With this information, 
and some coding work, many measures of transit system behavior could have been de
rived, including trip length, vehicle occupancy, a total measure of passenger miles, 
as well as passenger origin and destination location and density patterns. 

OthP.r problP.ms werP. morP. of an opP.rational naturP. ::mrl rlirl not aff P.c.t thP. ::imount or 
quality of the data collected. Use of the vehicle trip as a sampling unit posed two such 
problems. The first was that the enumerator had a difficult time locating the partic
ular trip that he was assigned to ride. Not all terminal locations could be specified 
exactly, so that in some cases a trip had to be assigned more than once until it could 
be located. Also, it was often quite difficult to locate the correct trip on routes with 
frequent service, particularly as small delays were common and buses were at times 
out of their proper sequence. In such cases it was necessary to stop several buses and 
obtain from the driver either their run number or scheduled leaving time, whichever 
was applicable, in order to determine the right vehicle. 

A second problem associated with the trip sample was the productivity of the enu
merator obtained with this system. Since each trip was sampled independently of all 
other trips on a route, it was almost impossible to schedule the enumerator's work in 
such a way that more than half of his time was actually engaged in fieldwork. Thus, 
for any sa_mpled trip with one end in the CBD, it was necessary to ride a trip not in the 
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sample in the opposite direction, either to get to the starting point or to return. In 
practice, the productivity was much lower, with an average of only two hours of actual 
counting possible out of a normal day due to the peaking of sampled trips in the morn
ing and evening, and the large amount of unproductive travel time that was necessary 
to reach some non-CBD-oriented samples. 

The sample of service method of obtaining transit passenger usage information has 
in addition been used on two surveys in the New York region. Both of these were con
ducted by the Tri-State Transportation Commission. One was a survey of suburban 
railroad service, conducted in the summer of 1963. The other covered the regularly 
scheduled bus operations in the Tri-State region, and was conducted in the period from 
the spring of 1964 to the winter of 1965. While the principles underlying the method 
were the same as those of the Pittsburgh survey many changes were made, both to 
correct defects in the original design and to ado1>t the procedure to produce the desired 
results. 

The purpose of the suburban railroad survey was to obtain the volume of passengers 
over each segment of a railroad line both for the 24-hour day and for peak periods. To 
obtain such detailed information a more carefully controlled expansion base as well as 
a higher sample rate or rates were needed. Thus, it became desirable and readily 
feasible to use a variable sample i·ate. Since individual route and segment information 
was desired, the sample rate should reflect the density of service on the individual 
routes. Thus a 20 to 50 percent sample was used, depending on the amount of service 
on the route or group of routes under consideration. In some areas a complete count 
had to be taken, because there was not sufficient service operated to use a sampling 
procedure. 

To permit a more carefully controlled expansion of the survey findings, it was de
cided to use a different base for expansion of the survey than was used for sample se
lection. The expansion base used was the seating capacity of the service operated over 
each route segment for a given time period. Obviously, this is not a quantity that could 
be sampled in an operational manner. Although it would be possible to assign an enu
merator to count the passengers in every third seat, it would be far simpler and less 
expensive to take a complete count of a larger segment of service. Thus a method for 
approximating the seating capacity for sample selection purposes had to be designed. 
Unlike buses or streetcru:s, which are single, rather small units, readily enumerated 
by one man, suburban trains vary widely in size and at best are difficult to observe 
satisfactorily. Thus, a sample unit had to be devised based on the limitations of the 
enumeration system. It was decided that a count of passengers taken as the train moved 
between stations provided sufficient information for the purposes of the study and re
quired far !ewer people than would a count taken of passengers boarding and alighting. 
This is because an accurate boarding and alighting count requires one man per pair of 
adjacent vestibules, or the inspection of tickets . Thus a 7-car train would require 6 
enumerators, assuming the front vestibule of the lead car and the rear vestibule of the 
last car are not used. It was determined by some experimental fieldwork that an on
board count can be taken at a rate of slightly over one ca1· per minute. Thus the con
trolling factor is the time between stops, as well as the ti·ain length. The 7-car b;ain 
in the example would require 1 man, if station stops were 7 minutes or more apai1t, 
and more typically two men, if station stops were 3 to 4 minutes apart. While the 
method of enumeration adopted provided sufficient information for the survey, informa
tion on the boarding and alighting points of passengers, and thus station usage, was 
not obtained. For some applications, this type of information may be desirable and 
would require a different enumeration procedure. 

After the method of enumeration was decided upon, a sample selection scheme com
patible witb it was laid out. This scheme consisted of dividing all service into sampling 
units or blocks, a block being defined as the position of a train that could be assigned 
to one enumerator following the one-car-per-minute rule mentioned. The service to 
be sampled, i.e., the suburban service on the Long Island, New Haven and New York 
Central railroads, was first divided into sampling groups by railroad, route and type 
of service. Trains in each group were then listed in direction and time order and the 
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RR XYZ 

Train No. Leave Arrive Consist Block No. Sample No. 

201 8:09 AM 9:30 AM LV 2AC MU 0001 

203 9:46 10:40 LV 2AC MU 0002 

17 10:14 11:37 EM 4RSC- 1 Gri 11-1 Parlor COllll:D 

209 12:10 PM 1:06 PM LV 3AC MU 0004 

451 3:07 4:39 XA 2RSC-1 NRSC <IIIllI5:> 

211 3:44 5:40 LV 3AC MU 0006 

213 4 :27 5 :22 LV 4AC MU 0007 

453 4:41 6:19 EM 4NRSC:-Rnr C-.5RSC 2 c:mJimt..0009 

57 4:45 6 :04 EM 5RSC-Gri 11-1 Parlor 0010 

215 4:52 5 :45 LV 6ACMU 2 0011-0012 

217 5:16 6:12 LV SAC MU 3 C!JQI3>-0014-<0il:ID 

219 5:41 6 :44 LV 90ld MU 3 0016-001 7-<00JR> 

499 5:44 6:02 WY 7AC MU 2 0019-0020 

23 6:00 7:15 EM 2RSC-Diner-2S L-S L Lge 0021 

221 6: 12 7 :07 LV 4AC MU 2 0022-<01!ZD 

Figure l. Sample train listing sheet. 

number of blocks determined for each train. Each block was then given a sequential 
number. Figure 1 shows a sample train listing sheet. Note that the number of blocks 
per train will vary with respect to the train length quite noticeably. This example is 
designed to show a mixed type of service, with local subur ban tr ains and medium dis 
tance trains carrying suburban passengers intermixed. Information on normal train 
lengths and consists was provided by the railroads . 

The sequential numbe1·s chosen to be s ampled were based on a ser ies of r andom 
starts in a group of 10 numbers. Thus, if a 40 percent s ample was to be chosen, 4 
random starts were taken and the final digits thus determined were selected from 
each group oi iu sequence numbers. Each block was then included in a work assign
ment for an enumerator. Work assignments were laid out so as to maximize utiliza
tion of personnel, but due to the highly peaked nature of railroad service only 3 to 4 
hours of fieldwork per man day was possible . Field work was straightforward with 
each enumerator making a count of his assigned block between all station stops . In 
addition, each enumerator was to r ecord a complete count of the train at the point where 
it crossed the river boundaries of Manhattan. A list of car numbers on the train was 
also made, to verify, if necessary, the presence of the enumerator on thP. tr::iin HS 

well as to prov~de a more exact record of seating capacities for use in establishing the 
expansion ratio. Trains with substantial observed deviations from normal train length 
were reassigned, as well as trains that were significantly behind schedule. 

In order to expand the sample, a comp ete record of seating capacity was needed 
for the universe of service. An approximation of capacity could be obtained from the 
equipment assignment lists used to prepare the sampling frame, but it was desired to 
make a more accurate estimate. Therefore capacity was established based on the trains 
actually observed in the counting process. As has been noted before, car numbers 
were observed for all trains, along with a notation as to whether or not the car was 
open to passengers. Capacity of each car was obtained from equipment r osters supplied 
by the rallroads , or from the "Official Register of Passenger Train Equipment." All 
trains not falling in the sample were als o observed. Those trains that crossed into 
Manhattan had complete counts taken at the crossing point, while the unsampled trains 
that did not enter Manhattan were inspected only for car numbers at a major terminal. 
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Capacity was defined as the total number of seats in cars open to passengers at 
the inner terminal. In a few cases where cars were added or removed at intermediate 
points , tr ains are assigned different capacity values over several parts of the system. 
Capacity of the sampled blocks was handled in the s ame manner as described for sys
tem capacity. Volumes wer e calculated by means of the expansion ratio described for 
the previous survey: 

Passenger volume = Observed passengers x Total capacity 
Sampled capacity Sampled capacity 

The expansion was performed based on the sum of each value for the route segment 
and time period of interest. 

Two tests of the accuracy level of this survey were designed into the procedur e. 
The first was a comparison of the complete count made at the Manhattan boundary with 
the expanded sample count taken at that point. Table 1 shows the results of this com
parison. The gener al comparison is ver y good, with the largest differ ence in the 9 
groups being 3. 6 percent . Note, however, a slight tendency for the expanded sample 
to be slightly biased upward fr om the complete count. An overall comparison of +2. O 
per cent for all service was obtained, and 6 of the 9 subgroups compared had expanded 
sample volumes higher than the complete count volumes recor ded. 

A more detailed comparison of the results of the sample counting process was ob
tained for the Port Washington branch of the Long Island Rail Road. A complet e count 
was taken of passengers on the branch in a way that made it possible to divide the count 
into five subsamples of 20 percent each. A compar ison of the expanded volume derived 
from each subsample with the complete count showed that the expans ion of subsample 
1 produced almost the s ame number of passenger-miles as the complete count. Sub
samples 2, 3 and 4 were l'es pectively 9, 2 and 1 percent higher than the complete 
count, and subsample 5 was 10 percent lower. The counts entering Manhattan followed 
a similar pattern, with the expansion of s ubsample 1 being al.most the same as the 
complete count, subsamples 2, 3 and 4 being 6, 1 and 3 per cent higher, and subsample 
5 being 9 percent lower. It appears that variations in both passenger-miles and the 
Manhattan entry count parallel each other. All samples varied in the s ame direction 
in both quantities, and remain within 3 percent of each other at all times. Also, look
ing at the detailed results of the comparison (Table 2), descrepancies remain in the 
same range throughout the length of a line, except for the low- volume outermost links 
where a greater dispersion can be observed. 

TABLE 1 

ENTRY COMPARISON FOR EXPANDED SAMPLE VS 100 PERCENT COUNT 

Terminal 
Complete Expanded Percent 

Count Sample Difference 

Penn Station (LIRR) 
8-9 AM Inbound 31,651 32 , 002 +1. 11 
7-10 AM Inbound 52, 782 53,305 +0. 99 
24 Hour-2 Direction 136, 943 140, 049 +2. 27 

Grand Central (NHRR) 
8-9 AM Inbound 14,674 14, 882 +1. 42 
7-10 AM Inbound 22, 286 22, 198 -0.39 
24 Hour-2 Direction 62,394 64 , 670 +3. 65 

Grand Central (NYCRR) 
8-9 AM Inbound 19, 139 19, 110 -0.15 
7-10 AM Inbound 27,776 28 , 206 +1. 58 
24 Hour-2 Direction 69,923 69,855 -0.97 



TABLE 2 <O 

PORT WASHINGTON BRANCH SUBSAMPLE COMPARISON 
N> 

Sample: 1 Sample 2 Sample 3 

Station 100% Expanded 
Exp/ 10()% 100% Expanded 

Exp/10()% 
10()% Expanded 

Exp/10()% 
Volume Volume Volume Volume Volume Volume 
Count ::ount Ratio Count Count 

Ratio 
Count Count 

Ratio 

Penn Station-Woodside 30651. 0 30718. 9 1. 0022 30651. 0 32561. 5 1.0623 30651. 0 31055.3 1.0132 
Woodside-Elmhurst 31833.0 31829. 1 0.9999 31833.0 34637.1 1. 0881 31833.0 31896.8 1. 0020 
Elmhurst-Corona 31905. 0 32109. 3 1. 0064 31905. 0 34668.2 1. 0866 31905.0 31889.8 0.9995 
Corona-World's Fair 31900.0 32104. 1 1. 0064 31900.0 34658.5 1. 0865 31900.0 31889.8 0.9997 
World's Fair-Flushing 31655.0 32316 . 1 1. 0209 31655.0 34644.6 1. 0944 31655.0 31826.5 1. 0054 
Flushing-Murray Hill 32962.0 33488.1) 1. 0160 32962.0 35976.5 1. 0914 32962.0 32678.2 0.9914 
Murray Hill-Broadway 32098.0 32767. '7 1. 0209 32098.0 34654.4 1.0796 32098.0 31903.1 0.9939 
Broadway-Auburndale 30596.0 31401. ·1 1. 0263 30596.0 33448.4 1. 0932 30596.0 30624.4 1. 0009 
Auburndale-Bay side 29524.0 3•)320.15 1. 0270 29524.0 32207.9 1.0909 29524.0 29297.6 0.9923 
Bayside-Douglaston 26439.0 26976 .3 1. 0203 26439.0 28646.7 1. 0335 26439.0 26814.2 1. 0142 
Douglaston-Little Neck 24678.0 24814. !l 1. 0055 24678.0 27483.5 1. 1137 24678.0 25615. 1 1. 0380 
Little Neck-Great Neck 22777 . 0 22339.l 0.9808 22777.0 25716. 2 1. 1290 22777.0 25710. 8 1. 1288 
Great Neck-Manhasset 13055.0 12044. :3 0.9226 13055.0 14579.6 1. 1168 13055. 0 15307.0 1.1725 
Manhasset-Plandome 7029.0 6598. !) 0.9388 7029.0 8523.1 1. 2126 7029.0 7844.6 1. 1160 
Plandome-Port Washington 5529. 0 4974.!l 0. 8998 5529.0 6891.2 1.2464 5529.0 6376.6 1. 1533 

Sample 4 Sample 5 

100% Expanded 
Exp/100% 100% Expanded 

Exp/100% Volume Volumu Volume Volume 
Count Count 

Ratio Count Count Ratio 

Penn Station-Woodside 30651. 0 31693. (i 1. 0340 30651. 0 27868.5 0.9092 
Woodside-Elmhurst 31833.0 32504. 7 1. 0211 31833.0 28783.7 0.9042 
Elmhurst-Corona 31905. 0 32524.0 1. 0194 31905.0 28672. 2 o. 8~187 
Corona-World's Fair 31900.0 32524.0 1. 0196 31900.0 28662.3 0. 8~185 
World's Fair-Flushing 31655. 0 32461. 7 1. 0255 31655.0 28805.3 0.9100 
Flushing-Murray Hill 32962.0 32837. ~: 0.9962 32962.0 29720.1 0.9016 
Murray Hill-Broadway 32098.0 31792.0 0.9905 32098.0 28847.1 0. 8987 
Broadway-Auburndale 30596.0 30508.6 0. 9971 30596.0 27430.1 0. 8965 
Auburndale-Bayside 29524.0 2£573 . 1 1. 0017 29524.0 26148.0 0. 8B56 
Bayside-Douglaston 26439.0 2E·583. 0 0.9676 26439.0 23280.2 0. 8805 
Douglaston-Little Neck 24678.0 23556. E· 0. 9546 24678.0 21629.8 0.8765 
Little Neck-Great Neck 22777.0 22062.S 0.9686 22777.0 19301. 1 0. 8474 
Great Neck-Manhasset 13055.0 13045.8 0.9993 13055. 0 11662. 3 0. 8933 
Manhasset-Plandome 7029.0 7159. 0 1. 0185 7029.0 5990.6 0.8523 
Plandome-Port Washington 5529.0 5486.2 0.9922 5529.0 4643.9 0. 8399 
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The two tests indicate that the results of surveys using this method can be used 
with a considerable degree of confidence. In general, it appears that the results ob
tained are well within the normal (day-to-day) variability l evel of the information 
sought . In the one area where excessive variation was obser ved-the outer end of the 
Port Washington branch-it was accounted for by the low total volume observed and the 
low sample rate (20 percent) used. The lesson to be drawn is that the sample rate used 
in this test (the lowest used in the survey) was too small to pr ovide a high level of ac
curacy on the lowest volume segments of this service. However , the estimated and 
actual volumes in this area did not vary by more than around 1, 500 persons per day , 
which for many purposes would be a sufficiently accurate estimate. 

The second survey using the sample of service method was the bus passenger sur
vey taken by Tri-State in 1964. Her e the information desired was bus passenger-miles 
of travel by geographic area. Although this survey is not yet completely analyzed, a 
description of the methods used is pos sible. 

Looking back to the 1959 Pittsburgh work, it was apparent that a vehicle trip s ample 
would present almost insurmountable selection problems, as well as requiring a large 
amount of geographic coding of both sample and univer se data to pr oduce the des i r ed 
geographic breakdown. Since the geographic coding appeared inevitable, a sample 
fr ame was s ought that approximated the distribution of bus movements, yet was opera
tionally simple to use . The sample unit decided upon was the active vehicle. This is 
a somewhat arbitrary concept. It is defined as a bus in service at the time when the 
maximum number of buses are in service that are based at the facility under 
consideration. 

Perhaps working through the preparation of the sample frame will be helpful. First 
the bus service is ordered by major geographic area (state, county, etc .) based on the 
garaging location of the vehicles. Within this order, bus service is separated by com
pany and division or gar age. The garage thus becomes the pr imary subdivision of 
service within which the sample is drawn. For each garage, the maximum number of 
buses required to operate the service is determined. This number represents the 
total sample frame for the garage. The detailed sample frame is determined as follows. 
The number of buses on each route at the time of day when the maximum number of 
buses is r equired from the garage is computed and is used to determine the number of 
lines in the sample listing. Buses a.re then listed by route in order of their first de
parture from the garage until the number of lines indicated is reached. The return 
time to the garage is listed for each of the departures . The remaining buses departing 
from the garage are tied to previously listed departures on a first- in, fir st-out basis, 
within route if .possible. A 30-minute minimum time between arrival and departure at 
the garage is required. Generally, the final arrival cannot be more than 23 hours 30 

Sample No. ONAM OFF AM ON PM OFF PM ON EX OFF EX 

8243 5:25 7:50 PM 

8244 5:45 8:30 PM 

8245 6:05 9:00 PM 

8246 6:20 10 :20 AM 4 :30 6:25 

8248 6:25 12 :50 AM 

*8248 6:35 ll:lOAM (Route 23) (4:35 PM 7: 15 PM) 

8249 6:55 10:00 AM 2:30 9:10 

8250 7:05 9:10 l :55 8:10 

8251 7:20 9:20 2:15 12 :15AM 

Figure 2. Master sample list. 
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minutes later than the initial departure. When it is impossible to remain within the 
route structure and follow the above rules, the remaining portions of the service on a 
route may be listed with another route in the same garage. For example, this would 
occur when a route using its maximum number of buses in the afternoon peak operates 
from a garage having a maximum bus requirement during the morning peak. In some 
cases, buses are not specifically assigned by route, so that a whole garage may be 
treated as one route. The result of this procedure is a listing for each garage by 
route showing the departure and return times of each active vehicle. A sample of this 
listing is shown in Figure 2. Sample vehicles to be used in a count program can be se
lected by numbering the list of active vehicles sequentially and selecting a sample using 
every nth sample number. In 1964 a 5 percent sequential sample was selected using 
every 20th line starting with sample number 0008. 

The use of the active vehicle as a sample unit was decided upon primarily for oper
ational reasons. A sample of bus trips would more closely approximate the desired 
sampling quantity of bus miles, since only variations in route length would cause the 
two quantities to differ. With the active vehicle sample, differences occur due to ex
tent of utilization duri~g the day, as well as due to variations in route length. In ad
dition, the use of a trip sample would permit stratification by direction and time of 
day as well as by route, which was not possible in the vehicle sample. 

However, a bus trip sample would be very difficult to handle in an operational sense. 
The work required in str.atifying and delineating the sample would be increased by a 
very substantial amount, as there would have been at least 10 times the number of 
units in the sampling universe. More important, the fieldwork involved in a trip sam
ple would be much more time-consuming and difficult to organize. Deadheading time 
and time between assignments would be increased from about 10 percent of total paid 
time for field personnel to over half of the total, based on Pittsburgh experience, thus 
doubling the cost of fieldwork for a given sample size. In addition, it was much simpler 
for enumerators to locate buses at the beginning of a day's run at the garage than it 
would be to have to locate a particular trip at the end of a line, four or five times dur
ing the day, especially during rush hours and at crowded locations such as subway 
transfer points, where it might be necessary to go down a line of buses and inquire of 
the driver as to the run number or leaving time of each bus until the correct one is lo
cated. It would be expected that a substantial number of assignments would not have 
been completed due to the enumerator's inability to located the correct trip, thus adding 
even more to the costs of the survey. 

While final results of the bus survey have net yet been completed, the question of 
the degree to which the sampling device, using the active vehicle as the sampling and 

TABLE 3 

COMPARISON OF EXPANDED SAMPLE COUNT WITH COMPLETE COUNT ON 
BRONX-MANHATTAN, AND BROOKLYN AND QUEENS-MANHATTAN SCREENLINES 

Category Bronx-Manhattan Brooklyn and Queens- Combined 
Screenline Manhattan Screenline Screenline 

Number of routes 12 7 19 
Number of buses crossing. screenline 4362 1630 5998 
Buses sampled 212 70 282 
Percent of buses sampled 4. 86 4.29 4.70 
Passengers counted in sample 3206 1682 4888 
Average passengers per bus 15.12 24 . 03 17.33 
Total passengers (expanded from 

sample counts) 65,965 39, 167 103,965* 
Total passengers (from screenline 

count) 67,038 35, 184 102 , 222 
Percent difference -1. 60 +11. 32 +1. 27 

*Computed based on total sample count and number of buses, not sum of estimates for individual screenlines. 
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enumeration unit, succeeded in representing the total universe of bus miles has to 
some extent been solved. In the Tri-State bus survey, 391 sample buses were ob
served. These buses traveled a total of 38, 653 miles. The total bus movement (ex
cluding school and charter buses) in the region was 799, 037 miles, divided into 7824 
active buses. Thus the sampled bus miles represent 4. 84 percent of the total bus 
miles as compared with an intended 5 percent sample. When data are available, the 
stability of this ratio will be examined for smaller areas. 

Due to the size of the survey, no comparison of sample results with a complete 
enumeration was possible. However, two tests of the accuracy of the results are 
available. For test purposes, two 5 percent samples were taken in Staten Island. 
When results are available for both of these samples, they will be compared to get 
some idea of the stability of the results. Another test possibility is to compare the 
results of the sample survey at a screenline with independent complete counts taken 
at this screenline. A series of counts taken in the fall of 1963 at the crossings between 
Manhattan and Brooklyn, Queens and the Bronx were available for this purpose. The 
results of this comparison are shown in Table 3. The comparison is almost too good 
to believe, except for the Manhattan-Queens and Brooklyn screenline, where as a re
sult of the small size of the sample, substantial deviation might be expected. Results 
on this screenline are still good, particularly considering that only 4 of the 7 routes 
fell into the sample and 3 of 6 samples were on one route. Additional comparisons of 
this type will be made for other screenlines as data become available. 

It appears that the sample of service method can be used to satisfactorily obtain 
data on the usage of transit systems, and that the level of detail and accuracy desired 
can be achieved by control of the sample size and method of observation. However, it 
must be cautioned that no exhaustive test of the accuracy of this sampling method has 
been made using an entire service area as a base, and all evaluations made up to this 
time have been based on partial data. 



A Network Evaluation Procedure 
PETER S. LOUBAL, Bay Area Transportation Study Commission, Berkeley, 

California 

A novel traffic assignment method is presented which greatly 
increases the number of network alternatives that can be eval
uated at a given cost in computer time. Based on slight varia
tions of the usual minimum path tree-building and traffic load
ing procedures, the method makes it possible to consider only 
the effects of new or improved network links, rather than com
plete networks, when evaluating alternatives of some basic 
(existing or future) ne twork configuration. The same values 
for each alternative, such as interzonal travel times and flows 
on links, are obtained as if each network alternative were 
treated separately. Furthermore, such values as savings in 
travel time between any pair of zones, flow changes, and total 
vehicle hours are directly obtained. In addition, the procedure 
readily provides interzone travel times via a link or links, 
even if these do not contribute to the minimum time or cost 
path, and this information can be used for improved (more 
realistic) but still rather efficient capacity restraint and traf
fic diversion procedures. The present report describes the 
essential parts of the process and a procedure for evaluating 
sketch-plan network alternatives. 

•THE network evaluation method described in this report utilizes several special net
work properties which make it possible to assess large numbers of transportation 
projects such as new bridges, freeways, or rapid transit lines without requiring a com
plete traffic assignment process for each alternative combination of projects. It is 
capable of evaluating a large number of network alternatives in the same amount of 
time it would take to evaluate a single alter:mtivc using standa:rd procedures (e.g., lhe 
Bureau of Public Roads or TRAN/PLAN traffic assignment programs), and still obtain 
not only thP. . ame information at a comparable level of detail, but also additional dala 
as well. 

When using the procedure, the usual traffic assignment process is applied only to a 
"basic" network configuration, while additional routines make it possible to concentrate 
on possible effects of network changes, such as new or improved links, when evaluat
ing the various alternatives. The procedure will provide the following data for each 
net,1.7ork a!ternatiYe: 

1. lnterzonal travel times via minimum time paths; 
2. Traffic flows on links; 
3. Savings in travel time between all pairs of affected zones, due to some improve

ment to the basic network (inclusion of project or combination of projects); 
4. Cha.nges in traffic flows for each network alternative, i.e., the flow diverted to 

or from all existing and future facilities due to network changes; 
5. The origins and destinations of all flows on any new facility in a network 

alternative; 

Paper sponsored by Committee on Origin and Destination. 
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6. The total travel time required to satisfy given travel demands for a network al
ternative, and the difference in the total travel time between each alternative and the 
basic network; 

7. Information regarding the degree to which several transportation projects (new 
or improved links) compete or cooperate in carrying traffic, and the area affected by 
any project; and 

8. lnterzonal travel time via any link or links, even if these are not on the shortest 
path. 

The following input data are required: 

1. Network description for each "basic" network; 
2. Network changes needed for converting a base network into a network alternative; 

and 
3. A trip desire (origin-destination) table. 

The interzonal travel times for a "basic" network can be obtained first and used to 
determine a trip table by means of suitable land-use and traffic generation and distri
bution models. This trip table can then be used in conjunction with all the network 
alternatives which do not differ too significantly from the basic network. In case of the 
significantly different alternatives, it would be necessary to rerun the trip demand 
models, or, in the intermediate case, only a new trip distribution process would be 
required. The trip tables are actually only utilized as weighting factors for determin
ing flows and cumulative travel times, and the decision as to whether the same trip 
table should be used for each alternative, or whether the trip tables should be adjusted 
for each alternative network, has to be left to the user. 

The network evaluator procedure and related computer program, as developed for 
the San Francisco Bay Area Transportation Study, was envisaged primarily as a sim
ple, efficient, and inexpensive management tool, suitable for testing and evaluating 
very large numbers of possible highway, transit, or multimode network alternatives. 
It will be used mainly to limit the large amount of possible alternatives to the more 
promising ones, to be evaluated in greater detail by means of a different process. The 
main emphasis was, therefore, on quantity rather than quality, as is usual in sketch 
planning. The general method, as described in the following parts, could, however, 
be just as well used in a detailed transportation planning process, and the development 
of suitable computer programs is presently being considered. 

In developing the model, the author was mainly influenced by the general network 
methodology as presented by Ford and Fulkerson (1), and benefited greatly from many 
discussions concerning the transportation planning-process with J. W. McBride, Tech
nical Director, Bay Area Transportation Study Commission. The benefit/cost evalua
tion method is partly based on Kuhn's work (2) and Ridley's dissertation (3). It would 
be difficult to enumerate all the authors who contributed to the state-of-the-art in the 
field of traffic assignment, which, of course, forms the basis of the model. 

MODEL DEVELOPMENT 

Network Properties 

The network evaluator utilizes a special tree-building procedure for determining 
the minimum paths that will use a specific project link. The procedure is an extension 
of the well-known dynamic programming (or Moore) shortest path algorithm, the only 
difference being: 

1. Two or more "project" nodes-either the end nodes of a "project" link, or sev
eral nodes, such as the interchanges of a segment of freeway or the stops of a transit 
line segment-are used as origins at the start of the process, so that two or more dis
jointed tree branches are obtained. 

2. Each node is labeled by a subset (tree branch) number to indicate from which 
node the branch originated. 

The procedure is just as efficient as the fastest standard tree-building process and has 
the same computer core requirements. 
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At the end of the tree-building process a project tree is obtained, consisting of two 
or more branches, so that each node is connected with the closest project node. In 
case of equal travel times (it is, of course, also possible to minimize distances, costs, 
or some other value), one or the other project node is selected. 

The project tree has the following properties (the properties mentioned hold strictly 
true only for symmetrical networks; similar ones apply to asymmetrical networks): 

1. No two nodes belonging to the same subset can be connected by a minimal path 
that would include the project link, since their connection via the last common node on 
their branch cannot be longer than the sum of the shortest distances between them and 
the closer project node. 

2. Only the paths between the nodes of different branches could possibly have been 
improved by the inclusion of the project link. Therefore, only these connections will 
have to be tested. 

3. The minimal path between nodes, each belonging to separate subsets, via the 
project link(s) can easily be determined by summing the times from the two project 
nodes and the time required to cross the project li.nk(s}. The project link time, there
fore, does not enter the actual tree-building process and can be varied depending on 
various conditions; for instance, it could be adjusted to reflect traffic flows, different 
tolls, etc. 

Any standard minimum-path, tree-building routine can be used to determine a proj
ect tree by either (a) representing the project as a special centroid, connected to the 
two or more project nodes by "dummy" (zero-time) links, or (b) adjusting the routine 
so that the several project nodes can serve as "home" nodes, i.e., be initialized at 
zero and become the simultaneous origins of a single tree. Though it would be a sim
ple matter to carry the subset number which identifies the origin node to each network 
node as it is reached in the tree-building process, it is more efficient to determine the 
subset numbers by means of a subsequent labeling routine. 

Project Tree Routine Input and Notation 

Network N is composed of nodes i, connected by links (i, j) with travel times t (i, j) :<: 0. 
Associated with each node i is a number t (i). The nodes i can be divided into com
plementary subsets X, X such that N = XuX. The project is represented by project 
nodes p =a, b, c, d, ... which form a chain of links (a, b), (b, c), (c, d),.... The project 
nodes and links are connected with the network. 

,.,._ __ ... T •.J• ,. J• •• • n _ J _ ,, J/ __ \ I"\ - -' _,, _ _ --- • ~ 1/ 0 \ ••'•• • , \ & 
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sume that all nodes with t (i) < M form a subset X of "reached" nodes, with the remain
ing uud1::::1 fu1·wi.Hg a cumplemenlary suuset X. 

Step 2-Consider all links (i, j) conne5ting the node(s) i that have been assigned to the 
set X in the p,reoeding step to nodes j { X, and calculate values t '(j) = t (i) + t (i, j). Place 
the values t (j) in a sequence table, i.e., a table ordered by value t'(j> . 

Step 3-Select the minimal t' (j) from U1e sequence table. If min (t (j)} < t (j), go to 
Step 4, otherwise remove t'(j) from the sequence table and repeat Step 3. If the se-
quence table is empty

1 
S OP . _ 

~-Set t (j) = t (j) and reassign the node j from the set X to the set X. Place 
the link (i, j) into the next position of a tree trace vector. 

Step 5-If the set Xis empty, STOP, otherwise return to Step 2. 
At the end of the process, the t (i} values will give the travel time, via fastest route, 

to the node i from whichever project node p is the closest. The tree trace obtained in 
Step 4 is just a listing of all links (i, j) that form the project tree, in the sequence in 
which they entered the tree, i.e., ordered by increasing t (j) values. The links can be 
identified by their addresses (positions) in the link table (network description). The 
tree trace is used as input to a labeling routine which determines for each node i the 
project node p from which it has been reached and, furthermore, is also used in the 
loading and unloading routines. 
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Labeling Routine 

1. For each node i, initialize a value l (i) in the following manner: (a) For each 
project node p set l (p) at different non-zero values. For instance, t (a) = 1, t (b) = 2, 
l (c) = 3, t (d) = 4, .... (b) Set all r emaining l (i) = O. 

2. Starting at the first link, scan through the whole tree trace, setting t (j) = l(i) 
+ t (j). 

3. Sort all centroids (nodes which represent a zone) by their t (i) values, so as to 
form subsets of centroids S(a), S(b), S(c), S(d), .•. , each comprising the centroids 
reached from the project nodes a, b, c, d, ..•. 

The above algorithm can also be used to determine which nodes have been reached 
from any project node via some other node or nodes k. This is done by setting t (k) 
equal to some unique non-zero value in Step 1, even though k is not a project node . In 
this case, it is convenient to use the numbers for med by the series 2n (n = 1, 2, . .. ) as 
labels for all "initially tagged" nodes. Any sum of the label values then forms a unique 
identifying number which can be used to determine for any node i the "tagged" nodes or 
links through which it was reached and the project node p from which any particular 
branch of the tree originated. 

Single-Link Projects 

Assume now that the interzonal travel times for some "base" network have been de
termined by the standard method, and that an alternative network is to be evaluated. 
The alternative is formed by all links of the base network plus a project link (a, b). 

The travel time between any pair of centroids u and v could have been improved only 
if there exists a shorter route between u and v via the project link (a, b), since that 
was the only change in the network. 

All that needs to be done , ther efor e, is to build a single pr oject tree, s imultaneously 
from the project nodes a ,b. In the case of symmetric ne tworks, i.e., t(i,j ) = t (j,i), 
a time saving will have been obtained fo r a ny centroid pair (u, v), u ES (a) , v ES (b) if 

t(u) + t(v) + t(a, b) < t(u, v) (1) 

where t(u) is the minimum-time path between nodes u and a, t(v) is the minimum-time 
:(la th between nodes v a nd b, t(a, b) is the estimated travel time on the projec t link 
(a , b), and t (u, v) is the minimum time between nodes u and v on the basic networ k. 

In case the condition (1) has been met, the value of U1e time - saving d (u, v) can be 
determined as 

d(u,v) = t(u,v) - t(u) - t(v) - t(a,b) 

Assuming all-or-nothing loading, the project link (a, b) will get the flow f (a, b): 

f (a, b) = r;f (u, v): summed over all (u, v) such that d (u, v) > 0 

(2) 

(3) 

If the flow f (a, b) is greater than the planned capacity oi the project link, the value 
t (a, b) can be appropriately increased. The time-saving d (u, v) for any affected pair 
of centroids will be de creased by the same amount so tha t some d (u, v) will become 
zero or negative and Eq. 3 will produce a decreased flow f (a, b). Capacity restraint 
relationships can, therefore, be introduced into the process without requiring a new 
tree-building procedure. 

It must be stressed that not all pairs of centroids (u, v), uES(a), vES(b) need be 
evaluated for time savings, since if some centroid u does not achieve any time saving, 
obviously no centroid on the branch behind it need be considered in the time-saving 
evaluation. This greatly reduces the number of calculations which have to be performed. 

The time savings in a network where not all links are symmetrical, i.e., some 
t (i, j) I t (j, i), are determined in the following manner. Using the standard tree, as 
built for a centroid u on the "base" network, determine the closer project node-say it 
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is node a. Then for subsequent centroids v of some other subset-say S(b)-check 
whether 

t(u,a) + t(v) + t(a,b) < t(u,v) (4) 

H yes, then the time saving is determined as 

d(u,v) = t(u,v) - t(u,a) - t(v) - t(a,b) (5) 

where t (u, a) is the minimum-path travel time from centroid u to project node a on the 
base network. 

Note that for 

t (u, a) + t (a, b) > t (u, b) (6) 

no time saving can be achieved for centroid u on routes to the centroids of the subset 
S(b) via the project. The travel times on the project link can also be different in both 
directions, when criterion (4) is used. 

The centroids of the two subsets S(a) and S(b) have to be evaluated in both directions, 
but otherwise the process remains basically the same. It must be stressed that even 
for asymmetrical networks only a single project tree is required, built by the algorithm 
in the "outbound" direction. 

Multi-Link Projects 

Multi-link projects are treated in much the same manner as single-link projects, 
except that each centroid should be evaluated in conjunction with the centroids of all 
other centroid subsets. For instance given a two - link project (a b), (b, c), the cen
t1·oid u of the group S(a) is eviµuated against the centroids of the group S(b) in which 
case the criteria (1) or (4) ar e used, and a.gains t the centroids of group S(c) with the 
value t (a, c) = t (a, b) + t (b, c) replacing the t (a, b) of (1) and (4). Again, symmetrical 
networks need be evaluated in only a single direction, asymmetrical networks in both 
directions. 

It is possible that the existence of a shorter path via some other project node in the 
direction of travel, rather than via the closest project node, will lead to errors if the 
above algorithm is applied to long chains of multi-link projects. The error becomes 
negligible if an actual p1·oject is broken up into sever·al str·aight-liue segments. r m1:> 
approach has been found to be more practical than the inclusion of additional checks in 
Lhe evalualiuu ruuline. 

Multi-Project Alternatives 

Projects can interact in a complex manner, since various projects can either com
pete for traffic, or cooperate in carrying traffic, or as often occurs, do both at the 
i:;ame time, rlepending upon the origins and destina tions of the va rious trip s. 'The total 
time savings due to the inclusion of several projects, therefore, cannot be assessed 
directly from the time-saving tables of the individual projects. 

Take, for instance, two projects A and B. Depending upon their location and other 
network values, some zone pair interchanges will not benefit from either of the projects, 
others from just one of them, and still others from both. With regard to this last pos
sibility, a particular zone pair (u, v) could be in "series" and the time saving achieved 
by both projects will be greater than any achieved singly and 

d (u, v) [AB] > d (u, v) (A]; d (u, v) [BJ (7) 

where the capital letters in brackets indicate the project alternative being evaluated
that is, the projects which were added to the base network to form an alternative. 

The projects could also be "parallel" with regard to some other zone pair (u, v ), then 
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d(u,v) [AB]= max (d(u,v) (A]; d(u,v) [BJ) (8) 

and the projects "compete" with regard to time savings, but cooperate in the sense of 
increasing the capacity on the routes between centroids u and v. 

The procedure, as discussed so far, can be used to evaluate several projects by 
the inclusion of one project after another. For instance, if a network alternative formed 
by the base network and projects A, Band Care to be evaluated, it might be conven
iently done by first evaluating project A, then adjusting the interzonal travel times of 
the base network by including the achieved time savings to produce a new "base" net
work. Then it would be possible to evaluate the additional effect of project B by build
ing a project tree for B, with the links of project A included in the base network. After 
a second adjustment, the final effect of the inclusion of project C could be evaluated. 

In this approach, three project trees were built in order to evaluate three alterna
tives to the base network N, and travel times, time savings, etc., will have been ob
tained for networks N +A, N +AB, and N +ABC. 

If it is desired to evaluate project C by itself, it would now be necessary to return 
to the base network N by removing the project links, building a project tree for C, and 
evaluating it against the original base network. 

A more efficient way of handling the above problem would be: 

1. Evaluate project C against the base network N, 
2. Evaluate project A against the base network N, 
3. Evaluate project B against the network N + A, and 
4. Evaluate project C against the network N + AB. 

As can be seen, the greatest computational savings can be achieved if the various al
ternatives form logical combinations of projects, where each alternative differs from 
some other alternative which is of interest by only a single project. Luckily, this is 
also convenient from the planning standpoint. Since not all projects can be built si
multaneously, we are interested not only in the effect of a large number of projects, 
but also in the order in which the projects should be built, so as to maximize the ben
efit at each stage of completion. 

Whenever the alternatives to be evaluated can be set up in such logical chains, the 
improvement in efficiency of the procedure suggested here, as against the standard 
approach, is quite obvious . For instance, using the standard approach, the evaluation 
of 20 alternatives of a 1000-zone network requires the building of 20, 000 trees (at, say, 
one second of computer time eaclv, their loading (if flow comparisons are desired), 
and 20 evaluations of 1000 x 1000 interzonal travel time tables. The suggested pro
cedure will require the building of only 1020 trees and the evaluation of substantially 
less than 1000 x 1000 values for each alternative. Also the flow changes on the net
work and project links can be obtained in a more efficient manner, as will be dis
cussed later. 

The number of computations to be performed in the evaluation phase differs with 
each individual case, but as a rough estimate for a single-link project, it can be as
sumed that in a 1000-zone network, perhaps 400 zones would be reached from one 
project node and 600 from the other, and that after evaluating possibly 100 x 150 
"closer" centroids no time savings will appear, and the evaluation can be discontinued. 
Multi-link projects require the evaluation of several subsets of centroids, but the num
ber of centroids in a subset is smaller. It can, therefore, be claimed that the travel
time effects of a network improvement can be obtained in a matter of seconds, rather 
than tens of minutes, on the same computer. 

If it is desired to evaluate a combination of projects without evaluating the subsets, 
still as many project trees as there are projects have to be built, but some economies 
can be achieved in the evaluation phase. If it is desired to evaluate the combination 
AB, all the project links would be added to the base network N before the project trees 
are built. The evaluation of the first project, say A, will indicate the time savings 
that can be obtained by going via A or AB, whichever route is the best. The evaluation 
of project B will then indicate the additional savings, due to B, over the network N +A, 
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but at no time will the individual improvements due to projects A or B over the base 
network N be considered. 

Another point which should be made now is that the "base" network must invariably 
be the network with the worst connections in any group of alternatives. If a freeway 
will improve travel along its corridor but somewhat disrupts travel across the corri
dor, the links that are "cut" by the freeway will also have to be missing in the base 
network. These can then be added to evaluate the "existing" network, and then again 
removed, and the freeway links added to evaluate the freeway against the base network. 
This approach will provide both the positive and negative effects of the studied project. 

Flow On Links 

The manner in which the traffic flows on project links can be obtained by summing 
the flows between all pairs of zones with a time saving due to the project has been men
tioned previously. In case the change in flows, due to the inclusion of one or more 
projects, is required for all links of the network, it becomes necessary to "load" the 
flows between all affected pairs of zones on each project tree and to unload all affected 
base trees. A loading and unloading routine which simultaneously determines all the 
flow changes on a project or network tree has been devised. ln the case of multi -
project alternatives, the flows will be rerouted to the project tree for which the maxi
mum time saving has been obtained. The loading of the project trees will provide the 
additional flows on the project links themselves and on the links of the "outbound" 
branches behind them. The tree of every centroid for which a time saving has been 
obtained has to be loaded with the flows "toward" the respective project nodes where 
the rerouted flows enter the project, and the same flows have to be unloaded from the 
base network routes. This can be done in a simultaneous operation. 

The loading and unloading process is relatively efficient by itself and, of course, 
not all centroid trees will have to be treated. Nevertheless, though more efficient than 
the standard process, the suggested procedure does not have as obvious an advantage 
as was the case in obtaining travel time values. It is, therefore, suggested that link 
flows or flow changes for the whole network be obtained only for some alternatives, 
and only the flows on the projects themselves or on significant "existing" links, treated 
as projects, for the remaining alternatives. 

Benefit/Cost Evaluation 

A m"inr nnrnn<>P nf ""v tr,,n<>nnrt,,tinn <>tnrlv ;., thP Pv,,111,,tinn nf "ll ;mnnrt,,nt tr,,n<>--- ----J-- .1.---r--- -- ---J ------.1.--- ------- ------J -- ---- - ·--------- -- --------.a.---~---------

portation projects such as bridges, transit lines, tunnels, and freeways, on the basis 
of their benefits and costs, taking into account other social, political, and general 
economic factors. 

Since various projects can compete for traffic, or cooperate in carrying traffic, 
often doing both at the same time, depending on the origins and destinations of the 
various trips, the total benefit of several projects cannot be assessed as the simple 
sum of the benefits of these projects taken individually. This is in direct contrast to 
H.,,a f-nf-ril rwnC!t nf" thacia n,...rviard-C! "lu'h.inh u1;11 i" tTOn.a.~ril 'ha +ha C!11m ,-anof- nf f-lu:l. inrlh:Ti~11l"ll 
_ ...... ___ .....,,,.;..:.. .... '-'-i~ --=- '""-=------ r--'J _ _....._ _ ...... · = - "--.;- tt ---, --- o- ;:o .... ~i..:o..-, ..,,...._ .... _ ..... --- ;;;.:.;;;; ----·- -- ............ __ ... ..,,... _ .=.-..-~--

projects. 
Since available investment funds are always limited, not all projects can be built, 

and it therefore becomes imperative to evaluate the costs and benefits of as many 
realistic project combinations and alternatives as possible. The sum of all possible 
project combinations is, however, an extremely high number, equal to 2n, where n is 
the number of projects. Thus, there are in theory more than 1000 possible project 
combinations for 10 projects, more than 1, 000, 000 for 20 projects, and more than 
1, 000, 000, 000 for 30 projects. Obviously, only the more promising alternatives will 
be evaluated. 

The project tree and time-saving evaluation steps described in the preceding sec
tion will provide data for any desired network alternative (project combination). They 
can be used to determine the total time spent in the system to satisfy given travel de
mands, or the time savings or losses when compared to some other alternative, or to 
the base netvlork. This is done by multiplying interzonal traffic flows and travel times 
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or time savings, and summing the resulting values. The benefit/cost evaluation process 
described here is suitable for a gross evaluation of hundreds of alternatives. 

The cost (in dollars) of a network alternative is the sum of the costs of all new proj
ects in the given alternative, such as construction costs, operating and maintenance 
costs, dislocation costs, etc., adjusted to a common scale suitable for purposes of 
comparison. The adjustment should utilize discounting and different interest rates, 
to take into account the fact that projects will be built at different times in the future 
under different financing schemes . Additional factors that can be evaluated in dollars, 
such as revenue (bridge tolls, fransit operation profits) or accident costs, can easily 
be included. As can be seen, some costs could be negative (i.e., r evenue), but in 
general a total pr oject cost will be positive (outlay). 

Benefits will be measured in time units, the major benefit being the cumulative 
time saving in man-hours for satisfying given travel demands due to a project or proj
ect combination. The use of a time/ cost space for a comparison of benefits and costs 
of alternatives has several advantages. In the first approach evaluation of a large 
number of alternatives, the human mind can relatively easily operate with two values, 
and in urban transportation those of cost and time are probably the most meaningful 
ones. It is difficult to combine the various cost elements, but the combination of cost 
and time values on the basis of a time/cost factor is still more difficult. In the con
templated evaluation process the two basic measures of time and cost are therefore 
left separate until the final analysis. For comparing a limited number of alter natives, 
the ingredients that went into the s tudy of the "cost" (such as construction, operating 
costs) and time saving (e. g., travel, terminal time) of several alternatives can, of 
course, be called for and viewed in detail. 

The benefit/ cost evaluation process can best be shown on a small example. Assume 
that all combination possibilities of four projects, A, B, C, and D, have been evalu
ated and their benefit in time savings and costs, as shown in the accompanying Table 1, 
have been plotted in Figure 1. 

The costs of the individual projects are A:30, B:lO, C:20, D:20 units. The maximal 
benefit is obtained by building all four projects, which also entails the largest invest
ment costs. The sequence in which the projects should be constructed so as to maxi
mize benefits at any stage of completion is indicated (Fig. 1) by the line 1-10-11-13-9 
for the project sequence B, C, D, A. If, for instance, only thirty units of investment 
were available, then project combination 11 (projects B, C) should be chosen. In the 

Seq. No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

TABLE 1 

BENEFITS AND COSTS OF 
ALL COMBINATIONS OF 

FOUR-PROJECT EXAMPLE 

Projects 

0 
A 

A,B 
A,C 
A,D 

A,B,C 
A,B,D 
A,C,D 

A,B,C,D 
B 

B,C 
B,D 

B,C,D 
c 

C,D 
D 

Benefit 

0 
40 
50 
50 
70 
80 
80 
70 

100 
10 
60 
50 
90 
20 
50 
30 

Cost 

0 
30 
40 
50 
50 
60 
60 
70 
80 
10 
30 
30 
50 
20 
40 
20 

case that, due to aesthetic, political or 
other considerations, project combina
tion 12 (B, D) is selected instead, the im
plication would be that these "intangible" 
considerations have at least a value of 10 
units of benefit. 

It must be emphasized that the evalua
tion procedure suggested here is only to 
be used for a rapid determination of the 
network alternatives which should be in
vestigated in greater detail, not as a tool 
for reaching any final decision as to an 
"optimal" alternative. Nevertheless, the 
benefit/ cost values for networ k alternatives 
can conveniently be utilized for a more 
detailed analysis which, despite the fact 
that the data are gross, might be helpful 
in eliminating the less promising alterna
tives. For instance, the marginal effect 
of adding a particular project to, or re
moving it from, some project combination 
can easily be determined from the graph 
(Fig. 1). Another value which can easily 



104 

q 

100 

• •e. 
II 

., 

~t 
~ ;o • 1l • 11; •4 

. 'l ... 
ell 

!()() 

COST 

Figure l. Benefits and costs of project combinations identified by sequence number ~ee Table 1 ). 

be found is the maximum benefit cost ratio rmax which is the point of tangency to a 
line leading through the origin (0 benefit, 0 investment cost). This is shown in Fig
ure 2 for the same example . The alternative with the highest benefit/cost ratio for 
any particular value of time r is the one far thest from the r line (Fig. 2). 

It is difficult to evaluate all combinations of a larger number of projects. The fol
lowing procedure is therefore recommended. Determine a priori some project com
binations which should be evaluated, rank the results in the benefit/cost space, and 
then possibly decide on other combinations which should also be evaluated. It is, of 
course, always possible that some "optimal" combinations might be missed. This 
problem has been cons idered by Kulm (2) and Ridley (3), with particular regard to 
transportation, and by Weingartner (6) as a general capital budge ting problem. The 
author has described a matrix method (5) which, on the basis of some simplifying as 
sumptions, can evaluate all combinations of a larger number of projects. Since the 
procedure suggested in this report is only used for the secondary task of evaluating 
network alternatives, but not for the primary task of determining in some exact man
ner alternatives that should be evaluated, these methods will not be discussed in detail. 

THE NETWORK EVALUATOR PROGRAM 

The procedures described in the preceding sections were incorporated into three 
basic computer routines supervised by a monitor program. The Iunclions of the three 
routines are: 

M.&.X. e.ENEflT/COST RATIO 

~t 
di 

r 

-INVESTMENT (COST) 

Figure 2. Values on the project evaluation curve. 
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1. Tree Builder-To build minimum paths for all zones of the base network (net
work tree builder) and for all projects of a network alternative (project tree builder) as 
specified by the monitor; 

2. Time-Saving Evaluator-To determine time savings between all pairs of affected 
zones for each network alternative; and 

3. Benefit/Cost Evaluator-To determine the cumulative time savings and costs of 
each network alternative and the flows on project links (directly) and/or network links 
by means of the loading and unloading subroutine. 

The monitor controls the interaction of the programs and the sequence in which the 
network alternatives and projects within an alternative are processed. 

The network evaluator interacts with a land use evaluator by providing it with the 
interzonal travel times required for accessibility calculations. In turn, the land use 
evaluator and related traffic generation, dir:;triliulion, and modal split programs ::i,re 
used to obtain one or more trip tables for the network evaluator. The operation of the 
network evaluator is independent of the other programs and they could be replaced by 
any other procedure which would provide a trip table. 

The flow chart (Fig. 3) relates the routines and indicates the source data and out
put. The report generator programs are used for formatting the output and printing it. 
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EXAMPLE 

The first version of the network evaluator program has been tested on a small 14-
zone example (Fig. 4) with all combinations of three single-link projects evaluated. 
The values on the links are travel times. The three projects (A, B, C) have two values
a before-completion travel time and an after-completion travel time. As can be seen, 
projects Band Care improvements of existing links, while project A is a completely 
new link. The project tree for project A is shown in Figure 5. The nodes can be sep
arated into two groups (subset 1 and subset 2), depending on the project node from 
which they were reached. The subset numbers on the printout indicate not only the 
p1·oject end from which a centroid was reached (last digit), but also whether some 
other project lies on the branch. The network is symmetrical, and a symmetrical 
trip table was assumed. Only the flows on the project links were determined. A cost 
of 20, 8, and 6 units was assumed for, respectively, the projects A, B, and C, and 
the resulting benefit/cost values were plotted. 

The following flows were determined on the project links: 

Alternative A: Flow on project A = 450 
Alternative B: Flow on project B = 370 
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Alternative C: 
Alternative AB: 

Alternative AC: 

Alternative BC: 

Alternative ABC: 

Flow on project C = 210 
Flow on project A = 390 
Flow on project B = 330 
Flow on project A = 530 
Flow on project C = 390 
Flow on project B = 260 
Flow on project C = 170 
Flow on project A = 470 
Flow on project B = 220 
Flow on project C = 270 

CON CL US IONS 

The application of the network evaluator to gross planning, providing "relative" 
rather than "absolute" evaluations, has been emphasized in this report. The recent 
development of computer time-sharing and of display methods by means of cathode
ray tubes is leading toward a new type of man-macMne interaction. The efficiency of 
the suggested procedure, or any similar approach, when dealing with the effects of 
slight changes to a network makes it possible for a transportation planner, sitting at a 
suitably designed console, to become familiar with an area by testing out various al
ternatives and directly obtcJ.ining at least a gross estimation of the effect of any deci
sion. More detailed information could be called for whenever desired. The overall 
computer time requirements can remain within reasonable bounds, and yet the planner 
could reject obviously wrong alternatives within a few seconds and concentrate on the 
promising ones, call for increasingly detailed outputs, and study the effect of addi
tional small variations of plans. Much remains to be done, yet both the computer 
hardware and the software capabilities are available, and the way toward this type of 
transportation planning is clearly open. 

It remains to mention briefly the possible applications of the suggested procedure 
toward a more detailed evaluation of networks. The manner in which the speed on a 
project link can be varied to reflect expected traffic conditions has already been men
tioned. Actually, it is possible to use the capability of the network evaluator to sepa
rate the travel times on "project" or "critical" links from those on the remaining links 
to form the basis of efficient capacity restraint and traffic diversion procedures. By 
assuming specific capacity restraint characteristics for the critical (bottleneck) links 
of a network, it becomes possible to assign traffic to these competing or cooperating 
links so as to balance f lo--n.Ts in order to minimize individual er total travel times in ac-
cordance with Wardrop's two principles. In other applications, it would be possible 
to test the effect of differential tolls; determine how flows are affected if different tolls 
are placed on parallel facilities and a particular distribution is assumed for the value 
trip-takers place on time; study the effects of various emergency situations, such as 
stalled vehicles on a bottleneck link; and test different strategies which would cope 
with these situations. Analytical and graphical procedures utilizing the network eval
uator routines for treating the above problems have been devised and are described 
c--1.oew-herc {!}. 
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Intercity Traffic Projections 
ROBERT E. WHITESIDE, C. LARRY COTHRAN, and WILLIAM M. KEAN 

Wilbur Smith and Associates, Columbia, South Carolina 

•THE projection of intercity highway travel was made as a part of the highway needs 
and fiscal studies prepared for the States of Arizona and Illinois. The projections 
provided information for development of functional classification systems of streets 
and highways. Also , the traffic volumes and trip length data were utilized in the de
velopment of future physical needs of the various facilities. 

In each state basic origin-destination data were available; however, different types 
of analyses were required to develop the current year trip matrix. In Arizona, the 
State Highway Department had conducted extensive interviews along all of the major 
highway facilities. Comprehensive transportation studies provided data for the three 
largest cities. Growth factors were developed to project traffic to 1985 levels. 

The statewide multiple screen line origin-destination survey conducted by the 
Illinois Division of Highways provided the basic source of data. As established by the 
Mississippi Valley Highway Conference, the screen lines were spaced at one degree 
longitude and one degree latitude. Also, data were available from the Chicago Area 
Transportation Study. Generation-distribution equations were developed and applied 
to ascertain existing and future trip interchanges. In the following sections the basic 
procedures utilized in the two states are presented. 

ARIZONA 

The State Highway Department conducted extensive 0-D interviews from 1957 
through 1961 on the state highway system in rural locations, as shown in Figure 1. 
These interviews intercepted the major intercity traffic movements and furnished 
comprehensive data of all travel patterns. The results of the study provided fundamental 
information for development of the 1965 travel patterns. In addition, recent interviews 
made by the State Highway Department in the Navajo Indian Reservation area provided 
data, and external cordon interview data from the urban area studies conducted in 
Phoenix, Tucson, and Yuma were also used, The d:ita, when adjm;;ted to Hlf\5 levels; 
were sufficient to provide a zone-to-zone trip matrix similar to the existing traffic 
patterns. Traffic was assigned to a network consisting of all major intercity routes 
and comparisons were made of the assigned volumes and the existing traffic volumes 
as indicated on the flow maps prepared by the highway department. 

Projections of travel patterns to 1985 were based on anticipated population growth 
and vehicle registration. In addition, the recreation traffic was particularly analyzed 
in view of anticipated increased visits to the various parks, dams, and national forests. 

The state,11ide 0-D srrrveys conducted in 195'? through 1961 by the ... .L\.rizona High\1/ 3.Y 
Department resulted in about 450,000 interviews at more than 100 interview stations on 
principal intercity highway routes . The transstate movements were summarized in a 
1965 report (1). 

Data were -also available from the Valley Area Traffic and Transportation Study for 
which interviews were taken in the fall of 1964. The Yuma Area Transportation Study 
(2) and the Tucson Area Transportation Study (3), undertaken in 1961, provided addi-
ffonal interview data. -

The 1965 and 1985 trips were assigned to major highway networks representing 
principal corridors of travel. Vehicle-mile and trip length analyses were undertaken 
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Figure 1. Arizona highway system. 
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for each route to assist in the determination of future corridor needs. A flow chart 
indicating the analysis procedure is shown in Figure 2. 

Development of 1965 Travel Patterns 

In the following paragraphs the analyses utilized to develop the existing year (1965) 
trip matrix are presented. Traffic was assigned to the highway network and com
parisons were made with measured or recorded traffic volumes. 

Traffic Zones-The state was divided into 144 traffic analysis zones, as shown in 
Figure 1. The zones were designated on the basis of population and vehicle registra-



112 

THROUGH 
TRIPS 

EL IMI NATE TRIPS 
WITH NEXT OR LAST 

OVERNIGHT STOP 
IN AR IZONA 

ASSIGN TRI PS 
JO Exrl:.HNAL 

CENTROID 

STATE WI DE 
INT ERV IEWS 

1957- 1961 

ADJU ST TO 19 65 
TRA FFIC LEVEL 

AOD f0 E.UtlNAt..~IHT(IHA\. 

ZONE - ZO NE 
TABUL ATI ON 

ADJUS T WITH 
PHOENIX, TUCSON 

AND YUMA 
EX T INTERVIEWS 

SCREENLINE 
TRIP COMPARISONS 

UIPS 

GNTER\llE W 
ATI ON-ZONE 
ABUL ATION 

AD JUST WITH 
PH O ENI ~, TUCSO N 

AN O YUMA 
EXT INTERVI EWS 

HIGHWAY 
SY STEM 

BUILD 
NETWORKS 

tion, which provided for distribution of volumes on the assignment network. External 
stations were established at 30 state-line entry points. 

Population and Related Projections-Significant trends indicate increasing dependence 
of the state's economy on motor vehicle transportation. The large metropolitan areas 
are growing, covering more territory with low-density urban populations. Automobile 
registrations are increasing at a more rapid rate than population, and commercial 
vehicle registrations are increasing at a rate greater than automobiles. Personal 
incomes are also increasing and resulting in further demand for automotive transporta
tion. Both rural and urban populations are largely dependent on motor vehicles. 

It is anticipated that the statewide population of 1,300,000 in 1960 will increase to 
3,100,000 by 1986, an increase of 138 percent. A substantial increase in vehicle 
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registration is also anticipated between 1965 and 1986, gaining from 830,000 to about 
2,000,000 vehicles. Employment is expected to increase from 454,000 in 1960 to 
1,100,000 in 1986, an increase of 135 percent. Total personal income is estimated to 
increase by 152 percent between 1965 and 1986, from $3. 7 billion to $9.4 billion. 

Traffic Assignment Network-The 1965 traffic assignment network consisted of 
about 8,094 miles and about l,001 miles of centroid connectors. This includedprimarily 
the US-numbered highways and the major state highways, the primary intercity traffic 
carriers. Time, speed, and distance were ascertained to describe each link of the 
highway assignment network. The assigned speeds ranged according to the area and 
the type of traffic facility. The speeds assumed were 30 mph for the centroid con
nectors to 60 mph for freeways. All of the zones and the entry points throughout the 
state were included in the assignment network. For the analysis of the proposed free
way corridors, time and distance networks were established. The standard traffic 
assignment computer programs were included in the analyses. 

Basic Tabulations-The 455,000 interviews procured in the 1957 through 1961 study 
periOd were adjusted to 1965 daily traffic levels. Factors were applied to both sum
mer and winter interviews for each of the 106 interview stations. The interview sta
tions were divided into three basic categories-internal, combination, and border. The 
border stations were those located at state boundaries. The internal stations were 
somewhat removed from the border and the data were used for trips which had the 
origin and destination in Arizona. Some of the border stations had to be classified as 
combination stations since they were located several miles from the state line. Travel 
intercepted at these stations consisted of internal, external-internal, and through 
movements. 

The origins and destinations within Arizona were recoded to the 144 zones and a 
series of analysis tabulations were prepared utilizing the basic 0-D data. Internal 
movements were ascertained using data from the int€rnal and combination stations. 
The basic tabulation included low zone (recoded number), high zone (recoded number), 
interview station, trip purpose, and season. 

The interview station was included to facilitate the removal of duplicates. For 
example, trips between Tucson and Phoenix could be intercepted several times on the 
same route and also on parallel routes. This required a manual analysis to remove 
the duplicates and also provided a system for averaging the movements along a particu
lar route. In all cases the data were developed on a seasonal basis by trip purpose. 
Because of the nature of the many scenic and recreational attractions in Arizona, 
specific zone-to-zone trip interchanges were found on many routes. For example, 
several routes of travel were utilized for trips between Tucson and the Grand Canyon 
area. This basic tabulation and analysis resulted in the development of a zone-to-zone 
matrix for trips originating within and ending within Arizona. 

The second tabulation summarized through trips intercepted at combination and 
border stations. The tabulation included route of entry and route of exit (state-line 
designation assigned by state highway department), interview station, trip purpose, 
and season. This summarized the transstate movements, i.e., where the origin and 
ultimate destination were outside of the state. Realizing that many stops had been 
and would be made along the way, two additional tabulations were prepared. Trips 
which included an overnight stop in Arizona were recoded and included in the external
internal trip matrix to depict average daily traffic. The last overnight stop in Arizona 
was considered the zone of origin or destination. The remaining trips were con
sidered as through trips in the analyses. The routes of entry and exit were recoded 
to the appropriate external centroid (numbers 14 5-17 4 as indicated in Fig. 1) consistent 
with the assignment networks. 

To ascertain the external-internal movements a summary was developed from 
combination and border stations. It included interview station, route of entry, purpose, 
and season. The manual analysis included the removal of duplicate trips and the 
merging with data developed from the recoding of external trips with overnight stops. 

Thus, three trip tables were prepared and summarized depicting the basic move
ment of internal, external-internal, and through trips. Total trips were as follows: 
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Traffic Assignments-The three sets of data (internal, external-internal, and 
through trips) were combined into one matrix. The zone-to- zone matr ix was utilized 
to prepare assignments to the existing year highway network. The standard minimum 
path time network was utilized for making the assignments. It is realized that all in
terzonal trips did not follow the same paths; however, very close correlations with 
actual volumes were found along the major routes in the critical travel corridors. 
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TABLE 1 

1965 TRAFFIC VOLUME COMPARISON 

Traffic Volume 

Screen Linea 
Measured Assigned 
Trafficb Traffic 

A East-west-south of Kingman, 
Flagstaff, and Holbrook 14, 144 17' 130 

B East-west-south of Safford, 
north of Tucson, south of Casa 
Grande and Gila Bend, but north 
of Yuma 18,793 19,910 

c North-south-boundary between 
Yuma County and Maricopa County, 
and between Mohave and Con-
conino Counties 15, 164 16,100 

D North-south-eastern part of state, 
parallel to, but west of US 666 22,009 20,950 

~Screen lines ore shown in Figure 3. 
Source: Arizona Highway Deportment, Planning Survey Division. 

The assigned 1965 traffic volumes for the basic highway system are shown in Fig
ure 3. The actual assignment network included additional routes to facilitate the zone
to-zone interchange. However, the figure depicts the major corridors of travel. 

For comparison purposes, two east-west and two north-south screen lines were 
established. The actual and estimated volumes recorded across these screen lines 
are given in Table 1. Based on these and other analyses, it was concluded that the 
trip matrix properly reflected the 1965 level of intercity travel. It is realized that 
all trips are not included in the trip matrix; however, sufficient data were available to 
predict the major desire lines. 

Vehicle-Miles and Trip Length-The 132,804 trips in 1965 resulted in about 
12,781,000 vehicle-miles of travel. As given in Table 2, internal trips accounted for 
54 percent of the vehicle-miles of travel and the average trip length was 73 miles. 
External trips averaged 149 miles. For all trips the average was 96 miles. 

TABLE 2 

1965 TRAVEL CHARACTERISTICS 

Type of Trip 
Characteristic 

Internal Exte rnal 

Trips: 
Number 94,28 5 38,519 
Percent 71 29 

Vehicle-miles: 
Number 6,928,000 5,753,000 
Percent 54 46 

Average trip length, miles 73 149 

Total 

132,804 
100 

12,781,000 
100 

96 
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Figure 6. Internal trips, other, Arizona. 

Utilizing the population projections, anticipated vehicle registration increases, and 
the expected number of visits to recreational areas, 1985 trips were developed. 

Internal Trips-A growth factor technique was utilized to develop the appropriate 
projections for both internal and external traffic. In Figures 4, 5, and 6, the 1965 trip 
generation is depicted for each purpose by seasons. These are illustrated for the basic 
internal trip purposes of work, recreation, and other. The generation rates were used 
to determine the basic growth factor for each zone. This factor was further modified 
by the increase in vehicle registration which is expected to occur in each county. 
Therefore, the growth factors for the trips to and from each of the 144 internal zones 

TABLE 3 

INTERCITY TRIP PROJECTIONS, ARIZONA 

Type Number of Trips Per cent 
of Trip 

1965 1985 
Increase 

Internal: 
Work 46,648 93,190 100 
Recreation 37 ,075 100,332 170 
Other 10,562 20,370 93 

Total internal 94 ,285 213,892 127 

External: 
External-internal 33,858 79,280 134 
Through 4,661 11,073 139 

Total external 38,519 90,353 135 

Total trips 132,804 304,245 129 
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Figure 7. External-internal trips, Arizona. 

were based on the estimated population change modified by the future vehicle registra
tion for each county. 

For the recreation trips, estimates of the increase in visits were made for the 
national parks, the national recreation areas, and other facilities. These increases 
were assigned to the appropriate zones. For the zones which did not have the 
recreational facilities, the population, vehicle registration and overall increase in 
vehicle-miles of travel were utilized in the calculation. 

As given in Table 3, it is estimated that all internal trips will total 213,892 by 1986. 
This w~ould represent a 127 percent increase in total inte1;nal traveL VvTork trips are 
anticipated to increase 100 percent whereas a 170 percent increase is anticipated for 
recreation trips. Other trips will increase from 10,G02 lu 20,,70, a gain uI 93 pt:!rcenl. 

External Trips- For external trips, growth factors were developed for each entry 
point based on trends in growth and estimated increases. Factors were also applied 
to each zone based on 1965 external trips compared to zone population. The zones 
were divided into two categories, internal and border. The border zones located at or 
near the external stations generated trips at a much higher rate than the internal zones, 
a:s :snuwn in .1'1gurl:! 7. The growth factors for the external stations and for the iniernal 
stations were balanced to develop an overall external matrix. 

It is anticipated that the external travel will increase 135 percent, from 38,519 in 
1965 to 90,583 in 1985. The through trips should total approximately 11,073 in 1985, 
an increase of 139 percent. The external-internal travel is expected to be 79,280 trips 
in 1985, as contrasted with 33,858 in 1965. The total intercity travel movements are 
expected to be 304,245 in 1985, representing an overall growth of 129 percent over the 
132,804 in 1965. 

Traffic Assignments-Travel assignments to the major freeway and highway net
works are shown in Figure 8. The basic traffic volumes have been adjusted (1.15 
factor) to reflect the influence of establishing an Interstate freeway in a particular 
corridor. It has been assumed in the assignments that the Interstate System will 
provide the basic framework of the future highway network. 



~ .•. 
i 

r-----
1 
' 

I 
---........ __ ) 

.. 
THOUSANDS OF YfHIQlES 

fAVUlAGE Olillt Tf!AFl'ICJ 

GRAND 

Figure 8. 1985 traffic assignment, Arizona. 

1985 Travel Characteristics 
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About 70 percent of the 1985 trips •vill be internal and 30 percent external. The 
internal trips will produce 16,421,000 vehicle-miles of the total 30,138,000, or about 
55 percent. The average trip length for internal trips will be 77 miles as compared 
with 152 miles for external trips. Combining these, the average trip length will be 
99 miles. Therefore, internal trips will account for 70 percent of the total trips but 
only 55 percent of the total vehicle-miles of travel, as given in Table 4. 

The distribution of travel for 198 5 was calculated for the several types of facilities. 
The highway facilities were subdivided into connectors, other routes, and the Interstate 
System, as given in Table 5. The connectors reflect the travel between the zone 
centroid and the basic highway network. It is anticipated that internal trips will produce 
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TABLE 4 

1985 TRAVEL CHARACTERISTICS 

Type of Trip 
Characteristic Total 

Internal External 

Trips: 
Number 213,892 90,353 304,245 
Percent 70 30 100 

Vehicle-miles: 
Number 16,421,000 13,717,000 30,138,000 
Percent 55 45 100 

Average trip length, miles 77 152 99 

a total of about 16,421,000 vehicle-miles of travel. Of this amount, 6,535,000 or 40 
percent will utilize the freeway system. About two- thirds of the external travel will 
be accommodated by the freeway system and will account for 9,061,000 of the 13,717 ,000 
vehicle-miles. For total travel, it is estimated that there will be 30,138,000 vehicle
miles of travel daily. Of this, slightly more than half, 15,596,000 vehicle-miles, will 
be accommodated by the Interstate System. 

Trip Length Analysis 

Vehicle-miles of travel were ascertained for each network link and traffic zone. 
The following procedure was employed using future trips and networks: 

1. A matrix of interzonal vehicle-miles of travel was developed by multiplying the 
1985 interzonal trips by interzonal distances utilizing the traffic assignment network. 
This produced a tabulation of vehicle-miles of trips having an origin or destination in 
each zone. 

2. A table of zones "ranked" according to vehicle-miles of travel originating in or 
destined to each zone was developed. 

3. Vehicle-miles were assigned to highway networks. 
4. Average trip length on each highway network link was ascertained by dividing the 

vehicle-miles on a given link by the assigned traffic volume. The ~ssie;nAcl vAhicle
miles represent the total vehicle-miles from origin to destination of all trips traversing 
the link. 

TABLE 5 

1985 DISTRIBUTION OF TRAVEL 

Type of Trip 
Total 

Type of Internal Exte rnal 
Fac ility Vehicle- Per-

Vehicle- P er- Vehicle- Per- Miles cent 
Miles cent Miles cent 

Connectors 1,248,000 8 411,000 3 1,659,000 5 
Other r outes 8,638,000 52 4,245,000 31 12,883,000 43 
Inters tate System 6,535,000 40 9,061,000 66 151596,000 52 

Total 16 ,421,000 100 13,717 ,000 100 30, 138,000 100 
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The relative average trip lengths calculated for various sections of the proposed 
highway system are shown in Figure 9. As anticipated, the highest average trip lengths 
will occur on the Interstate System, which will be located in the primary corridors of 
long-distance travel. The relative average distance will be more than 200 miles on 
all parts of the Interstate System. The average distance will be about 100 miles on 
the other major highway systems. 

Intrazonal trips were not included in the calculations. Also, the distances for ex
ternal trips were measured from the state-line points of entry or exit to the zone 
centroid 
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ILLINOIS 

The basic procedure followed in the study consisted of synthesizing existing travel 
patterns and utilizing population, vehicle registration, and available origin-destination 
data. Zone -to-zone t r ip interchanges were calculated for all intercity movements. 
Traffic was assigned to a network consisting of all major routes., and comparisons 
were made of synthesized and recorded existing traffic volumes along east-west screen 
lines. Projection of travel to 1985 was based on estimated growth in population and 
vehicle registration. 

The statewide multiple screen line 0-D survey conducted in 1959 by the Illinois 
Division of Highways provided the basic source of data (4). This consisted of extensive 
0-D surveys on principal inter city highway routes. Interview stations were located on 
north-south and east-west s creen lines throughout the state. They were part of a grid 
system with one-degree longitude and one-degree latitude 1:1pacing as established by 
the Mississippi Valley Highway Conference. This study was part of a cooperative 
project to develop basic 0-D data for the Midwest region. Data were produced relative 
to trip origin, destination, purpose, and mode of travel. 

Data were also available from the Chicago Area Transportation Study (CATS) con
cer ning external trips. Basic pr ojections and freeway assignments prepared as part 
of CATS were also utilized for the s tate-line stations in the area. The volumes 
projected by CATS on major routes crossing the Illinois-Indiana border were included 
in the analyses. 

The state also interviewed at several locations on the state boundary and included 
the data in the multiple screen line tabulation. These include data obtained for the 
Mississippi River Bridge stations located between St. Louis and East St. Louis. 

Separ ate analyses were prepared for tr ips which originated and ended within the 
state (internal), trips which had one end outside of the state (external- internal), and 
for trips which had both the origin and destination in other states (through). 

The 1964 and 1985 travel patterns were assigned to the existing and proposed major 
highway networks. A vehicle-mile and trip length analysis was undertaken for each 
r oute to assist in the determination of future highway needs. A flow chart indicating 
the analys is procedure is shown in Figure 10. 

Development of 1964 Travel Patterns 

In the following paragraphs , procedures employed to develop the existing year 
(1964) trip matrix are presented. 

Traffic Zones-The s tate was divided into a total of 526 traffic analysis zones, as 
s hown in Figure 11. This cons isted oI groupings of townships within the 102 counties, 
approximately five zones per county. The City of Chicago was subdivided into seven 
zones for analytical purposes. External stations were established at 59 state-line 
entry points. In some instances two or more routes were combined, but all significant 
routes were intercepted. 

Population and Related Projections-Population estimates were prepared for each 
county and zone in the survey area for thP. y1>a_ri;i 1960 and 1985. '!'!>.iE !'e.po!'! !'eve~led 
a statewide population of 10,081,000 in 1960, which can be expected to increase to 
13,851 ,000 by 1985, an increase of over 37 percent. 

Between 1960 and 1985 it is anticipated that the vehicle driver-age population will 
increase from 6,104,000 to about 8,736,000, an increase of about 43 percent. A signif
icant and even greater increase in vehicle registration is also anticipated. The 1985 
total automobile registration is anticipated to reach 6,990,000, an increase of 112 per
cent over 3,296,262 in 1960. 

Traffic Assigrune nt Network- The 1964 traffic assigmnent networ!~ (about 11,500 
miles and about 6,500 miles of centroid connectors) consisted primarily of the US-num
bered and major state highways, the main intercity traffic carriers. Time, speed, and 
distance were ascertained to describe each link of the highway assignment network. 
The distances were determined from route logs and s tate m aps . The assigned speeds 
ranged according to the area and type of facility. The as signed speeds were 30 mph fo r 
c t ·o · d connectors to between 50 n.nd 60 mph for freeway corridors. Turn penait ies 
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and prohibitors were not used. Centroids were established for each of the 526 traffic 
zones and the 49 state-line stations which were connected to the highway system. For 
the analysis of proposed freeway corridors both time and distance networks were 
established. 

Internal Trips-The screen liue interview stations provided extensive data on inter
city traffic movements. However, it was not possible to develop from these data an 
overall zone-to-zone trip matrix because of the screen line spacing. With 526 zones 
there was a possibility of about 140,000 zone-to-zone trip interchanges. Therefore, 
correlations were developed to synthesize the principal movements. 

Interview data were stratified by mode of travel and trip purpose. The interview 
results were recoded to conform with the 526 zones. A tabulation was prepared listing 
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zone-to-zone movements for auto and truck trips, and the auto trips were further 
stratified by work and other trip purposes. A manual analysis was made to eliminate 
duplicate movements and to offset the results from poorly located interview stations. 

The Chicago metropolitan area, which encompasses over half of the total state 
population, has significantly different travel characteristics from the remainder of 
the state. Therefore, correlations were prepared for Chicago- oriented trips (one or 
both trip ends in Chicago) and non-Chicago trips (both trip ends outside the Chicago 
area). 

It was assumed that the traffic interchange between two zones was dependent on the 
zonal populations and the highway distance between the zones. The "skim distance 
trees" of the coded network provided the highway distance between zones. A special 
computer program was prepared which related the distance, populations, and zone in
terchange, and determined the appropriate equation. Thus the analysis simultaneously 
produced both trip generation and zone-to-zone distribution. 

Driver-age population was also considered in the analyses, but total zone population 
provided the best correlation. The basic equations for non-Chicago trips are as 
follows: 

Type of Trip Equation 

Auto driver, work T(l-2) = 0.0026 '\fP1P2 e-o.oosD 

Auto driver, other T(l-2) = 0.0032 ...JP1P2 e-o.ooaD 

Truck T(l-2) = 0.0023 VP1Pa e-o.oosD 
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T(l-2) = Trips between Zone 1 and Zone 2; and 
D = Highway distance between Zone 1 and Zone 2. 

The h~~ir. re!ilion.ships develop0 d arc presented in Fig-lil--s 12, 13, a1 d 14 i or the 
three different types of trips for non- Chicago trips. The trip interchange between the 
two zones was a·vided by the square root of the product of populat ions and was r elated 
to the distance between the two zones. Quite similar relationships were developed for 
auto driver-work and auto driver - other and for truck tr ips. There was a significantly 
sharp decrease in the trip interchange between population centers as the distance 
between them inc1·eased. This provided a good means of reflecting-"isolation" of some 
cities. For cities of similar size, the trip interchange at 30 miles would be three times 
the rate at 60 miles and almost nine times the interchange rate for 90-mile trips. 

Significantly higher intercity tr ip procluct'on r ate were found for non- Chicago 
trips (neithel' zone located in the Chicago area). The Chicago-or iented t rip inter change 
rate was about 45 percent to 55 per cent of the non- Chicago trip rate, depending on trip 
purpose. 

Based on these correlations, the population of each zone and a table of distances 
between each zonG pair were developed, and through the use of a computer program 
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all zone-to-zone movements were calculated. Based on a review of Illinois travel 
data it was estimated that intercity travel increased 14 percent between 1959-60 and 
1964. Therefore, this overall adjustment was applied to the trip matrix to develop 
traffic for 1964 levels. There was a total internal intercity interchange of 677 ,825 
trips in 1964. 

External-Internal Trips-On a typical 1964 weekday there was a total movement of 
418,000 vehicles as measured at 49 stations along the state boundaries. Of this total, 
374,000 tl·ips were external-internal movements, and about 44,000 were through trip 
movements. 

Primary external state-line movements occurred in the Chicago area at the Illinois
Indiana border, north of Chicago at the Wisconsin boundary, and across the Mississippi 
River bridges in the St. Louis-East St. Louis and Quad City areas. 

Stations were grouped for the St. Louis area and also the Quad City area. The 
volume in the St. Louis-East St. Louis area totaled 83,600 vehicles per day in 1964, 
and a tot al o:f 53,000 vehicles crossed the Mississippi River in the Quad City area. In 
the Chicago area three stations were establis hed with a total volume across the Illinois
Indiana line of 71,000 vehicles a day. 

For selected interview stations located at or near the state line, the internal-ex
ternal trips per 1,000 population were related to the distance between the station and 
the destination zone to develop a relative distribution rate. Separate analyses were 
undertaken for stations near the large metropolitan areas of Chicago and St. Louis 
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Figure 15. 

since the distribution rate for these stations was lower than for other areas. As shown 
in Figure 15, for the Chicago and St. Louis areas the trip distibution rate at a distance 
of 20 miles was about one-sixth of that found in other areas. For the Chicago and 
St. Louis areas the lower distribution rate by zones near an external station reflected 
several adjacent zones with intense population densities; for other areas the rout.P. 
may serve only one major zone in the immediate vicinity of the station. 

Equations were not developed for external-internal trips; however, the calculated 
distribution rates were used to manually distribute the estimated 1964 volume of about 
374,000 trips between external stations and internal zones. The recorded volumes 
were used as control totals after applying the distribution rates. 

Through Trips-Through movements renresented only a !'lm~Jl p~t of the intercity 
t r ips; however, eir longer trip length and restriction to only a few corridors created 
significant movements along some routes. 

The available data were adequate to determine the through trip movements. How
ever, a manual analysis was required to establish s tation-to-station movements since 
the interview data did not include points of route of entry or exit at the state boundaries 
for the trips. Therefore, the external movements were assigned to the appropriate 
stations based on the percent of the state-to-state movement occurring at each station 
with the recorded through volumes along major routes used as a comparison. 

1964 Traffic Assignments-The three sets of synthesized data (internal, external
internal, and through trips) were combined into one matrix of 1964 intercity trips. The 
zone-to-zone matrix was utilized to prepare assignments to the existing (1964) year 
network to provide comparisons with actual intercity traffic volumes. This is the most 
important test since the primary purpose of the projection is the determination of travel 
volumes in key corridors. These data were converted for computer input and standard 
minimum path assignment programs were used. (The zone-to-zone trip matrix was 
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converted into Memory J format. The assignment procedure utilized minimum time 
between zones via the highway network.) 

The actual and estimated volumes recorded at the east-west interview screen lines 
established in the multiple screen line study were as follows: 

Latitude 1964 1964 

(deg. N) Volume Volume 
(actual) (estimated) 

38 20,000 15,381 
39 32,200 31,978 
40 42,450 37 ,831 
41 44,900 55,272 
42 141900 13,248 

Total 154,450 153,710 

Screen line comparisons for the four screen lines are given in Table 6. 

1985 Trip Projections 

Utilizing population projections and anticipated vehicle registration increases, the 
198 5 trips were developed. 

Internal Trips-Several factors will determine the magnitude of future intercity 
trips. First, the overall state population is estimated to increase from 10,081,000 in 
1960 to 13,851,000 in 1985. Vehicle registration will more than double. There has 
been a steady increase in traffic along the intercity routes as improvements have been 
implemented. It is anticipated that this growth will continue at a rate less than the 
overall vehicle registration but substantially higher than population. The overall 
travel growth is expected to be about 86 percent, an average of 3 percent compounded 
annually. 

Utilizing the projected populations for each zone and the generation-distribution 
equations, the 1985 zone-to-zone internal trip interchanges were calculated. An 
adjustment factor was applied to account for increased vehicle registration and use to 
achieve an overall increase of 86 percent. Based on these analyses there will be an 
estimated internal movement of 1,256,025 trips in 1985 as compared to 677 ,000 in 1964. 

External-Internal Trips-Anticipated 1985 daily traffic volumes were estimated for 
the 49 external stations. Projections made by the CATS study, the Lake County Trans
portation Study, and by the highway departments of Wisconsin, Iowa, Missouri, Kentucky, 
and Illinois for the Interstate and other highways were reviewed. The estimates were 

TABLE 6 

SCREEN LINE COMPARISONS 

1964 1964 
Screen Location 

Volumeb Volume 
Linea 

(actual) (estimated) 

1 South of Ill. 13 12,7 50 11,930 
2 North of US 40 and Ill. 16 36,550 34,040 
3 North of US 136 and US 24 46,850 47,110 
4 North of Ill. 116 50,200 56,760 

Total 146,350 149,840 

aScreen line locations are shown in Figure 11. 
bSource: Traffic Volume Map, State of Illinois, prepared by Bureau of Planning, 

Division of Highways, Department of Public Works and Bui !dings. 
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TABLE 7 

ESTIMATED INTERCITY TRIPS, ILLINOIS 

Type 
of Trip 

lute rnal- Internal 
External-Internal 
External- External 

Total 

1964 

677 ,825 
374,031 

43,112 

1,094,968 

Year 

1985 

1,256,025 
791,593 
114, 782 

2,162,400 

Increase 
(percent) 

86 
112 
167 

97 

also based on volume trends at each station and the anticipated population growth of the 
particular region of the state. It is estimated that the total state-line volume will in
crease from 418,000 in 1964 to about 906,000 in 1985, an increase of 118 percent. 

utilizing the trip rates developed for 1964 traffic, external- internal trips were 
distributed to the traffic zones. Factors were applied to adjust to the estimated station 
control total. The total external- internal volu..'lle in 1985 is estimated to be 791,593 
vehicles compared to 374,031 vehicles in 1964. 

Through Trips-A 1985 through movement of 114,800 is anticipated as compared to 
43,000 trips in 1964. Through trips were estimated for each station and distributed 
utilizing the Fratar method, which takes into consideration future station volume and 
the existing station-to-station trip interchange. 

Trip Comparisons-As given in Table 7, it is estimated that the total intercity move
ment will be 2,162,400 trips by 1985, an increase of 97 percent over the 1964 level. 
The through trip volume is expected to increase at the highest rate, followed by ex
ternal-internal travel, which reflects a substantial anticipated increase in the use of 
Interstate and other major facilities. Chicago and St. Louis, which will experience 
relatively high population growth, and since they are located at the state boundaries, 
will contribute to the major increase in the external-internal trips. 

1985 Traffic Assignments-Traffic has been assigned, using the minimum time path 
techDique, to the proposed statewide system of freeways and major highways designed 
to serve 1985 travel demands. (The minimum time between zones via the highway net
work was used.) Also, trip length and vehicle-mile analyses have been made. 

The assignments to the freeway and major highway networks are shown in Figure 16. 
The basic traffic volumes have been adjusted (1.15 factor) to reflect the influence of 
establishing an Interstate freeway in a particular corridor. 1 Also, factors have been 
used ranging from 1.30 to 1.60 for generation of additional traffic due to the provision 
of more superior traffic service. It is realized that volumes will increase on the urban 
area approaches, whereas the intercity values generally reflect anticipated rural traffic 
volumes. 

It was assumed that the basic projection procedure accounted for the A, S, and L 
factors. Generation on a limited-access facility has been found to range from 30 per
cent to about 60 percent. This accounts for trips resulting from new developments 
along the route occasioned by construction of the facility, and more trips including 
travel mode change because of the new or greatly improved route. With the nationwide 
system of Interstate highways having a common identification and being located in major 

1From The 1965 Estimate of the Cost of Completing the Interstate System, U.S. Department of Commerce, 
Bureau of Public Roads, 1963. The basic formula is as follows: 

Design year traffic= AG (1 +SLI) 

where 

A= base year assigned traffic, G =generation factor, S =statewide percentage traffic increase, 
L =factor to convert statewide percentage increase(s) to the percentage increase for a particular 
location, and I =factor to reflect more rapid rate of growth along Interstate system when improved 
to Interstate standards. 
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Figure 16. 1985 traffic volumes, proposed freeway and major highway corridors, State of Illinois. 
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travel corridors, it is anticipated that a more rapid growth will occur. Therefore, an 
additional value of 1. 15 (the I factor) is suggested for these routes. 

The relationship of trip length and time is shown in Figure 17 for 19 8 5 conditions 
for the assurned net-work. There will be a sutsta.nLial number ui trips in the short 
time periods, rapidly decreasing for longer time and distance ranges. The average 
trip length for trips assigned to the highway network would be 38. 6 miles and average 
speed would approximate 46 mph. This would produce about 83,000,000 vehicle-miles 
of travel. The trip length and vehicle-miles should be considered as relative. Dis
tances from centroids to the assignment network and the elimination of many short 
trips due to the limited number of zones tend to increase trip length. 

Vehicle-Miles and Trip Length 

Vehicle-miles of travel was ascertained for each network link and traffic zone. The 
same procedure used for the Arizona analyses was followed in utilizing computer 
programs. 

The 526 internal zones were divided into five groups or increments (about 105 zones 
in each group) according to vehicle-miles of travel, As shown in Figure 18; the first 
increment produced about two-thirds of the vehicle-miles and the first two increments 
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Figure 18. lnterzonal vehicle-miles of travel, Illinois. 

(40 percent of the zones) accounted for 83 percent of the total travel. The first three 
increments are shown in Figure 19 by individual zone, representing 91 percent of total 
travel. They are generally located in the metropolitan areas. 

IN RETROSPECT 

By utilizing available origin-destination data, trip matrixes were developed for the 
base year for Arizona and Illinois. While this did not include all of the intercity traffic 
trips in Arizona or all movements between zones, it did reflect the major corridors 
of travel. Assignments to a traffic network of highways revealed close correlations 
with volumes that would normally be found between cities. It is recognized that traffic 
volumes substantially increase adjacent to and within the urbanized area. These present 
and future volumes and capacities are being developed in the urban comprehensive 
studies, such as are under way in the Phoenix, Tucson, and Yuma areas. 

The basic projection procedure involved applications of growth factors which re
flected anticipated increases in population, vehicle registration, and recreational area 
visitation. In Illinois the equations were developed utilizing origin-destination data. 
These equations were also used to project travel to 1985 levels. For each state the 
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trip matrixes were prepared and assignment networks formulated to permit the testing 
of other alternatives of movements. Differences in growth patterns for zones also can 
be reflected. 
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