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Estimation of Trip Tables from 
Observed Link Volumes 
Mark Turnquist*, School of Civil and Environmental Engineering, 

Cornell University, Ithaca, New York 
Yehuda Gur, Urban Systems, Inc., Chicago 

Traffic assignment studies, which are instrumental in transportation plah 
evaluation, require an origin-destination trip table as input. A method of 
estimating the trip table from observed link volumes within the framework 
of small-area assignment is described. The technique is based on solution 
of an optimization problem and is compatible with equilibrium traffic 
assignment assumptions. It thus differs significantly from previous meth­
ods based on statistical estimation. Because it avoids expensive home­
interview surveys and time-consuming work with trip generation and dis­
tribution models, the method provides an attractive and cost-effective al­
ternative analysis procedure for small and medium-sized communities. It 
is likely to be particularly effective in the evaluation of short-term, low­
capital improvements in the transportation network. 

This paper describes a model for estimating a trip 
table, or origin-destination (0-D) matrix, based mainly 
on the knowledge of link volumes and possibly turning 
movements. This matrix can be used in a number of 
traffic assignments in which alternative network im­
provements are examined. A major intended application 
of the model is as an element in a process of developing 
and evaluating short-range, subregional traffic im­
provement plans. As such, this tool should prove very 
useful to transportation planners in small and medium­
sized communities. 

The proposed model provides a cost-effective alter­
native to available methods for constructing trip tables, 
methods that are dependent on expensive, time­
consuming surveys and a chain of trip generation and 
distribution models. SUch methods often require 
planning resources in excess of what is available in 
many smaller communities and metropolitan areas. 
The proposed model, on the other hand, is based mainly 
on count data, which are easily obtainable. It will be 
most effective in analyzing short-range problems in 
which no.significant changes in land use are expected. 

This paper discusses the general nature of the prob­
lem and summarizes previous attempts to solve it. It 
then describes the proposed model and an example of its 
application. 

NATURE OF THE PROBLEM 

Any solution procedure for determining an 0-D ·matrix 
from observed link volumes must address itself to two 
major problems. The first of these is that the set of 
link volumes may be internally inconii:istent; that is, 
there may be no trip table that, when assigned, exactly 
duplicates the observed flows. There are several pos­
sible reasons for this, some of which are described 
below. It is important that the solution procedure be 
capable of finding an approximate solution to the prob­
lem in this case. 

A second major problem is that, if link flows are 
consistent, exactly the same set of flows might be gen­
erated by many, quite different trip tables. Because 
there are typically far fewer links (pieces of informa­
tion) in a network than 0-D interchanges (unknowns), 
the problem is underspecified. Thus, there will be a 
set of feasible trip tables (perhaps many), all of which 
produce the same link volumes. A major element in 
the solution procedure must be a mechanism for iden-

tifyi.ng a desired trip table from among this set. 

Inconsistency of Input Data 

There are a number of reasons why there may be no 
trip table that exactly reproduces the observed link 
flows. First, a coded network is an abstraction of the 
road network being represented. Vehicle counts from 
the real network must be converted into volumes on 
more abstract links of the coded network, and this 
process can give rise to internal inconsistencies. This 
is particularly the case for the ends of trips, since the 
coded network describes trips as beginning or ending 
in a limited number of "load nodes" whereas, in reality, 
these trips originate and terminate at many locations on 
the network. 

A second source of inconsistency is that the logic of 
traffic assignment is always based on the assumption 
(expressed in various forms) that travel is made along 
minimum impedance paths between an origin and a 
destination. This assumption, although plausible, is 
not a completely accurate description of the real world. 
Thus, one should expect certain discrepancies between 
the real world and its description in the model. 

Finally, inconsistencies may arise from errors in 
measurement and definition. Traffic counts will likely 
contain some errors, and the counts on various links 
in the network will often be from different days and 
times. The travel impedance that is minimized by 
travelers is likely to be incompletely defined, and its 
relation to measurable attributes, such as travel time 
and distance, is not completely understood. These 
problems, among others, are likely to result in a set 
of input link volumes that cannot be reproduced by 
assigning any trip table. 

The approach taken in this research is to "smooth 
out" these inconsistencies so as to find a set of link 
volumes that are approximately the same as the ob­
served volumes but that could be produced by assigning 
a trip table to the coded network. Once such a set of 
link volumes is found, the problem of underspecifica­
tion can be addressed. 

Underspecification of the Problem 

Link volumes alone (with or without turn volumes) do 
not provide enough information to construct a unique 
trip table; the same link volumes might be generated 
by highly different trip tables. A simple example will 
serve to demonstrate this problem. 

Consider the simple network shown in Figure 1, with 
travel times and volumes as indicated. Nodes 1 and 2 
serve as origins, and nodes 3 and 4 are destinations. If 
Wardrop's first princ.iple-i.e., 'that all paths used be­
tween a given origin and destination have equal im­
pedance and no path that is not used has an impedance 
less than that of paths that are used (!)-is assumed to 
determine network equilibrium, the observed flows 
could have arisen from either of the 0-D matrices 
described in Figure 2. 

There is no way to determine from link volumes 
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alone which of the alternative 0-D' matrices is the ap­
propriate one. However, these two 0-D matrices might 
produce substantially different flows as a result of a 
change in the characteristics of a network link. Since 
the objective of this method is to provide trip tables 
that can be used to evaluate such changes, attention 
must be given to the problem of distinguishing among 
the alternative solutions. 

Previous Attempts to Solve the Problem 

The principal previous work on determination of 0-D 
matrices from observed link volumes has been done by 
Robillard (b ~ , Nguyen (!,.?.), and Gur and others (§_). 
Robillard 's work represents the first major effort in 
this area. He studied only the class of proportional 
traffic assignment algorithms, namely algorithms that 
do not take link capacity or congestion into account, 
either explicitly or implicitly. 

Robillard's method of determining the trip table is 
to minimize a measure of the difference between ob­
served link flows .and assigned flow. For the case of 
proportional assignment algorithms, the assigned flows 
can be written explicitly in terms of the 0-D interchange 
volumes, since the proportion of each 0-D volume that 
uses a given link is constant. Robillard's approach is 
to solve a linear regression problem to determine total 
originating and terminating trips for each zone. A 
generalized gravity model is then used to determine 
the trip table. 

Robillard's work offers some useful insights into the 
problem. First, it focuses attention on the need to 
obtain estimates of total origins and total destinations at 
each node. Second, the need to bring to bear additional 
information on the nature of trip distribution is recog­
nized. This is an important element in the construction 
of a solution. However, Robillard's proposed solution 
technique is quite crude. 

Nguyen (!,.?.) has presented an approach to estimating 
an 0-D matrix based on the assumption that observed 
link flows represent network equilibrium in the sense 
of satisfying Waldrop 's first principle. Nguyen's work 
is valuable because it demonstrates a 'formulation that 
is compatible with nonproportional assignment tech­
niques. This is a significant generalization of Robillard's 
earlier work, which was limited to proportional as­
signment methods. Nguyen 's formulation of the problem 
is described in more detail later in this paper. 

Figure 1. Simple network with indicated link flows 
and travel times. 

2 min. 
'100 oeh, 

6 min. 
200 oeh. 

Figure 2. Possible trip tables for 
observed flows shown in Figure 1. 
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The approach Nguyen proposes for solving the prob­
lem suffers from a number of major deficiencies: 

1. He does not address the problem of how to deal 
with the large number of potential solutions that repro­
duce the same link volumes. 

2. He assumes that the observed flows are in 
equilibrium and does not address the problem of cases 
in which the observed volumes are inconsistent. 

3. This proposed solution procedure, although 
theoretically correct, is extremely inefficient in ap­
plication. 

A third approach for solving the problem was for­
mulated as a part of the present project (§_). This ap­
proach used a linear programming formulation that 
specifically addressed the problems of volume incon­
sistencies and multiple solutions. The approach was 
formulated primarily for proportional assignment 
procedures. Although it was conceptually promising, 
it was not developed to its fullest extent. The major 
reasons for this were the need (as a part of project 
objectives) to address primarily nonproportional as­
signments and the need to invest heavily in software 
development before the approach could be fully de­
veloped and tested. 

After the nature of the problem and possible solution 
procedures were studied, the direction chosen in this 
research was to use Nguyen's basic approach as a point 
of departure for developing an operational procedure. 

APPROACH TO SOLVING THE 
PROBLEM 

In general, the problem of finding an 0-D matrix that, 
when assigned, would replicate observed link volumes 
can be stated formally as follows: 

(! ) 

subject to 

Ti - ~ hf= 0 for each 0-D pair j (2) 

~ ~ df, hf = f, for each link a 
j r 

(3) 

and 

f., T;, hf > 0 (4) 

where 

observed flow on link a, 
= impedance function for link a, 
= observed 0-D impedance for interchange j, 

trips for interchange j, 
number of trips from interchange j using path 
k, and 

{ 
1 if link a is in path k for interchange j 
0 otherwise . 

This is a nonlinear programming problem. The 
general form reflects the situation in which the observed 
link flows represent network equilibrium. In the special 
case in which no congestion effects are present, t.(x) is 
a constant and the first term of the objective function 
becomes simply 't.t.f. . This results in a lin_ear pro­
gramming problem. 

In either event, the decision variables (or unknowns) 



are the T; 'sand the hf's, which represent trips on each 
interchange and allocation of these trips among paths, 
respectively. Note, however, that the hf's are internal 
to the problem and can be computed indirectly. Nguyen 
(!) proved that the problem has a unique solution in link 
volumes (the observed link volumes); thus, the set of 
decision variables T; (the output trip table) is a solution 
to the problem. 

A solution to this mathematical programming prob­
lem is one trip table that could have resulted in the ob­
served link flows. In light of the previous discussion, 
however, there are likely to be a number of alternative 
optima to this problem (i.e., alternative trip tables), 
each of which would produce the same link flows. The 
solution procedure, then, must be sensitive to this 
aspect of the problem and be capable of converging to a 
desired solution from among this set. 

Since the optimization problem described above is 
very similar to the equilibrium traffic assignment 
problem, it is not surprising that solution algorithms 
for the two problems are quite similar. An iterative 
solution algorithm for this problem has been developed 
that requires the following basic steps: 

1. Specify an initial trip table T1 and a volume-delay 
(impedance) function for each link. 
. 2. Find the u; (skim trees) by using observed link 
impedances. 

3. Assign T 1 to· the unloaded network by using free­
flow impedances to obtain a set of link volumes f. De­
note this current solution as a vector (£1, Tl) . 

4. Let i = 1. 
5. Determine link impedances at the current volume 

f; and again build minimum impedance trees. Denote 
the resulting values ui. 

6. Given Ti, u, and u 1
, find a correction trip table V 

that is closer to a solution. 
7. Assign V; to the trees built in step 5 to obtain 

correction link volumes S;. 
8. Find a weight ri such that 0 s r; ,;; 1 and the solu­

tion [(f;+i, Ti+1
) = r 1(si, V;) + (1 - r;) · W, T;)J minimizes 

the objective function F. 
9. Check the convergence criterion. If it is met, 

stop; otherwise, set i = i + 1 and go to step 5. 

Within the basic framework of this algorithm, there 
are a number of opportunities for variation. Specifi­
cally, one would expect the results to be sensitive to 
(a) choice of the initial trip table, (b) choice of link im­
pedance functions, and (c) choice of procedure for com­
puting V;. The initial trip table is important because 
the problem generally has multiple optima. The 
algorithm will have a tendency to converge to a solution 
that is "nearest" to the initial solution. Link impedance 
functions are important because they play a central role 
in determining the order in which alternative paths for 
a given interchange are selected and thus the way in 
which equilibrium is approached. Obviously, the pro­
cedure for computing the correction trip table is a 
crucial element in the algorithm, since it determines 
the efficiency of the technique as well as the nature of 
the final solution. 

A substantial battery of tests has been performed on 
this algorithm to determine its sensitivity to the choices 
indicated above under various network situations. The 
major findings are summarized here. 

The theoretical constraints on the problem leave 
considerable latitude in selecting link impedance func­
tions. Nguyen CE) has proved that the p.roblem solution 
will replicate observed link flows as long as the im­
pedance functions satisfy two simple criteria: (a) They 
must be increasing functions of volume, and (b) they 
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must take on the value of observed impedance at the ob­
served link volume. 

Several forms of impedance functions have been 
tested, and the best results have been obtained by using 
a piecewise-linear form, as shown in Figure 3, in which 
t 0 is the observed impedance and f 0 is the observed 
volume. This function has provided superior results 
in terms of both the speed of convergence and the quality 
of the final solution. 

A number of procedures for computing the correction 
trip table V; are also possible. In his initial work on 
this problem, Nguyen (!) suggested a procedure in which 
a single interchange would be updated at each iteration. 
Although the convergence properties of such a technique 
can be established, it represents a very inefficient 
method for problems of realistic size. As a result, 
considerable effort has been devoted to developing more 
efficient procedures. To date, the procedures de­
veloped must be regarded as heuristics; i.e., there is 
no proof available that they will always converge to a 
solution. However, a number of these procedures have 
performed very well in empirical tests. The best cor­
rection technique identified thus far is as follows: 

vi= lTj * I+ 2 * [(u; - uj)/(uj - uf)l 
J 0 ifu; "'uj 

if u; > uj 
(5) 

where uj is the impedance for interchange j on the 
unloaded network (free flow). This correction is based 
on projecting the history of past corrections and has 
performed well in empirical tests. It must be em­
phasized, however, that it is a heuristic method. 

As an example of the performance of the algorithm, 
Figure 4 shows how a solution is approached for a given 
network from three different starting points. The value 
on the ordinate is total volume error, computed as 

error=~ It - f,I (6) 
a 

where f, is the observed volume on link a and f, is the 
estimated volume from the algorithm. The network in 
question is shown in Figure 5, and the three initial trip 
tables are shown in Figure 6. Table 1 gives the ob­
served volume and impedance attributes assumed for 
the network. 

Trip table A represents essentially a "no-prior­
information" starting point. All feasible interchanges 
are assigned equal numbers of trips, and the only in­
formation represented is that the matrix is scaled to 
match total observed vehicle hours traveled on the net­
work. Trip table B represents a better starting solution 
but one that still contains major errors; i.e., this trip 
table, when assigned, would not produce the observed 
link volumes. Finally, trip table C represents a starting 
point that is quite close to an acceptable solution. 

Figure 4 shows two important points about the algo­
rithm. First, at least in terms of total volume error, 
the better the initial solution is, the better the computed 
solution will be after a given number of iterations. This 
is to be expected. However, the second point is that the 
procedure is capable of movement to a reasonable solu­
tion even when the starting point is far from a solution, 
as in the case of trip table A. This tends to increase our 
confidence in the convergence properties of the heuristic 
method. 

It is also interesting to examine the estimated trip 
tables produced from the three different starting points. 
Figure 7 shows the solutions after 15 iterations. Note 
that the three solutions differ considerably from one 
another. This indicates the presence of alternative 
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solutions, as discussed previously. Note also, how­
ever, that each solution has retained several important 
properties of its starting solution. These properties 
include the number of nonzero interchanges and vari­
ability in the relative size of interchange volumes. 

This is very important, for it indicates the tendency 
of the algorithm to identify a solution that is close to 
the starting solution. This provides a mechanism for 
distinguishing among the alternative optimal solutions. 
By using as a starting point a "target" trip table that 
represents a number of properties we would like to see 
retained in the final trip table, we can generate a final 
solution that is close to this target, subject to the re­
striction that it (approximately) replicates observed 
link volumes. 

Figure 3. Pseudo volume-delay 
function used in experiments. 

Vo lume 

Figure 4. Total volume error in test network for three initial 
trip tables. 
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Figure 5. Test network. 
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This property of the algorithm has led us to devote 
substantial attention to the problem of constructing a 
reasonable target trip table. This was necessary be­
cause our major concern is small-area analysis and 
available trip distribution models deal primarily with 
large regions. A special trip distribution model­
SMALD-has been designed for this purpose and is 
described in detail elsewhere (!). 

If the solution trip table is judged by the analyst to be 
too far from the target table to be acceptable, post­
processing procedures are available to formally identify 
the trip table that will reproduce (approximately) ob­
served link volumes and that lies closest to the target 
table. This procedure uses the basic information pro­
duced by the iterative algorithm in a second-stage 
mathematical programming problem. The technique is 
described by Gur and others (6). Experience to date 
has indicated, however, that ffiis second-stage procedure 
is seldom necessary. 

APPLICATION TO A REALISTIC 
NETWORK 

To demonstrate the feasibility of the model in ~ realistic 
setting, it has been ap~lied to a network that rep1·esents 
an area of about 15 km (6 miles2

) in Hudson County, New 

Figure 6. Initial trip (A) To 
tables for test network. 

From 

983 983 983 

983 983 983 

983 983 983 983 983 

(B) To 4 

From 

~ BOO 500 1100 

5 1500 500 

6 500 2000 0 2000 600 

(C) To 

From 

600 300 - 1500 

2000 3000 1500 

500 4000 400 500 200 

Table 1. Attributes of test network. 

Link Link Zero 
Origin Destination Loaded Volume Observed 
Node Node Impedance Impedance Volume 

4 13 10 7 2400 
5 14 10 7 2000 
6 5 40 30 100 
6 11 10 ? 5000 
6 12 10 7 500 

11 1 10 7 500 
11 13 20 15 4500 
12 14 20 15 500 
13 4 10 ., 2000 
13 14 10 7 1500 
13 15 20 16 4900 
14 5 10 7 1600 
14 13 10 7 1500 
14 16 20 15 900 
15 2 20 l6 4800 
15 16 10 7 300 
16 3 20 ! 6 1000 
16 15 10 7 200 



Jersey. The area includes 34 "boundary" load nodes 
and 24 internal load nodes. The coded network includes 
a total of 132 nodes and 369 links. The observed link 
volumes are based on adjusted ground counts collected 
from 1973 to 1975. 

The initial trip table was estimated by using an early 
version of the SMALD model CD. This table contained 
a number of obvious imperfections, particularly total 
vehicle kilometers traveled, which was overstated by 
14 percent. In the observed data, vehicle kilometers 
of travel = 1 482 304. The table below gives the results 
of the input trip table and the solution trip table for this 
measure (1 km= 0.62 mile): 

Figure 7. Output trip {A) To 
tables resulting from 
various initial trip tables. From 

4 0 

5 0 

478 

(8) To 

From 

4 0 

0 

495 

{ C) To 

From 

4 

0 

500 

Figure 8. Observed versus assigned volume for 
Hudson County network. 
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Measure 

Vehicle kilometers of travel 
Volume error (number of vehicles) 
With approach links 
Without approach links 

Root-mean-square error (%) 
With approach links 
Without approach links 

Input 
Trip Table 

1 729 567 

609 364 
550 085 

42.5 
42.7 

5 

Solution 
Trip Table 

1482169 

234 041 
141 280 

18.3 
13.5 

In assigning the inital trip table to the network by using 
five iterations of equilibrium assignment, a root-mean­
square (RMS) error of 42. 7 percent of the mean volume 
was found. 

The model was applied to the problem for 35 itera­
tions. The model changed the trip table substantially; 
the final trip table, when assigned, showed an RMS 
error of 13.5 percent, as given above, and underesti­
mated the vehicle kilometers by about 2 percent. (Suc­
cessful capacity-restrained assignments usually approxi­
mate observed volumes with an RMS error of 25-35 
percent.) Figure 8 shows a plot of the observed versus 
assigned volumes that demonstrates close replication of 
the observed volumes over the entire volume range. 

In a detailed analysis of the results, the following 
findings were made: 

1. Many of the significant residual volume errors 
can be traced to inconsistencies in the input data (e.g., 
the total observed volume entering a network node is 
different from the total volume leaving that node). The 
algorithm distributed those errors in an acceptable way. 

2. The extent to which total productions and attrac­
tions are preserved for internal zones can be controlled 
by the user, through the slope of the pseudo-delay func­
tion. Changes in production-attraction rates can be 
traded off against lower residual errors in the observed 
volumes. The trade-off should be based on the user's 
knowledge of the quality of the data. 

3. The algorithm preserves the original trip table to 
the extent possible, subject to the objective of approxi­
mating the observed link volumes. 

0 0 q, 
• 0 0 .... 

~~~~~~..---~~~~~.---~~~~~-.-~...,,,,.......,..._ 

10000 20000 30000 60000 

Observed Volume 
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4. Required computer resources are quite modest. 
The run required 65 s of central processing unit time 
and 120K bytes of core on an IBM 370/165. 

5. Advance knowledge of total area vehicle kilome­
ters of travel is not essential for a successful applica­
tion of the model. Thus, the model can easily be en­
hanced to treat cases in which volumes are known for 
only part of the links. 

The tests succeeded in demonstrating the applicability 
of the model to actual planning problems. 

CONCLUSIONS 

Traffic assignment is an important tool in the evaluation 
of potential changes in the transportation network. Such 
assignments require an 0-D trip table. These tables 
have traditionally been estimated based on home­
interview data and a complex chain of trip generation and 
distribution models. Careful analytic evaluation of 
transportation plans has thus often been beyond the 
financial capabilities of small and medium-sized com­
munities. Even if the required data are available, in 
many cases they are outdated and inaccurate and thus 
result in assigned volumes that hardly resemble ob­
served traffic. Such large discrepancies may cause 
the assignment analysis to be unreliable or even useless, 
especially for small-scale, short-range problems. 

This paper documents a procedure by which an 0-D 
trip table can be estimated based primarily on link­
volume data. Most communities maintain an ongoing 
program for monitoring link volumes. Thus, they can 
easily provide a set of good ground counts to be used 
as a basis for constructing the trip table. 

An important property of the problem in general is 
that there are usually alternative optimal solutions that 
correspond to different trip tables that produce the same 
link volumes when assigned. A characteristic of the 
algorithm developed is that it tends to converge to a 
solution that is close to the given starting point. This 
provides the motivation for creating a starting point 
(a target trip table) that represents desirable attributes. 
The algorithm will then modify this target table but 
only enough so as to result in approximate replication 
of observed link volumes. 

Tests of the algorithm have indicated that it is rela­
tively efficient from a computational standpoint and 
should thus represent a cost-effective tool for trans­
portation planning in small and medium-sized com­
munities. It should be particularly useful in evaluating 
short-term and/or low-capital improvements in the 
transportation network, which are not likely to result 

in significant changes in land-use or general trip-making 
patterns. 

ACKNOWLEDGMENT 

The work described in this paper was performed by 
John Hamburg and Associates under the sponsorship 
of the Office of Research, Federal Highway Administra­
tion, U.S. Department of Transportation. We wish to 
thank steven Cohen, the contract manager, for his 
encouragement and helpful suggestions in all phases 
of the project. The advice and ideas of Morton 
Schneider and Larry Leblanc have also been of great 
value. 

We are solely responsible for the findings and 
opinions expressed here. 

REFERENCES 

1. J. G. Wardrop. Some Theoretical Aspects of Road 
Traffic Research. Proc., Institute of Civil Engi­
neers, Vol. 5, Part 2 (I), 1952, pp. 278-325. 

2. P. Robillard. Estimating the 0-D Matrix and Net­
work Characteristics from Observed Link Volumes. 
Proc., 1st International Conference of Transporta­
tion Research, 1973, pp. 736-740. 

3. P. Robillard. Estimating the 0-D Matrix from Ob­
served Link Volumes. Transportation Research, 
Vol. 9, 1975, pp. 123-128. 

4. S. Nguyen. Estimating an 0-D Matrix from Network 
Data: A Network Equilibrium Approach. Centre de 
Recherche sur les Transports, Univ. of Montreal, 
Rept. 60, Feb. 1977. 

5. S. Nguyen. On the Estimation of an 0-D Trip Table 
Matrix by Equilibrium Methods Using Pseudo Delay 
Functions. Centre de Recherche sur les Transports, 
Univ. of Montreal, draft paper, 1977. 

6. Y. Gur, M. A. Turnquist, M. Schneider, and L. J. 
Leblanc. Determining an Origin-Destination Trip 
Table Based on Observed Volumes. Presented at 
Annual Meeting of Operations Research Society of 
America and the Institute of Management Science, 
New York, May 1978. 

7. D. Kurth, M. Schneider, and Y. Gur. Small-Area 
Trip Distribuijon Model. TRB, Transportation Re­
search Record 728, 1979, pp. 39-41. 

"M. Turnquist was at Northwestern University when this research was 
performed. 



7 
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Evanston, Illinois 

A methodology that models the interactive relations between bus-system 
supply and demand and results in an optimal or near-optimal bus-route 
structure is described. On the supply side, the route structure is developed 
by using a heuristic algorithm called SWEEP, written in FORTRAN lan­
guage. The algorithm partitions the total bus stops in the urban area into 
sectors and uses a three-optimum traveling-salesman algorithm or 
Hamiltonian-path algorithm to link these stops. The objective function 
of the algorithm is to minimize the total distance traveled by all buses, 
subject to the capacity and distance constraints on each bus. On the de­
mand side, the program uses the already developed bus network to de­
termine the percentage of total community travel that requires bus ser­
vice. This is carried out by using a disaggregate mode-choice model that 
is based on the total time and cost difference between travel by automo­
bile and travel by bus for each individual user. Costs of bus operations 
are calculated from a four-variable unit-cost model. An iterative, interac­
tive feedback process is used to achieve the equilibrium state of the trans­
portation market. Equilibrium is reached when the bus share of the 
transportation market cannot be increased by improving the bus network, 
under certain resource conditions and financial constraints. The program 
is tested in developing feeder bus routes to the proposed Glebe Metro 
station in Arlington County, Virginia. 

The problems of bus transit planning in small urban 
areas can be boiled down to two major aspects-supply 
and demand. On the supply side, the development of 
route structure, the frequency of buses on each route, 
and the estimation of system operating costs and required 
subsidies are all bus functions that require improvement 
in the existing transit planning process. The system­
wide configuration of bus routes, which is the working 
skeleton of the transit system and the iUedium of contact 
between the users and the bus company, is still developed 
by hand. Bus routes and frequencies are developed on 
a qualitative basis by using a number of routing and op­
erating criteria to judge the route network (1, 2). This 
procedure limits the number of alternative configurations 
to be considered, does not have a defined objective func­
tion, and does not make use of the interactive relations 
between supply and demand. Expected operating costs 
and required subsidies cannot be treated independently 
of developed route configurations and equilibrium de­
mand functions. bn the other hand, demand is a function 
of the attractiveness of the supply system, which includes 
such factors as the characteristics of the bus system and 
its performance under specific physical and financial con­
straints. In short, a computerized methodology that will 
equilibrate the supply and demand functions where the 
supply functions are endogenous to the model is not avail­
able for bus-system planning in small urban areas. 

Few mathematical models have been formulated to 
determine the equilibrium condition of the supply and 
demand functions in a transportation network. Equilib­
rium conditions in highway networks in which demand 
is elastic have. been investigated by Florian and Nguyen 
(3), Martin and Manheim (4), Wilkie and Stefanek (5), 
and Wigan (6). A survey oT the lite1·ature and possible 
approaches to the problem are presented by Ruiter (7). 
Kulash (~ has developed two simulation models for -

analyzing fixed-route bus systems. These models eval­
uate the quality of service that results from various op­
erating policies and are used to predict the impacts of 
various operating decisions that are needed to improve 
route and schedule designs. Yet the route structure in 
Kulash's models is still developed manually, and no de­
mand interaction is considered. Similal'ly, Rapp and 
Gehner (9) developed an interactive graphic computer 
system known as the Urban Transit Analysis System 
(UTRANS). UTRANS is used to evaluate different route 
and schedule policies based on quality of service. Fre­
quency and route structure, again, are used as input 
data. 

The methodology presented in this paper develops bus­
route structure and computes equilibrium flows in a net­
work in which demand is elastic. 

METHODOLOGY 

Equilibrating the supply and demand functions of the bus 
system requires the following models: a collection of 
supply models, a demand model, and an integrating 
model. The demand model represents the demand side 
of the system. It predicts the passenger demand for 
ea.ch bus stop in the system based on economic and popu­
lation forecasts and on characteristics of the various 
transportation modes that serve the city. The supply 
models include the set of activities that represent the 
flow of passengers on bus routes. Two models repre­
sent the supply activities: the network development 
model and the cost model. The integrating model is a 
program that processes the supply and demand functions 
to determine an equilibrium of supply and demand quan­
tities. The structure of the supply-demand equilibrating 
framework is shown in Figure 1. 

It is useful to discuss the methodology in three sec­
tions: (a) supply functions, (b) the demand model, and 
(c) the integrating model. 

Supply Functions 

Network Development Model 

The model used to develop route structure, referred to 
as the SWEEP algorithm, was originally proposed by 
Gillet and Miller (lQ_) as a solution to the general prob­
lem of vehicle dispatch. This algorithm was modified 
and applied to bus network design (11). 

Optimal computer algorithms foroevelopment of bus 
routes had been investigated and applied in the past ru1d 
found to be ineffective and to require an extensive amount 
of computer time. But, in light of the new generation of 
heuristic algorithms now available in the literature for 
solving vehicle-dispatching problems (12-!Q), these 
limitations ai·e no longer valid. Near-optimal solutions 
to problems of large bus networks could be accomplished 
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Figure 1. Supply-demand equilibrating framework. 
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in a reasonable amount of computer time. 
The objective of the SWEEP algorithm is to minimize 

the total distance or time traveled by all buses in satis­
fying demand at all bus stops, subject to the load and 
distance constraints on each bus. The problem is to 
determine the number of routes and the paths in each 
route according to the above objective. The coordinates 
of each bus stop and bus -stop demand are inputs to this 
algorithm. The following notation will aid in its explana­
tion: 

N = number of bus stops, including the trans­
fer station (the transfer station is bus stop 
1 and the dispatch point of all buses); 

Q(I) =demand at bus stop I (I= 2, 3, ... , N); 
X(i), Y(I) = rectangular coordinates of I bus stop 

(I = 1, 2, 3, ... , N); 
C = capacity of each bus; 
D =maximum distance each bus can travel; 

A(I, J) = distance between stops I and J; 
An(I) = polar coordinate angle of the I th stop 

(I = 2, 3 , ... , N); and 
R(I) = radius from transfer station to stop (I). 

The constraints on the problem are as follows: 

Q(l)" c 

for all I; 

A(l, J) > 0 

for all I I J; 

A(!, I)= W 

where W is a constant that denotes extra distance or 
time per stop; and 

A(I, I)+ A(l, I).; D 

for all I. 

(I) 

(2) 

(3) 

(4) 

The stops are renumbered according to the size of 
their polar-coordinate angle, and the transfer station is 
stop 1. The stops are partitioned into routes beginning 
with the stop that has the smallest angles-namely, stop 

SUPPLY CONDITIONS 

ANO ASSUMPTIONS 

SUPPLY MODELS 

Network A 1 gori thm 

Cost Model 

2. The first route, then, consists of stops 2, 3, ... , J, 
where J is the last stop that can be added without ex­
ceeding the vehicle capacity or distance constraint. The 
second route contains stops (J + 1, J + 2, ... , L), where 
L is the last stop that can be added to the second route 
without exceeding the constraints. The remaining routes 
are formed in the same manner. 

The total distance or time traveled is just the sum of 
the distances for each route . An iterative procedure is 
then used to improve the total distance traveled by re­
placing one stop in route K with one or more stops in 
route (K + 1) for (K = 1, 2, ... , m - 1), where mis the 
number of routes formed. 

The process of adding one or more stops to route K 
and deleting another stop continues until no improvements 
are found. The X and Y axes are then rotated counter­
clockwise so the first location becomes the last, the 
second becomes the first, and so forth. 

This procedure of partitioning routes and interchang­
ing locations between routes is then repeated until all 
possibilities have been exhausted and the minimum total 
distances are calculated. The smallest of these mini­
mums provides a good heuristic solution for a bus-route 
network. 

Each time a set of bus stops is considered for a given 
route, a "traveling-salesman" algorithm is solved to 
determine the minimum path to service each of the stops 
in the route. As a consequence, a loop route is formed. 
To modify the algorithm to form linear bus routes in­
stead of loop routes, a Hamiltonian-path algorithm is 
developed to replace the traveling-salesman algorithm. 

The solution to the well-known traveling-salesman 
problem, in which the origin and destination points co­
incide, represents a "Hamiltonian circuit" . A Hamil­
tonian path represents a route in which the origin and 
destination vertices are at two distinct points. The 
linear bus route, on which the bus goes to the end of the 
route and returns along the same route, is mathemati­
cally equivalent to the determination of the shortest 
Hamiltonian path. 

In the algorithm for determining the shortest Hamil­
tonian path, which is given below, the following nota­
tion is used: Edges are incident to or incident from a 
vertex; v1, V2, •.. , v. =the set of vertices; and Lu = 
distance or time for the edge incident from V1 and inci­
dent to VJ. 



Figure 2. Sample of output of SWEEP algorithm. 

Best sol ut ion is : 

Route l has load 46.00 with distance 184.54 is 

l 02 49 50 44 45 103 107 106 104 105 

78 79 80 82 75 

Route 2 has load 46.00 with distance 255.44 is 

68 91 92 66 94 111 114 110 109 81 108 

69 76 48 72 77 113 73 112 90 

Route 3 has load 44. 00 with distance 281. 23 is 

70 74 83 95 64 60 67 63 62 84 85 

61 58 57 86 87 71 

Route 4 has load 48.00 with distance 235. 73 is 

100 43 34 33 46 4 7 42 41 54 59 55 

56 60 101 

Route 5 has load 45.00 w'th distance 218.14 is 

96 97 99 98 52 53 37 36 35 32 89 

Route 6 has load 47. 00 with distance 205. 15 is 

24 88 38 39 40 31 18 l 0 

Route 7 has load 47.00 with distGnce 192.33 is 

24 88 38 39 40 31 18 l 0 

Route 8 has load 43.00 with distance 182.97 is 

11 14 29 28 27 26 25 30 17 

Route 8 has load 43.00 with distance 182.97 is 

23 20 19 15 8 16 13 22 21 

Route 9 has load 19.00 with distance 54.49 is 

12 51 

Total Distance Is ... .. 1810.01685 (Distances are in 100 feet) 

The steps in the Hamiltonian path are as follows: 

1. Define a T set of edges to be included in the Ham­
iltonian path. Initially, T is empty. 

2. Determine the shortest L 1J. Include the edge 
(v1 - VJ) in T. 

3. Merge the vertices v1 and VJ to form a single ver­
tex. This would imply the revision of distance L1k and 
LpJ, where vk and Vp are typical vertices other than v1 
and Vj. 

4. Check as to whether the set T has (n - 1) edges. 
If yes, go to step 5; if no, go to step 2. 

5. The set T defines the shortest Hamiltonian path. 

The routes developed by the algorithm, whether one 
uses the traveling-salesman path or the Hamiltonian path, 
conform to the general guidelines for bus-route develop­
ment (1) and yet minimize the total distance or time 
traveled by all buses. The computer output under each 
variation shows the number of routes, the path of each 
route, the distance traveled by each bus, and the total 
number of passengers carried on each route. A sample 
of the output of the SWEEP algorithm is shown in Fig­
ure 2. 

The algorithm described above is version 1 of the 
SWEEP algorithm, which determines a bus network in 
which there is only one central transfer point in the ser­
vice area. To overcome this weakness, version 2-
development of which is under way-deals with multi­
terminal network design. The basic concept of version 
2 is the same as that of version 1. Its modifications can 
be briefly described as follows, 
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Assume M to be the number of assigned terminal sta­
tions, which usually are the major traffic attractors in 
the city. The algorithm first assigns each bus stop to 
its most appropriate terminal by a ratio scheme and then 
partitions the primary problem into M smaller subprob­
lems. These individual subproblems are considered as 
problems of single-terminal network design and can be 
solved by using version 1 of the SWEEP algorithm. The 
so-called ratio scheme involves the following steps: 

1. Initially, all bus stops are unassigned. For each 
bus stop i, find the closest terminal j 1 and the second 
closest terminal j2 and compute the ratio 

r(i) = d(i,jl)/d(i,j2) (5) 

where d(i, j) is the distance between nodes i and j. 
2. Assign all bus stops i that have r(i) greater than 

2 to their closest terminal. 
3. For each unassigned bus stop i, find j *, k* such that 

Min {d(i, j) + d(i, k) + ctU, k)f = d(i, i*l + d(i, k*) + dU*, k*) (6) 

for all j, k where j and k are bus stops already assigned 
to the same terminal, either j 1 or j2. Assign stop i to 
the terminal to which j* and k* are assigned. 

In this procedure, if r(i) is large it means that stop 
i is relatively close to one terminal. All such stops are 
immediately assigned to the closest terminal. Stops that 
are more or less midway between two terminals are as­
signed more carefully. The minimization implies in­
cluding stop i between j* and k* as linearly as possible. 

Cost Model 

The task of explaining total operational costs as a func -
tion of the output and characteristics of the system has 
proved in many cases to be very difficult. But this is 
not the case for the operational costs of bus systems. 

Several different approaches have been taken to de­
veloping cost models for bus systems, but they are all 
basically single-equation expressions of cost as a func­
tion of the output of the ·system. These models can be 
primarily categorized into three types: the four­
variable unit-cost model, the four-variable regression 
model, and the slowness function model. A review and 
comparison of these models can be found elsewhere (20). 
Hurley and Siegel (21) suggest that "the unit-cost method 
of determining parameters appears to be an accurate 
method when used to predict future costs for the same 
system" and "the four-variable model is equal to, and 
usually superior to, the slowness function." Therefore, 
the computer program uses the unit-cost model, under 
some reasonable assumptions, to generate operational 
cost estimates. 

The four-variable unit model has the following gen­
eral form (since the models presented in this paper were 
formulated in U.S. customary units of measurement, no 
SI equivalents are given): 

OC = a*VM + b*VH + c*PV + d*RP 

where 

OC = annual operational costs, 
VM = annual vehicle miles, 
VH = annual vehicle hours, 
PV = number of peak-hour vehicles, 
RP = annual revenue passengers, and 

(7) 

a, b, c, d .= unit costs for their corresponding variables. 
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According to data collected in 1970, the national aver­
ages for these unit-cost coefficients for public bus op­
erations are as follows: 

OC = 0.277VM + 5.700VH + 6527.480PV + 0.038RP (8) 

These costs are based on the 1970 dollar value and are 
multiplied by the inflation factor to estimate design-year 
operational costs. In this case, the average inflation 
factor is considered to be 7 percent for each year since 
1970. 

In the absence of particular specifications, the mag­
nitude of these four variables is calculated by using the 
following relations: 

VM = total bus-route miles * service frequency in 
vehicles per hour * operating hours per day * 
operating days per year, 

VH = vehicle miles/bus average speed in miles per 
hour, 

PV = number of vehicles in peak-hour operation, and 
RP = total number of passengers on all routes for 

each bus trip during peak hours (capacity) * 
service frequency in vehicles per hour * [peak­
hour operation per day+ (operation per day -
peak hours per day)/2 J * operating days per 
year. 

Demand Model 

Travel demand is divided into captive and choice riders. 
The captive riders are further subdivided into automo­
bile captives and bus captives. The division between 
choice and captive riders is assumed to be known a pri­
ori, through survey or other data. 

The demand model for choice riders used in this re­
search is an individual mode-choice model based on logit 
functions. The mathematical expression of this model is 

(9) 

This equation states that the probability of a passenger 
i taking the bus travel mode (b) is the exponential of the 
bus model utility (Bi) divided by Jhe sum of the total ex­
ponentials of a ll modal utilities 1~ exp(J1) in the market, 
where n is the numbex of total available modes . In a 
small urban area in which there are only two major 
modes available, the equation is 

(10) 

where A1 and Bi are the utilities of automobile mode and 
bus mode for an individual traveler i. 

The development and use of these types of models, 
also referred to as disaggregate travel behavior models, 
are fully described and discussed elsewhere (22-26). 

The above equation is simplified by dividingboth the 
numerator and the denominator by exp(Bi). The following 
equation is obtained: 

Pi(b) = !/[! + exp(Z;)] (11) 

where Z1 is the difference in utility function between bus 
and automobile. 

There are many exogenous variables that can be con­
sidered in calibrating the difference utility function z,. 
Because of unavailable data, a model calibrated for 
Schaumburg/Hoffman Estates Transit demand prediction 
(23) is used here. The difference utility function is 

Zi = -1.37 + 0.0544(T, -Tb)+ 0.0021 (C, - Cb) 

where 

Ta = total travel time by automobile, 
Tb =total travel time by bus, 
c. =total travel cost by automobile, and 
Cb = total travel cost by bus. 

(12) 

Integrating Model 

The integrating model is a simulation model that uses 
the route network and the operating costs developed by 
the supply functions and the demand quantities from the 
demand model to determine the equilibrium state of bus­
system supply and demand, under specific operational 
and financial management policies such as bus fare, the 
boundaries of the service area, and bus headways and 
capacity. The input data for the integrating model 
include 

1. The bus network and its associated operating cost 
developed from the supply model; 

2. The 0-D matrix for the system service area; 
3. The split for automobile-captive riders, choice 

riders, and transit-captive riders; and 
4. All values of travel time and cost parameters used 

in the demand model. 

If the split for automobile captives, choice riders, 
and transit captives is not available for the service area, 
it is assumed that 75 percent of total trip makers are 
choice riders and 25 percent are captives. Among the 
captives, 25 percent are assumed to be transit captives 
and 75 percent automobile captives. In other words, 75 
percent of total trips are sensitive to the level of service 
of the bus system and applicable to the demand model. 

The simulator is based on the Monte Carlo technique. 
If first calculates the probability of a trip origin for each 
bus route and each bus stop. The individual route prob­
ability is the initial total demand on the route divided by 
the total bus demand over the whole service area. The 
nodal probability is the amount of initial demand at the 
particular bus stop divided by the total amount of initial 
demand along the route. Uniformly distributed random 
numbers between zero and one are generated and fed into 
the foregoing cumulative probabilities for the routes and 
stops, respectively. Comparisons with the calculated 
route and nodal probabilities determine the location of 
the trip origin. The location of the trip destination is 
determined by repeating the same process based on the 
number of passengers getting off at each bus stop. 

The travel times for this trip are calculated sepa­
rately for the two travel modes, private automobile and 
public bus. Direct travel times are determined based 
on the available street network and the first developed 
bus network. Automobile access time and bus walking 
time, waiting time, boarding and departing time, and 
transfer time are all determined from appropriate dis­
tributions and appropriate boundary values (8, 2 7, 28) 
that correspond to the system under consideration-:- The 
total travel times for each individual trip, plus other 
utility variables determined or obtained from supply 
functions and operational policies (such as automobile 
travel cost, bus fare, and automobile parking fare), are 
fed into the demand model to obtain the individual prob­
ability of choice rider i traveling by bus, referred to 
here as the bus system's attractiveness to choice 
rider i. 

This simulatfon process is repeated for a large sam­
ple of individual trips. The sample size is chosen to be 



statistically acceptable. Then statistics on all of these 
individual probabilities (bus attractiveness) are collected 
according to classes of trip length. The mean of total 
probabilities-the bus share of choice riders in the trans­
portation market-is assigned the variable name PROB2, 
which implies the "current" attractiveness of the bus 
system, in contrast to PROBl, the "previous" attractive­
ness of the bus system. 

PROBl is among the initial input data, which are de­
termined by either demand survey or analogy. PROBl 
can be calculated as follows: 

PROB I =(total bus riders - bus captives)/[total travelers 

- (bus captives+ automobile captives)] (13) 

If the numbers of automobile captives and bus captives 
are not available, the model determines PROBl by the 
previously assumed division between captive and choice 
riders: 

PROB 1 =(total bus riders - '/,, total travelers) 

7 (total travelers - '/, total travelers) 

=(bus choice riders/total choice travelers) (14) 

The values of PROBl and PROB2 are compared. If 
they are different, the market is in an unstable condition 
and demand is subject to change. Demand at each bus 
stop (one of the initial input data) is modified by the fol­
lowing relation: 

Q(l) = Q(l) {[ 1 - (bus captives/total choice riders)] (PROB 2 

7 PROB I)+ (bus captives/total choice riders)} (15) 

or, for the assumed division, 

Q(l) = Q(l)[(l l/12) x (PROB2/PROB 1) + (1/12)] (16) 

where bus captives/total choice riders= (1/16)/(3/4) = 
1/12. The previous system attractiveness is then 
dropped and the current attractiveness is substituted; 
i.e., PROBl = PROB2. 

New demands [Q(I)] at each bus stop are fed back to 
the SWEEP algorithm, and the whole process is per­
formed again. Current system attractiveness (PROB2) 
is once again generated from the integrating model. 
PROBl and PROB2 are compared. If they are different, 
the whole process is repeated. The termination of the 
iterative process occurs only if PROB2 falls within a 
95 percent confidence interval of PROBl. At this stage, 
it is assumed that the equilibrium state is reached-Le., 
that the supply and demand sides are in stable condition. 
The equilibrating strategy is shown in Figure 3. 

As Figure 3 shows, the equilibrium state or condi­
tion changes with system management policies. Dif­
ferent sets of policies will produce different levels of 
bus-system attractiveness. Under a specific set of poli­
cies, maximum local attractiveness is obtained at the 
equilibrium state. When different policies are evaluated 
by sensitivity analysis, the one that generates global 
maximum attractiveness is the most preferable set of 
policies if maximization of attractiveness is the manage­
ment objective. 

APPLICATION 

The methodology described above is now applied to the 
development of feeder bus routes to the proposed Glebe 
Station of the Washington, D.C., Metro rail rapid transit 
system. The study area is located in the midwestern 
section of Arlington County, Virginia. It surrounds the 
last Metro station on the Rosslyn-Ballston Corridor and 
acts as a catchment area for the station. The boundaries 
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of the designated area, determined by using a conserva­
tive radius from the transit station, extend 3 .2 km (2 
miles) to the north, south, and west of the station. The 
area to the east is assumed to be serviced by the pre­
vious station on the Metro line. 

The locations of bus stops are determined by land­
use patterns, the major attractors, the road network, 
and passenger walking time. Candidate streets for bus 
routes are initially identified. These streets .fall into 
the categories of major and minor arterials. Bus stops 
are then located on these streets based on land-use pat­
terns, the major generating and attracting points of the 
study area, and the consideration that passenger walking 
distance to a bus stop should not exceed 0.4 km (0.25 
mile). Because 70 percent of morning-peak work trips 
in the study area are bound for Washington, D.C., the 
Metro station can be considered as the major traffic at­
tractor in the area and version 1 of the SWEEP algorithm 
appears to be applicable. The Metro station is consid­
ered to be bus stop 1 and the dispatch point of all buses. 
One hundred and thirteen bus stops, excluding the Metro 
station, were developed for the study area. The study 
area and its boundaries, as well as the location of bus 
stops, are shown in Figure 4. 

Initial demand for each bus stop is calculated from 
the 1970 census-tract data for bus ridership in the study 
area. 

Various computer runs were conducted by using dif­
ferent input parameters. On the supply side, bus ca­
pacity, maximum allowable travel distance for each bus, 
and the schedule of bus headways are all input variables. 
On the demand side, bus-fare structure, automobile 
parking fare, and automobile cost per mile are also in­
put parameters that affect the measure of bus-system 
attractiveness. All of these variables are tested in or­
der to investigate how alternative policies will affect the 
attractiveness of bus to the community. 

The findings can be summarized as follows: 

1. Capacity and distance constraints versus opera­
tional cost-Two types of buses were chosen for computer 
runs: buses with 32 seats and a maximum allowable 
travel distance of 9 km (5.68 miles) and buses with 50 
seats and a maximum allowable travel distance of 13 km 
(7.97 miles). The results show that the system with the 
larger buses will operate at lower cost. 

2. Capacity and distance constraints versus attrac­
tiveness-From intuitive judgment, a decrement in at­
tractiveness should result if buses of greater capacity 
are used. The bus with greater capacity can serve 
longer routes, which will consume longer travel time. 
Not too surprisingly, however, bus capacity does not 
significantly affect system attractiveness in this case 
study. The variation ranged between 0.005 and 0.01. 
Such a small range of variation can be attributed to the 
structure of the behavioral model. 

3. Fare structure and parking price versus attrac­
tiveness-Four levels of bus-fare policies were tested: 
$0.25, $0.30, and $0.50/ride and free fare. Three 
levels of parking-price policies were tested: $1, $2, 
and $3/trip. The results show that higher bus fares 
suppress ridership and higher parking prices increase 
ridership. Increasing parking price will be a more ef­
fective means of increasing ridership than decreasing 
bus fare. 

4. Trip length versus attractiveness-The simulation 
output stratifies the data on trip length. The results 
show that the range of maximum distance for bus use is 
approximately 4.8-6.4 km (3-4 miles). When trip length 
is longer, the attractiveness of bus decreases rapidly. 

Other findings related to the supply side are that the 
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Figure 3. Flow diagram of equilibrating strategy. 
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Figure 4. Selected bus-stop locations in the study area. linear routes developed by the Hamiltonian-path algo­
rithm, in comparison with the loop-routes developed by 
the traveling -salesman algorithm, saved 5-10 percent 
of the total distance traveled by all buses under the same 
conditions of bus capacity and travel-distance constraint. 
Although both algodthms are computationally efficient, 
the Hamiltonian-path algorithm is far superior for this 
specific problem. Each computer run for the Hamil­
tonian path took an average of 1 min of central processing 
unit (CPU) time versus 9.5 min for each run with the 
traveling-sal esman algorithm. In both cases, computer 
time increased linearly with the total number of bus stops 
and c1uadratically with the number of stops per route. 

Based on the sensitivity experiments, the following 
observations are made: 

1. The larger the constraint is on the distance, 
traveled by each bus, the fewer routes will be formed. 
This yields a lower distance traveled for all buses. 

2. The greater bus capacity is, the fewer routes will 
be formed. This yields a lower total distance traveled. 

CONCLUSIONS 

The methodology described in this paper is a compi·e­
hensive computer model and an efficient tool for ana­
lyzing and evaluating bus systems in small to medium­
sized urban areas. It determines the impacts of differ­
ent policies and conditions on the bus system. It can be 
useful to small bus companies in evaluating and designing 
their systems and to local planning commissions in plan­
ning bus systems in their communities. The model is 



easy to use and provides quick answers to many of the 
decision maker's questions. In addition, it is a strong 
educational tool by means of which the user can easily 
learn the interactions among the different elements of 
the bus system. 

However, additional improvements and modifications 
in bus-network development in the model are being 
sought, such as {a) inclusion of the actual street network 
and variable travel times on each link of the network and 
{b) a built-in capability in the algorithm to change the 
locations of bus stops and their spacing according to 
demand. 
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Demand-Estimating Model for Transit 
Route and System Planning in Small 
Urban Areas 
Marvin Golenberg, SG Associates, Inc., Boston 
steven Pernaw, Alan M. Voorhees and Associates, Inc., Boston 

A simplified model for directly estimating transit route and system 
patronage for small urban areas is presented. A category approach is 
used to determine basic transit trip generation by automobile-ownership 
classification. The basic rate is then modified by a series of adjustment 
relations for trip length, walking distance, and service frequency to ar­
rive lit an estimate of patronage for the service alternative under study. 
The model can be manually applied and used to assess new service, ex­
tension of existing service, or improvements in the existing level of ser­
vice. 

A principal component of transit planning and develop­
ment studies centers on procedures for estimating 
demand and patronage. These procedures are im­
pol'tant because they are the main means of assessing 
(a) benefits of 11ew service or modifications to existing 
service; (b) financial feasibility of new or modified 
service; (c) mobility impacts on population that result 
from service changes; (d) potential impacts on areas _ 
served by new or modified transit se1-vices, ai·eas such 
as cenfral business districts (CBDs) and public service 
complexes; and (e) potential impacts on other transpo1·­
tation modes or transportation-related social, environ­
mental, and economic factors. 

Patronage-estimating procedures are well developed 
for large urban areas particulal.'ly for long-range, 
capital-intensive transit improvements. These tech­
niques have proved relatively successful because of a 
combination of one or more of the following factors 
cha1·acteristic of transit improvements in la.rge1· urban 
areas: (a) major system changes; (b) large travel 
markets in which transit service can have significant 
impacts; and (c) dominance in systems or corridor 
studies of travel that is diverted to transit rather than 
captive travel or latent transit demand. In addition, 
large urban areas generally have available a wealth of 
travel data for both highway and transit travel, data 
that represent a fairly wide range of conditions and 
permit the development of reasonably stable and sta­
tistically accurate forecasting relations. 

Smaller urban areas present somewhat different 
problems in transit planning, both in the scale of 
proposed transit development and in the data base from 
which to derive forecasting relations. Transit im­
provements in smaller areas are less dramatic than 
those in larger areas, both in level-of-service changes 
and in overall impact on the total transportation system. 
Adding a new local bus route in a corridor or increas­
ing service frequency on a local bus route-each an 
example of typical small-area transit improvements­
is far less dramatic than building a rapid transit line 
in a corridor. In small urban areas, the smaller-scale 
changes in transit service, the relatively small travel 
markets, the lower potential for diversion of travel to 
transit, and the comparative dominance of the captive­
rider and latent-demand market generally cause changes 
in the level of demand that cannot be satisfactorily 
addressed by competitive mode-forecasting techniques. 

Techniques for direct estimation of transit patronage 
are more appropriate for smaller urban areas and also 

for comparatively minor service changes, for the fol­
lowing reasons: 

1. Transit service improvements in small urban 
areas and minor changes in large urban areas generally 
have a greater impact on the generation of new travel 
than on diverting travel; new demand is mainly generated 
travel and only a minor amount is diverted travel. 

2. The amount of new patronage, although significant 
in transit planning (mainly because of low existing 
patronage), does not have a significant effect on highway 
traffic volumes in relation to highway planning decisions. 

3. Mode-share models are generally unsatisfactory 
for estimating the relatively small changes in patronage 
that occur as a result of the level-of-service changes 
most common in small-area and short-term transit 
improvements. 

There is a need for a technique of estimating demand 
and patronage that is appropriate to the characteristics 
and commensurate with the requirements of small areas 
and comparatively minor transit service improvements. 
As with more traditional mode-share techniques, this 
technique must be sensitive to the policy-related factors 
inherent in transit planning: frequency, coverage, 
fares, and travel time. In addition, the comparative 
size of existing travel markets, characteristics of 
potential trip makers, and latent demand generation 
potential should be accounted for. other considerations 
are the desire to simplify application of the technique to 
increase its utility as a planning tool by reducing the 
data requirements, the application effort, and reliance 
on senior professional staff. 

A desirable technique is one that 

1. Is responsive to all major policy issues; 
2. Is sensitive to trip-maker and level-of-service 

characteristics; 
3. Is intuitively simple; 
4_ Has minimal data requirements (can be used with 

census data and planning descriptions of transit service); 
5. Can be applied efficiently as a manual technique 

for route or small-system planning but, if need be, can 
be computerized to simplify bookkeeping for repetitive 
or larger-system applications; and 

6. Is intuitively correct (e.g., patronage changes are 
intuitively consistent with the direction of change in a 
particular service characteristic). 

PAST EXPERIENCE 

A number of approaches to the estimation of demand 
and patronage have been developed for small-area 
transit planning. These have generally been of two 
types: estimation of areawide system patronage and 
route-corridor estimation. Techniques for both have 
ranged from simple (standard productivity rates with 
specified route mileage and hours) to complex [be-



havioral system models developed by the New York 
state Department of Transportation (!.-~] . A number 
of the more widely used approaches or variations are 
briefly described here. 

One simplified aggregate systemwide approach is 
based on use of an annual per-capita transit ridership 
that corresponds to a typical average, overall transit 
operation for a small urban area. The per-capita trip 
rate is modified for variations in systemwide frequency 
and fare from the per-capita-trip-rate reference condi­
tion. Data are empirically derived from a number of 
smaller urban areas. Route planning cannot be done 
by using this technique. 

The approach developed by Hillegass (i) is a simpli­
fied technique based on major corridor or route struc­
ture for travel to the CBD. The premise of the ap­
proach is that in smaller urban areas the predominant 
type of transit trips is trips to the CBD, which are 
largely work trips. A generalized relation between 
mode split and automobile-occupancy and income and 
automobile ownership, developed from national statis­
tics, is used to estimate systemwide (and corridor) 
travel to the CBD for a given estimate of CBD person 
work travel for the urban area. The procedure ex­
plicitly addresses the area of transit route coverage 
and user characteristics but does not contain specific 
relations to reflect frequency and fare variations. 

Procedures developed in Massachusetts-in the 
Merrimac Valley @ and Nm:thern Middlesex@ transit 
deve lopment programs (TDPs)-are both variations and 
extensions of the approach advanced by Hillegass. The 
Merrimac Valley approach is a corridor technique that 
implies a radial CED-dominant transit system. Basic 
transit trip rates within a 0.8-km (0.5-mile) coverage 
band for separate automobile-ownership categories are 
used to estimate a base route demand. Relations for 
service frequency and fare changes developed in other 
studies are used to modify the base route demand. The 
Northern Middlesex technique is similar but uses a trip 
rate based on income. Adjustments for frequency and 
fare· variations are again based on relations developed 
in national studies. 

All of the above techniques stress simplification in 
application and a complexity in balance with the demand­
forecasting problem. The four approaches have similar 
inherent assumptions that are not always explicitly 
presented. All are based on a radial route structure 
that focuses on the CBD. Transit travel is predomi­
nantly home-based travel to the CBD; there is little 
crosstown or non-CBD corridor travel. Routes are 
fairly short in length and generally do not extend beyond 
the older, denser residential core; few routes extend 
to newer, low-density residential areas. Cons'equently, 
these techniques are intended to be used primarily for 
direct travel to a single dominant activity center over 
fairly short [6.4-km (4-mile)J maximum travel dis­
tances. 

Each of the approaches is intuitively acceptable, and 
each contributes to the state of the art. Collectively, 
they form a good basis for further extension of a simpli­
fied forecasting technique. 

CONCEPTUAL ASPECTS OF MODEL 
DEVELOPMENT 

A number of conceptual hypotheses are presented that 
establish the structure for model development. These 
are based partly on previous work, on general findings 
from analysis of transit data, and from intuitively 
derived relations based on observation of transit and 
travel data. 

The nature of transit trip making in smaller urban 
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areas and, to a degree, new trip making associated 
with transportation system management (TSM) type of 
improvements to bus service in any area argues 
strongly for a demand-estimating technique that em­
phasizes generation of trips rather than mode splitting 
of existing demand. This establishes the approach for 
model development. 

Specification Guidelines 

The objective of the process of model development is to 
produce a set of relations that can be applied at the 
planning level to determine potential ridership levels 
for variations in service as well as service to activity 
centers of different sizes. Conceptually, the varia­
tions that should be addressed are route relocation, 
route extension, frequency changes, route speed changes, 
changes in fare levels, route coverage, trip-maker 
characteristics, and activity location and size. rt is 
desirable to structure these relations so that they can 
quickly and easily be used to evaluate transit service 
improvements. Graphic and tabular representations, 
rather than mathematical equations, are desirable. 
Model development is directed toward this format. 

The model is in the form of direct transit trip gen­
eration and is structured as a set of separate but inte­
grated relations. The components are 

1. A basic transit trip generation rate by socio­
economic category and 

2. Relations for modifying trip generation by (a) 
variation in walking distance to service, (b) distance 
from the attraction center, (c) change in service fre­
quency, (d) change in fare levels, (e) change in schedule 
running speed, (f) size of activity center, and (g) size 
of urban area. 

Model development does have some basic constraints. 
These are primarily dictated by available empirical 
data. The source of empirical data on ridership is 
on-board travel surveys for conventional fixed-route, 
radially oriented surface bus systems. The basic data 
limitations are that (a) the model is for conventional 
transit service and should not be extended to paratransit 
services and (b) the model is for trips to an activity 
center at the focus of radially oriented transit service. 
The second limitation reflects the CBD data bias. How­
ever, introduction of concepts of trip-rate adjustment, 
based on both the absolute and the relative size of an 
activity center, and use of the principle of superposition 
allow CBD-based data to be extended and used for transit 
planning in areas that contain multiple activity centers. 

Basic Trip Generation Rates 

Transit trip generation rates have been shown to be 
related to such socioeconomic characteristics of trip 
makers as income and automobile ownership. Both 
variables have been shown to be highly correlated. 
Since information on automobile ownership taken from 
survey data is more reliable than data on income, it is 
selected as the basic variable. In addition, automobile­
ownership distributions are readily available from 
census data, there are fewer variable stratifications, 
and impacts of energy crises will be more readily 
reflected in automobile ownership than in income. 

The basic trip rate should be for each category of 
automobile ownership: households with no automobile, 
households with one automobile, and households with 
two or more automobiles. Trip generation is based on 
trips per household (since this is a short-term fore­
casting technique, the apparent trend toward lower 
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household size can be ignored). To ensure that trip 
generation reflects "effective" transit service, only 
data from covered areas are used in developing trip 
rates. Each trip-rate value will inherently reflect 
"averages" of the other parametric values, such as 
trip length and distance from a route. A basic trip-rate 
table is shown in Figure 1. 

Trip Length 

Transit trip generation rates should vary with distance 
from the CBD. This reflects two phenomena: trip 
distribution and mode share. Both concepts are de­
scribed below. 

A hypothetical radial travel corridor to the CBD is 
used to show the effect of trip distribution. The cor­
ridor consists of four zones of equal length and width; 
all zones have identical socioeconomic and trip genera­
tion characteristics. The width of the corridor is taken 
as being equal to the coverage of a transit route­
approximately 0.8 km (0.5 mile)-as shown in Figure 2. 

The generalized distribution of trip length and fre­
quency for each zone can be estimated by using trip 
cHstribution theory and empirically based observation. 
In Figure 3, zone 1 sends a trips to the CBD, zone 2 
sends b trips, zone 3 sends c trips, and zone 4 sends d 
trips, where a > b > c > d. If trips to the CBD from the 
corridor were plotted by distance from the CBD, a trip­
length distribution of CBD-oriented trips would result. 
For example, Figure 4 shows that travel from a zone 
to the CBD decreases as the distance from that zone to 
the CBD increases. 

The implications of the relations shown in Figures 3 
and 4 for procedures for forecasting the transit trip 
rate are significant. For example, if the transit trip 
rate were taken as a constant value, it would imply 
either increasing mode share or greater latent demand 
generation or both. This is contrary to empirical 
evidence. 

Generalized mode-share relations along the corridor 
can be hypothesized from mode-share theory and em­
pirical evidence. A generalized mode-share profile is 
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Figure 2. Prototypical CBD travel corridor. 
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shown in Figure 5. Transit is not an attractive mode 
for short trips, primarily because of the relatively high 
waiting times; walking and the automobile are more 
attractive, and hence mode split or transit trip genera­
tion would be lower for short trips. At the other 
extreme-long trips-transit begins to lose its attrac­
tiveness as line-haul time and cost begin to favor the 
automobile; the mode share for transit then decreases. 

A conceptual relation of variation in transit trip gen­
eration rates along a transit service corridor can be 
derived from the above characteristics. This relation 
should also show differences for different strata of 
automobile ownership. Total person-trip-length dis­
tribution by distance will vary by category of automobile 
ownership because of the comparative difficulty in 
reaching the same spatial opportunities in the same 
travel time for each category. Two-automobile house­
holds have a superior mode available for trip making 
and can "cover more ground" in the same time as zero­
automobile households, which are more dependent on 
"inferior" modes such as transit, taxi, and shared ride. 
Generalized profiles of trip-length distribution by 
category of automobile ownership in a trip production 
zone are shown in Figure 6. The relation between 
variation in transit trip generation along a corridor 
and distance from the CBD is shown in Figure 7. 

All of these concepts can be applied to any trip 
attraction subarea, such as shopping centers and public 
service complexes. 

Trip Frequency 

Empirical observation, elasticity studies of transit sys­
tem characteristics, and research based on behavioral 
mode-share models have all' shown mode split to be 
sensitive to frequency of service. The relation between 
transit trip rate and headway, based on disutility mode­
split findings, is shown in Figure 8. Separate response 
surfaces are indicated for each category of automobile 
ownership. 

Fare 

Transit trip generation (mode share) has been shown to 
vary with the fare charged. The relation between 
transit trip generation rate and fare, derived from 
existing mode-share and elasticity research, is shown 
in Figure 9. 
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Figure 3. Generalized distribution of trips for an origin zone. 
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Figure 4. Trips to the CBD by distance of origin from the 
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Figure 5. Generalized distribution of trip origins for trips to the 
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Walking Distance 

Analysis of empirical data has shown that the walking 
distance between a potential trip origin and a transit 
stop has an effect on the rate of transit ridership. A 
generalized form of the relation between walking distance 
and transit trip rate is shown in Figure 10 . 

Trip Line-Haul Speed 

Mode-split model analysis has shown transit demand to 
vary with changes in line-haul transit service time, all 
other factors remaining constant. Generally, as travel 
time by transit improves, the trip rate increases. A 

Figure 6. Generalized distribution of trips from a zone by automobile 
ownership. 
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hypothesized relation between speed and trip rate for a 
constant person-trip length is shown in Figure 11. 

Size of Urban Area 

Data on transit trip rates from several urban areas of 
different size but with approximately the same quality 
of transit service indicate variation in trip rates. An 
a priori hypothesis is that city size may be a factor in 
transit trip generation rates. This may be a result of 
a number of factors that become more pronounced as 
city size increases, such as increases in traffic con­
gestion and parking cost and decreases in parking space 
and in walking as a primary mode of travel. Although 
many of these factors may be directly or indirectly ac­
counted for in other hypotheses, a general conceptual 
relation between transit trip rate and size of the urban 
area is shown in Figure 12. 

Figure 9. Fare versus transit trip rate (all other factors held constant) . 
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Figure 10. Relative transit trip rate versus walking distance 
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Size of Attraction Subarea 

The size of the attraction subarea measured in the num­
ber of trip attractions and in the proportion of total 
urban-area trip attractions should have an impact on 
transit trip generation rates. These measures reflect 
trip distribution, the size of the trip market, and traffic 
congestion as well as the cost and difficulty of parking 
in the subarea. It is hypothesized that, as both the 
percentage of area attractions and the absolute number 
of attractions in a subarea increase, the transit trip 
rate should increase, transit service parameters re­
maining constant. Figure 13 shows the relation be­
tween transit trip rate and urban-area attraction activity. 

This hypothesis has added significance. The specifi­
cation for the proposed model is for the estimation of 
transit trips to a single attraction subarea (the CBD). 
With the exception of the trip-length adjustment, the 
estimate of transit trip generation is independent of 
transit travel to any other location. It is therefore 
possible, and conceptually valid, to develop a number 
of separate estimates that correspond to transit service 
to other specific attraction subareas and combine them 
in an additive manner to yield route and system esti­
mates for areawide travel by transit . An adjustment 
factor to scale the basic trip rate according to relative 
subarea activity would permit this . 

Principle of Superposition 

Superposition occurs when events taking place in the same 
environment are independent of one another in their 
effect on the environment. Impacts of each event are 
additive , having a linear cumulative effect. The model 
specification is defined to take advantage of superposition 
to simplify use of the model. The discussion above on 
estimating transit demand for more than one attraction 
area is an example of superposition. 
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Figure 11 . Route line-haul speed for a person trip of 
constant distance versus relative transit trip rate . 
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Figure 12. Relative transit trip rate versus size of urban area. 
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Figure 13. Relative transit trip rate versus urban-area attraction 
activity. 
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Figure 14. Trip-rate adjustment factor versus variable Q. 
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The model is intended to be applied on a route or cor­
ridor basis. It can be applied on an aggregate system 
basis if average route characteristics and areawide 
socioeconomic characteristics and percentage coverage 
are used. 

In using the model to estimate route demand, the 
basic trip generation rate for each category of auto­
mobile ownership is successively modified by an adjust­
ment factor that reflects the route characteristics, the 

19 

spatial relation of the trip origin zone to the attraction 
subarea, and the size of the urban area and the attrac -
tion subarea. This is expressed as follows: 

n m 

Tk=~ ~Tiik 
i=l j=l 

n m 

= ~ ~ (H;;)(Rj)(F;)(W;i)(Q;)(Di;)(SP;;)(Ak)(U) (I) 
i=I j=I 

where 

u 

total trips generated on the route to attraction 
k, 
trips from zone i by trip-maker category j to 
attraction k, 
number of households of type j in zone i, 
basic transit trip generation rate for trip­
maker category j, 
fare adjustment factor for the route for trip­
maker category j, 
walk-distance adjustment factor for trip-maker 
category j in zone i, 
frequency adjustment factor for trip-maker 
category j, 
distance adjustment factor for trip-maker 
category j in zone i, 
route-speed adjustment factor for trip-maker 
category j in zone i, 
adjustment factor for subarea size and con­
centration, and 
adjustment factor for urban-area size. 

As can be seen from this expression, the application is 
very similar to Highway Capacity Manual procedures for 
calculating intersection capacity (1). 

The basis of this approach is that each adjustment 
factor is referenced to the value each variable had for 
calculation of the basic trip rate. This is accomplished 
by normalizing each of the relations by dividing trip 
rates by the average basic trip rate. The value of the 
variable at a normalized trip rate of 1.0 is the reference 
condition. A generalized curve for the relation between 
the variable and the trip-rate adjustment factor is shown 
in Figure 14. (In the figure, a is the value of variable 
Q, corresponding to the base trip generation rate; thus, 
the adjustment factor for a is 1.0. If the proposed 
service improvement resulted in a value of b for vari­
able Q, the base trip generation rate would be multi­
plied by an adjustment factor of 1.4.) 

Use of the procedure implies measuring the transit 
system variables as the trip maker sees them. When a 
zone is served by only one route, there is no measure­
ment problem; characteristics of only that route are 
used. However, when a zone is served by two or more 
routes for travel to the attraction subarea, the effective 
combined service characteristics must be used. This 
will almost always be limited to the frequency variable. 
As an example, a zone with two 30-min services is 
treated as having one 15-min service. 

MODEL DEVELOPMENT 

Data Base 

The data base for model development consisted of an 
on-board transit 0-D survey of approximately 1000 in­
terviews, a description of the transit system, and 
socioeconomic census data from the Montachusett, 
Massachusetts, regional planning agency (RPA). 
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Figure 15. Walking-distance adjustment factor . 1.5 

Figure 16. Trip-length adjustment factor. 
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Limitations imposed by the data restricted direct 
analysis to basic trip rate, trip length, walking distance, 
and service frequency. Fare-change relations were 
approached by using findings from other studies. Anal­
ysis of the effect of route speed was not possible be -
cause of a lack of suitable observations. An attempt 
was made to study subarea relations by using the 
Fitchburg and Leominster CBDs within the RPA, but 
this analysis was inconclusive because of problems 
encountered in structuring the analysis. Because of the 
single-area data set, the effect of city size could not be 
investigated. 

Data Definition, Preparation, and 
Analysis 

Trip generation was defined on standard gravity model 
notation, home-based and non-home-based. Only home­
based trip productions were used in the model. Non-
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Figure 17. Trip-frequency adjustment factor . 
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home-based trips were not included because of dif­
ficulty in associating causative factors and because 
these trips represented a small proportion of total 
transit trips. Trip attractions were not explicitly 
addressed; consideration of only the CBD as a trip 
attraction area and use of only trips to this subarea 
implied both distribution and balanced trip generation. 
This was also necessary to conform to the single­
attraction focus of the model specification. 

Home-based trips were not stratified by purpose, 
primarily because of the thin data base. Use of a 
single, combined home-based purpose appears suf­
ficient for estimating transit patronage for CBD travel, 
but models by purpose should be more useful, particu­
larly for estimating trips to more homogeneous s ubareas 
such as shopping centers, medical/hea lth- ca.re com­
plexes, and large industrial parks. 

Use of the home-based production definition produces 
a round-trip estimate that results in the estimate for a 
route in nondirectional total passengers. Directional 
loads and load profiles are estimated by splitting total 
trips equally into boardings and alightings and loading 
these on the route. Non-home-based trips are accounted 



for by factoring the home -based trips by the ratio of 
non-home-based to home-based trips developed from the 
survey data. This is an approximation but provides a 
working estimate that is sufficient for planning. 

Analysis was done by using aggregate and semi­
disaggregate techniques. Trip and socioeconomic data 
were referenced to traffic zones. This was done for 
two reasons: to provide a convenient reference for 
measuring transit system characteristics and to modify 
trip rates for each automobile-ownership category to 
reflect non-transit-trip-making households in that 
category. Within each zone, the data were treated in 
a semidisaggregate manner. Only households in the 
zone within "coverage" walking distance were included 
in the analysis. By using census data and other socio­
economic data prepared by the RPA, an estimate was 
made of the number of zero-, one-, and two-automobile 
households in each of the traffic zones. 

Transit system characteristics were estimated for 
each zone by using the transit route map and timetable. 
Distance to each zone from the CBD was measured along 
the route from the center of the CBD to a midpoint loca­
tion in the zone. Frequency of service for the zone was 
taken as the combined effective frequency of all service 
between the zone and the CBD. A parallel resistance 
formula was used for the calculation. Walking distance 
to the route, as measured, was used to determine the 
limit of route coverage and was the criterion for the 
inclusion of data in the analysis. Walking distance as 
reported in the survey was used in the analysis of the 
effect of walking distance. Fare was constant. 

Basic Trip Rate 

Zonal average trip generation rates for each category 
of automobile ownership were graphically analyzed. 
Trip rates were taken as the total for the automobile­
ownership categories in the zone, and there was no 
additional cross classification. The analysis indicated 
a distinct difference in trip generation rates between 
households with no automobile and those with one or 
more automobiles. Trip rates for households with two 
or more automobiles appeared not to be statistically 
reliable because of the small number of responses in 
that category. For this reason, households with one 
automobile and households with two or more auto­
mobiles were combined. The resulting basic trip 
generation rates are given below: 

Number of 
Automobiles 
per Household 

0 ,,,, 

Daily Trip 
Rate per 
Household 

0.21 
0.04 

Walking Distance 

Trip-rate data within each of the two automobile­
ownership categories were cross-tabulated by reported 
walking distance. Hand-fitted curves were normalized 
by dividing the trip rates by the basic trip rate for each 
automobile-ownership category; these curves are shown 
in Figure 15. The apparent inconsistency in the curves 
is produced by the normalization procedure. Normal­
ization is within the strata, and the factor indicates the 
relation to the basic trip rate. Apparent inconsistency 
results from plotting both against internal relative 
scales. If the curves were each multiplied by their 
respective basic trip generation rates and replotted on 
a trip-generation-rate scale, the inconsistency would 
disappear. 
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Trip Distance 

Trip-rate data by each category of automobile owner­
ship were cross-tabulated by distance from the CBD. 
Curves were hand-fitted and then normalized by dividing 
by the respective basic trip generation rates (see Fig­
ure 16). The apparent inconsistency in the curves is 
attributable to the normalization approach. 

Service Frequency 

Automobile ownership was cross-tabulated by service­
frequency trip rates to develop the normalized service­
frequency curves, which are shown in Figure 17. 

Validation 

The initial basic trip rates and adjustment relations 
were applied in the Fitchburg-Leominster area to test 
if the model could estimate base-condition transit travel. 
Input data were the number of households by category of 
automobile ownership in each zone and measures of 
transit service to that zone. Estimation errors were 
found in the initial test, and modifications were made 
to the factor adjustment curves. Two additional interac­
tions of testing and revision were required before all 
model components were judged to be acceptable for 
planning application. All information given in the text 
table above and in Figures 15-17 are for the final rela­
tions. The prediction accuracy of the model for zonal 
trip productions is shown in Figure 18. 

Ancillary Models 

Use of a semidisaggregate or fully disaggregate model 
requires specific estimates of the independent variables 
by the same discrete classification as that used in model 
development. For the Fitchburg-Leominster model, 
the only ancillary model required was one to estimate 
automobile-ownership strata from estimates of average 
zonal automobile ownership. This was developed from 
census data. An example of this relation is shown in 
Figure 19. 

ApplicatioJ1s 

The model was applied in the Montachusett regional 
TDP to estimate patronage for various service improve­
ments. In application, the model produced rational 
demand estimates for the proposed types of improve­
ments. For one alternative-restoration of service to 
previous levels-the estimated demand was similar to 
actual patronage levels experienced when the service 
was still in effect. 

The model was also used to estimate patronage for 
the Midstate Connecticut TDP. There was no existing 
transit service, and therefore patronage estimation had 
to be developed from "borrowed" relations. Application 
of this model produced demand estimates that were 
typical of patronage levels found in cities of a similar 
size and a similar level of transit service. 

APPLICATION PROCEDURE 

The steps followed in making an estimate for a transit 
line that serves an attraction subarea are presented 
below. Where a second or third line also provides ser­
vice to zones served by the subject line, all services 
must be taken into account when the trip estimate for 
the zone is calculated; the zone trips are then split 
equally between each of the lines that serve the zone. 
If an estimate is to be made for more than one attrac-
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Figure 18. Observed versus estimated zonal trips. 300 
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Figure 19. Average automobile ownership by automobile-ownership 
categories. 
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tion subarea served by the line, separate estimates 
are made for each and added together. The procedural 
steps are these: 

1. Lay out the subject transit llne on a zone map. 
2. Define tile coverage band of the line, approxi­

mately 0.8-1.2 km (0. 5-0. 75 mile) on each side of the 
line. 

3. Note each of the zones included within the 
coverage band. 

4. Estimate the number of households with no 
automobile and one or more automobiles in each zone 
in the covered aJ:ea; this can be done by simply using a 
dwelllng-wiit density factor for the zone and a represen­
tative average automobile ownership derived from a 
census-tract-level estimate. 

5. Estimate the average walking distance to the 

• 

• 

• 

100 200 300 

Observed Zonal Trip Productions 

line; for small zones a single value is probably suf­
ficient, but for larger zones it may be necessary to 
subdivide the zone into walking-distance bands. The 
adjustment factor for each band by automobile owner­
ship for each zone is determined from the adjustment 
curve. 

6. Measure the distance along the route from the 
attraction subarea to approximately a midpoint location 
of the route in the zone; select the approp1·iate adjust­
ment factor for distance for each category of automobile 
ownership in the zone. 

7. Estimate the service frequency from the zone to 
the attraction subarea, not the presence cf multiple - line 
se1-vice. Select the appropriate au.tomobile-ownership­
category adjustment factors. 

8. Calculate the transit trip estimate for each zone. 
This is done by multiplying the basic trip rate by the 
number of dwelling units and each of the factors. The 
line estimate is the sum of all individual "served" zone 
trip estimates, with allowance for multiple served 
zones. 

9. Estimate total line demand by adding all activity 
center estimates and then factol'ing for non-home-based 
trips. 

10. Estimate, if des ired, route loading p1·ofiles, by 
converting the trip production estimate for each zone 
into two trips, one from the zone to the attraction sub­
area and one from the attraction subarea to the zone. 
Trips are manually assigned to produce the load profile. 

EXTENSIONS AND REFINEMENTS 

The results of the development, validation, and appllca­
tion of the model indicate tliat the conceptual framework 
and specification for the demand-estimatlon approach 
appear to be reasonable. Based on this, it is proposed 
that the findings be further tested by following this same 
approach in one or more other small urban areas. If 
the same results are found, the next steps should be to 
pursue other concepts that could not be addressed in this 
study: fare adjustment, urban-area size, route speed, 



and relative size of the attraction subarea. In addition, 
stratification of separate work, shopping, and other 
trip purposes might warrant further study. 
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Simulation of Travel Patterns for 
Small Urban Areas 
Jerry G. Pigman and Robert C. Deen, Bureau of Highways, Kentucky 

Department of Transportation, Lexington 

A study conducted to simulate travel patterns in small urban areas is re­
ported. The purpose of the study was to develop models that would 
simulate internal-external trips and external-external (through) trips. Re­
gression analysis and cross classification of data were tested in an attempt 
to predict the number of internal-external trips and the percentage of 
through trips. Regression analysis was used in the development of a 
through-trip distribution model. Grouping data for analysis created some 
problems; however, trial-and-error evaluation enabled the selection of 
variables that produced reasonable results. The variables found to be 
most significant in the development of internal-external-trip models are 
population and employment. For through-trip models, the variables used 
are population, functional classification, average annual daily traffic at 
the external station, and percentage of trucks. In developing through­
trip distribution models, the variables of significance are average annual 
daily traffic at the destination station, percentage of trucks at the desti­
nation station, percentage of through trips at the destination station, 
and ratio of destination average annual daily traffic to total average 
annual daily traffic at all stations (value squared). Overall, for ease of 
application and accuracy, the models developed appear to be adequate 
for planning purposes. 

Agencies responsible for determining when and where to 
construct new urban highways and streets, or to im­
prove existing ones, must consider many factors in the 
decision-making process. One such factor is the pur­
pose and volume of the traffic that can be expected to use 
the facilities in the future. Estimates of future traffic 
patterns are made by various traffic simulation models, 
usually some mathematical expression with parameters 
and constants to simulate traffic flow. Alternative 
transportation systems can be evaluated in terms of 
costs and benefits by entering socioeconomic descriptors 
into a simulation model to determine traffic patterns and 
volumes. 

Travel patterns within an urban area are divided into 
three categories: 

1. External-external or through trips-trips that 
originate and terminate outside the area, 

2. Internal-external trips-trips that originate inside 
the area and terminate outside the study area or vice 
versa, and 

3. Internal-internal trips-trips that originate and 
terminate within the area. 

Historically, travel data for these three types of trips 
have been obtained from origin-destination (O-D) sur­
veys. The external 0-D survey, in which drivers of ve­
hicles are interviewed at the study area boundary, pro­
vides data for internal-external and external-external 
trips. Internal-internal trip data are generally obtained 
by using home-interview, truck, and taxi surveys. The 
collecting, coding, editing, processing, and summariz­
ing of these data often represent a major portion of the 
time and cost of conducting a transportation study. How­
ever, a review of completed studies has indicated that 
there are many similarities in models developed for trip 
generation and trip distribution that involve internal­
internal trips, and this makes it possible to synthesize 
internal-internal trips by modeling. Many similarities 
are also apparent in internal-external and external­
external trips. Synthesis of the trips involves applying 
values from 0-D studies to other urban areas that have 
similar population and socioeconomic characteristics. 

The models discussed in this paper were developed 
for simulating internal-external and external-external 
trips by emphasizing previously tested procedures and 
by selecting variables that characterize small urban 
areas in Kentucky. 
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REVIEW OF THE LITERATURE 

The differences between large and small urban areas 
are apparently significant enough to make it necessary 
to separate them in traffic modeling. Most planners 
categorize areas that have less than 50 000 population 
as small urban areas. 

Initial work in North Carolina was directed toward 
simulating internal travel by using trip generation data 
either from a small sample of home interviews or from 
data obtained from another similar urban area. By 
1970, a procedure for synthesizing internal travel had 
been perfected to the extent that its use had become 
standard operating procedure (1). In 1970 and 1971, 
Modlin (2), working with the North Carolina Department 
of Transp ortation, was successful in synthesizing in­
ternal, external, and through travel for small urban 
areas. 

The estimating procedure for th.rough trips has con­
sisted of three models (3). The Iirst dealt with estimat ­
ing the percentage of through trips from each external 
station given the functional classification of the facility 
external to the cordon, the current average annual daily 
traffic (AADT), the percentage of the facility external 
to the cordon, the percentage of panel and pickup trucks, 
and the population of the urban area. The second was a 
composite model composed of distribution models for 
each functional classification, which produced a triangu­
lar through-trip table. A third model estimated the per­
centage of total external trips by vehicles garaged inside 
the cordon as a function of employment available in the 
urban area. 

In another study (4), previously developed corridor 
growth-factor models for developing future estimates of 
internal traffic in small urban areas were tested and 
modified. Regression equations were developed to pro­
vide data that are usually obtained from external cordon 
surveys. Alternative procedures for providing external 
survey information, based on historical data, were also 
developed. The completed procedure provided traffic 
volumes within the accuracy necessary for planning 
major thoroughfares in small urban areas. 

Most studies of trip generation undertaken in the 
19 60s relied heavily on regression analyses. But a re­
cent study sponsored by the Federal Highway Adminis­
tration indicates that a combination of cross­
classification and rate analysis was a more efficient 
and straightforward procedure for forecasting trip gen-

Table 1. Internal-external trip prediction models: regression analysis. 

Number 
of Study 
Areas 

6 
7 
2 
3 
2 

Population 
Group 

5 000- 9 999 
10 000-14 999 
15 000-19 999 
20 000-2 9 999 
30 000-49 999 

Equation 

Y = 10.25 + 0.53P + 5.41C + 0.81E + 0.57! 
Y = 123.45 + 0.15P + 2.73C + 3.20E + 0.80! 
Y = -28.41 + 0.38P + 2.72C + 3.28E + 0.69K 
Y = 1. 78 + 0.30P + 1.87C + 1.64E + 0.53! 
Y = 60. 76 + 0.05P + 1.26C + 0.30E + 0.051! 

Table 2. Cross-classification prediction of internal-external trips 
per internal zone. 

Total 

eration (5). Some of the advantages of using combined 
cross-classification and rate analysis are that the pro­
cedure is easy to understand, uses the data efficiently, 
and is easy to update. 

DEVELOPMENT OF MODELS 

Transportation studies of 20 cities scattered throughout 
Kentucky that have populations ranging from 6000 to 
50 000 were the primary source of data for the analyses. 
As is the case with most prediction models, the pro­
cedure followed was a trial-and-error process of select­
ing independent variables that were easy to predict, met 
the test of reasonableness, and produced statistically 
sound results. Model formulation was confined to re­
gression analyses and cross-classification techniques. 

Internal-External Model 

Inspection of internal-external equations developed in 
urban-area transportation studies reveals the types and 
the combinations of independent variables that were used 
to predict internal-eA-ternal tr ips . The dependent va1·i­
able (internal-external t1• ips) and independent variables 
(various planning and socioeconomic f<\ctorsl were the 
best combination of variables to represent base-year 
conditions and to predict future trip generation. Internal­
external trips were obtained from 0-D surveys. Popu­
lation and employment data were available from cen­
suses, and projections of these variables were consid­
ered good predictors of conditions at some point in the 
future. The study areas were grouped according to 
population. 

Regression Analysis 

Data on dwelling units, population, various types of em­
ployment, and internal-external trip attractions by zone 
were collected, tabulated, keypunched, and coded for 
computer analyses. Linear regression was the first 
type of analysis performed to derive a prediction model. 
Several combinations of independent variables were 
tested by using available data from the 20 Kentucky 
cities. Each internal zone was considered to be a sepa­
rate set of data so that a total of 816 sets of data were 
available. The data sets were reduced from 816 to 762 
because some exhibited unusually large, or small, num­
bers of internal-external trips. 

An attempt was made to perform a regression analy­
sis by using the complete data. The result was an in­
accurate and unresponsive prediction equation. A 
second regression analysis was performed by using the 
zones within each study area as a data set. These equa­
tions characterized individual areas well, but the equa­
tions were not applicable to predicting trips in other 
areas. It became apparent that the study areas should 
be combined into population groups. Regression analyses 
were performed in which five population groups were 
used. The resultant equations are given in Table 1. The 

0-150 
Population 

151-500 
Population 

Data 
Entries 

>500 
Population 

Data 
Entries 

Employment Trips 

Data 
Entries 
per Cell Trips per Cell Trips per Cell 

0-5 59 
6-50 154 
51-100 179 
101-300 436 
>300 945 

87 
46 
22 
30 
42 

87 
185 
222 
464 

1150 

51 317 8 
73 340 63 
39 485 52 
70 610 87 
43 1309 49 



Table 3. External-external trip models : cross classification. 

Functional Trucks in Through 
Classification AADT AADT (i) Trips (~ 

Primary arterial 0-5 12 
0-2500 6 -10 31 

> 10 41 
0 - 5 39 

250 1- 5000 6- 10 31 
> 10 49 
0-5 24 

>5000 6-10 49 
> 10 64 

Minor arterial 0 - 5 16 
0 -2500 6-10 20 

> 10 15 
0 - 5 28 

2501 - 5000 6 -10 20 
> 10 36 
0 - 5 10 

> 5000 6 -10 32 
> 10 40 

Collector All All 25 
Local All All 19 

following notation is used in the equations: 

Y =internal-external trips by zone, 
P =population of internal zone, 
C =commercial employment by zone, 
E =public employment by zone, and 
I = industrial employment by zone. 

Cross-Classification Analysis 

Entries 
per Cell 

2 
3 
6 
2 
7 

15 
2 

10 
15 
17 
30 

B 
9 
B 

18 
2 
4 
5 

11 
3 

The second type of analysis used to obtain internal­
external prediction models was cross classification of 
data. The independent variables used for this analysis 
were zone population, total employment by zone, and 
dwellings by zone . The first cross-classification ma­
trices were developed by using large numbers of cate­
gories for each variable. It was found that the number 
of entries per cell was not sufficient to give signifi­
cance to this high degree of stratification because 
only 816 zones constituted the data base. From regres­
sion analyses, it was found that dwellings and population 
exhibited characteristics of collinearity; therefore, one 
or the other had to be dropped from the regression equa­
tions. Since both variables relied on the same charac­
teristics of the urban area for prediction purposes, 
dwellings were omitted from the cross-classification 
analysis. 

The resulting model, in its final form, is given in 
Table 2. Total employment by zone and population by 
zone are stratified into five and three groups, respec­
tively. Because of the unusual nature of the attractors 
(businesses and institutions) previously mentioned, only 
762 of the 816 internal zones were used for the final 
cross-classification analysis. The number of entries 
per cell in the matrix is also given in Table 2. A report 
on trip generation analysis by the Federal Highway Ad­
ministration ( 5) s uggests that at least 2 5 observations be 
accumulated for each cell. Only 2 of the 15 cells had · 
fewer than 25 observations, 

External-External Model 

Percentage Through Trips 

Regression Analysis 

A North Carolina study (3) was used as a guide in testing 
a model with several independent variables to evaluate 
the percentage of through trips in the AADT at external 
stations. The independent variables in the regression 
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analysis were AADT at the external station, percentage 
of trucks, population, functional classification of the 
highway at the external station, and employment. The 
same areas used in developing models to predict the per­
centage of through trips were used in developing internal­
external trip models. There were 20 urban areas and a 
total of 1 77 external stations. 

Of the 177 external stations, four functional classifi­
cations were represented. There were 61 external sta­
tions on primary arterials, 102 on minor arterials, 11 
on collectors, and 3 on local r outes . In the North 
Carolina study (3), functlonal classification was used 
as a dummy variable . The method of dummy variables 
involves coding the data in such a manner that only se­
lected classifications would be entered into the regres­
sion equation; others would be omitted. Functional clas­
sification, however , yielded no improvement in the sta­
tistical values for the equation. Functional classifications 
were also considered in an equation for each class, but 
this also proved unsuccessful. Employment data did not 
significantly improve the predictive ability of the equa­
tion. Generally, it is best that prediction equations have 
relatively small constants; however, equations that were 
forced to have smaller constants were not acceptable be­
cause predictions were less accurate. After several at­
tempts to segregate the data, the simplest equation that 
represented all functional classifications and gave the 
best p r edicting ability was developed (see Table 3): 

Y = 0.003A + l.49T - 0.0007 P + 17.43 (1) 

where 

Y percentage of through trips of AADT at external 
station, 

A AADT at external station, 
T percentage of trucks of AADT at external 

station, and 
P population of urban area. 

Cross-C/ass1fication Analysis 

Recent work with cross-classification models has in­
creased the confidence in this type of model for pre­
diction purposes. Here, the first attempts to predict 
percentages of through trips by using cross classifica­
tion were generally unsuccessful because too many vari­
ables and too much stratification were used. The popu­
lation of the study area, the functional classification of 
the route at the external station, the AADT of the route 
at the external station, and the percentage of trucks in 
the AADT were the variables first considered. Area 
population was dropped first because too many blanks 
appeared in the cross -classification matrix. Functional 
classification, which was not a significant variable when 
it was entered into the regression equation, was found to 
be a practical means of segregating data for cross­
classification analysis. Cross-classification models 
were developed for primary arterial and minor arterial 
functional classifications, but insufficient data were 
available to develop models for collector and local 
routes. The average percentage of through trips for 
the 11 collector routes and 3 local routes was considered 
to be representative of the 20 urban areas analyzed in 
this study. 

After several attempts , the final cross-classification 
model used only three groups of AADT data and three 
gi·oups of truck percentages for each AADT group. 
Therefore, there were nine cells in each of the models 
that r epresented prima ry arterials and minor arterials . 
These models and the average percentages of through 
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Table 4. External-external trip distribution models. 

Functional 
Classification 

Primary arterial 
Minor arterial 
Collector 
Local 

Equation 

Y = O.OOOlA + O.llT + 0.22TT + 385.83R - 2.58 
Y = O.OOOBA - 0.0BT - 0.03TT + 228.14R + 6.20 
Y = -0.000 OlA + O.llT + 0.05TT + 295.06R + 3.10 
Y = -0.0lA - 0.03T + 0.83TT + 2704.73R + 1.95 

Figure 1. Relation between internal-external trip 
attractions and total employment for various 
population ranges. 
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trips that represent collector and local routes are given 
in Table 3. 

Distribution of External-External 
(Through) Trip Ends 

The distribution of external-external (through) trip ends 
was accomplished by developing regression equations 
for each of the four functional classifications so that trip 
ends were distributed from each functional classification 
to all other functional classifications. External-external 
trip data were available for only 17 of the 20 urban areas 
used in the development of the other models in the study. 
A total of 1332 combinations of trip interchange data 
were available for use in the analyses. 

External-external trip data had to be balanced and 
then doubled before being input into the distribution 
models. This was necessary to make the distribution 
of trips from one external station to all other stations 
equal to 100 percent. For example, if the balanced 
number of trips from external station A to external sta­
tion B is 10 and the number from B to A is 10, then the 
total number of trips between the two external stations 
is 20. Handling the trip tables in this manner, the vol­
umes at the external stations represent two-way traffic. 

Of the 14 independent variables used in an attempt to 
predict the distribution of through trips, only 4 were 
considered significant enough to be included in the final 
model. To adequately represent two-way trips, it was 
felt that some function of both origin station and destina­
tion station should be included in the model. Results 
from the regression analysis, however, indicated that 
the variables that represented the origin station were 
relatively insignificant, and thus they were omitted from 

the equation" One variable-the ratio of the destination 
station AADT to the combined AADT at all external sta­
tions-did represent the origin station in an indirect way. 
The other three independent variables were the AADT, 
the percentage of trucks, and the percentage of through 
trips at the destination station. The models in their 
final form are given in Table 4. The following notation 
is used in the equations: 

Y =percentage of trip ends from origin station dis­
tributed to each of the other functional classi­
fications, 

A = AADT at the destination station, 
T = percentage of trucks in AADT at destination 

station, 
TT =percentage of through trips in AADT at destina­

tion station, and 
R = square of ratio of destination AADT to total 

AADT. 

RESULTS 

Internal-External Trip Models 

Regression equations for internal-external trips are 
given in Table 1. In the equations, internal-external 
trip attractions are a function of the population of the 
internal zone, commercial employment, public employ­
ment and industrial employment by zone. Table 2 
sum~arizes the internal-external cross-classification 
model. In this model, internal-external trip attractions 
are a function of employment by zone and population by 
zone. Figure 1 was prepared as a graphical represen­
tation of internal-external trip attractions as a function 
of employment and population by internal zone. For all 
three population ranges, the number of internal-external 
trip attractions increases with increasing total employ­
ment. 

Several statistical values were used to evaluate the 
accuracy and reliability of the internal-external trip 
models. For the regression analyses, the statistical 
values were the squared correlation coefficient, the 
standard error of estimate, the mean of the dependent 
variable, and the coefficient of variation. These values 
for each study and each group of studies are given in 
Table 5. As should be expected, the statistical results 
for the individual study areas were better than the re­
sults for the combination of studies. 

Table 6 gives data on the predictive abilities of 
internal-external regression models and internal­
external cross-classification models for each of the 
study areas based on the group equations. Included in 
the table are the number of zones used, actual and pre­
dicted trips, and root-mean-square errors for each of 
the 20 study areas. Root-mean-square errors were 
used as a means of comparing the predicted values cal­
culated from the regression equations and the actual data 
obtained from 0-D surveys. Two-thirds of the time, the 
predicted values will deviate from the observed values 
by an amount no greater than the root-mean-square 
error. 

It is obvious that considerably better predictions were 
achieved by using the model developed from regression 
analysis than by using the model developed by the cross­
classification analysis. As the data given in Table 6 
show, the root-mean-square errors were significantly 
less for the regression model in all but one (Berea) of 
the 20 studies in which combined equations were used to 
generate predictions. Results also indicated that, when 
the study areas were grouped by population, greater ac­
curacy was achieved by using the regression model. The 



large root-mean-square errors associated with some of 
the predictions can be explained in some cases by the 
unusually large or unique producers and attractors of 
trips. For example, the Murray area was examined 
from the standpoint of eliminating unique zones to see 
how the error of prediction was affected (6). Three 
zones that had employment three times greater than the 
average were discarded. The change in the root-mean­
square error was from 346 to 249 for the regression 
model and from 693 to 238 for the cross-classification 
model. This indicated that the decision to discard some 

Table 5. Statistical comparison for each 
study area: internal-external regression Study 
equations. Year 

Study Area Population 

Franklin 7 898 
Cynthiana 6 700 
Hazard 6 145 
Mount Sterling 7 695 
Nicholasville 7 464 
Berea 9 210 

Combined group 

Murray 14 713 
Glasgow 12 979 
Somerset 14 031 
Elizabethtown 12 300 
Danville 12 755 
Corbin 11 430 
Mayfield 13 436 

Combined group 

Madisonville 18 224 
Winchester 16 205 

Combined group 

Henderson 24 965 
Hopkinsville 26 647 
Richmond 23 477 

Combined group 

Paducah 50 000 
Bowling Green 36 553 

Combined group 

Table 6. Internal-external trip predictions: 
comparison of regression analysis and cross Internal-
classification. External 

Zones 
Study Used 
Area in Model 

Franklin 28 
Cynthiana 20 
Hazard 15 
Mount Sterling 19 
Nicholasville 24 
Berea 24 

Combined group 130 

Murray 20 
Glasgow 32 
Somerset 20 
Elizabethtown 45 
Danville 30 
Corbin 31 
Mayfield 25 

Combined group 203 

Madisonville 48 
Winchester 30 

Combined group 78 

Henderson 77 
Hopkinsville 74 
Richmond 31 

Combined group 182 

Paducah 95 
Bowling Green 74 

Combined group 169 
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of the zones was very critical to the outcome of the pre­
diction model. If some zones were discarded in the de­
velopment of the general prediction model, it would be 
necessary to estimate the internal-external trip attrac­
tions by some other means. The most valid estimates 
are based on data from past studies that involve similar 
trip producers and attractors. 

External-External Trip Models for 
Percentage of Through Trips 

As Table 3 indicates, the regression equation developed 

Number of 
Internal- Mean of Coefficient 
External Standard Dependent of 
Zones R Error Variable Variation 

28 0.91 195 370 53 
20 0.98 138 563 25 
15 0.97 243 906 27 
19 0.90 293 771 38 
24 0.95 234 646 36 
24 0.81 120 331 36 

130 0.81 353 564 63 

20 0.95 240 970 25 
32 0.96 190 473 40 
20 0.87 383 1188 32 
45 0.94 195 488 40 
30 0.86 472 706 67 
31 0.95 135 426 32 
25 0.90 289 1016 28 

203 0. 79 404 690 59 

48 0.96 147 411 36 
30 0.95 179 627 29 

78 0.94 171 494 35 

77 0.70 153 289 53 
74 0.84 93 224 42 
31 0.87 356 793 45 

182 0. 78 229 348 66 

95 0.58 133 212 63 
74 0.79 153 309 50 

169 0.71 143 255 56 

Actual 
Internal- Cross- Regression 
External Classification Cross- Prediction Regression 
Average Prediction Classification (average Root-Mean-
Trips (average trips Root-Mean- trips Square 
per Zone per zone) Square Error per zone) Error 

370 311 459 418 203 
563 507 678 588 228 
849 533 809 990 280 
771 449 684 641 298 
645 271 777 397 555 
331 369 274 532 316 

564 488 621 563 339 

970 652 693 910 347 
472 481 640 536 330 

1187 704 882 900 459 
488 395 554 534 254 
706 543 959 950 686 
406 371 292 414 188 

1016 677 564 840 367 

687 520 670 689 386 

411 476 626 445 156 
627 533 551 580 186 

494 498 598 498 168 

289 418 281 298 177 
224 421 437 298 147 
793 589 673 597 413 

348 458 439 349 226 

213 450 329 212 136 
309 585 435 285 171 

255 509 380 244 153 
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to predict the percentage of external-external trips was 
a function of AADT at the external station, the percent­
age of trucks, and population. The statistical accuracy 
of this equation was reasonable: The standard error was 
15.53, the multiple correlation coefficient (R2

) was 0.53, 
and the coefficient of variation was 49 . 

tual and predicted trips, and the root-mean-square er­
rors for each of the 20 urban areas. The accuracy of 
the two models was approximately equal, but the number 
of entries per cell in the cross-classification matrix was 
so small that the reliability of the results must be ques­
tioned. 

External-External Trip Distribution 
Models 

Table 3 gives the final cross-classification model used 
to predict the percentage of external-external trips at an 
external station. This model was also a function of 
AADT at the external station and the percentage of trucks 
in the AADT at the external station, but the matrix did 
not include population. Functional classification was 
another means of segregating the data for the cross­
classification analysis. 

A comparison of the predictive abilities of external­
external trip models is given in Table 7. Included in the 
table are the number of external stations used, the ac-

As a result of exhaustive regression analyses, equations 
for each of the four functional classifications were de­
veloped (Table 4). Each of the equations was a function 
of AADT at the destination station, the percentage of 
trucks and the percentage of through trips at the des­
tination station, and the ratio of the AADT at the des-

Table 7. External-external trip 
predictions: comparison of regression 
analysis and cross classification. 

Table 8. Statistical results for external­
external trip distribution models. 

Table 9. Independent input variables. 

A~~.!a.l Cross- Regression 
Percentage Classification Prediction 
of Through Prediction Cross- (average 

Number Trips (average per- Classification percentage 
Study of (average per centage of trips Root-Mean- of trips per 
Area Stations station) per station) 

Franklin 6 25.3 23.5 
Cynthiana 6 30.5 31.2 
Hazard 4 17. 7 37.0 
Mount Sterling 7 42.3 29.4 
Nicholasville 7 41.8 34.4 
Berea 8 20.0 22.8 
Murray 9 18.5 30.0 
Glasgow 8 33.5 36.1 
Somerset 9 43.1 27.2 
Elizabethtown 12 49.3 35.6 
Danville 8 28.1 34.9 
Corbin 7 44.1 42.1 
Mayfield 12 31. 7 30.2 
Madisonville 8 30.2 29.7 
Winchester 11 34.0 26.9 
Henderson 10 47.2 34.9 
Hopkinsville 12 25.9 34.3 
Richmond 7 28.0 30.8 
Paducah 15 18.1 29.2 
Bowling Green 11 23.3 31.0 

All areas 177 31. 7 31.6 

Total Mean 
Observations of 

Functional (functional Dependent 
Classification class at origin) variable R2 

Primary arterial 478 11.60 0.54 
Minor arterial 733 11.61 0.43 
Collector 79 11. 74 0.35 
Local 42 7.03 0.63 

Note: Regression equations given in Table 4. 

Model 

Prediction of 
Internal-external 
trips 

Prediction of 
external-external 
trips 

Distribution of 
external-external 
trips 

Regression 
Equation 

Population of internal zone 
Commercial employment 

by zone 
Public employment by zone 
Industrial employment by zone 
AADT at external station 
Percentage of trucks in AADT 

at external station 
Population of urban area 
AADT at destination station 
Percentage of trucks in AADT 

at destination station 
Percentage of through trips in 

AADT at destination station 
Square of ratio of destination 

station AADT to combined 
AADT at all external stations 

Square Error station) 

8.5 33.3 
15.1 34.0 
25 .8 41.5 
18.0 39.6 
12 .7 36 .0 
6. 1 29.5 

12.5 33 . 1 
15.1 35.4 
19.2 20.3 
24.0 37.6 
11.5 31.6 
15 .3 31.6 
17.4 30 .3 
10.3 33.4 
17.5 22.4 
19.4 27.4 
18.0 26.9 
13.4 23.1 
16.5 22.8 
18.2 19.0 

16.7 29.4 

Coefficient 
Standard of 
Error Variation 

12.85 111 
11.13 97 
12.64 108 
7.93 113 

Cross 
Classification 

Population of internal zone 
Total employment by zone 

Functional classification at 
external station 

AADT at external station 

Regression 
Root-
Mean-
Square Error 

11.6 
11.9 
24.8 
13 .9 
9.9 

14.6 
16.1 
14.0 
26.4 
26.3 

7. 7 
28.0 
15.7 
8.8 

24.4 
25.8 
15.1 
8. 7 
9.3 

14.4 

17.8 



tination station to the combined AADT at all external 
stations. 

Statistical results that show the accuracy of the 
models are given in Table 8. Although some statistical 
measures appear to produce inaccurate predictions, it 
is generally assumed that reasonably high standard er­
rors exist with these prediction models. Results from 
these four distribution models compare favorably with 
results obtained by others (2, 3). Overall, the models 
appear to be adequately reliable for planning purposes, 
especially in relation to ease of application and accuracy . 

SUMMARY AND CONCLUSIONS 

In this research, three prediction models were de­
veloped: a model to predict the number of internal­
external trips, a model to predict the percentage of 
external-external trips, and a model to distribute 
external-external trips. Both regression analysis and 
cross-classification techniques were tested in the de­
velopment of the first two models, but only regression 
analysis was used to predict the distribution of through 
trips . Segregation of data into groups suitable for analy­
sis did create some problems, but a method of trial-and­
error evaluation enabled selection of the best combina­
tion of variables. The independent variables required 
as input into the two intei·nal-external models, the two 
exte:l'nal-external (throuah) models, and the through-trip 
distribution models are summarized in Table 9. These 
independent variables were selected from data that were 
readily available, easy to forecast, and easy to monitor. 

Population was the most significant variable that af­
fected the outcome of the internal-external trip regres­
sion model. As previously noted, there were five popu­
lation groups. These were found to be the most dis -
tinctive means of separating the study areas for analy­
sis. Many of the small urban areas in Kentucky were 
found to have travel patterns very similar to those of 
other towns of comparable population. Although it is 
not verified here, other studies have shown that geo­
graphical distribution has considerable influence on 
travel patterns, as does the proximity of the town to 
Interstate, parkway, or other major routes. The socio­
economic characteristics of small urban areas also play 
a significant role in determining travel patterns. 

For predictions of internal-external trips, the re­
gression equations given in Table 1 should be used. 
These equations are categorized into five groups ac­
cording to population of the urban area, and predictions 
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of internal-external trips by zone are functions of zonal 
population and employment. The cross-classification 
prediction presented in Table 2 may have useful applica­
tion if considerable care is taken to identify unique pro­
ducers and attractors of trips and if special procedures 
for handling these trips are developed. 

For predictions of the percentage of external-external 
(through) trips, the regression equation presented in 
Table 3, which is representative of all cases, should be 
used. The model for cross classification is also pre­
sented in Table 3, but its utility is questionable because 
of the small number of entries in each cell in the matrix. 

It was necessary to develop an external-external trip 
distribution model to implement results from develop­
ment of a percentage-through-trip model. Results from 
the percentage-through-trip model can be input directly 
into one of the four distribution models presented in 
Table 4. This will enable the user to determine the 
percentage of through trips at a particular external sta­
tion and then to distribute these trips to the other ex­
ternal stations within the study area. The final results 
will be an external-external triangular trip table. 

Overall, the models developed in this study appear to 
be appropriate for planning purposes, especially in their 
ease of application and accuracy. 
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Framework for Tran sf erring Travel 
Characteristics of Small Urban Areas 
Hani S. Mahmassani *, Massachusetts Institute of Technology, Cambridge 
Oreste M. Bevilacqua*, De Leuw, Cather and Company, San Francisco 
Kumares C. Sinha, School of Civil Engineering, Purdue University, West Lafayette, 

Indiana 

It is felt that smaller urban areas (less than 250 000 population) can 
benefit significantly from the transportation studies that have already 
been conducted in other, similar urban areas. The results of a study of 
the spatial transferability of various urban travel characteristics are ex-

amined. Such characteristics for the small metropolitan areas of Indiana, 
as well as other selected midwestern communities, are compiled and 
critically analyzed and compared with each other and with other local 
and national characteristics and trends. Trip frequency (generation) is 
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examined at three levels of aggregation: areawide, zonal, and household. 
A framework is then provided for the transferability of trip-generation 
parameters of concern to planners. 

Initiating a continuing, comprehensive, and coordinated 
transportation planning process can represent a formi­
dable task for small metropolitan areas as their popula­
tion reaches 50 000. This process usually follows the 
pattern set by the larger metropolitan areas in the 
19 50s, with its high requirements in terms of data col­
lection (by origin-destination survey), technical com­
plexity, and financial resources. However, the prob­
lems faced by smaller areas are usually different in 
nature, in magnitude, and in context from those in larger 
areas. Moreover, the changing emphasis in urban 
transportation planning (1) from long-range, large­
system pla1111ing to short~range improvements aimed 
at making better use of existing facilities, coupled with 
public concern over environmental and energy issues, 
has led to a reassessment of program priorities. As a 
consequence of this change in planning orientation, the 
development and application of "conventional", full­
scale, comprehensive transportation studies is becom­
ing less appropriate. It is therefore necessary to de­
velop and implement simplified alternative planning ap­
proaches that can reduce the time and cost required by 
the transportation planning process, thus saving re­
sources that can be redirected toward program imple­
mentation and the resolution of other issues. 

One approach to simplifying the transportation plan­
ning process is to eliminate the need for a full-scale 
origin-destination (O-D) survey, which is by far the 
most costly, time-consuming, and time-delaying .ele­
ment of the conventional process. This can be achieved 
by reproducing the travel patterns in the urban area 
under study, based on the socioeconomic and physical 
characteristics of that area, and using parameters and 
relations developed and calibrated in other areas where 
comprehensive 0-D surveys have been conducted. In 
such an approach-referred to as synthetic travel de­
mand modeling-the information traditionally obtained 
from the 0-D survey is fabricated or synthesized by 
using parameters "borrowed" from "similar" areas. 
Questions arise, however, as to which parameters and 
relations can be transferred and which areas can be used 
as a source of such parameters. 

This paper addresses the above questions for pa­
rameters and models that characterize the trip­
generation (frequency) aspect of trip making. It pre­
sents a critical appraisal of some of the suggested syn­
thetic modeling techniques and develops a framework 
for transferring trip-frequency parameters for three 
levels of aggregation: areawide, zonal, and household. 
This theoretical framework is supported by empirical 
evidence derived from the comparison of parameters 
obtained from various study areas for each of the rele­
vant levels of aggregation. 

SCOPE OF THE STUDY 

Urban areas in Indiana that have populations between 
50 000 and 250 000 were studied. The following Indiana 
urban areas were examined: Anderson, Evansville, 
Fort Wayne, Lafayette, Muncie, South Bend, and Terre 
Haute. The general characteristics of these areas are 
given in Table 1. The purpose of the study was to make 
more efficient use of the information made available by 
the full-scale transportation studies conducted in these 
areas. Its primary objective was to determine the ex­
tent to which this information could be used to develop 
"universal" travel parameters that could be applied in 

other, comparable urban areas and to provide the frame­
work for such use. In other words, it would assess the 
transferability of parameters and models calibrated in 
certain areas to other areas and relate this transfera­
bility to characteristics of the urban areas (socioeco­
nomic in the case of trip-frequency parameters). 

Secondary objectives included the development of a 
data base that could be used for the following purposes: 

1. Cross-checking of the output of the planning pro­
cess in a given area by comparing key travel para.meters 
with available information from other areas fo1· the pur­
pose of assessing its reasonableness (2), and 

2. Inpul £01· quick-estimation ("quick-respons e") 
techniques that might be needed for rapid evaluation of 
policy alternatives (~. 

Although this study focuses on urban areas in Indiana, 
it is anticipated that the results and procedures would be 
directly applicable to other midwestern communities that 
fall into the same size group. Because of the general 
nature of the results, their validity is by no means 
limited to the state or regional level. 

DISTRIBUTION OF TRIPS BY PURPOSE 

Variation Between Urban Areas 

Transportation studies have usually classified internal 
trips by as many as seven purposes. In the interest of 
simplification, it is recommended that fewer trip pur­
poses be used in the demand modeling process (4). For 
small urban areas, the following three trip purposes 
are usually adequate: home-based work (BBW), home­
based other (HBO), and non-home-based (NHB). 

Trip distribution by purpose (for internal vehicle 
trips only) for each of the study areas is given in Table 
2. For those areas in which more than three purposes 
were used in the transportation study, the trips were 
combined accordingly into the three categories. Since 
the number of truck trips was relatively small com­
pared with the total number of trips in these areas, 
truck trips were combined with 11011-home-based trips 
(standard procedu1·e used in most small-area trans­
portation studies). 

Wilson and Kl"istoffersen (5) have shown that trip 
distribution by purpose is independent of city size for 
smaller and medium-sized cities. However, this does 
not necessarily imply that this distribution is identical 
for all cities. The hypothesis of the independence of the 
distribution of trips among purposes from the various 
factors that differentiate cities is tested in this section. 
A chi-square test was used for this purpose (6). 

To use this test, the number of trips by purpose and 
by urban area can be arranged in a contingency table, 
with urban area as the row factor and purpose as the 
column factor. However, the actual frequencies (num­
ber of trips) obtained from the 0-D survey (before ex­
pansion) should be used instead of the numbers or pe1·­
centages given in Table 2 because the test statistic is 
sensitive to sample size. The hypothesis of indepen­
dence was rejected with 99 .5 percent confidence (x2d••• = 
5596 versus X2

u.o.oos : 28.299). The results of tbis test, 
therefore, demonstrated that the distribution by purpose 
of internal vehicle trips was not the same for all small 
urban areas in Indiana. 

Pairwise comparisons of each of the urban areas by 
use of chi-square tests also provided statistical evidence 
for the rejection of the hypothesis that trip distribution 
by purpose is identical in any two of the urban areas 
studied. However, from a practical standpoint (as op­
posed to a purely statistical one), and considering the 
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Table 1. General characteristics of study areas. 

Characteristic Anderson Evansville Fort Wayne Lafayette Muncie South Bend Terre Haute 

Survey year 1971 1970 1961 1970 1971 1967 1971 
Population 90 338 175 514 203 861 101 125 100 056 219 018 102 729 
Occupied dwelling units 29 808 60 500 64 780 29 758 31 015 69 091 41 418 
Automobiles per household 

Census'" 1.30 1.26 1.36 1.27 1.30 1.30 1.18 
Transportation study reportsb 1.30 1.30 1.16 1.54 1.52 1.25 1.00 

Persons per household 3.03 2.90 3. 15 3.40 3.33 3 .17 2.48 

•From 1970 data for the SMSA. 
b From reports for the study area (within the cordon area). 

Table 2. Total trips by purpose. 
HBW HBO NHB' Total 

Urban Area Number Percent Number Percent Number Percent Number Percent 

Anderson 47 105 16.2 
Evansville 74 586 16.5 
Fort Wayne 90 203 23 .3 
Lafayette 44 337 15.0 
Muncie 38 591 13.4 
South Bend 79 672 15. l 
Terre Haute 36 745 15. 7 

"Including truck trips 

Table 3. Distribution of household 
Number of HBW trips by purpose for city of Automobiles 

Evansville. Owned Number Percent 

0 6 22.2 
1 2351 23.5 
2 4000 25.2 

23 1117 25.0 

relatively large uncertainty accepted in transportation 
studies because of the very nature of the issues ad­
dressed (especially in the context of smaller urban 
areas, where the decis ion may concern the number of 
lanes of a certain facility), the percentage distributions of 
trips by purpose obtained for the study areas and given 
in Table 2 can be useful. The average (unweighted) dis­
tribution for these areas is as follows: HEW, 16.5; 
HBO, 46.9; and NHB, 36.6. These percentages can be 
used to dev.elop gross estimations or as an initial as­
swnption (to be adjusted later in the process) in a syn­
thetic modeling effort (J}. 

Variation Within Urban Areas 

In order to understand some of the factors behind the 
variation of the trip-purpose distribution between urban 
areas, this distribution was investigated within urban 
areas. Trips 111ade by individual households are con­
sidered in this case. Separate trip-purpose distribu­
tions were developed for levels of household automobile 
ownership by using raw household 0-D survey data col­
lected in Evansville. The numbers and percentages of 
trips observed for each purpose and level (category) of 
automobile ownership are summarized in Table 3. 

To test the hypothesis that the distribution by purpose 
of trips made by households is independent of the socio­
economic characteristics of households (as reflected in 
automobile-ownership status}, a chi-square test similar 
to the one described earlier was used. Once again, test 
results led to the rejection of the independence hypothe­
sis; i.e., it was found that the distribution of trips by 
purpose is related to the socioeconomic characteristics 
of the household. 

No direct testing of whether the distribution of trips 
by purpose for each socioeconomic category is identical 

145 958 50.3 67 139 33.5 290 202 100 
188 285 41.6 189 923 41.9 452 794 100 
146 990 38.0 150 029 38. 7 387 222 100 
154 067 52.1 97 306 32.9 295 710 100 
159 017 55.2 90 641 31.4 288 249 100 
208 452 39.3 241 896 45.6 530 020 100 
121 836 52.1 75 130 32.2 233 711 100 

HBO NHB Total 

Number Percent Number Percent Number Percent 

15 55 . .6 6 22.2 27 100 
4996 49.9 2661 26.6 100 08 100 
6997 44.1 4872 30. 7 158 69 100 
1974 44.1 1381 30.9 44 72 100 

among urban areas was conducted. Later, however, 
this is done indirectly in relation to disaggregate house­
hold trip rates, where it is demonstrated that the aver­
age number of trips for each purpose made by individual 
households of a certain socioeconomic category does not 
differ significantly between urban areas. This conclu­
sion, coupled with the conclusion that trip distribution 
by purpose is significantly different for each socioeco­
nomic group within an urban area, appears to indicate 
that the variation of the overall (areawide) trip distribu­
tion by purpose between urban areas can, at least in 
part, be attributed to the variation of the socioeconomic 
mix (distribution of households among socioeconomic 
groups) between these a1·eas. 

The practical implications of the above are that area­
wide trip distributions by purpose should not be trans­
ferred indiscriminately between urban areas . Only if 
the socioeconomic mix is identical (which is not easy to 
prove in practice) can s uch a transfer be justified . 

TRIP FREQUENCY (GENERATION) 

Areawide Trip Rates 

On an areawide basis, trip frequencies are most com­
monly expressed in terms of average number of trips 
per household and average number of trips per person, 
which are calculated from the overall nUDlber of trips 
and the overall number of households (or area popula­
tion) . These rates are useful in predicting total tra.vel 
in an area or as a criterion for checking the reasonable­
ness of survey results or model outputs. Vehicle trips 
per household as well as vehicle trips per person for the 
study areas are given in Table 4. These rates exhibit a 
fairly wide range of variation: 5.64-9 .94 trips/household 
and 1.90.-3 .22 trips/person. 
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Table 4. Areawide vehicle trip rates. HBW HBO NHB" All 

Urban Per Per Per Per Per Per Per Per 
Area Household Capita Hous ehold Capita Household Capita Household Capita 

Anderson 1.58 0 .52 4.90 1.62 3.26 1.08 9. 74 3.22 
Evansville 1.23 0 .42 3.11 1.07 3.14 1.08 7.48 2.57 
Fort Wayne 1.39 0.44 2 .27 0.72 2.32 0. 74 5.98 1.90 
Lafayette 1.49 0 .44 5.1 8 1.52 3.27 0.96 9.94 2.92 
Muncie 1.17 0 ,39 4.83 1.59 2.92 0 .91 8.92 2.89 
South Bend 1.15 0.36 3 .02 0.95 3.50 1.11 7.67 2.42 
Terre Haute 0.89 0 ,36 2.94 1.19 1.81 0 .73 5.64 2.28 

• including t ruck trips 

Table 5. Cross classification of HBW Trip Rate by Household Size 
vehicle trip production for Lafayette 
and Evansville. Number of 

Automobiles One 
City Owned Member 

Lafayette 0 0.004 
1 0 . 572 
2 0.867 
3+ 

Evansville 0 0.006 
1 0 .829 

1.0 
3 > 

The factors behind this variation in aggregate area­
wide trip-frequency parameters were investigated by 
Chan in an effort to develop models for predicting area­
wide trip frequency (8). It was shown in that study that, 
for urban areas that had populations in the range of 
50 000-800 000, only socioeconomic factors contributed 
to the differences in areawide trip-frequency parameters; 
urban form and structure were not differentiating factors 
in trip-frequency prediction. That same study found that 
average automobile ownership per dwelling unit (over the 
whole study area) showed the highest significant correla­
tion with trip rates. 

The regression equation developed by Chan for urban 
areas with populations of 50 000-800 000 is given below: 

Average number of person trips/household = 1.262 + 6.59 1 

x (average automobile ownership/household) R2 = 0.412 (I) 

Testing this equation for the Indiana study areas showed 
that the equation does not lead to very accurate predic­
tions. However, any areawide aggregate regression 
model is likely to suffer averaging biases inasmuch as 
average automobile ownership per household might not 
be a good representative of the distribution of automo­
bile ownership for each household in the urban area. 

To test whether the distribution of automobile owner­
ship is independent of the urban area (Le., similar for 
all areas), a chi-square test was again used. The sta­
tistical test in fact substantiated that the distribution of 
households by automobile ownership is not the same for 
all of these urban areas. Using this technique for test­
ing the similarity between household aulomobile­
ownership distributions of pairs of urban areas (2x4 con­
tingency tables) shows that only two of the urban areas, 
Anderson and Muncie, have similar household distribu­
tions by automobile ownership. All of the others are 
different with respect to each other. This socioeconomic 
similarity between Muncie and Anderson is also reflected 
in the areawide trip rates. For Muncie and Anderson, 
respectively, vehicle trips per household equal 8.92 and 
9.74 and person trips per household equal 12.95and 13.18. 

Automobile ownership was used in the above tests only 
as an indicator of socioeconomic characteristics. This 
does not mean that it is the only important factor in de­
termining areawide travel frequency. The finer is the 

Five or 
Two Three Four More 
Members Members Members Members 

0.004 0.091 0 0 
0.868 1.118 1.371 1.456 
1.870 2.266 2 .280 2.231 
2.0 2. 704 2 . 2 ~ 2 i.tl88 
0.008 0 0 .034 0 
0.910 1.179 1.375 1.345 
1. 982 1. 894 2 .044 2 .023 
1.929 2.812 2.967 2 .973 

categorization of households by various socioeconomic 
characteristics in urban areas, the more accurate is the 
comparison between these areas and the more reliable 
are the results obtained by using borrowed parameters. 
This concept is described in greater detail in subsequent 
sections of this paper. 

TRIP-GENERATION ANALYSIS AT 
THE ZONAL LEVEL 

Most transportation studies use the zone as the basic 
geographic unit of analys is. Multiple -regression tech­
niques are generally used to relate zo1ial trips (or av­
erage zonal trip rates) to zonal socioeconomic and land­
use characteristics. This is a very familiar technique, 
and it \Vill not be discussed here. 

A feeling exists among many planners that zonal re­
gression equations developed in a certain area could be 
transferred and used to model travel in a different area, 
especially in the case of small urban areas (5,9, 10). 
Along the same line, equations based on pooled- data 
from different cities have been developed and recom­
mended for use in synthetic trip-generation analysis (9). 
This direct borrowing of zonal regression equations -
was tested for some of the urban areas included in this 
study by using the equations for internal vehicle trip pro­
duction for each of the three purposes described earlier. 
This test demonstrated that aggregate models cannot be 
reliably transferred between different urban areas. To 
overcome the disadvantages of using aggregate models, 
it was suggested that regression equations with trips per 
household as the dependent variable be calibrated at the 
household level so that the household is considered as 
the basic unit of analysis (11). Trip-generation rates 
at the household level are discussed in the following 
section. 

DISAGGREGATE HOUSEHOLD TRIP 
RATES 

Two types of disaggregate household trip-generation 
models can be used: regression models calibrated at 
the household level or cross-classification (ca tegory 
analysis) models. Cross-classification models stratify 
households according to their socioeconomic character-
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Table 6. Summary oft-test results: cell-by-cell comparison of Lafayette and Evansville trip rates. 

Cell 

Members of Are Means 
Automobiles Househol d t• HBW' Different? t' 

0 I 0 .3 152 J.960 No 3 .573 4 
0 2 0 .4 713 1.970 No 1. 7257 
I I 3.379 I. 960 Yes 4.5151 
J 2 0. 709 1.960 No 4,6519 
l 3 0.5929 1.960 No 0.648 
1 4 0.0331 1.967 No 1.939 
l 5 0.8887 1.970 No 0.1375 
2 2 1.0944 1.960 No 2.3101 
2 3 2.8879 1.967 Yes 1.1887 
2 4 1. 9060 1.967 No 1.0002 
2 5 1. 8103 1.965 No 1.8753 
3 3 0.2959 1.960 No 0.6842 
3 4 2 .493 5 1.974 Yes 1.9689 
3 5 0.2833 1.974 No 3.459 

"t-statistic computed from the data, 
bta.i.o o:n~, t-statistic from standard distribution. 

istics and provide estimates of trip rates for each of the 
household categories. Both types of models predict 
equally well over the full range of households and appear 
to be indistinguishable with respect to sample-size sen­
sitivity (12). 

Disaggregate household models have been shown to be 
superior to aggregate models in various respects, such 
as yielding better estimates of zonal tota ls and the mean 
trip r ate (11), Disaggr egate models a r e also more data 
efficient than aggregate models, requiring fewer data for 
their calibration (10, 13). Moreover, because of their 
behavioral nature ltiscla imed that they are stable tem­
porally as well as spatially (10, 13-16). 

The spatial stability of householdTrip rates and their 
consequent transferability between small urban areas 
are investigated in this section. Cross-classification 
models for Lafayette and Evansville have been developed 
for this purpose. Category analysis has been used in­
stead of the household regression technique because of 
its ability to express nonlinear relations, its inherent 
distribution-free characteristic (statistical distribution 
of the trip rates within each cell need not be assumed), 
and its ease of understanding and application. The inde­
pendent variables used to classify households are auto­
mobile ownership and number of household members, 
both of which have been shown to be the major determi­
nants of household trip generation (17). For illustrative 
purposes, Table 5 gives the averageHBW vehicle trip 
rates per household category for each of the two test 
areas. 

To compare trip rates, the use of a test statistic 
comparable to the chi-s quare distribution has been sug­
gested (14). This test provides an overall comparison 
of all trip rates from two separate trip tables. It is, 
however, very sensitive to differences in individual-cell 
mean pairs. In other words, if the rates for one of the 
cells are somewhat different for the two tables, the test 
might lead to the conclusion that the two tables are sig­
nificantly different. Since only some cells might have 
different average trip rates (often because of bad data 
points or slight deviations in each of the cells), trip 
tables should be compared on a cell-by-cell basis. A 
t-test can be used for this purpose. The test statistic 
used in this situation involves the comparison of two 
means for two cells, each of which contains a sample 
from two independent random variables, where the re­
spective sample sizes are unequal and greater than 30 
and the respective population variances are unknown and 
not necessarily equal. The results of these tests, sum­
marized in Table 6, lead to the conclusion that, overall, 
trip rates are not significantly different for the two areas 

Are Means Are Means 
HBO' Different? l' NHB' Different? 

1.965 Yes 2 . 9024 1. 965 Yes 
1.960 No 1.2 866 1. 960 No 
1.960 Yes 0.4817 1.960 No 
1.960 Yes 3.5254 1,960 Yes 
1.960 No 0.5013 1.960 No 
1.967 No 2 .3513 1.968 Yes 
1.968 No 1. 8203 1.970 No 
1.960 Yes 0.3085 1.960 No 
1.966 No 1.3155 1.965 No 
1.967 No 1. 9298 1. 967 No 
1.960 No 2.2254 1. 960 Yes 
1.99 No 1.0664 1.981 No 
1.974 No 1.0842 1.979 No 
1.978 Yes 3'. 1343 1.980 Yes 

for all three trip purposes. Only a few cells show sig­
nificant differences. These might be caused by the in­
accuracy of some of the observations, which might lead 
to erroneous rates . 

This comparison strengthens the belief that disaggre­
gate household models are transferable from one area 
to another, especially in the case of small urban areas, 
regardless of the socioeconomic differences between 
them . This conclusion is also consistent with the find­
ing, demonstrated in an earlier section of the paper, that 
the distribution of trips by purpose is related to house­
hold characteristics. In spite of its simplicity and seem­
ing lack of sophistication, cross classification is never­
theless the most appropriate technique for trip­
generation analysis within the structure of the conven­
tional urban transportation planning process. 

CONCLUSIONS 

It has been shown in this paper that overall trip distribu­
tion by purpose is not similar between urban areas. 
Within an urban area, trip distribution by purpose varies 
among socioeconomic groups. 

In a parallel way, it has been shown that the variation 
of areawide trip-frequency rates among urban areas re­
flects the variation of the socioeconomic distribution of 
households between these areas. Areawide frequency 
parameters would therefore be transferable between 
urban areas only when these areas have a similar socio­
economic distribution of households. 

To transfer trip-frequency relati.ons (number of trips 
as a function of other varia bles), these relations should 
relate trip making to its basic socioeconomic determi­
nants at the household, or disaggregate , level. Aggre­
gate equations tend to mask the causal aspect of the re­
lations, and care must be exercised in borrowing such 
equations. Empirical evidence to that effect has been 
presented: Zonal regression equations developed in the 
study areas led to erroneous results when they were used 
in areas other than the ones for which they were devel­
oped. However, unlike aggregate models, disaggregate 
household models demonstrate the highest potential as 
well as the strongest theoretical justification for being 
transferred between small urban areas. Therefore, it 
is felt that trip-generation rates computed in one urban 
area whose population is in the 50 000-250 000 range can 
be successfully applied to synthesize travel in another 
urban area of comparable size, if the trip rates are de­
rived from household-level data, 
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Land-Use-Allocation Model for Small 
and Medium-Sized Cities 
C. J. Khisty, Department of Civil and Environmental Engineering, Washington state 

University, Pullman 

A residential land-use-allocation model most suitable for use in small and 
medium-sized cities is described. It can also be used in large metropolitan 
areas to serve as a check or backup method on the reasonableness of fore­
casts produced by more sophisticated models. The model makes use of 
Gompertz curves and the concept of holding capacity to allocate regional 
totals to planning areas. Residential development factors are then used 
to further distribute these planning-area totals to small areas such as 
census tracts or traffic zones. In an ex post facto test of this model in 
which the U-statistic was used as a measure of performance, the accuracy 
of the method was found to be excellent in comparison with that of 
sophisticated, computer-oriented urban development models. Use of the 
procedure will save money, time, and personnel, all of which are impor­
tant consi,derations for planning organizations that work under a fixed 
budget. 

Land-use-allocation models fuel the typical four-step 
sequential transportation models. The general land-use 

model used in this process takes areawide forecasts of 
several socioeconomic variables as control totals and 
uses some procedure to allocate them to small areas, 
usually traffic analysis zones. The allocation proce­
dures currently used by transportation planning agencies 
range from traditional "manual" techniques to sophis­
ticated urban development models such as the Projective 
Land-Use Model (PLUM). Many small and medium­
sized cities do not have the expertise, time, or money 
to run these large-scale models but prefer to rely on 
simple, less expensive, and more transparent models. 
Such methods, however, have not been generally de­
veloped and validated. 

This paper describes a simple method of land-use 
allocation for small areas, in which the concepts of hold­
ing capacity, Gompertz curves, rates of land consump­
tion, and residential development factors are used. 



Although many transportation study areas {!-~) have in 
the past used some of the concepts mentioned above in 
distributing areawide totals of population and other 
socioeconomic variables to small areas (such as 
planning areas, census tracts, and traffic analysis 
zones), these concepts have not been collectively used 
and tested in any one study. 

CURRENT PRACTICES AND 
PROBLEMS 

Land-use models are concerned with providing small­
area forecasts of population and employment in a 
suitable form for input to a trip-generation analysis. 
Beginning in the 1950s wi,th metropolitan transportation 
studies, numerous attempts have been made to forecast 
these phenomena by using varying degrees of com­
plexity and with widely varying degrees of success. By 
the mid-1960s, a number of rather large efforts to 
forecast metropolitan dynamics by the use of computer 
simulation had been undertaken. 

One general approach to land-use forecasting might 
be called the "planned requirement approach." A 
traditional method, it derives from a precomputer 
technology. The most complete and widely used for­
mulation of this approach is that of Chapin (!). The 
main analytic components of this procedure are, for 
each land-use category, a set of location requirements 
and a set of space requirements. Specific rules for the 
resolution of conflicts among land uses competing for a 
site are not defined in this approach. These judgments 
must be made by the analyst, based on given principles 
and standards, special knowledge of local conditions, 
and what is considered to be in the best interest of the 
public. 

The other and more sophisticated approach to land­
use forecasting is the "market simulation approach". 
The archetype of this system of models was developed 
in the early 1960s by Lowry of the Rand Corporation @. 
The general structure of the Lowry model, which has 
since been imitated, altered, and expanded, has been 
used in large metropolitan studies in recent years. 
Partly because of the overoptimistic outlook of their 
creators and partly because of the unrealistic expecta­
tions of their potential users, many of these efforts 
have J:>een partial failures (~). 

Most important, such models make heavy demands 
on the expertise and time of a metropolitan-area study 
staff and on the study budget. Most metropolitan-area 
studies would, for these reasons, like to rely on simple, 
less expensive, and far more transparent urban models. 
The model described here is one that meets this de­
scription. 

METHODOLOGY 

In this procedure, a thorough knowledge of the local area 
is assumed as a prerequisite for analysis and planning. 
It is assumed that the planner will use prescriptive 
planning dictated by the goals and objectives of the 
region-tempered, if necessary, by trend analysis-as 
opposed to purely predictive planning. The sequence of 
operations is as follows. 

Surveys, Regional Totals, and Patterns 
of Land Consumption 

A traditional survey of all existing land uses in the region 
is required. Additional studies such as a "land capa­
bility study" for the region can be very useful ('.!). In 
this study, factors such as soil, slopes, floodplains, 
woodlots, noise hazards, access, and utilities are in-
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corporated into a rational quantitative and inductive sys­
tem for determining the "ideal" feasible use of land 
over the long-term future for currently undeveloped or 
developing areas. 

Inventories and areawide forecasts of economic 
activity and population are, of course, necessary. The 
land-use inventories should include historic develop­
ment trends; topographic and physical constraints on 
development; square hectometers of land in urban use; 
square hectometers of vacant land, classified as un­
usable or usable and as publicly or privately owned; 
location of major travel generators; identification of 
neighborhood and community boundaries; and nature of 
land-use controls @). 

The rate at which vacant land is being absorbed into 
urban use is important in land allocation. This is de­
termined by establishing current rates of land-use con­
sumption. These rates are defined as the amounts of 
land (measured in sqllare hectometers) brought into 
urban use by a one-person increase in population or 
employment. 

With the help' of regional base-year totals for popula­
tion and employment, rates of land-use consumption 
are established for the base year for at least the follow­
ing categories: residential, commercial, industrial 
and utility, recreational-institutional, roadways and 
agricultural, and vacant. Projecting this rate of land­
use consumption for a future horizon year depends for 
the most part on the size, density, and locational 
preference of the population. 

Goals, O~ectives, Regional Totals, and 
Conceptu Land-Use Plans 

Through public participation, a survey of community 
attitudes and preferences is made with regard to hous­
ing, shopping, public transportation, neighborhood 
characteristics, mobility, recreation, regional environ­
ment, urban services, and public expenditures. These 
preferences are reflected in a set of goals, objectives, 
and policies and also in a set of conceptual land-use 
plans. 

There are several organizational congeries in the 
land market, and it is best to involve them in the final 
structuring of the concept plans (9). The first and most 
important of these congeries is the real estate and 
building business. The second is made up of larger 
industries, businesses, and utilities (although they may 
not consume the greatest quantities of land, they do 
purchase the largest and most strategic parcels). In­
dividual homeowners and other small consumers of 
land form the third social constellation. The fourth 
organizational complex is composed of the many local 
government agencies that deal with land, such as zoning 
boards, planning commissions, school boards, traffic 
commissions, and other agencies. It may be best to 
meet individually with each of these groups to develop 
concept plans and then, if necessary, to blend them all 
together. 

Land-Use and Socioeconomic Distribution 
to Planning Areas 

Suitable planning areas, which consist of census tracts 
that have similar socioeconomic characteristics, are 
demarcated. The distribution of residential capacity 
to these planning areas is now undertaken. The concept 
of full development, or "holding capacity", is used in 
performing this distribution, for which the maximum 
amount of developable land in each planning area is 
established. The holding capacity of an area is the 
existing population plus the product of vacant, avail-
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able, suitable land and the expected density. Dwelling 
units can be substituted for population in calculating 
holding capacity. Thus, the ratio of dwelling units to 
holding capacity in a planning area determines what 
stage in the development cycle the planning area has 
reached in the base year. It also provides the basis 
for estimating at which stage the area will be at a 
future date-say, the horizon year. 

The question of establishing the development cycle 
is taken up next. The time required for each planning 
area to move from its current state to full development 
varies by the size of the area, its distance from existing 
urbanization, and the relative attractiveness of the 
area for development. This progression of development 
can be represented by a set of Gompertz curves (also 
known as logistic curves) to show typical patterns of 
growth for different planning areas (.!Q). The general 
form of the Gompertz curve is given by the expression 

(I) 

where 

Pt population at time period t, 
L some estimated maximum population (holding 

capacity of the area), 
Po population at an arbitrary starting point in time, 
b rate at which population increases in time, and 
t time or some index of time. 

The setting up of these working curves would need some 
historical sample data and calibration for establishing 
the value of parameter b. 

Generally, four distinct stages of growth can be 
identified (see Figure 1). For example, first comes a 
very slow period of development in which areas move 
from totally rural to rural plus nonfarm. This stage is 
followed by a period of slow growth, often without total 
public utilities. Then comes a rapid-growth, or "boom", 
period, often heralded by, say, the installation of public 
sewers. Finally, a slow-growth period sets in as total 
capacity is reached. These Gompertz curves provide 
the rates of gro'\vth for individual plar..J1ing areas. P.utu.re 
dwelling units for each planning area are then calculated 
based on projected average densities for both single-
and multiple-family units. Multiplying the projected 
number of dwelling units by persons per household gives 
the future population. 

The planning-area totals of population are then further 
distributed to census tracts and traffic zones by making 
use of residential development factors. These factors 
are dependent on several criteria, such as accessibility; 
water and sewer facilities; proximity to schools, employ­
ment centers, and shopping centers; and existing land 
use. Thus, the residential development factor for a 

Figure 1. Gompertz (logistic) curve showing typical stages 
of growth. 
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given census tract provides a measure of the strength 
of the development potential and is used to allocate the 
planning-area total to the various census tracts. This 
process of activity allocation, like most manual distri­
bution techniques, depends on judgment based on the 
understanding of the factors that promote growth. A 
typical set of residential development factors is given 
in Table 1. Zoning plans, aerial photographs, and the 
results of a land capability study can also be extremely 
helpful. 

ILLUSTRATIV"E EXAMPLE 

A four-celled region will help to illustrate how the 
areawide totals of population are allocated to planning 
areas. Assume that the base year is 1978 and that the 
1990 total population has been projected exogenously to 
be 72 000. Table 2 gives the basic information for each 
planning area. The additional land for residential use 
shown in this table can be calculated based on a set of 
assumptions. A typical set is shown below only for the 
purpose of this example; more elaborate and extensive 
assumptions may have to be established in real-world 
situations: 

1. A deduction is made that reflects the fact that 
only 95 percent of the total land can be developed be­
cause of factors such as parcel shape, size, and 
ownership. 

2. Physically constrained land is removed from the 
potential residential land. 

3. Vacant land "committed" to nonresidential uses­
such as industry, commerce, or major institutions-is 
subtracted. The committed uses are determined from 

Table 1. Typical residential development factors. 

Factor 

Community facilities 
Central sewer system service 

Existing (1965) 
Planned to be in ope ration br 1Q80 
Planned to be in operation by 1990 

Central water service 
Existing (1965) 
Planned to be in operation by 1980 
Planned to be in operation by 1990 

School, elementary school within 0.8-
km radius 

Accessibility 
Central business district 

0-5 min 
6-10 min 
211 min 

Major shopping center 
0-5.5 km 
5.6-10.8 km 
2 J0.9 km 
Within census tract 

Major employment center 
0-5 min 
6-10 min 
'2'11 min 
Within census tract 

Highway system, census tract within 2.4 km of 
major arterial or freeway interchange 

Mass transit system, established bus route within 
0.4-0.8 km of census tract 

Activity pattern 
Existing land use 

Industrial park 
Subdivision 
Commercial center 

Population change, 1978-1990 
>25 percent 
10-25 percent 
< 10 percent 

Major 'recreational center 
Park within 3.2 km of census tract 
Park within 8.0 km of census tract 
Park available beyond 8.0 km of census tract 

Note: 1 km== 0.62 mile. 

Points 

20 
15 
10 

20 
15 
10 

10 



Table 2. Capacity land-use 
projections by planning 1978 
areas. Planning Total Land Residential 

Area (hm') Land (h!l)2
) 

A 1056.1 233 .6 
B 1462.4 538.0 
c 2133.0 548.1 
D 1124.0 90.4 

Note: 1 hm 41 = 2.47 acres. 

Table 3. Development cycle: estimated years required to 
achieve given state of development. 

Type of 
Growth 

Very slow 
Slow 
Moderate 
Boom 
Moderate 
Leveling off 

Fast 
Slow 

Total 

Percentage 
of Capa city 
Developed 

0- 10 
11- 20 
21 - 40 
41 - 60 
61-80 

81 - 90 
91-100 

Annual 
Growth 
Rate(~) 

2 
I 

Approximate 
Number o[ Years 
in Stage 

10 
5 
7 
5 
7 

5 
10 

50 

existing zoning plans, local master plans, and announced 
major developments. 

4. In addition to subtracting physically constrained 
land and land committed to major nonresidential activi­
ties, a final reduction may represent, say, a 23 percent 
roadway component and a 12-17 percent figure for 
residential services such as schools, parks, and com­
mercial areas. 

5. Finally, the net vacant residential land is 
translated into the number of dwelling units of the hous­
ing type and density that can be built for the area. 

For planning areas that are almost all developed, the 
calculatiol).s of future growth simply reflect the potential 
development underzoning on the remaining vacant 
parcels. The typical development density and not the 
maximum permitted is used. For areas that are one­
third to one-half developed, there is usually enough 
momentum in development trends to give a good idea of 
ultimate density. In currently rural areas, however, 
some judgment has to be used to project the ultimate 
urbanized density of these areas at some point in the 
distant future when all land use in the region is 
urbanized. The density to use is determined subjectively 
based on current densities , zoning on undeveloped land, 
and the socioeconomic char acter of the area. 

Once the capacity residential land area is estimated, 
the next step in projecting future development is to 
assign total estimated dwelling units to the land. This 
is termed holding capacity and has already been de­
scribed. 

As mentioned before, development cycles are 
established for each planning area. Sample neighbor­
hoods in these planning areas can be investigated for 

Additional Maximum 1978 Dwelling 
Land for Land for 1978 Dwelling Unite as Per-
Residential Residential Dwelling Units at centage of 
Use (hm' ) Use (hm') Unite Capacity Capacity 

110.4 344.0 5127 7 665 66.9 
362.8 900.7 6212 10 479 59.3 
521.1 1069.2 5536 11 930 46.4 
202.0 292.4 797 2 605 30.6 

estimating the average number of years required to 
achieve a given stage of development. Table 3 gives 
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a typical development cycle of 50 years. In actual 
practice, several such development cycles would be 
needed. It may also be noted that the last column in 
Table 2 provides the ratio of dwelling units to holding 
capacity in a planning area. This percentage is crucial 
because it determines the stage at which the area will 
be in, say, 1990. 

The development cycle is then applied to the planning 
areas to estimate the percentage growth of dwelling 
units in each planning area, depending on the current 
stage of development of each area. This growth is 
given in Table 4, which also gives the forecast dwelling 
units for 1990 . The forecast population for each 
planning· area is given in Table 5. The vacancy and 
occupancy rates adopted in Table 5 can be derived by 
straight-line projections from historic data. The only 
informat ion available is the total 1990 population of 
72 000, obtained exogenous ly. It will be noticed that, 
since this total does not quite match the raw forecast 
total of 71 780, each planning-area total is prorated. 
The distribution to census tracts of 1990 forecast 
population by planning areas can then be performed by 
making use of the residential distribution factor 
analysis, des cribed previously (Table 1). 

After distributing the planning-area. population to 
census tracts, it may be necessary to ensure that 
zoning ordinances applicable to different areas and 
census tracts are not violated. In this example, a 
one-shot estimate and distribution have been demon­
strated. In the real-world situation, several trial cycles 
would have to be performed to match the regional con­
trol total of population. 

MODEL PERFORMANCE 

The reliability of the model was tested by using the 
U - test (ll). In an ex post facto test of this method in 
which the U -s ta tistic was used as a measure of per­
fo rmance , the accuracy of t he method was fatmd t o be 
good (g). 

CONCLUSIONS 

As a viable alternative to the more costly, data­
intensive computer models, the "manual" method 
described in this paper provides a simple, easy-to­
understand, efficient procedure for developing land-

Table 4. Forecast growth of 
dwelling units in planning 

Percentage of Growth by Annual Growth Rate" 1990 
Dwelling Forecast 

areas from 1978 to 1990. Planning Units in Dwelling 
Area 1978 Percent Percent Percent Percent Percent Percent Percent Units 

A 5127 3/4 2/ 5 1/ 3 6564 
B 6212 4/1 3; 7 2/ 4 8601 
c 5536 4/3 3/7 2/2 7968 
D 797 3/3 4/5 3/4 1193 

•Percentage of growth per year /number of years 
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Table 5. Forecast and actual population for 1990. 

1990 1990 Forecast 
Forecast Vacancy Occupancy Population 

Planning Dwell1ng Rate (persons per 
Area Units (%) dwelling unit) Raw Final 

A 6564 3.0 3. 0 19 101 19 160 
B 8601 2.6 3.1 25 970 26 050 
c 7968 2.1 3.0 23 259 23 330 
D 1193 3.6 3.0 3 450 3 460 

Total 71 780 72 000' 

•Control total derived exogenously , 

use plans. The method forces the analyst t? becoJ?e 
intimately familiar with the study a.rea and its zonmg 
ordinances, physical characteristics, and gi·owth trends 
before attempting to fo1·eca.st. This is considered a 
positive fea~ure of this method. Given a fixed budget 
of time, money, and personnel, simpli:fication of cur­
rently used procedm·es is a prerequisite to the analysis 
of mo1·e alternatives or the incorporation of mo1·e im­
pact analysis. .Among the important features of this 
simplified model is the ability to commw1icate with 
those responsible for policy and admlnisfratlon and also 
with the public, both during and after the analysis. 
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