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Design of Zonal Systems for Aggregate Transportation

Planning Models
KARSTEN G. BAASS

The zonal system used to represent the spatial properties of urban areas is
basic to all aggregate transportation planning models and has an impor-
tant impact on their results. The current approach to design of zonal sys-
tems is essentially empirical and based on experience, local knowledge,
and judgment. The results of this approach are probably neither optimal
nor consistent among urban areas. For this reason, a systematic com-
puter-based procedure for the generation of aggregated zonal systems was
designed. The procedure consists of three parts: data treatment, design
of the zonal systems obtained, and, the central part, the grouping algo-
rithm that allows a complete hierarchy of zonal systems to be estab-
lished. The objective function for this grouping procedure contains two
components: the homogeneity of the population inside each aggregated
zone and the minimization of intrazonal trips. A number of constraints
on the aggregated zones are introduced to ensure that good zonal systems
are developed that satisfy the requirements of the transportation planning
process. These constraints include an adjacency constraint, a constraint
on natural and person-made barriers, a shape constraint, a constraint on
equal population and equal number of member zones inside each aggre-
gated zone, and a constraint on total trips. The aggregation methodology
was applied to two initial zoning systems of 42 and 522 zones in the city
of Montreal. The results of these experiments show that the procedure

is able to generate good zoning systems for transportation planning
purposes.

One important problem in transportation planning is
the choice of an aggregated zonal system based on a
detailed disaggregated system of initial spatial
units, or zones, as they are available from origin-
destination studies or the census. Several reasons
make an aggregation necessary; for instance, depend-
ing on the planning horizon of the transportation
planning study, more or less detail is needed as
output of the transportation models. Consequently,
the input to the models must also be at different
levels of detail. Furthermore, when aggregate
models are used, one needs also aggregate input and,
in many cases, work at the disaggregate level may
not be economically feasible.

Two problems of optimality are involved in the
choice of a good aggregated zonal system. The first
is to choose the optimum number of aggregated zones
that would ensure a reasonable compromise between
the cost of the study and the precision of the re-
sults, as illustrated in Figure 1. Once the level
of aggregation is decided on, the next problem is
the choice of the optimum delineation of boundaries
at this level of aggregation.

A review of the literature on the problem shows
that only general indications are available as to
what is to be considered a good zonal system and how
to derive such an aggregated zonal system. The
planner is left without any guideline to achieve
this and has to use knowledge of the region and
judgment in designing these zonal systems. On the
other hand, studies in geography and regional plan-
ning on interaction models by Openshaw (1) and
others indicate that the configuration of the zonal
system has an impact on the results of the planning
models to a much greater extent than previously
thought.

There are at least two reasons to believe that
the current empirical approach will most probably
give rise to nonoptimal zonal systems. First, many
criteria should be considered when zones are grouped
for transportation planning purposes. These crite-—
ria are based on quantitative and qualitative data
of such a multitude and diversity that the human

mind alone will not be able to process.
teria can be stated in the following way:

These cri-

1. Achieve a maximum of homogeneity inside the
newly created zones, which is important for the trip
generation and the modal split phase of the model
sequence;

2. Retain a maximum of interaction between
newly established zones or a minimum of intrazonal
trips, which is an important requirement for the
trip distribution and trip assignment models;

3. Limit the number of trip ends for the newly
created spatial entity in order to avoid overloading
of the adjacent street network in the assignment
phase;

4. Respect physical, political, and historical
boundaries as far as they are of importance from a
planning point of view;

5. Avoid undesirable shapes of newly created
zones;

6. Group only adjacent basic spatial units;

7. Generate only connected zones;

8. Avoid the formation of islands, which means
zones that are completely contained in another zone;

9. Obtain a zonal system in which the number of
households, population, area, or trips generated and
attracted are nearly equal in each zone (the varia-
tion with respect to one of these variables should
be kept as small as possible); and

10. Base the delineation of the zonal boundaries
on the census boundaries.

The second reason is the problem of the delinea-

tion of boundaries of aggregated zones, which is a
highly combinatorial problem. A simple example in

Figure 1. Problem of choice of optimum zonal boundaries.
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Figure 2. Enumeration of all possible combinations of basic spatial units.
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Figure 2 may illustrate this point. The optimum
configuration at a six-zone level of aggregation,
for example, with respect to the criterion of maxi-
mization of interaction would be given by the group-

ing of zone 1 and zone 7.
The conclusion that arises is that the empirical

approach to zonal aggregation will not necessarily
yield good zonal systems and that we need a system-
atic procedure for zone design that considers the
important criteria and also a great number of pos-
sible combinations of basic spatial units.

GROUPING PROCEDURE

Zonal Design and Aggregation Procedure

Different transportation planning models may neces-
sitate different 2zonal systems for optimal perfor-
mance. In the present procedure, however, only one
system (a compromise system) is derived because, for
practical purposes, the planner has, in most cases,
to work with one zonal system. The procedure does
not consider, for the time being, the special re-
guirements of a public transport study.

The computer-based methodology, zonal design and
aggregation procedure (ZODEAG), was designed not
only to derive zonal systems but also to code and
treat geographical, trip data, and socioeconomic in-
formation to be fed to the grouping algorithm and to
analyze the resulting zonal systems in order to help
the planner to choose the system that will best suit
the purpose. The general flow chart depicted in
Figure 3 gives an overview of the components of the
ZODEAG package.

The central part of the ZODEAG procedure is the
grouping algorithm, which is essentially the algo-
rithm to generate 2zonal systems, and an objective
function that allows us to evaluate the =zonal
systems.

Grouping Algorithm

To define the optimum aggregated =zonal system one

Transportation Research Record 807

Figure 3. Flowchart of the general system,
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would have to enumerate all possible zonal systems
generated by the combination of initial spatial
units into aggregated zones, and repeat this on each
level of aggregation. Knowledge of all optimum sys-—
tems at each level of aggregation would allow us to
choose the optimum number of zones to be used in the
planning study. To solve this problem by complete
enumeration of all possible combinations remains im-
possible, even for today's fast computers.

For this reason a heuristic algorithm for genera-
tion of zonal systems was adopted, which is gener-
ally credited to Ward (2). Starting with the most
disaggregated level of spatial information, one de-
termines the value of the objective function for all
possible groupings of two initial spatial units.
The grouping that is the most interesting in terms
of the objective function and constraints stated is
then retained and the two constituting zones will
remain merged at further steps of aggregation and
will be considered as a new integer and indivisible
zone. At the following step of the procedure all
possible groupings of two zones are investigated up
to the state where only one final zone remains that
contains all initial spatial units. This clearly
is, as all heuristics, a suboptimal algorithm, but
applications of similar procedures in other contexts
show that the results are of good quality.

Objective Function and the Constraints

The ZODEAG procedure allows the easy introduction of
different objective functions and different con-
straints. The one described in Equation 1 was
tested to some extent. Figure 4 illustrates the no-
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Figure 4. Notation used in Equation 1.

NOTATION

tation used in this equation.

Objective Function

Z =min (a{ E[WicWid/(Wic + Wid)] Xic - ;(id)z/SST}

#6[(tea+ 6/ e M
Constraints
Adjacency,
a9 #0 )
Barrier,
beg =0 @3)
Form,
RePe/28. < F “

Number of members,

h
n,+ng <2 5)
where h =1, 2 ... (ln N/1n 2).

Variation,

Yova < [E )P0 -1)] 8
]

(6)
Trip attraction and production,
J J
HE‘ (tem *+tam) + 2'3! (tge ttga) =2 (tea * tac) < MAXT 0]
where
R, = radius of the smallest circumscribing cir-
cle of zone e formed by grouping zone ¢ and
zone d,
P = perimeter of zone e,
S, = area of zone e,

e

F = critical value of the form constraint,

y = a critical variable whose variation is to
be kept as small as possible,

Xic = mean of socioeconomic variable i inside
zone C,

Wic = weight of socioeconomic variable i in zone
Cy

tom = trips between zone g and zone m,
N = total number of initial spatial units,
ne = number of member zones in an aggregated
¢ zone c,
agg = element of the adjacency matrix A,
bog = element of the barrier matrix B,

J = number of aggregated zones at the stage of
aggregation considered,
SST = total sum of squares in the initial system
over all socioeconomic variables i,
MAXT = the limiting value of trips attracted and
produced per zone,
a, B = weight coefficients, and
§ = value to be increased when constraint has
to be relaxed.

The most important criteria for good aggregated
zoning systems in transportation planning are the
achievement of homogeneity of population inside the
new zones and the conservation of the interaction
between zones. The objective function that is
chosen to attain these sometimes competing objec-
tives is a composite one. The first part reflects
homogeneity, whereby homogeneity is defined as ab-
sence of difference between certain characteristic
socioeconomic variables or between factors if a fac-
tor analysis has been performed previously. Mathe-
matically, this expression represents the increase
of total within-zone sum of squares when zone c and
zone d are merged. This is clearly an aggregated
and weighted measure of homogeneity, and the choice
of the socioeconomic variables x(i) has an important
impact on the results. The socioeconomic variables
used in this study are those generally available
from origin-destination surveys and from the cen-
sus. The sum of the squared and weighted differ-
ences is divided by the total sum of squares, so
that in the first step this value becomes 0.0 and is
1.0 at the end of the aggregation. The second part
of the function considers the interaction between
zones in terms of trip exchanges. The objective is
to choose that grouping that gives rise to the
smallest increase in within-zone trips, since
within-zone trips are lost information for modeling
purposes.

The two parts of this composite nonlinear objec-
tive function are weighted by coefficients to be
chosen by the user. This allows one to put more or
less importance on one or the other basic aggrega-
tion objective. To set both coefficients to the
same value would imply that a one percent increase
in within-zone sum of squares would be evaluated as
being equal to a 1 percent increase in within-zone
trips. This assumption was used as a working hy-
pothesis in the first experiments.

The desirable characteristics of the aggregated
zones previously mentioned are obtained by applica-
tion of several constraints. Most of these con-
straints are optional, which allows the user to
achieve an aggregation in accordance with the study
purpose. The only permanent constraint is the ad-
jacency constraint, because it was found that the
locational variables alone, as part of the socioeco-
nomic variables, were not sufficient to aveid the
formation of disconnected zones. This constraint is
verified by inspection of an adjacency matrix that
is updated after each merging. Natural, historical,
and person-made barriers can be introduced in matrix
form and zones on different sides of these barriers
can be kept unmerged by applying the barrier con-
straint. The formation of zones that have unaccept-
able geometrical shapes and the creation of islands
are avoided by using the form constraint. The cri-
terion of form, therefore, is based on a comparison
of the shape of the newly created zone and an ideal
shape, in this case a circle that is defined as com-
pact. Fiqure 5 shows the value of the form crite-
rion for different zonal shapes. If F is set to a
limiting value of 2.0, for instance, the formation
of reasonably compact zones is guaranteed. The ac-
tual value of F used may depend on the judgment of
the user.
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Depending on the degree of similarity of the ini-
tial zones, aggregated zones may build up around a
nucleus and thus unbalance the newly created =zone
system, so that heavily aggregated zones coexist
with still unmerged units. This can be avoided, if
desired, by applying a fourth constraint that gquar-
antees a more uniform distribution with respect to
the number of member units inside the aggregated
zones. The fifth constraint tries to keep the total
variation in the system with respect to a certain
variable as low as possible. This may be of inter-
est when it is desirable to achieve, for instance, a
more or less equipopular zonal system.

The sixth constraint is applied in order to avoid
the formation of aggregated zones that would attract
or produce too many trips and thus overload the ad-
jacent street network in the trip-assignment phase.
For more detailed explanation and derivation of the
formulas see Baass (3).

The aggregation procedure will be interrupted
when no more mergings are possible due to the con-
straint or, if the user so decides, the constraints
can be relaxed in the order of preference stipulated
and the merging continues up to the last step. Sev-
eral combinations of constraints and orders of pref-
erence in relaxing them were tried, but no formal

Figure 5. Value of form criterion for different zonal shapes.
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Figure 6. Dendrogram of hierarchical development of the
grouping.
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statement can be advanced about their relative mer-
its for the time being.

OUTPUT OF THE PROCEDURE

The optimum mergings on each level of aggregation
are retained in a merge list. This is the basic in-
put to the programs that allow an analysis of the
groupings obtained. A dendrogram built by a sub-
routine described by Anderberg (4) and represented
in Figure 6 is a useful aid in visualizing the hier-
archical development of the grouping. Nevertheless,
this representation becomes somewhat useless when
many zones are studied. In this case a special pro-
gram that prints detailed subdendrograms can be
used. The geographical map of the generated zonal
system is more readily understood. A ZODEAG compo-
nent provides drawings of zoning maps for all or se-
lected steps on a computer plotter. This is useful
for visual analysis and is indispensable when dif-
ferent combinations of constraints are tested. An
interactive graphic-analysis program was also in-
cluded in the package, which allows rapid display of
the zonal systems produced by the grouping algorithm
on a graphic display terminal, and the aggregated
zones can be studied in detail by using the zoom
feature. Statistics about area and population, per-
taining to the new aggregated zones, can also be re-
viewed by using this system component.

A graph that depicts the increase in objective
function in relation to the level of aggregation is
of great use when one must. decide on the level of
aggregation to be used in the planning study and
also when different combinations of constraints have
to be compared. A bend or a discontinuity in the
curve, for instance, would suggest not to use this
level of aggregation since the objective function is
lower at the left of the bend.

Once a zonal system is chosen, a postoptimization
program allows refinements, since it is understood
that the heuristic adopted may yield suboptimal re-
sults. For the time being this step is not a fully
automatic one. The planner chooses aggregated zones
that could be improved, for example, for the shape
characteristic. In order to achieve this, member
zones can be exchanged between aggregated zones, and
thus improve the shape. The user introduces into
the program the exchanges thought worthwhile for the
study and the program executes the exchanges if they
do not violate any constraint and if the objective
function is thereby improved. All data pertaining
to the two aggregated zones touched by the exchange
are updated. Experience showed that only very small

DENDROGRAM

ZONE
NUMBER

USSR RU D DN

% OF O.F,—» 10 20 30 40
STAGE —= I3 19 23 25 28 30 32 33 34 35 36 37 38
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improvements could be achieved in terms of objective
function, thus suggesting that the adopted algorithm
achieves satisfactory groupings.

APPLICATION OF THE PROCEDURE

The ZODEAG procedure was applied to the data from
the origin-destination survey in Montreal, which
contained 522 initial spatial units. Twelve socio-
economic variables were reported in this survey and,
in order to reduce the dimensionality of the data
matrix, a factor analysis [by using biomedical com-
puter programs (BMDP) (5)] was performed on these
data. Subsequent work was done with four factors by
retaining 90 percent of the initial variation in the
data. These factors were readily interpreted as
family status, socioeconomic status, and factors re-
lated to the trip-performing characteristics of the
population. The work trip matrix was used in all
experiments as information about trip interchanges
between the zones, since this matrix is most signif-
icant and stable. Zonal systems for different trip
purposes were demonstrated to be significantly dif-
ferent so that a compromise 2zonal system would be
necessary if one wants to work with several trip
purposes.

Figure 7 illustrates the results obtained when no
constraints were applied to the 522 initial zones.
The generated system is clearly unacceptable because
of the zonal shape. Application of the form con-
straint alone gives acceptable results, as shown in
Figure 8. The results can be improved further by
introducing the barrier constraint and the con-
straint on shape, population variation, and number
of member zones. The obtained zonal system (Figqure
9) comes very close to the system actually used by
the planning agency at this level of aggregation.

Graphs that depict the increase in objective
function versus stage of aggregation and the in-
crease of both of its components are shown in Fig-
ures 10-12. These graphs are useful in judging what
kind of constraints to retain and where to stop ag-
gregation in a special planning context. No limit-
ing values can be stated at this point of the re-
search except the rule of thumb formulated by
Broadbent (6), which states that, in the case of in-
teraction models, at least 85 percent of the inter-
action should be between zones. This limiting value
would suggest that a fairly advanced state of aggre-
gation would still be acceptable for interaction
models, as can be seen in Figure 12. The approxi-
mate percentage of within-zone sum of squares that
would still retain enough information for the trip

Figure 7. Stage 519 of aggregation, no constraints.

MONTREAL ZONAL SYSTEM
1976

generation and modal split models would have to be
determined. The graph shown in Figure 10 also il-
lustrates clearly that, by introducing constraints,
some of the optimality must be sacrificed.

Figure 8. Stage 514 of aggregation, form constraint.

MONTREAL ZONAL SYSTEM
1276

Figure 9. Stage 495 of aggregation, all constraints.
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Figure 10. Increase of objective function in relation to stage of aggregation.
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Figure 11. Increase of within-zone sum of squares in relation to stage of
aggregation.
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Figure 12. Increase of within-zone trips in relation to stage of aggregation.
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When one depicts the aggregated trip interchanges
on the zonal system shown in Figure 8 (as is done in
Figure 13), one realizes that 74 percent of the
trips made in the 522 initial spatial units are re-
tained in this configuration. Not only are the
trips to the central business district (CBD) (zone
1) retained successfully, but also the important
flows between the other zones are retained. On the
other hand, 80 percent of the variation described by
the socioeconomic variables are inside the aggre-
gated zones at this level of aggregation, which
makes this system clearly unacceptable for trip gen-
eration and modal split purposes.

CONCLUSION

The methodology provides a systematic approach to
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Figure 13. Trip distribution at stage 514 of aggregation.

TRIP DISTRIBUTION

zonal design and zonal aggregation in transportation
planning. The user can derive good zonal systems in
accordance with the objectives of the planning study
and with a minimum of coding effort and data pro-
cessing. The procedure is also flexible enough to
allow different objective functions and different
constraints to be introduced and can actually be ap-
plied to at least 600 2zones with 15 socioeconomic
variables within reasonable computer time and memory
limits. Furthermore, once the region is coded, the
procedure can easily be applied to any spatial sub-
set of it without recoding the data. Experimenta—~
tion with actual data showed that the procedure
gives good results. But, further research has to be
done in order to determine the values of the param-
eters in the objective function and in the con-
straints and in order to determine up to what state
of aggregation a transportation model still gives
satisfactory results. Further research should also
be devoted to the problem of the road network aggre-
gation in relation to the zonal aggregation. Also,
it becomes more evident that little is known about
the interaction between the transportation planning
models and the 2zonal systems and that the ZODEAG
procedure constitutes a first step toward a better
understanding of thése crucial interrelationships.
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Optimal Peak-Load Pricing, Investment, and Service Levels
on Urban Streets—A Numerical Example

SHOKOOH KHAJAVI

Socially optimal automobile tolls, bus fares, bus service levels, and street capac-
ity can be determined by the use of an integrated peak-load pricing model. The
objective of this paper is to develop such a model and to demonstrate the
model’s applicability and useful with regard to its implications for trans-
portation policy. The model that is presented departs from previous ones in
that it uses disaggregate travel demand models in order to derive empirically
implementable pricing and investment rules for the provision of transit service.
Our proposed mode, as a whole, is concerned with maximizing the sum of

the expected utilities derived by urban street travelers. Numerical results re-
veal that, given the cost and demand conditions posited, under all but the least-
congested travel conditions considered, the travelers’ welfare maximizing levels
of autc bile tolls far d those fees now collected by North American
gasoline taxes and other automobile user charges. When the impaosition of opti-
mal aut bile tolls app imp I, the p of providing
reserved bus lanes has much to recommend it, especially under the traffic and
pricing conditions that prevail during peak hours in most North American
cities. Given that automobile tolls are restricted to the gasoline tax, optimal
provision of bus service implies mass transit subsidies, at least in peak hours.
However, provision of reserved bus lanes would reduce sub ially the travel-
ers’ welfare losses that result from subsidy reductions.

The objective of this paper is to model travel de-
mand in a manner that derives the pricing and in-
vestment rules for a socially optimal provision of
urban bus transit. The proposed model is primarily
concerned with maximizing the sum of the expected
utilities derived by travelers on urban streets. We
use disaggregate travel demand models to derive the
sum of these utilities. Disaggregate travel demand
models are random utility models. They use individ-
uals as the basic decision-making units in order to
analyze travel behavior. The disaggregate demand
models are used to derive the aggregate demand for
different modes of transportation by the travelers
on a given urban street.

Given the aggregate demand for different modes of
transport, we use the functional forms for the ex-
pected utility and the equilibrium demand volumes
and travel times of the modes of transport over a
given urban street at peak and off-peak hours in
order to express our objective function. Next, we
use this objective function to derive the socially
optimal bus fare, automobile toll, and bus service
levels.

FRAMEWORK FOR A SIMPLE TRAFFIC ARTERY MODEL

In this numerical work, we limit our attention to
the trips generated and ended along each side of a
one-mile stretch of an urban two-way street. Sup-
pose that N people per hour begin and N people per
hour terminate trips along each mile of each side of
this street. We assume that the origins and desti-
nations of trips are uniformly distributed along
each side. There are two modes of travel--automo-
bile or bus. We define each trip to be M miles
long. The demand for each mode is a function of the
choice maker's socioeconomic characteristics and of
the attributes of the alternatives, for example,
trip costs and trip times. The travelers take the
trip for work, shopping, or social or recreational
purposes. We assume that workers take their trips
in peak hours and nonworkers take their shopping or
social and recreational trips in off-peak hours.
Therefore, by assumption, the cross-elasticity be-
tween peak and off-peak demand travel is zero. This
eases the analytical burden considerably.

Let us assume that the disaggregate demand models
have the logit functional form that can be derived
as a representation of utility maximization among a
discrete set of alternatives wunder uncertainty.
That is, the probability that individual s, selected
randomly from the population, will choose mode i
given by the multinomial logit model: Prijg =

I
exp(Ujg)/ I exp(Ujg), where Prjg is the probability

j=1
that individual s will choose alternative i from the
set of alternatives available, and Ujg 1is the
utility of alternative j to individual s. Further-
more, we assume that the utility of alternative i to
individual s (Ujg) has the following functional
form: U;q = aZjg + Ejgr Where a is a vector of pa-
rameters, Zjg 1is a vector of functions of the
socioeconomic characteristics of individual s and of
the attributes of alternative i, and g;4 is a
random variable that represents an unobserved
disturbance or error term.

The multinomial disaggregate travel demand models
used in this numerical work are those developed by
the Metro Travel Commission (MTC) -Cambridge
Systematics System for the San Francisco Bay Area
(). These models are based on data from the 1965
surveys by the Bay Area Transportation Study
Commission (1,2).

For the demand models that are presented in this
paper and for both the peak and off-peak periods,
the expected wutility of a utility maximizing
individual chosen at random from the population is
obtained, with an approximation, by applying a
combination of the Clark (3) and the Lancaster (4)
methods of aggregation (5). Clark presents a set of
formulas for the first two moments of the maximum of
two normally distributed random variables and the
covariance of the maximum with a third normally
distributed variable. Then Clark proposes that his
solution for the moment be used as an approximation
by assuming that the maximum is itself normally dis-
tributed. This approximation then permits solution
of the expected utility. Lancaster approximates
logistic distribution of standard deviation ¢//3
of ¢ by a normal distribution of standard devia-
tion (15/16) (n/Y/3). Following the Lancaster
method of approximation, we assume that (a) Ej
has a normal distribution with mean zero and vari-
ance (r%/6) (15/16)2 and (b) k3 is indepen-
dent from all g5. We also assume that Z%j, the
explanatory variables, are distributed multivariate
normal with the row vector of means E(Z;) and
covariance matrix $. Then, we have UilN[“E(Zi)'

Z
azaT+ (15/16)2 = (r2/6)].
Z
method of aggregation, the expected utility for the

By following the Clark

peak period (period 1) [E(UP)l] can be computed as an
integral part of the technique:

E(0"), =I{£TfmaX(U~M", Usi®, Ur1®) 8u,P (Ua1, Usy, Ury)
+ dUx;dUgydUry )

where



g(é) = the probability density function (pdf) of
U

Ulp,
A = drive alone,
S = shared ride, and
T = transit vehicle (bus) (5).

Similarly, for the off-peak period (period 2),
the expected utility of a utility maximizing
individual chosen at random from the population

[E(UP)g5] can be computed as follows:
E(UP);; = '{ { max(U, P, Urs”)8ug,” (Unszs Uts2)dUas2 U7, (2)

where

g(s) = the pdf of ng,

A = automobile,

T = transit vehicle (bus), and

s = shopper or traveler who takes a social or
recreational trip (4).

Given Equations 1 and 2, to complete the setting
of a framework for the models that are presented in
this paper, the next section focuses on the measured
values of some of the independent variables that
appear in the demand models and consequently in
Equations 1 and 2.

MEASURED VALUES OF VARIABLES THAT APPEAR
IN THE MODEL

Automobile Operating Costs

We assume that the measured automobile operating
costs per mile in period t (Cay) represent a
function of automobile travel time per mile in that
period (tag) . Specifically, the following
functional form is selected for this study: Cap =
Hy - Hy/tag. The costs of each automobile
trip are shared by A passengers. For an automobile
traveler who originates a trip in period t, in a
one-mile stretch of the artery total vehicle operat-
ing costs are

ACOST; = (MCa; + MFa +g)/A (3)

where Fa is th

b

utomobile toll per mile and g is a

e au
fixed cost that is independent of the length of the
trip.

Automobile Travel Time

Let us assume that buses and automobiles distribute
themselves uniformly across the width of each side
of each mile of the artery. Under this assumption,
the measured travel time per automobile trip on each
side of the artery, in period t, is a function of
that side's volume to capacity ratio. Specifically,
we select the following functional form for this
study:

tag =tag {1 +a[(5X, + M Nag/A)/K]®} 4)
where
tag = travel time per mile at zero flow,
a and b = constants,
X¢ = number of buses per hour for period t,
A = the average number of passengers per

car,
M = trip length,
K = capacity of the road,
Nay = number of automobile travelers who orig-
inate in a one-mile stretch of the road
at period t, and
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§ = the bus's automobile congestion equiva-
lent.

MNa; enters this expression because, in period t,
any given point on the road is passed by automobile
travelers who originated in each of the M miles that
preceded that point. Therefore, the one-way in-
vehicle travel time for an automobile traveler who
takes trips in period t is equal to

ATIMET; = M(tag {1 +a [(§X; + MNay/A)/K]"}) ®)
Bus Travel Time

The measured travel time per bus trip has two
components. First, when not engaged in stopping and
starting maneuvers, a bus is assumed to travel at
the same speed as an automobile (i.e., to require
tag min/mile in period t). In addition, in each
route mile, Nty travelers board and Nty leave
Xt buses at Y or fewer stops. (Y is the number of
uniformly spaced bus stops per mile.) Hence, pgp =
2Ntt/xtY is the average number of passengers
that board or 1leave one bus at any one stop.
Suppose that bus travelers make their decisions as
to when to travel independently. Then, the
probability that a total of n travelers will board
and alight from any one bus at any one stop is given
by the Poisson distribution with parameter pgg.
That is, Pr(n) = exp(-pgt)ugt®/n'. The probability
that a given stop will be made, then, is 1 -
exp(-ug¢) (i.e., 1 - the probability that no one
will have that stop as either origin or
destination). The expected number of stops per mile
is Y times this fraction. Therefore, the expected
time required to travel one mile is equal to

tty = tay + 2Nee/X, +8 Y1 - exp(-pg¢)] (6)

where ¢ is the time required to board or unload a
passenger once a bus has stopped and § is the amount
by which the time required to traverse a route
segment is increased by each stop and start
maneuver. Therefore, the one-way in-vehicle travel
time for a bus rider who takes trips in period t is
equal to

TIME T; = M {ta, + 2Nt,e/X, + 8 Y[1 -exp(-ts;)] § ™)

Access Time for Bus Riders

Most bus travelers neither 1live nor have their
destinations on the traffic arteries traversed by
the bus they use. Rather, a typical bus rider must
walk to the route from an origin and from the route
to a destination. Once a traveler reaches the
artery, he or she must walk to the nearest bus
stop. If origins and destinations are uniformly
distributed between stops and there are Y uniformly
spaced bus stops per mile, the one-way walking time
for the traveler who uses the bus will be ht +
60/2SY min, where ht is the walking time (min) for a
typical bus rider to the route from an origin and
from the route to a destination and S is the average
bus passenger's walking speed (5).

If the average length of a bus passenger's wait
at a stop is a fraction (B) of the headway between
buses (1/X¢), the average measured waiting time in
period t is 608/X; min. Therefore, the average
total of measured one-way access time by bus
in period t is equal to (ht + 60/2SY) + (608/X{) min.

MODEL 1: THE BASIC MODEL

Let us suppose that government's objective is to
maximize the total net benefits received by travel-

il
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ers, over a period of a day, from traveling on the
artery. That is, given the assumptions and defini-
tions of the last two sections, the objective func-
tion can be written as follows:

MaxW=U-Ct-Cr ®
where

U = total benefits received by travelers over a
period of a day from traveling on a road
(Equations 1 and 2),

Ct = total daily operating costs of the bus
company, and
Cr = total daily rental costs of that road.

Given the equilibrium flow pattern and the travel
demand volume, this model finds those values of
X¢r Ftg, Fag, and K that satisfy all the
Kuhn-Tucker conditions for maximizing W; that is, we
compute those values of X¢, Fty, Fag, and K
that satisfy aW/3Xg = aW/9Fty = aW/dFap = W/3K = 0
for t =1, 2. The model's statement about street
capacity (3W/3K = 0) implies that arterial
street capacity is expanded to the point where the
value of the marginal product of the 1last unit of
capacity produced just equals the marginal costs of
providing that unit of arterial street capacity.
The model's statements about bus service at each
period of time (aW/3X¢ = 0) imply that bus
service at each period of time is provided to the
point where the marginal benefit of the last unit of
a service produced, at that period of time, just
equals the marginal costs of providing that unit of
service.

We choose the socially optimal automobile tolls
at period t (Fag) equal to the congestion charge
at that period [i.e., the losses an additional auto-
mobile traveler's trip imposes on (a) the existing
automobile travelers (by increasing the time and ve-~
hicle operating cost of their trips), (b) bus
travelers, and (c) the bus company].

Similar considerations apply to the socially op-
timal bus fare. We choose the price of bus in pe-
riod t (Fty) equal to the congestion charge at
that period (i.e., the 1losses an additional bus
traveler's trip imposes on (a) the passengers al-
ready aboard the bus on which he or she travels, (b)
automobile travelers, and (c) the bus company].

MODEL 2: OPTIMALITY CONDITIONS UNDER
PRICING CONSTRAINTS

Mohring argues that the provision of bus service in-
volves economies of scale (6). This argument is
based on the following example: Suppose that a bus
company responds to a doubling of demand along route
N by doubling the number of buses that serve the
route (X). Given the modal split (Nt/N), if road
capacity is allowed to expand such that the arterial
volume to capacity ratio remains unchanged, the
average number of passengers per mile served by a
bus, and hence the average travel time per trip and
bus company costs per passenger served, will all
remain unchanged. However, such an expansion of
road capacity would cut headway between buses in
half, and thereby cut the costs of waiting timé per
passenger in half. Nevertheless, in the framework
of our simple model, the argument is not such a
straightforward one. 1In fact, for the demand vol-
umes that prevail under equilibrium conditions, the
average number of passengers per mile served by a
bus, and hence the average travel time per trip and
bus company costs per passenger served, may all
change. The magnitude and direction of these
changes, which are sensitive to the parameter values

in the model, determine whether or not the provision
of bus service involves economies of scale.

In our numerical analysis, in some cases road
capacity 1is held fixed. An increase in total
travel, therefore, leads to an increase in arterial
volume to capacity ratios. The resulting reduction
in travel speeds tends to offset the increasing
returns aspect (if there is any) of the bus system.
For the combinations of parameter wvalues studied in
our numerical analysis, these decreasing returns
aspects of the system largely outweigh its
increasing returns features. That is why we observe
that, in some cases, optimal bus fares generate
revenues in excess of bus system costs.

However, for the congestion levels (ratio of trip
volume to arterial capacity) that seem typical of
urban areas at peak hours, model 1 yields socially
optimal automobile tolls far higher than the roughly
3-9 cents/mile implied by the gasoline taxes and
other excises imposed on automobile travel in North
American cities. Therefore, if existing tolls on
automobile travel are taken to be incapable of
alteration, truly astronomical subsidies for buses
would be required to maximize the net benefits of
all trips.

These considerations suggest the desirability of
adding the following pricing constraint to model 1:
Wrong (i.e., inefficiently 1low} tolls are charged
for automobile travel and bus operations must break
even.

MODEL 3: OPTIMALITY CONDITIONS UNDER THE
ASSUMPTION OF RESERVED BUS LANES

This model differs from the previous ones only in
that it allows a fraction (n) of the total capac-
ity of each side of the artery to be reserved for
buses, and the remaining capacity [(1 - n)K] is
allocated to automobiles. In our numerical work, we
select the values of n that comprise an integral
number of lanes of the artery. For example, in the
framework of our simple model, we can allocate zero,
one, or two lanes to buses (i.e., n is given the
value of 0, 0.5, or 1). ©Under this assumption, the
time required for a one-mile automobile trip is

tay = tag {1 + a[(MNag/A)/(1 -mK]®} )

and in the expression for tty, given by Equation
6, tay is replaced by

tag [1 + a(8 X /mK)?] (10)

To allow reserved bus lanes is, in effect, to al-
low the division of an artery into two separate
rights-of-way and to permit allocation of the
artery's total capacity so as to equalize the value
of its marginal benefit on these two rights-of-way.
The policy of allowing reserved bus lanes is based
on the argument that the provision of bus service
involves economies of scale. The validity of this
argument constitutes a strong reason for permitting
reserved bus lanes. Then, the equality of the mar-
ginal products of capacity calls for a lower volume
to capacity ratio on the bus than on the automobile
right-of-way. The resulting increase 1in travel
speeds for buses in comparison with travel speeds
for automobiles tends to encourage bus riding and,
as a result, to increase the social benefits derived
by travelers from traveling on the artery.

MODEL 4: OPTIMALITY CONDITIONS UNDER THE
ASSUMPTION OF RESERVED BUS LANES
AND PRICING CONSTRAINTS

This model differs from model 2 in the same way that
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Table 1. Par value binations studied for

parameters that vary between peak and off-peak Peak Off-Peak

periods in numerical analysis. Diivé Shared __-__ea_—
Parameter Alone Ride Bus Automobile Bus
A = passengers per automobile 1 2.5 2
B = hourly bus costs ($) 15 9
B = waiting time between bus head ways 2 1/2
ha = automobile access time (min) 4.3 14.3 3.3
g = fixed costs of automobile trip (cents) 12.5 14.2 5.3
ht = bus access time (min) 18.5 5.6

aDuring peak periods, the waiting time between buses is % (1 + 0.000 001 X2).

model 3 differs from model 1. That is, model 2 in-
volves the assumption that automobiles and buses are
uniformly distributed across the artery, and model 4
allows for reserved bus lanes.

In comparison with models 1 and 3, in model 4 as
well as model 2 we maximize the total net benefits
to the travelers from traveling on the artery given
that bus operations must break even for the case
that wrong tolls are charged for automobile travel.

BENEFIT/COST IMPLICATIONS OF THE MODELS

Pseudoempirical analysis of the models described is
undertaken for the parameter value combinations in-
dicated below for parameters that have the same val-
ues in all runs and in Table 1 (5) for parameters
that vary.

M = trip length (miles) = 5,

Y = allowable stops per mile = 8,

K = capacity of artery (vehicles/h) = 625 num-
ber of lanes (WID),

§ = Congestion equivalent of a bus = 3 automo-
biles,
tag = 2.0 min/mile,
a = 2.62 min/mile,

b =5,

Ca = cents per
5.706(1/ta),

§ = added time per bus stop made = 0.3 min,

e = passenger boarding or unloading time = 0.03
min, and

automobile mile = 10.565 -

Cr = costs of arterial street expansion (cents) =
(100/720){ [0.06/(1 - e~2:1)] +
0.06(0.342)}WID1-0304 [exp(12,767) + {2917 WID +
0.000 45[360(5wiN; + 5wyNp)1}

The net travelers' welfare losses per trip shown in
Tables 2 and 3 reflect the net welfare-maximizing
levels for travelers of bus service, bus fare, auto-
mobile tolls, and road capacity, given the parameter
values shown in the tables. However, these optimi-
zation problems are solved under the following two
constraints: (a) the decision variables cannot have
a negative value and (b) the levels of bus service
and road capacity cannot be noninteger.

Benefit/Cost Implications of Model 1

Tables 2 and 3 reveal that the scale economies asso-
ciated with bus operation yield only a modest reduc-
tion in system net travelers' welfare losses with
increases in the scale of the system. Naturally
enough, the net travelers' welfare maximizing share
of bus trips (Nt/N) declines with reductions in
MN/K, the volume to capacity ratio that would pre-
vail if all trips were taken in single-occupant
automobiles. With MN/K equal to 3.2, the maximiza-
tion of net travelers' welfare would call for 59.4
percent of all trips to be taken by bus (Nt/N =
59.4) and 18.7 percent to be taken by shared-ride
(Ns/N = 18.7) but, depending on system scale, a
share of bus trips (Nt/N) in the 28.9 to 33.0 per-

Table 2, Welfare losses per trip as a function of

4 y Modat Spiii Optimai
gtgz:;:?ﬁl::il ansl sl damiid for peak Welfare Automobile Value of Marginal
. Travel Number Losses Drive Shared Tolls Product of

Rate of Lanes per Trip Alone Ride Bus (cents/mile) Capacity® (cents)
400 4 1.74 0.775 0.225 0.000 3 0.2
400 3 2.08 0.773 0.227 0.000 3 1.0
400 2 3.17 0.420 0.250 0.330 63 i
800 4 3.00 0.488 0.223 0.280 40 8.1
800 2 3.36 0.219 0.187 0.594 93 26.8

Note: Length of peak period = 2 h, peak-hour bus costs = §15,

ACost per number of cars/h along a given mile.

Table 3. Welfare losses per trip as a function of congestion level and travel demand for off-peak cost conditions,

Modal Split
Social and Optimal

Welfare Shopping Recreational Automobile Value of Marginal
Travel Number Losses Tolls Product of
Rate of Lanes per Trip Automobile Bus Automobile Bus (cents/mile) Capacity? (cents)
200 4 1.75 1.00 0.00 1.00 0.00 2 0.0
200 3 1.76 1.00 0.00 1.00 0.00 2 0.0
200 2 1.79 1.00 0.00 1.00 0.00 2 0.3
400 4 1.79 1.00 0.00 1.00 0.00 2 0.3
400 2 1.86 0.778 0.222 0.496 0.504 9 L.5

Note: Length of off-peak period = 10 h and off-peak hour bus costs = §9.
ACost per number of cars/h along a given mile.

T



Transportation Research Record 807

cent range would be called for with an MN/K value of
1.6. When MN/K values are high, the provision of an
optimal level of bus service would reduce net wel-
fare losses for travelers on the system below the
levels that would result with only automobile
travel. When MN/K = 1.6, however, the benefits of
bus service are modest. When MN/K ¢ 1.2, the con-
strained optimal level of bus service would result
in net welfare losses for travelers either identical
to or higher than welfare losses with only automo-
bile travel.

The potential benefit of an optimal level of bus
service when the level of congestion is high on a
traffic artery could reflect the inherent superior-
ity of mass transit vehicles for urban travel. On
the other hand, these benefits could result from an
inefficiently low level of capacity on that artery.
Which of these possibilities is true for a particu-
lar case depends on just how costly it would be to
add to the capacity of the artery. Tables 4 and 5
show that, when the congestion level is high on a
traffic artery and specifically when automobile
tolls are constrained to the 1level of gasoline
taxes, the potential benefits of an optimal level of
bus service result mainly from an inefficiently low
level of capacity on the artery. The optimal level
of arterial capacity when MN/K values are high
(i.e., MN/K = 3.2) is about four 10-ft lanes. When
MN/K = 3.2, an optimal level of arterial capacity
would result in welfare losses of 10.7 percent less
than those with the present arterial capacity levels.

However, these results are sensitive to changes
in demand and, in particular, to the cost conditions
that prevail in Table 4. For example, as the con-

11

stant parameter (b) of the automobile travel time
function (Equation 4) increases, the sensitivity
with respect to a high level of MN/K increases and
the sensitivity with respect to a low level of MN/K
decreases. Then for a different value of b, our re-
sults may be different. In addition, in Table 4 we
estimate the costs of arterial street expansion
given a 6 percent interest rate and 35 years of ef-
fective lifetime for the road. As Table 5 shows, a
change in the interest rate or the effective life-
time of the road changes the costs of street expan-
sion and, as a result, the optimal level of capacity.

Benefit/Cost Implications of Model 3

Tables 6 and 7 deal with the potential benefits of
reserved bus lanes when socially optimal automobile
tolls and bus fares are charged and when automobile
tolls are restricted to those implicit in current
gasoline taxes (e.g., 45 cents/five-mile trip in
peak hours and 30 cents/five-mile trip in off-peak
hours) and deficit constraints.

Parameter values for Table 6 are those that seem
most representative of peak-hour travel (MN/K =
1.6); off-peak values are the basis for Table 7
(MN/K = 0.8).

Perhaps the most important generalization sug-
gested by these tables is that, even if socially op-
timal bus fares and automobile tolls could be
charged, the reserved bus lane would result in some
benefits (i.e., a reduction in welfare losses of
about 31.0 percent). An optimum allocation of ca-
pacity would result in a 31.0 percent reduction in
welfare losses under peak conditions (Table 6), and

Table 4. Comparison of system operation with and without reserved bus lanes under different pricing and financial constraints: base peak-hour case.

Welfare Losses Optimal Bus

Value of

Marginal
Bus Operating Marginal Benefit Product of
Cost per Bus Share of per Subsidy Capacity®

pet Trip Fare (cents) Buses per Hour Passenger (cents)  Capacity (%) Dollar (cents)
Constraint Without  With Without With Without Without With Without  With Without With Without
Social welfare maxi- 3.74 2.09 0 25.0 23 22.0 25.0 6.1 100 39.9
mizing
Pricing constraint
Automobile toll 67.47 4.35 60 3.5 11 4187.6 3.5 1.1 50 3208.0
= $0.09/mile
Automobile toll 99.43 0 0 T2 624.7
= $0.09/mile and
bus operating sub-
sidies = $0.0
Automobile toll 64.39 4.88 60 0 11 3808.5 2.0 1.1 50 79 14.2 3050.9
= $0.12/mile
Automobile toll 9%.25 5.02 1.4 0 1.4 0 50 610.4

= $0.12/mile and
bus operating sub-
sidies = $0.0

Note: Length of peak period = 2 h, number of lanes = 2, travel rate = 800, and peak-hour bus costs = $40.

ACost per number of cars/h along a given mile.

Table 5. Average daily capacity costs per mile of the arterial street as a function of number of lanes, interest rate, flow of vehicle trips over the street, and effective

lifetime of the street.

Average Daily Capacity Cost per Mile (cents)

Flow of Vehicles =400 peak and 200 nonpeak
Interest Rate (r) and -

Flow of Vehicles = 800 peak and 400 nonpeak

Effective Lifetime (L) Two Lanes Three Lanes Four Lanes Two Lanes Three Lanes Four Lanes
1= 6 percent, L = 35 years 9 964.439 14 954.143 19 991.593 10 279.439 15 269.143 20 306.593
r= 12 percent, L = 35 years 54 050.59 81 906.248 110 047.79 54 365.59 82221.248 110 362.79
r= 6 percent, L = 30 years 10 313.775 15 484.669 20 705.194 10 628.775 15 799.669 21020.194
r= 12 percent, L = 30 years 54 204.133 82 190.013 110361.43 54 519.133 82 505.013 110 676.43
r= 6 percent, L = 40 years 9727.454 14 594.243 19 507.497 10 042.454 14 909.243 19 822.497
r= 12 percent, L = 40 years 53 967.948 81 780.743 109 878.97 54 282.948 82 095.743 110 193.97




12

Table 6. Comparison of system operation with and without reserved bus lanes under different pricing and financial constraints: base peak-hour case.
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Value of
Bus Operating Marginal Benefit Marginal
Welfare Losses Optimal Bus Cost per Bus Share of per Subsidy Product of
per Trip Fare (cents) Buses per Hour Passenger (cents) Capacity (%) Dollar Capacity
Without
Constraint Without  With Without ~ With Without  With Without  With Without  With Without  With  (cents)?
Social welfare maxi- 3.46 2.35 20 0 11 23 14.7 12.7 1.7 25 4.8
mizing
Pricing constraint
Automobile toll 3.76 2.40 0 1] 11 23 115.2 172 1.1 25 7.0 33 42.6
= $0.09/mile
Automobile toll 4,85 2.65 10 0 23 10.4 0 75 9.8
= $0.09/mile and
bus operating sub-
sidies = $0.0
Automobile toll 3.77 2.44 10 0 11 23 112.1 17.1 U | 25 7.7 2.8 41.5
= $0.12/mile
Automobile toll 4.84 2.66 10 0 23 10.0 0 75 9.6

= $0.12/mile and
bus operating sub-
sidies = §0.0

Note: Length of peak period = 2 h, number of lanes = 4, travel rate = B0O, and peak-hour bus costs = $40.

ACost per number of cars/h along a given mile.

Table 7. Comparison of system operation with and without reserved bus lanes under different pricing and financial constraints: base off-peak-hour case.

Bus Operating Value of Marginal
Welfare Losses Optimal Bus Cost per Bus Share of Product of
per Trip Fare (cents) Buses per Hour Passenger (cents) Capacity (%) Capacity
Without
Constraint Without  With Without  With  Without  With Without  With  Without  With (cents)?
Social welfare maxi- 2.29 279 0 0 0 0 0 0 0.3
mizing
Pricing constraint
Automobile toll 2.49 2.48 0 0 2 2 1.1 1.1 1.8 50 0.0
= $0.06/mile
Automobile toll 2.54 2.54 0 0 0 0 0.3
= $0.08/mile and
bus operating sub-
sidies = $0.0
Automobile toll 2.58 2.56 0 0 2 b 1.0 1.1 2.1 50 0.0
= $0.08/mile

Note: Length of off-peak period = 10 h, number of lanes = 4, travel rate = 400, and off-peak hour bus costs = $25.

8Cost per number of cars/h along a given mile.

Table 8. Comparison of system operation with and without reserved bus lanes under different pricing and financial constraints: base peak-hour case.

Modal Split Marginal
Bus Operating Without Reserved Benefit
Welfare Losses Optimal Bus Cost per Bus Share of Bus Lanes per
per Trip Fare (cents) Buses per Hour Passenger (cents)  Capacity (%) Subsidy
Drive  Shared Dollar
Constraint Without With Without  With Without With Without With Without  With Alone Ride Bus Without
Social welfare maxi-  3.21 2.45 30 25.0 15 29.7 25.0 5.0 100 0.325 0.253 0.422
mizing
Pricing constraint
Automobile toll 3.98 0 11 213.0 2.2 0.655 0.210 0.135 3.0
= §0.09/mile
Automobile toll 4.85 0 0 0.757 0.243 0.00
= $0.09/mile and
bus operating
subsidies = $0.0
Automobile toll 4.06 0 11 219.8 2.2 0.640 0.203 0.157 2.4
= $0.12/mile
Automobile toll 4.84 0 0 0.750 0.250 0.00

= $0.12/mile and
bus operating
subsidies = $0.0

Note: Length of peak period = 2 h, number of lanes = 2, travel rate = 400, and peak-hour bus costs = $40.
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a 0 percent reduction in off-peak hours (Table 7).
Achievement of the optimal volume to capacity ratio
in peak hours requires the allocation of one 1lane
out of four to buses, given socially optimal automo-
bile tolls, bus fares, and bus service. In con-
trast, achievement of the optimal volume to capacity
ratio in off-peak hours requires no allocation of
lanes to buses.

As Table 8 shows, for a two-lane artery that has
the same congestion level as prevails in Table 6
(i.e., MN/K = 1.6), the optimum allocation of capac-
ity requires allocation of both lanes to buses, and
this would result in a decrease in welfare losses of
about 23.9 percent under peak conditions. However,
the allocation of one lane out of two to buses would
result in an increase in social costs of about 59
percent.

These findings are subject to a very important
qualification. As Tables 2-3 indicate, under all
but the least-congested travel conditions, the so-
cially optimum automobile tolls are far higher than
those implicit in gasoline taxes and other automo-
bile user charges. A proposal to levy the tolls of
40-93 cents per vehicle mile listed in Table 2 would
almost certainly generate overwhelming opposition
from the public and politicians (especially in North
America). If attention is restricted to automobile
tolls in the neighborhood of those currently charged
in North American cities (for example, 45 cents/
five-mile automobile trip in peak hours and 30
cents/five-mile trip in off-peak hours), reserved
bus lanes appear to have considerable merit, at
least during periods of high traffic flow (peak
hours). That is, reserved bus lanes would result in
a reduction of 36.1-45.3 percent in social costs
when automobile tolls are restricted to those im-
plicit in current gasoline taxes, for example, 45
cents/five-mile automobile trip at peak hours.

Under the conditions given in Table 6, given that
automobile tolls are set equal to gasoline taxes,
the maximization of net travelers' welfare would re-
quire free bus service and would result in average
welfare losses per trip of $3.76 in the absence of
reserved bus lanes, 8.7 percent greater than the
losses achievable with socially optimal tolls. If
this pricing constraint is accompanied by the allo-
cation of one lane out of four to buses, however,
minimum average welfare losses per trip work out to
$2.4--2.2 percent greater than the welfare 1losses
attainable with reserved bus lanes when socially op-
timal tolls are charged.

As Table 6 shows, the maximization of net travel-~
ers' welfare requires free bus service when automo-
bile tolls are set equal to gasoline taxes. How-—
ever, for the following reasons opposition would
also be likely to the provision of free bus service:

1. The setting of a zero bus fare may indeed in-
crease the elasticity of demand for trips and

2. The optimal cost subsidies required under
Table 6 conditions to maximize net travelers' wel-
fare when automobile tolls are constrained to the
level of gasoline taxes are $124.4/number of cars/h
along a given mile of bus service without reserved
bus lanes and $62.1 with reserved lanes. Although
considerably lower than the deficits that would be
required to match reductions in automobile tolls and
bus fares, these subsidies, in the absence of re-
served bus lanes, are still substantial. In the
following section we study a deficit constraint
model. This model is designed to test the welfare
loss implications of a zero percent subsidy level.

Benefit/Cost Implications of Model 2

In the absence of reserved bus lanes, the elimina-
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tion of bus operating subsidies would result in sub-
stantial increases in welfare losses. As Table 6
indicates, the increase in average welfare 1losses
per trip that would result from lowering bus operat-
ing subsidies from $124.4 to 0 per number of cars/h
along a given mile (i.e., from the value required to
maximize net travelers' welfare subject to the gaso-
line tax toll constraint to zero) produces a mar-
ginal benefit per subsidy dollar of $0.01 (i.e., a
marginal benefit of $7.05, when benefit is measured
in terms of the decrease in total welfare losses of
all trips).

Table 8 shows the effect of eliminating bus oper-
ating subsidies on welfare losses for a different
level of travel demand. If we compare Tables 6 and
8, we see that, when we cut both travel demand and
capacity by half, the elimination of bus operating
subsidies would result in moderate welfare loss in-
creases. (This result is consistent with the state-
ment that provision of bus service involves econo-
mies of scale.) As Table 8 shows, the increase in
average welfare losses per trip that would result
from lowering subsidies from $115.0 to 0 per number
of cars/h along a given mile works out to a marginal
benefit per subsidy dollar of $0.01 (i.e., a mar-
ginal benefit of $3.00, when benefit is measured in
terms of the decrease in total welfare losses of all
trips).

Table 6 also presents the effects of an increase
in the level of gasoline tax tolls on the operation
of the system. It shows that increasing the gaso-
line tax tolls from 45 to 60 cents/five-mile automo-
bile trip at peak hours would result in a slight re-
duction (0.3 percent) in welfare losses per trip.
The maximization of net travelers' welfare subject
to a gasoline tax toll constraint of 60 cents/five-
mile trip does not require free bus service. But as
Table 6 shows, the elimination of bus operating sub-
sidies would result in substantial increases in wel-
fare losses. When we maximize net travelers' wel-
fare subject to the 60-cent gasoline tax toll
constraint, the elimination of subsidies would re-
sult in an increase of $854.4 in total welfare
losses of all trips. This increase works out to a
marginal benefit per subsidy dollar of $7.7.

Comparison of Tables 4 and 6 shows that, for a
higher level of congestion, increasing the gasoline
tax tolls from 45 to 60 cents/five-mile automobile
trip at peak hours would result in a greater reduc-
tion (2.3-4.5 percent) in welfare losses per trip.

Benefit/Cost Implications of Model 4

Subsidy restriction is less costly when reserved bus
lanes are permitted. As Table 6 shows, elimination
of subsidies would result in moderate increases in
welfare losses. Lowering of the bus operating sub-
sidy from $62.1 to 0 per number of cars/h along a
given mile adds 25.4 cents (10.5 percent) to the av-
erage welfare losses of a trip. That is, the in-
crease in the total welfare losses of all trips that
would result from lowering subsidies from the value
required to maximize net travelers' welfare subject
to the gasoline tax toll constraint ($62.1) to 0 per
number of cars/h along a given mile works out to a
marginal benefit per subsidy dollar of $3.3.

Under both peak and off-peak conditions, when the
congestion level is low, the provision of the bus
system not only does not decrease but may even in-
crease the average welfare losses per trip. As
Table 7 indicates, regardless of whether reserved
bus lanes are allowed, the provision of bus service
itself causes some losses when MN/K is assumed to be
less than one. Under the conditions given in Table
7, when reserved bus lanes are not permitted and
when MN/K is set equal to 0.8, the change from the
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Table 9. Comparison of sy p with and without reserved bus tanes under different pricing and financial constraints: base off-peak-hour case.
Modal Split Value of
Bus Operating Without Reserved  Marginal
Welfare Losses Optimal Bus Cost per Bus Share of Bus Lanes Product of
per Trip Fare (cents) Buses per Hour Passenger (cents) Capacity (%) ———  (Capacity
Auto- Without
Constraint Without  With Without  With Without Without  With Without  With mobile Bus (cents)?
Social welfare maxi- 2:29 2,29 10.8 10.8 29 10.8 10.8 100 100 0.000 1.000 0.0
mizing
Pricing constraint
Automobile toll 2.48 0 2 1.1 1.7 0.340 0.660 0.1
= $0.06/mile
Automobile toll 3.21 0 0 1.000 0.000 114
= $0.06/mile and
bus operating sub-
sidies = $0.0
Automobile toll 2.56 0 2 1.0 2.0 0.288 0.712 0.1
= $0.08/mile
Automobile toll 3.46 0 0 1.000 0.000 11.4

= $0.08/mile and
bus operating sub-
sidies = $0.0

Note: Length of off-peak period = 10 h, number of lanes = 2, travel rate = 400, and off-peak-hour bus costs = $25,

Acost per number of cars/h along a given mile.

provision of bus service to an all-automobile travel
pattern decreases average welfare losses per trip by
18.9 cents (i.e., by 7.5 percent). Therefore, under
off-peak conditions, when MN/K is set equal to 0.8,
the maximization of net travelers' welfare leads to
minimum average losses per trip of $2.29 and re-
quires no bus service. However, when MN/K is set
equal to 1.6, as Table 9 indicates, the provision of
an optimal level of bus service would reduce the
average welfare losses per trip to considerably
below the levels that would result with only automo-
bile travel (i.e., a reduction of 91.8 cents--28.6
percent) .

CONCLUSION

If the numerical analyses presented can be accepted
as valid, they have the following policy implica-
tions:

1. Given the demand and cost conditions that
these analyses are based on, the imposition of a net
travelers' welfare maximizing level of decision var-
iables {(i.e., bus fares;, automobile tolls, and bus
service) is the best short-run solution for the
traffic congestion problem. As the analyses show,
the optimal level of automobile tolls at peak hours
is much higher than the gasoline tax currently im-
posed in most North American cities.

2. The demand and cost conditions, which promise
significant benefits from the imposition of optimum
levels of bus fares and automobile tolls and the
provision of optimum level of bus service, imply as
well that road expansion would yield substantial
benefits. However, the optimal level of arterial
capacity changes as demand and cost conditions
change.

3. Given that the imposition of optimal tolls is
regarded as impracticable for technological or po-
litical reasons, the numerical analyses show that
reserved bus lanes appear capable of substantially
reducing current welfare losses of travel in peak
hours. In other words, the numerical analyses allow

us to conclude that the provision of reserved bus
lanes constitutes a good solution for the traffic
congestion problem.

4. Given that automobile tolls are restricted to
the gasoline tax, which is much lower than the op-
timal 1level of tolls recommended for peak hours
(63-93 cents/mile of automobile trip), the numerical
analyses presented in this paper reveal that the op-
timal provision of bus service implies mass bus op-
erating subsidies.

The above findings are based on the demand and
cost conditions posited here. Our limited sensitiv-
ity analyses highlight the dependency between the
results and the demand and cost conditions assumed
in the study. Therefore, further sensitivity analy-
ses are essential.
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Development and Evaluation of a Synthetically

Self-Calibrating Gravity Model

JAMES R. MEKEMSON AND KUMARES C. SINHA

The development of an alternative to the quick-response technique of using
transferable parameters in trip distribution for small- and medium-sized urban
areas is di d. The proposed quick-response procedure involves an origin-
zone-specific, self-calibrating gravity model in which the only input data re-
quired are the zonal productions and at , @ zone-to-zone travel time
matrix {skim tree), and the origin-zone terminal times. A travel time distribu-
tion determined from an origin-destination survey for internal trips is not
needed for calibration. Tests conducted on three separate study areas indi-
cated that the proposed model is able to reproduce trip patterns as accu-
rately as the traditionally calibrated gravity model procedure based on origin-
destination survey data. The accuracy was achieved by synthetic calibration
of the model at the origin-zone level rather than at the aggregate level of the
entire study area. Development of the proposed procedure was also based on
the consideration that trip distribution is critically dependent on the spatial
distribution of land use activities about each of the origin zones. This consid-
eration was incorporated in the proposed procedure through the explicit
measurement of the origin-zone-specific opportunity travel time distribution.
The opportunity distribution for each origin zone was represented in the
model by the origin-zone average travel time, computed from a gravity model
trip distribution that has constant friction factors. From this initial key vari-
able, the final model was developed, and to this the very acceptable results can
be credited.

The initiation or updating of a comprehensive trans-
portation plan requires considerable time and
money. However, the changed emphasis from tradi-
tional 1long-range system planning to short-range,
quick-response improvement programs no longer allows
for the frequently long time span between the initi-
ation of a transportation study and the final re-
port. 1In addition, the recently addressed issues of
transportation impact analysis in the areas of en-
ergy conservation, air quality management, and other
environmental, economic, and political issues have
increased the overall scope that must be considered
in a truly comprehensive transportation plan. Re-
quests by elected and public officials for quick re-
sponses, in combination with the ever-widening scope
of planning issues, necessitates that the tradi-
tional transportation analysis process be modified
if it is to be relevant to the short-range planning
process. Capabilities need to be developed for sim-
plified methods in the conventional four-step esti-
mation process (trip generation, trip distribution,
mode split, and traffic assignment) and also for
various impact analysis and evaluation techniques.
This paper discusses only one phase of the total
process, trip distribution modeling, and presents a
new procedure for trip distribution gravity model
calibration that is designed 1in the context of
quick-response capabilities with limited input data
requirements and without sacrificing the accuracy
obtained through traditional origin and destination
(0-D) survey calibration techniques (1).

CURRENT TRIP DISTRIBUTION TECHNIQUES

Six basic techniques are commonly used in trip dis-
tribution modeling. These techniques are best char-
acterized in terms of their resource requirements of
time, data, and money. A hierarchical ranking of
these six techniques follows:

1. Traditional gravity model that requires a
relatively large O-D survey for calibrating the
travel-time-impedance function (friction-factor
curve) [such a process is described in the PLANPAC/

BACKPAC General Information book (2)1,

2. Traditional gravity model that uses a small
O0-D survey for travel-time-impedance function cali-
bration (3),

3. Traditional gravity model with a calibrated
friction-factor curve from a similar urban area (4),

4. Traditional gravity model that uses standard-
ized or default friction-factor curves or parameters
based on population size (5,6),

5. Manual gravity model that has standardized or
default parameters and interzonal travel times based
on airline distances and other factors (6), and

6. Traditional gravity model that has constant
friction factors.

The first two techniques are very similar: the
only difference is the size of the O-D survey sam-
ple. Although both techniques require an O-D sur-
vey, the first technique requires a much larger com-
mitment of time and money.

Quick-response trip-distribution techniques three
and four are also similar to each other because both
methods assume that similar transportation study
areas exist and that these similarities can be clas-
sified. The predominant criterion for similarity
has been the size of the population of the study
area. Figures 1 (1,7,8) and 2 (1) illustrate the
discrepancies that may occur when this assumption of
similarity is used. Figure 1 shows the great varia-
bility of home-based work trip average travel time
with respect to study area population size (7,8). A
plot of the non-home-based trip beta (B) calibra-
tion parameter of the negative exponential friction-
factor function versus the size of the population of
the study area in Figure 2 also illustrates a large
variability with respect to population size, espe-
cially at the lower population ranges.

The fifth technique is similar to the third and
fourth in that standardized calibration parameters
assume similar study areas from which these values
are established. This procedure estimates travel
times from airline distances and other adjustment
factors. The difference in this technique is its
manual instead of computerized trip distribution.
It is therefore limited in terms of the number of
zones and network detail because of possible time
constraints.

The sixth technique, constant friction factors,
assumes that trip makers do not consider travel time
in their destination choice process. Such an as-
sumption can lead to very significant errors in the
transportation planning modeling process. The
travel time errors that result from the use of con-
stant friction factors in the trip distribution
models of two urban areas of Indiana: Lafayette
(population, 100 000) and Anderson (population,
90 000), are shown in Table 1. Average travel time
for all internal trips was overestimated by 30 per-
cent for Lafayette and 19 percent for Anderson.
Total 1link percent-root-mean-square-error (PRMSE)
for a traditionally calibrated trip distribution
model and its assignment for Lafayette was 12.48
percent and the total link PRMSE by using constant
friction factors was 129.83 percent. Anderson's
total link PRMSE was 13.28 percent for a tradition-
ally calibrated trip distribution model and its as-
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Figure 1. Home-based work average travel time versus urban area population
size.
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Figure 2. Variability of beta with respect to urban area population size, non-
home-based trips.
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Table 1. Results of the Lafayette and Anderson gravity model with constant
friction-factor values.

Average Travel Time

Difference
City Trip Purpose Survey Model (%)
Lafayette Home-based work 10.57 12.32 +16.56
Home-based other 8.56 11.78 +37.62
Nonhome based 9,12 11.42 +25.22
Avg 9.05 11.76 +29.94
Anderson Home-based work 11.44 12.10 +5.77
Home-based other 10.04 12.30 +22.51
Nonhome based 9.50 1172 +15.58
Avg 10.14 12.07 +19.03

signment and 86.00 percent when constant friction
factors were used. The average overestimated link
volumes for Lafayette and Anderson were 1760 and 771
vehicle trips, respectively. Clearly, the error in-
troduced by using constant friction factors is unac-
ceptable.

The above six trip distribution techniques can be
further <classified into three categories. Tech—
niques one and two are sensitive to the transporta-
tion network and study area spatial land use ac-
tivity distribution because of their ability to use
the O-D survey data for calibration purposes. Tech-
niques three, four, and five use borrowed or stan-
dardized friction-factor values and not derived val-
ues from O-D survey data; hence, the gravity models
cannot be accurately calibrated and are therefore
less sensitive to a particular study area's network
and spatial land use activity distribution. Tech-
nique six is insensitive to the transportation net-

Transportation Research Record 807

work because it completely excludes travel time.
The transportation planner thus has a choice of con-
ducting an O-D survey for greater sensitivity and
therefore greater model accuracy or using standard-
ized, borrowed, or constant friction-factor values
and probably sacrifice accuracy in return for expe-
diency. Remember, though, that the accuracy needed
is a function of the degree of precision desired by
the transportation planner.

SENSITIVITY OF GRAVITY MODELS TO FRICTION-FACTOR
PARAMETER ERRORS

The occurrence of some error is expected when quick-
response trip distribution techniques are used; how-
ever, it would be useful to have some knowledge of
the degree to which gravity models are sensitive to
friction-factor parameter errors. To this end, a
limited sensitivity analysis had been conducted by
using the Lafayette and Anderson transportation
study areas (l). The results of this analysis are
summarized below.

1. The Lafayette and Anderson study areas dif-
fered greatly in terms of their sensitivity to pa-
rameter errors in friction-factor equations. Lafay-
ette was more sensitive to parameter errors in terms
of travel time estimation and traffic assignment
link volumes. This difference in sensitivity was
also suggested by the previously mentioned differ-
ences in errors that result from the use of constant
friction factors. Sensitivity difference was prob-
ably due to underlying differences in urban struc-
ture.

2. When the single-parameter inverse travel time
or negative exponential travel-time-impedance func-
tion is used, the gravity models and resulting traf-
fic assignments are less sensitive to overestimates
of the parameters than to underestimates.

3. Acceptable model results often occur when
synthetic techniques are used because (a) friction-
factor parameters used are approximately equal to
the values that would have been determined through
the traditional calibration process, (b) transporta-
tion models for the particular urban area are insen-
sitive to errors (e.g., Anderson, Indiana), or (c)
offsetting errors in trip purpose modeling lessen
the total model error.

A synthetic technique that provides acceptable
results due to good modeling and not to occasional
model insensitivity or offsetting model errors would
be greatly preferred, especially for those urban
areas that are not typical or similar.

PROPOSED MODEL CONCEPT

A trip distribution technique is needed that is sen-
sitive to both the transportation network and spa-
tial land use activity system, but without the ne-
cessity of conducting even a 1limited O-D survey.
The hypothesis on which the proposed model was de-
veloped is that there exists additional information
within the network description, the =zonal produc-
tions and attractions, and the gravity model itself
by which the friction-factor relationship can be es-
timated at an origin-zone-specific level. Other re-
searchers such as Voorhees (7), Wilson (9), and Fisk
and Brown (10) have also suggested the possibility
of calibrating the gravity model at the origin-zone-
specific level.

Search for Calibration Relationships

In order to search for possible inherent relation-
ships within the gravity model and its variables,
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the trip distribution gravity models for three Indi-
ana study areas--Lafayette, BAnderson, and Muncie
(population range, 79 000 to 100 000)--were cali-
brated at the origin-zone level by using their re-
spective O-D survey .data, thereby the amount of in-
formation available for analysis was maximized. The
travel time impedance function used to calibrate the
model at the origin-zone level was the negative ex-
ponential function as given in Equation 1.

Fy; = e FiCii €8]
where
Fij = value of the friction factor between origin

zone i and destination zone j,
Cij = travel time (cost) between zone i and j,
e = base of the natural logarithm, and
By = origin-zone-specific calibration parameter.

Thus, for each study area and trip purpose, the fol-
lowing origin-zone-specific information was avail-
able for further study: origin-zone productions,
origin-zone Bi calibration parameter, origin-
zone average travel time (AVE;), and origin-zone
travel-time variance.

One additional piece of information contained
within a gravity model is the concept of the oppor-
tunity distribution as set forth by Voorhees and
others (7). Opportunity distribution is the gravity
model distribution that results from travel-time im-
pedance factors of constant value at all time incre-
ments. As demonstrated by Voorhees and others, this
distribution can be used as a measure of the spatial
arrangement of land use activities, especially when
used at the origin-zone level (7). Origin-zone-
specific opportunity average travel time (AVEO;)
and travel-time variance were therefore computed and
added to the data set.

Regression analysis procedures used in the search
for additional variable relationships consisted of
weighting each origin-zone observation by its re-
spective trip productions. BAnother weighting pro-
cedure was used to balance the number of trip pro-
ductions among the three study areas by trip
purpose. These two weighting techniques were neces-
sary to minimize bias. The first weighting scheme
prevents an origin zone that has very few trip pro-
ductions from having the same statistical weight as
an origin zone that has many trip productions. The
second weighting scheme prevents bias toward any one
particular study area due to the relative number of
trips per study area for any particular trip purpose.

Various researchers (10,11) have suggested that
it may be possible to relate the g3 calibration
parameter of the negative exponential friction-
factor equation (Equation 1) to travel time statis-
tics at the origin-zone level. To this end,
extensive regression analysis by using the above-
generated data set by trip purpose resulted in pre-
diction equations of poor statistical fit. However,
the correlation matrix revealed another possible ap-
proach to the problem.

A high correlation between the origin-zone-
specific average travel time (AVEj) and opportu-
nity average travel time (AVEO;) was observed for
the home-based work, home-based other, and non-home-

based trip purposes. This high correlation sug-
gested that it may be possible to relate AVE; as a
function of AVEO;. In other words, origin-zone

average travel time AVE; is a function of how the
attractions (land use activities) are spatially dis-
tributed about the origin zone with respect to the
interconnecting highway network as measured by
AVEO; .

Because travel time is composed of three distinct
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time segments (origin-zone terminal time, 1link
travel time, and destination-zone terminal time),
origin-zone-opportunity average travel time was sep-
arated into two parts before regression analysis was
performed. The first part consisted only of the
origin-zone terminal time (TERM;),. which is a con-
stant for any particular origin-zone-based trip.
The second part consists of that part of the travel
time over which the trip maker can make choices as
to trip length; that is, the combined 1link travel
time and destination-zone terminal time or
(AVEO; - TERM;). This separation of travel time
into these two parts allows the regression-analysis
procedure to reveal the relative importances of
these two variables with respect to trip purpose.
Regression analysis of AVE; on (AVEO; -
TERM;) and TERM; was accomplished by weighting
the origin-zone-specific data, as previously de-
scribed, in order to properly balance the data by
trip productions (origins) and by population of the
study area for each trip purpose. Equations 2, 3,
and 4 present the results of the regression analysis
for the home-based work, home-based other, and non-
home-based trips, respectively. Total R2 and the
change in R? for the independent variables are
also given. (Because of the weighting by produc-
tions in the regression procedure, t- or F-statis-
tics are meaningless and are therefore not given.)

Home-Based Work

AVE; = -0.4328 + 1.2761 TERM; [AR?=0.114]
+0.8921(AVEO; - TERM;) [AR? =0.751] )
R?=0.865

Home-Based Other

AVE; = -0.7499 + 1.3548 TERM; [AR? = 0.187]
+0.7558(AVEQ; - TERM;) [AR? = 0.661] 3)
R?=0.848

Non-Home-Based

AVE; =0.5245 + 1.3416 TERM, [AR? = 0.423)
+0.6073 (AVEQ; - TERM,) [AR? = 0.296] 0
R%2=0.719

The strong statistical fit of the equations
clearly shows the importance of AVEO;, the origin-
zone-specific opportunity average travel time, on
the destination-choice process. This, in turn, dem-
onstrates the large effect that the location of the
origin zone and the distribution of land use activi-
ties about the origin zone have on the destination-
choice process.

Relative importance of travel time by trip pur-
pose in the destination-choice process is indicated
by the coefficients of the AVEO; variable. In
general, home-based work trips have one or few
choices of destination, and the non-home-based trips
have many choices of destination. Consequently, the
equations show that the importance of travel time in
terms of choice is the lowest for home-based work,
highest for non-home-based, and of some intermediate
magnitude for home-based other trips.

In addition, variable TERM;j, the origin-zone
terminal time, becomes a greater proportion of total
travel time as trip purpose changes from home-based
work to home-based other or non-home-based, as is
evidenced by the change in R2. This is because
TERM; is an origin-zone-specific constant and
cannot be reduced by destination choice, unlike the
link travel times and destination-zone terminal
times.

Also. of interest are the coefficients of the
origin-zone terminal times. It was first expected
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Figure 3. Flow chart of
synthetically self-calibrated,
arigin-zone-specific

gravity model as applied to
a typical zone.

Origin Zone Average
Travel Time

0.0 Bi Set Value

Origin Zone Bi Parameter

Step 1 - Average at Bi equal
zero, AVEOi
Step 2 - Average at Bi equal

to a set value.

Step 3 - Average from regression

equation, AVEi

Step 4 - Interpolate for new

By

Table 2. Origin-zone-specific, synthetically self-calibrating gravity model
travel time statistics.

Average Travel Time

B — Difference
City Trip Purpose O-D Survey  Model (%)
Lafayette Home-based work 10.57 10.97 +3.78
Home-based other 8.56 8.56 +1.05
Nonhome based 9.12 8.93 -2.08
Avg 9.05 9.09 +0.71
Anderson Home-based work 11.44 1127 -1.49
Home-based other 10.04 10.02 -0.20
Nonhome based 9.50 9.64 +1.47
Avg 10.14 10.14 0.00
Muncie Home-based work 9.07 8.82 =279
Home-based other 7.48 7.37 -1.46
Nonhome based 6.93 7.04 +1.63
Avg 7.52 7.46 -0.80

that the coefficients would have a magnitude very
close to one. The coefficients were found to be
greater than one. No explanation could be rational-
ized. Further investigation would be necessary to
account for this result.

After estimating equations were developed by trip
purpose for the origin-zone-specific average travel
time (AVEj) based on the origin-zone-specific op-
portunity average travel time (AVEOj), a procedure
was then formulated to incorporate these equations
into a gravity model.

Synthetic Gravity Model Formulation

One method of calibrating the gravity model would be
to first distribute all trips with a constant fric-
tion factor, thereby allowing for the computation of
AVEO; . AVE; could then be computed by using the
regression equations discussed in the previous sec-
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tion. These estimated origin-zone-specific average
travel times then could be used to repeatedly adjust
the origin-zone-specific g; parameters until the
gravity-model origin-zone-specific average travel
times match the estimated values. However, this
type of calibration procedure would require many it-
erations before convergence of 8; for all the
origin zones would occur. The many iterations re-
quired for convergence would consume a large amount
of computer time. This would be an undesirable
characteristic for a synthetic model to possess.

Consequently, another method was developed for
eventual adoption for synthetic calibration and was
based on three assumptions regarding the interaction
of origin-zone average travel time and the origin-
zone Bi Pparameter. The first assumption was
that the origin-zone average travel time varies
linearly with the origin-zone By parameters
(12). The second was that origin-zone average
travel time is independent of the Bj parameters
of other zones. Third, origin-zone average travel
time is independent of the attraction-constraint it-
eration procedure. These assumptions, however, do
not always hold true for some of the individual
zones when the origin-zone B; parameters are al-
lowed to vary independently, as in the proposed
model. This aspect was not demonstrated until after
the model was developed and tested, but as the final
results indicated, aggregation of the origin-zone
results up to the entire study area, as evidenced by
the acceptable traffic assignment, nullified these
minor errors. This is typical of other transporta-
tion planning procedures.

The estimating equations of AVE; and the three
assumptions listed above were incorporated into a
gravity model procedure that can best be described
in conjunction with Figure 3. First, trips are dis-
tributed with all origin-zone-specific B; Pparam-
eters equal to 0.0 (constant friction factor) and
then the resulting origin-zone-opportunity average
times (AVEOj) are computed. Second, trips are
distributed with all origin-zone-specific Bi Ppa-
rameters equal to a single preselected value and the
resulting origin-zone average travel times are com-
puted. This step provides a linear relationship be-
tween each of the origin-zone-specific g;'s and
average travel times. Third, by using the estimat-
ing equation for the appropriate trip purpose and
the AVEOj values computed in step one, AVE; is
determined. Fourth, by using the data points from
steps one and three and then estimating AVE;, the
origin-zone-specific 8; Pparameters are obtained
through interpolation. All trips are then distrib-
uted by using the interpolated origin-zone-specific
Bj parameters.

EVALUATION OF THE PROPOSED MODEL

The gravity model procedure was used to distribute
the trips for Lafayette, Anderson, and Muncie, Indi-
ana. The resulting average travel time statistics
by trip purpose and for all internal trips are given
in Table 2. Comparison of these statistics to the
corresponding O-D survey values is also shown. La-
fayette's total internal trip average travel time
was only 0.71 percent greater than the O-D survey
value; Anderson's total internal average travel time
was identical to the O-D survey value. Muncie's
total internal average travel time was 0.80 percent

lower than the O-D survey results.
The average travel times for each trip purpose

also indicate very acceptable results; the largest
percentage error among the area's individual trip
purposes was 3.78 percent, this being the only one
outside of Federal Highway Administration's (FHWA)
suggested +3 percent error range when survey data
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Figure 4. Volume group link comparison for Lafayette all or nothing traffic
assignment: origin-zone-specific, synthetically self-calibrating gravity model
versus O-D survey.
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Figure 5. Volume group link comparison for Anderson all or nothing traffic
assignment: origin-zone-specific, synthetically self-calibrating gravity model
versus O-D survey,
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are used for calibration (13).

Volume droup link comp;;isons of the three syn-
thetic gravity models' all-or-nothing traffic as-
signments were performed by using their correspond-
ing O-D survey traffic assignments as the base for
comparison. An all-or-nothing traffic assignment
was used because only an analysis of gravity model
accuracy was desired; errors due to capacity-
restraint differences and ground count errors are
eliminated. Total link trip PRMSE for Lafayette was
computed to be 12.67 percent. This value was prac-
tically identical to the corresponding value (12.48)
obtained from the gravity model calibrated by the
traditional procedure. Total 1link trip PRMSE was
calculated to be 14.55 percent as compared with the
traditionally calibrated gravity model value of
13.28 percent for Anderson. A surprising result oc-
curred for the Muncie study area, where total link
trip PRMSE was 47.7 percent-—a major improvement
compared with the traditional calibrated gravity
model result of 67.8 percent. Volume group link
comparisons are shown graphically in Figures 4, 5,
and 6. Also shown on the figures are the expected
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Figure 6. Volume group link comparison for Muncie all or nothing traffic
assignment: origin-zone-specific, synthetically self-calibrating gravity model
versus O-D survey.
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PRMSE values associated with a 10 percent dwelling
unit sampling rate for the O-D home interview sur-
vey. In addition, Figure 6 also shows the PRMSE
statistics for the traditionally calibrated gravity
model. The PRMSE values for Lafayette, Anderson,
and Muncie were all observed to be acceptable.

Of special interest in Figure 6 1is the result
that PRMSE values for the proposed model for the
higher volume links are significantly lower than re-
sults obtained with the traditional model. Also,
note that a probable explanation for the high PRMSE
values for Muncie by using both the traditional and
proposed Muncie gravity models may be that the
Muncie study area included a relatively high number
of zones and links for an urban area of its popula-
tion size. The zones and links are proportionally
much greater than in either Lafayette or Anderson,
which suggests that the Muncie zone and network sys-
tem were probably too detailed for the number of
trips produced. For example, the Muncie data in-
cluded 1249 out of 2698 links that had an average
daily traffic of less than 500 vehicles/day; peak-
hour traffic on these links would probably not ex-
ceed 50-60 vehicles/h.

Hence, the trip distribution and traffic assign-
ment results of the three test areas indicate that
the proposed origin-zone-specific, synthetically
self-calibrating gravity model is capable of dis-
tributing trips at least as accurately as the tradi-
tionally calibrated gravity model without the need
for an O-D survey.

Revision of the Calibration Equation

Because of the inability to give an interpretation
to the constant terms in Equations 2, 3, and 4 and
the fact that travel time is composed of only termi-
nal times and link travel time, a regression analy-
sis was performed to force the regression through
the origin and therefore eliminate the constant term
in the equations. The result of this forced regres-
sion is given in Equations 5, 6, and 7.
For home-based work trips,

AVE; = 1.1910 TERM; + 0.8638(AVEOQ; - TERM;) 5)
For home-based other trips,

AVE; = 1.122 34 TERM, + 0.7033(AVEQ; - TERM;) (6)
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For non-home-based trips,
AVE; = 1.2524 TERM; + 0.6856(AVEO; - TERM;) 7

Trial runs of the model with the above equations
indicated no significant change in the model results
compared with the equations that have the constant
term.

Computer Availability and Program Requirements

The model was initially coded as optional user code
in the Urban Transportation Planning System (UTPS)
UMODEL program. A similar version was also coded
for the PLANPAC package. A FCRTRAN IV program is
also available for incorporation into other packages.
For the 271 internal zone Muncie study area, 180
s of central processing unit (CPU) time were re-
quired to execute the model for the home-based other
trip purpose on a CDC 6500. The same Muncie home-
based other trips required 14 min of CPU time on an
IBM 370/148 by using the UTPS UMODEL program. CPU
time for the UMODEL version is highly variable, de-
pending on UMODEL options and reports selected.

Test Case Application

The Indiana State Highway Commission will use the
origin-zone-specific, synthetically self-calibrating
gravity model during the initial transportation plan
development study for Bloomington, Indiana, during
the summer and fall of 198l. This test case appli-
cation will provide a real-world test of the model.

FUTURE RESEARCH

It is hoped that this model can be tested by using
the data from a much larger urban area in the
750 000 to 1 000 000 population range. Such an
urban area would provide a large data base for test-
ing the model and for comparing the characteristics
of a large urban area with those of the three
smaller study areas used in the development of the
model.

SUMMARY AND CONCLUSIONS

Because of the need to reduce time, money, and ef-
fort involved in the transportation planning pro-
cess, as well as to address emerging planning is-
sues, many new techniques need to be developed and
evaluated. One such technigue is the proposed syn-
thetic trip-distribution procedure, which consists
of an origin-zone-specific, synthetically self-
calibrating gravity model in which the only input
data required are the zonal productions and attrac-
tions, a zone-to-zone travel-time matrix (skim
tree), and the origin-zone terminal times. A
travel-time distribution is no longer needed for
calibration, thereby eliminating the necessity for
an O-D survey for internal-internal trips.

Tests conducted on three separate study areas in-
dicated that the proposed model is able to reproduce
trip patterns as accurately as the traditionally
calibrated gravity model procedure that is cali-
brated on O-D survey data. The accuracy was
achieved by synthetically calibrating the model at
the origin-zone level rather than at the aggregate
level of the entire study area. Development of the
proposed procedure was also based on the considera-
tion that the trip distribution is critically de-
pendent on the special distribution of land use ac-
tivities about the origin zone. This consideration
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was incorporated in the proposed procedure through
the explicit measurement of the origin-zone-specific
opportunity travel-time distribution.
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What Will Happen to Travel in the Next 20 Years?

DAVID T. HARTGEN

This paper develops a baseline projection of travel and energy use for New
York State for the period 1975-1995. The projection is developed from an
equilibrium forecast of gasoline price, supply, improvements in average car ef-
ficiency, and population. This projection is then adjusted by using straightfor-
ward elasticity approaches to account for major trends in household and popu-
lation characteristics, the economy and inflation, urbanization, and automobile
ownership. Results show that upward pressure on travel will be caused by in-
creased car efficiency, growth in population, suburb ion, and automobile
ownership, in that order. Downward pressure will be exerted by energy price,
supply embargoes, inflation, and employment, in that order. The projection

of travel into the 1990s suggests that, in spite of higher-than-historical inflation,
rapid increases in energy price, and a slowly growing economy, travel will con-
tinue to grow slowly and rise 40-50 percent over 1975 rates by 1995. In the
same period, gasoline use will fall 10-20 percent, spurred downward by price
rises and the rapid increases in car efficiency. Periodic supply shortfalls are
likely and will slow the growth in travel but will not reverse it.

Forecasts of traffic are a basic element in deci-
sions concerning transportation investments. Based
on such forecasts, analyses can be made of benefits
to users and nonusers; impacts on the economy,
safety, and accidents; operating costs; energy; air
quality; noise; and congestion.

Traffic forecasts are generally prepared by two
basic approaches. In major urban areas, forecasts
are generally based on the four-step travel-simula-
tion process, in which travel on street links is an
output of the assignment process. In nonurban
areas, where assignment-based modeling does not
exist or may not be appropriate, estimates are
generally made by growing present traffic into the

future by using projections of population, house-
holds, cars, employment, county or town vehicle
miles of travel (VMT), or other parameters. When-

ever such forecasts are made, whether in rural or
urban contexts, they are likely to contain errors.
These errors result from misspecification (wrong
variables), misestimation (wrong assumptions about
input level), or wrong coefficients.

These problems have always been with us, but have
recently been highlighted by national and inter-
national events, the effects of which have not
explicitly been accounted for in prior forecasts.
Among these are rapid increases in energy price and
periodic shortfalls in gasoline; high inflation,
possibly coupled with recession in the economy;
changes in employment and unemployment rates; slow
economic growth; changes in 1life-style, family
structure, and population age; automobile ownership;
and automobile efficiency. Some of these factors
may have been accounted for in the particulars of a
traffic forecast for a given project, but the need
to incorporate such factors, in general, is real.
Indecd, forecasts prepared without consideration of
such factors are, at best, likely to be received
with disbelief; at worst, dismissed as unreasonable.

Ideally, we need to develop new tools for traffic
forecasting that can handle various assumptions
concerning these and other factors. Some of the
research necessary to do this is now under way. But
we need not wait for the results; much of the knowl-
edge is available now, in disparate studies and
reports. The purpose of this paper 1is to pull
together this information and focus on the findings
of the studies, not the methods used. A number of
studies have attempted such forecasts at the na-
tional level. The Federal Highway Administration
{FHWA) (1) prepared Jjoint forecasts of travel,
population, employment, and fuel use after the

1973-1974 energy crisis. This effort has recently
been updated by the U.S. Department of Transporta-
tion (DOT) (see Spielberg and others in this Rec-
ord). Both documents, however, do not lend them-
selves to use in making direct traffic forecasts or
in adjusting previously developed forecasts because
they are primarily overviews of travel and economic
growth. The approach taken in this paper 1is to
develop adjustment factors based on empirical evi-
dence and travel elasticities that are applied to
baseline forecasts to obtain adjusted estimates.

BASELINE PROJECTION FOR TRAVEL

It is often suggested that, now that energy prices
are rising rapidly and supplies are tightening,
travel growth will slow, perhaps, even reverse, thus
the need for new projects will be short circuited.
Prices will probably rise and curtailments may
occur, but it does not follow that VMT will decline
(more likely, its growth may slow). To see this,
consider Jjointly the relationships among travel,
gasoline price, gasoline consumption, and, most
importantly, average passenger car efficiency.

The following analysis is based on extensive
modeling of energy futures of the New York State
Department of Transportation, documented elsewhere

(2,3). The analysis assumes an equilibrium model of
travel, gasoline supply, and price, expressed as
follows:

VMTE = VMT,5(POPR/POP;5)[1 + e, (AX /X)) + ea(AX,/Xp) + .. ] 1)
GDy = (VMT§)(1/EFFE) 2)
where

VMT = vehicle miles of travel in 1975 and future
(F) year;
POP = population;
GD = gasoline demand;

X = independent variable, including gasoline
supply, price, unemployment, and labor
force; and

EFFp = automobile efficiency, over the road,
miles/gal (actual vehicle in-use ef-
ficiency).

The model 1is operated by balancing gasoline
supply and demand scenarios against price and effi-
ciency. The forecast reflects a baseline set of
assumptions as follows:

1. Real prices increase by 2 percent/year,

2. Average new-car efficiency follows federal
efficiency standards to 1985 and is constant there-
after,

3. Population growth is moderate, and

4. Fuel supplies are adequate (at higher prices).

The analysis (Figure 1) shows that the most signifi-

cant effect on travel is the effect of improved
efficiency of new  model year vehicles and
over-the-road New York State fleet efficiency.

Federal law mandates that new cars increase in
corporate average fuel economy (CAFE) from 1978 to
1985. New York's CAFE has exceeded the standard for
the 1978, 1979, and 1980 model years, as can be seen
in the following table, which gives New York State
CAFE values through November 1980.
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New York State

Model Domestic New Car
Year Standard CAFE

1978 18 19.2

1979 19 19.7

1980 20 21.4

1981 22 23.8

1982 24

1983 26

1984 27

1985 275

As a result of such trends, the average over-the-
road efficiency of cars in New York will increase
from 13.26 miles/gal in 1976 to 23.78 miles/gal in
1995, about 79 percent (4.0 percent/year). This
means that, all things being equal, gasoline demand
could fall 4 percent/year, or travel could grow 4
percent/year, solely because of fleet turnover and
increases in car efficiency. But, not all of this
potential gasoline savings 1is actually saved; a
portion of it is reinvested in additional travel
that otherwise would have been curtailed in the face
of rising gasoline prices. To say it another way,
improvement of vehicle efficiencies means that more

Figure 1. New York State baseline
forecasts of travel, energy, gasoline
price, and fleet efficiency.

GAL.X 1059
VMT 10%9
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miles can be driven on the same amount of gasoline.
This encourages continued growth in travel, without
a subsequent increase in gasoline fuel use. Table 1
and Figure 1 show that travel is projected to grow
46 percent (2.3 percent/year) during the 1976-1995
period, but gasoline consumption will actually
decline 7.6 percent (0.4 percent/year) during the
same period. These projections essentially parallel
those of DOT (4), a recent National Cooperative
Highway Research Program (NCHRP) analysis of energy
scenarios (5), and a national assessment of energy
use (Spielberg and others in this Record).

Federal decontrol of domestic crude o0il, con-
tinued world pressure on supplies, and political
factors are likely to result in continued increases
in the real price of gasoline. Prices are expected
to rise to about $2.00/gal (1978 dollars) by 1995.
The projections incorporate estimates of the elasti-
city of gasoline sales with respect to price, esti-
mated to be about =-0.15 in current years and rising
uniformly to =-0.50 by 1995. This implies an in-
creased public sensitivity to gasoline price in-
creases. (An assumption about a lower absolute
elasticity would lead to even higher prices.)

N

1o #

10 100 23
9
8
7
6

5 13

70 T 72 75 74 18 76 17 T8 1 & (1 90 95

Table 1. New York State baseline forecasts of travel, energy use, gasoline price, and fleet efficiency,

Vehicle Miles Total Real Gasoline

of Travel® Gasoline Use Price Car
Year (000 000 000s) Index® (000 000 000s) Indexb (1978 dollars) Index? Efficiency Index?
1968 62.326 0.831
1969 64.641 0.862
1970 67.042 0.894
1971 69.532 0.927
1972 72.115 0.961 6.063 0.978 0.625 0.839
1973 74.794 0.997 6.321 1.020 0.624 0.838
1974 72,222 0.963 5.998 0.967 0.746 1.001
1975 73.621 0.981 5.985 0.965 0.757 1.016 13.110 0.989
1976 75.020 1.000 6.200 1.000 0.745 1.000 13.262 1.000
1977 78.260 1.043 6.122 0.987 0.744 0.999 13.529 1.020
1978 81.50 1.086 6.202 1.000 0.693 0.930 13.955 1.052
1979 79.50 1.059 3.871 0.947 0.798 1.071 14.418 1.087
1980 6.017 0.970 0.998 1.340 14.853 1.120
1985 89.073 1.187 5.485 0.885 1.495 2.007 19.156 1.444
1990 103.049 1.374 5.486 0.885 1.775 2.383 23.063 1.739
1995 109.786 1.463 5.730 0.924 1.970 2.644 23,776 1.793

Notes: Figures for 1980-1995 are forecasts.

Annual growth from 1976 to 1995 is projected to be +2.3 percent for vehicle miles of travel, -0.4 percent for gasoline, +8.2 percent for the real price of gas-

oline, and +4.0 percent for car efficiency.

b

Ayehicle miles of travel for 1968-1975 are adjusted estimates, Index in 1976= 1.0.
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Table 2, Changes in efficiency and travel.

Vehicle

Vehicle Car Miles of

Miles of  Efficiency Travel Efficiency
Year  Travel (miles/gal) (%) (%D) Ratio
1976 75.020 13.262
1979 77.810 14.418 3.7 8.7 0.425
1985 89.073  19.156 18.7 44.4 0.421
1990  103.049  23.063 37.4 73.9 0.506
1995 109.786  23.776 46.3 78,3 0.584

Table 3. Vehicle miles of travel adjustment factors for average car efficiency.

Difference in
Over-the-Road 1980, 1985, 1990, 1995,
Efficiency (%) Ratio = 0.42 Ratio=0.42 Ratio=10.50 Ratio=0.58

~10 0.958 0.958 0.950 0.942
-5 0.979 0.979 0.975 0.971
0 1.000 1.000 1.000 1.000

5 1.021 1.021 1.025 1.029
10 1.042 1.042 1.050 1.058
20 1.084 1.084 1.100 1.116
30 1.126 1.126 1.150 1.170
40 1.168 1.168 1.200 1.232
50 1.210 1.210 1.250 1.290
60 1.252 1.252 1.300 1.348

Notes: Ratio values ate taken from Table 2.
Formula: TFactor = 1 + (ratio) (percentage difference)

Table 4. Example adjustment for revised fuel efficiency.

Vehicle
Base Miles/Gal Miles of
Data Travel New
Traffic Change Adjustment  Traffic
Year Forecast Old Revised (%) Factor® Forecasts
1975 1000 14.0 14.0 0 1.000 1000
1980 1150 14.0 14.8 +6 1.024 1178
1985 1294 14.0 19.1 +36 1151 1489
1990 1423 14.0 23.0 +64 1.320 1878
alnterpulated from Table 3.
Table 5. Adjustment factor for price increases with no shortfalls.
Percentage Above Baseline Real Prices
Time Elas-
Frame ticity 10 25 50 75 100

1980-1982  -0.15 0.9850 0.9625 0.9250 0.8875 0.8500
1983-1987 -0.35  0.9650 09125 0.8250 0.7375 0.6500
1988-1992  -0.50 0.9500 0.8750 0.7500 0.6250 0.5000

Notes: To use, multiply future year vehicle miles of travel by factor in table that corre-
sponds to elasticity and price change.
Formula: F = 1 + (elasticity) (percentage increase).

VARYING THE ASSUMPTION

The above (or some other) forecast can be adjusted
to account for new projections or additional assump-
tions.

Car Efficiency

If the analyst has a forecast of traffic that as-
sumes a constant efficiency (compared with a base
year), it should be adjusted to account for the
greater mobility provided by the increased effi-
ciency. Fiqure 1 provides a clue to the magnitude
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Table 6. Example adjustment for revised prices.
Base Forecast
New Adjust-
Price Price Change Elas- ment New
Year  Volume  (§) (€3] (%) ticity  Factor Volume
1980 1150 1.00 1.20 20 -0.15 0.970 1115
1985 1294 1.10 1.50 44 -0.35 0.846 1095
1990 1423 1.25 2.00 60 -0.50 0.700 996

of this adjustment. Table 2 summarizes the per-
centage growth in travel and car efficiency over
1976, from Figure 1.

These data suggest that the proportion of the
gain in average car efficiency, which shows up as
VMT, is about 42 percent at present and rises to 60
percent by 1995. This information can be expressed
as adjustment factors, such as in Table 3. As an
example, if an analyst has estimates of traffic
volume for a facility (based on an assumed over-the-
road efficiency of 14.0 miles/gal), this can be
adjusted as shown in Table 4.

This example shows that traffic forecasts pre-
pared in the early 1970s (hence increased car effi-
ciencies are not assumed) are likely to substan-
tially underestimate VMT, particularly if they
included rapid price increases. Ironically, fore-
casts that include both increasing efficiency and
price rises are likely to require little net adjust-
ment because, as will be shown, these two tend to
cancel each other out.

Gasoline Price Increases

The baseline projection assumes an equilibrium price
profile that rises more rapidly than inflation.
This projection is our best assessment of the price
trends at this time. Note that it shows real prices
of gasoline doubling during the 1980-1990 period.
In the event that the actual or implied price in-
creases in a traffic forecast do not follow this
track, some adjustments must be made in the wvalues
of estimated vehicle miles of travel.

Table 5 shows adjustment factors to apply to
forecasts to account for price increases above or
below estimated values. Previous estimates do not
necessarily need to be those contained in Table 1;
any prior estimate can be adjusted. To use these
factors, the analyst selects the appropriate elasti-
cities of travel and gasoline price, then estimates
the percentage difference between the price forecast
and the actual price (both are real prices in 1978
dollars).

The table further assumes that elasticities are
likely to increase over time; this is consistent
with our observations of increased public sensi-
tivity to higher real prices and generally higher
estimates of long-term elasticity in the literature,
compared with short-term elasticity (5).

As an example, consider the above traffic fore-
cast made with assumptions of gasoline price as
shown in Table 6. Suppose new trends show a revised
steeper price profile (1978 dollars), and the ana-
lyst wishes to adjust the above forecasts. Table 6
shows that substantial underestimates of real price
can lead to overprojections of travel, particularly
in later years. The price error here is typical of
many projections made in the early 1970s and leads
to an overforecast of about 30 percent by 1990.
This is about the same error as is made by failing
to account for increased efficiency of cars; hence,
the two tend to cancel out in many cases.
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Energy Supply Cutoffs and Embargoes

As shown in Figure 1, historical growth rates of New
York State travel before 1974 and in the interim
period 1975-1978 were 3-4 percent/year. These rates
were temporarily curtailed by the 1973-1974 and 1979
energy shortages, during which time VMT fell 3.4 and
4.5 percent, respectively. However, in the same
periods, gasoline use fell 5.1 and 5.3 percent,
respectively, and prices rose 30 percent (6). These
trends are summarized as follows:

Change (%)
Trend 1973-1974 1979
Maximum quarterly =13 =11
shortfall
Annual gasoline use -5.1 543
Annual travel -3.4 -4.5
Annual nominal price 30 38

A number of separate effects result from such
shortfalls:

1. Travel declines caused by the shortfall, and
2. If price rises are permitted, energy prices
rise consistent with the shortfall.

When a short-term interruption in gasoline supply
occurs, travel must fall, to the extent that the
drop in supply cannot be taken up by increases in
driving efficiency, or price rises do not reduce
demand. During the 1973-1974 and 1979 shortages,
supplies were down by 11-13 percent at the height of
the shortfalls and averaged just over -5 percent for
the vyear. However, the corresponding declines in
VMT do not quite account for the entire reduction of
the fuel supply. Some of the savings was achieved
from increased purchases of fuel-efficient cars
(especially in 1979), slower driving, and tune-ups.
Approximately 70-80 percent of the reduction in
supply showed up as reduced travel. Behavioral data
from a panel of 1520 households interviewed in 1979
(7) also showed that 72 percent of the energy saved
came from actions that entail a drop in travel.
Based on this, we conclude that, in a crisis, the
annual drop in travel will be approximately 75
percent of the reduction in supply. This will
introduce a downward shift in the VMT growth curve,
as in Figure 1. However, VMT will continue upward
growth following the easing of the problem, thus
leading to a saw-tooth picture of travel over time
(8). The 75 percent factor would be applied to all
future forecasts to account for the interim shortage
(Table 7).

During a period of short-term shortage, the
effects of price rises have been on the order of 2.5
to 3 times the immediate maximum shortfall and 5-7
times the annual shortfall. Although further evi-
dence is scanty, we believe this past experience to
be reasonably indicative of the immediate price
impact of a future shortage, moderating somewhat at
the high end. Considerable evidence exists to
suggest that the price elasticity of gasoline use is
about -0.15. This figure is higher in large cities
such as New York City (-0.23) and lower in small
cities and rural areas (-0.10). By using this and
the ratios above, Table 8 shows factors to adjust
prices upward in response to a shortfall.

We have purposely not shown adjustments for
shortfalls above 20 percent because we do not be-
lieve that prices would remain decontrolled at that
level of shortage. Several analysts, however, have
calculated the equilibrium price at $2.15/gal for a
20 percent shortfall (5).

Inflation

Data are displayed in Table 9 (2) for the national
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consumer price index (CPI) and for total VMT in New
York State. The data indicate that, in years of
moderate growth in the CPI (3-6 percent annually),
the associated annual growth in VMT is the highest.
High growth in the CPI (6-9 percent annually) is
associated with lower growth in VMT. Very high
rates of inflation (above 9 percent annually) were
associated with a decline in travel in 1974 and 1979
and stability in travel during 1975; both of these
events were fueled by energy crises that triggered a
rise in energy price and the subsequent inflation.

For the moderate inflation group, a change of +1
percent in the CPI was associated with a change of
about +0.75 percent in VMT. A +1 percent change in
the high inflation group was associated with a
change of +0.6 percent in VMT. For very high infla-
tion, a +1 percent change in CPI was associated with
a decline in VMT of 0.25 percent. From the above
information, VMT adjustment factors may be de-
veloped, as shown in the table below:

Table 7. Adjustment factors for travel reductions following energy-supply
cutoffs.

Annual Supply Annual Drop in

Shortfall (%) Travel (%) Adjustment Factor
2 1.50 0.9850
3 225 0.9775
4 3.00 0.9700
52 3:75 0.9625
6 4.50 0.9550
7 5.25 0.9475
8 6.00 0.9400
9 6.75 0.9325

10 7.50 0.9250

15 11,25 0.8875

20 15.00 0.8500

3 This figure is close to the experience of 1979,

Table 8. Adjustment factors for price effects of shortfalis.

Maximum Quarterly Annual Annual Resulting

Shortfall (%) Shortfall Real Price Rise (%)
-5 -2 +13

-10 -4 +25

-12° -5 +30

-15 =7 +42

-20 -8 +48

a_12% is close to the experience of 1979.

Table 8. Vehicle miles of travel for New York State and U.S. consumer price
index.

Annual Change (%)

Vehicle Miles

of Travel Vehicle Miles
Year CcpI® (000 000 000s) Ccpr® of Travel
1968 83.2 62.3
1969 87.6 64.6 5.2 3.7
1970 92.8 67.0 5.9 957
1971 96.8 69.5 4.3 3.7
1972 100.0 72.1 3.3 3.1
1973 106.2 74.7 6.2 3.6
1974 117:9 72.2 11.0 -3.4
1975 128.7 7272 9.1 0.0
1976 136.1 75.0 5.7 3.8
1977 144.9 78.2 6.4 4.3
1978 155.9 81.5 7.6 4.1
1979 173.5 71.8 11.3 -4.5
21972 base.
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Annual Infla- Adjustment
tion Rate Factor
2 1.015
4 1.030
6 1.036
8 1.048
9 1.000
10 0.975
12 0.970
14 0.965

Employment

To determine the impact of employment levels, the
labor force and resulting expected employment were
projected for New York State for 1970-1995. By
using the available population projections and the
1970 participation rates by cohort, projections of
the labor force for 1980, 1990, and 1995 were made.
The projected increase in population of 1.5 million
is concentrated in the principal age groups of
workers and, by using the 1970 rates, this yields an
additional 1.23 million in the labor force: 947 400
men and 287 100 women. The overall participation of
those age 16 or more rises from 57.1 percent in 1970
to 58.3 percent by 1995. The rate of unemployment
in 1970 was 4.8 percent. This rose to 7.0 percent
at the beginning of 1980. A long-run rate of 5 per-
cent was estimated for 1990 and 1995. Under these
conditions, New York State must provide Jjobs for an
additional 1 134 500 workers (at constant cohort
rates of labor force participation) if the popula-
tion projections are to be realized.

The sensitivity of changes in the overall 1labor
force participation rates and unemployment was also
examined for the impact on travel. These results
are shown in Table 10. Note that a 1 percent change
in the unemployment rate results in a change of
147-171 million VMT during the 1970-1995 period;
this is about 0.20 percent of the travel estimated
in New York State (assuming changes in work trips
only) .

Trip Length and Trip Rates

A comparison of changes in Buffalo and Rochester
travel from the early 1960s to 1970s (9) indicates
that, overall, both average trip length and average
trip rates per household were relatively stable, and
the gain in person miles of travel (PMT) dgenerally
resulted from increases in the number of households
not changes in trip rates. This conclusion masks a
number of individual factors that did change. Among
these changes were the following.

1. Increased length of work trips, but on nearly
the same travel-time budget, as new highway con-
struction eased the move to suburbs and rural areas
and permitted longer work trips with little change
in travel time. A smaller share of trips for all
purposes, including work, were made to central
business district (CBD) destinations and destina-
tions within the city; this indicates that trip
origins and destinations are becoming more oriented
to the suburbs.

2. A substantial decline in shopping trips to the
CBD confirmed a trip reorientation to nearby sub-
urban shopping centers. Shopping trips were
slightly longer but constituted a smaller share of
trips. Trips for personal business were similarly
affected with respect to the CBD, but to a smaller
degree.

3. The share of automobile driver trips rose and
the share of automobile passenger trips and bus
trips declined, which reflects greater affluence and
increased automobile ownership. PMT per car de-
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Table 10. Effect of a 1 percent change in labor force participation and unem-
ployment rate in New York State,

Change in Vehicle
Labor Miles of Travel
Unemployment Force Employment

Year Rate (%) (000s) (000s) Millions Percentage
1970 4.8 74.59 71.00 147.35 0.220
1980 7.0 81.34  75.65 156.97 0.247
1990 5.0 84.59 80.35 166.75 0.209

1995 5.0 86.93 82.58 171.36 0.207

Note: The addition (or change) in vehicle miles of travel for an additional worker is
limited to the work trip and is calculated by 250 days of work x 10 miles round
trip distance for work x B3 percent automobile mode split, or 2075 miles/
worker per year.

clined substantially, and PMT per household rose
slightly in Rochester and declined about 10 percent
in Buffalo.

4. The share of social and recreational trips
declined sharply and these trips were much shorter
in 1length. Trips for the purpose of catching
another mode of transportation (e.g., to bus stop or
train station) declined by nearly 50 percent in
length but the share was stable. Although these
trip purposes and trip lengths showed a mixed pat-
tern, the overall trip length and number of trips
per household remained relatively stable.

5. Household size declined in nearly all automo-
bile ownership classes; this was especially noticed
in the zero-automobile households in Buffalo, where
household size declined from 2.6 to 1.8 persons
during the 1962-1973 period. This characteristic is
also reflected in the growth of single-person house-
holds, which rose from 10 percent to 21.5 percent in
Buffalo from 1962 to 1973. Nevertheless, trip rates
and trip lengths for both oneand two-person house-
holds were either stable or rose slightly and over-
all stability in both trip rates and trip length was
noted during the period.

Stability in household trip rates and trip
length, as reflected in the Buffalo and Rochester
comparisons in the early 1960s to early 1970s,
although not updated for post-1974 events, suggests
that constant travel per household is a reasonable
expectation. Given the declining household size and
the moderating gain in the number of automobiles
(registrations), then a reasonable expectation for
future travel trends is one where travel will in-
crease by about the same magnitude as the growth in
households. Under this expectation, the impact in
New York State is as follows:

Household VMT Adjustment
Growth Annual
Year Index Rate Percentage
1980 1.0 1.0
1985 1.068 1.068 +1.31
1990 L.132 1.132 +1.25
1995 1.184 1.184 +1.00

Population growth in New York State is projected
to be modest--about 8 percent from 1970 to 2000.
However, the population declined slightly during the
1970-1980 portion of the period; population growth
is projected to be evenly distributed after 1980
(Table 11).

Age Distribution

A gain of about 369 000 is expected in the elderly
population category (65 and older) from 1970 to
2000. Estimates of baseline VMT have been projected
by using a set of general trip rates for the general
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Table 11. Households and population in New York State.

Households Population Size of Average
Year (000 000s) (000 000s) Household
1970 5.91 18.24 3.1
1975 6.13 18.08 2.9
1980 6.45 18.08 2.8
1985 6.89 18.34 2.7
1990 7.33 18.76 2.6
1995 1.7 19.23 25
2000 8.09 19.71 2.4

Table 12. Adjustment factors for elderly population.

Reduction in

Travel from Reduction in
General Vehicle Miles
Population of Travel, Vehicle Miles
Increase (vehicle miles Final Year of Travel
in Elderly of travel Estimate Adjustment
Period Population 000 000s) (%) Factor
1980-1985 66 101 271.4 0.391 0.996
1980-1990 164 695 731.6 0.919 0.991
1980-1995 229 765 1020.6 1.235 0.987

Table 13. Factors that will influence travel, 1980-2000.

Likely Impact
on Travel by
1995 Compared

Factor Trend Direction with 1975 (%)

Automobile efficiency 80 percent gain in efficiency,  +40 to +50

1975-2000
Gasoline price Double real 1978 price by -40 to ~50
1995
Population Growth in number +8
Net baseline Vehicle miles of travel +45
Projection Gasoline use -10 to-20
Energy supply cutoffs Periodic shortfalls -10 to-20
Inflation 8-12 percent average over -10 to +10
next 15 years
Employment Women working +0.5
Unemployment rates higher -3
Households Growth in number +18
Urbanization Increase ruralization +9
Automobile ownership Increase saturation and use +5

and use

population. Adjustments can be made to such assump-
tions if necessary. For instance, data from Albany
show that the elderly trip rate there is about half
that of the general population. If one wished to
transfer the results of the diminished travel for
the Capital District's elderly to the increase in
the clderly population forecast for New York State,
an estimate of travel by the elderly can be made.
On the other hand, if the new group of elderly will
retain travel patterns that are more consistent with
those exhibited by the general population, rather
than acquiring travel patterns associated with the
existing group of elderly, then no reduction in
estimated VMT for the elderly are necessary. The
values for possible adjustments for reduced travel
by the elderly are shown in Table 12.

Urbanization

The share of population living in the 10 standard
metropolitan statistical areas (SMSAs) in New York
State is projected to fall slightly from 1970 to
1990. This would suggest that the slightly higher
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population in the nonurban areas would tend to
acquire the higher VMT of those areas and that a
proportional gain in travel in these less urban
areas would result in an increase of about 9 percent
by 1995 (in addition to the change in households).
Adjustment factors for urbanization trends are as
follows:

Population of

SMSA Rural Area
Urban  Rural Adjustment to
Year (%) (%) VMT
1980 88.1 11.9 No adjustment
1985 B7.6 12.4 1.04
1990 87.3 12.7 1.07
1995 87.0 1340 1.09

Automobile Ownership and Use

The level of automobile ownership per household has
increased steadily over time. By 1975 it had
reached 1.25 cars/household on the national 1level.
Some researchers (l0) expect that the level of
ownership will increase based on changing 1life-
styles and household composition. Some (l1) expect
no further increase, and still others (12) expect an
increase well into the latter part of this or the
early part of the next century, to be followed by a
stable plateau in the level of ownership per house-
hold.

The forces behind the changes in automobile
ownership lead to changes in the use of automobiles
as well. Because VMT per car is projected to 1level
off earlier than the number of cars per household,
we find that VMT per household reaches a stable
plateau after VMT per car stabilizes but before the
number of cars per household does so.

Existing forecasts of VMT can be adjusted in a
very straightforward manner to account for changes
in the level of automotive ownership or the use of
the automobile. The national data described above,
however, show too much growth for New York, which is
a relatively densely developed urban state in which
automobile saturation has already occurred. The
table below presents a set of factors based on the
growth rates inherent in these projections. These
factors can be applied to a baseline forecast that
assumes unchanged levels of ownership. Thus, they
are most useful for separate studies of isolated
links in which effects of automobile saturation have
generally not been taken into account.

Level Pattern Ownership
of of and

Year Ownership  Use Use

1980 1.00 1.00 1.00

1985 1.01 1.005 1.02

1990 1.02 1.01 1.04

1995 1.03 1.02 1.05

2000 1.04 1.02 1.06

SUMMARY AND POLICY IMPLICATIONS

The above analysis suggests that broad forces at the
national and state level are likely to have signifi-
cant impact on the magnitude of travel in future
years. Table 13 summarizes the likely magnitude of
these impacts.

In particular are major changes in the efficiency
of cars and the real price of gasoline. The effect
of increased car efficiency is to permit more miles
to be driven per unit of gasoline, as consumers
trade off fuel efficiency and gasoline price. Price
rises will reduce gasoline demand in the long run by
accelerating fleet turnover further, but in the
short run, low price elasticities prohibit major
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reductions in use through price alone. In the
aggregate, these effects are 1likely to cancel out
and result in growth in VMT of 40-50 percent higher
than during the 1975-1995 periocd.

Other important demographic and economic factors
could significantly change these projections.
Trends toward greater automobile ownership per
household but declining household size could add as
much as 23 percent to travel projections over the

same period; decreasing urbanization could add
another 9 percent. But double-digit inflation,
higher unemployment rates, and periodic energy

supply shortages could more than cancel out these
effects. The net direction of all of these factors
is difficult to determine, but on the whole, our
assessment is that, in spite of higher prices, the
likelihood of a stagnant economy, and possible
supply shortages, travel is likely to grow, albeit
at a slower rate than in the 1960s and 1970s.
Gasoline use (already down since 1979) is 1likely to
continue to fall slowly.

U.S. energy policy, which so far has focused on
new car efficiency and price decontrol, is generally
correctly placed. Specific actions to reduce trans-
portation demand (and hence energy use) through
modal diversion or decreased travel have been his-
torically cost-ineffective and will probably remain
s0. Such actions may be justifiable for other
reasons, however.

In general, more attention needs to be placed on
such factors than Has been the case previously.
Projections of travel made in the 1970s are not
likely to include most, if any, of these concerns,
particularly car efficiency, price rises, and infla-
tion. Some of this work can be done with existing
tools, but most of it cannot. New methods are
needed that are sensitive to the joint interaction
of these variables. Such methods need not be com-
plicated: 1In fact, simplicity and ease of use are
highly desirable attributes. We hope that this
paper contributes to that effort.
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The Shape of the 1980s: Demographic, Economic,

and Travel Characteristics
FRANK SPIELBERG, EDWARD WEINER, AND ULRICH ERNST

Forecasts of economic and demographic conditions are the base for all forecasts
of travel demand. During the 1970s many changes were observed in the demo-

graphics of the nation. This paper reviews the trends in pertinent demographic

measures and projects the directions of these measures through the 1980s. The

objective is to determine how transportation demand is likely to change.

Transportation analysis is based on the premise that
demographic, social, and economic factors are major

determinants of travel demand. For the past 25
years, metropolitan planning organizations through-
out the world have conducted surveys of travel, per-
formed analyses, and estimated models of travel
demand, distribution, and mode choice. The projec-
tions of future conditions forecast by these models
have been used to guide decisions on investments in
new and improved transportation facilities.
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Transportation planners have devoted extensive
effort to ensuring that their models were statisti-
cally valid, replicated base-year conditions, and
produced reasonable forecasts for future vyears.
However, the wvalidity of the forecasts of travel
produced by any of these models can only be as good
as the forecasts of the basic parameters on which
the models depend (e.g., population and workers).
Projections of these factors have most often not
been the responsibility of the transportation pro-
fessional; rather, they are most often developed by
other staff members and used with only cursory re-
view as inputs for the transportation forecasts.

Fawcett and Downes (1) showed that the projec-
tions of travel obtained by use of the carefully de-
veloped models are far more sensitive to changes in
the values of the social and demographic parameters
than to misspecification of the model or slight
variation in the model coefficients.

During the past decade, significant changes have
occurred in many of the social and demographic char-
acteristics of the U.S. population. As we enter the
1980s, it is wuseful to identify these national
trends in factors related to transportation and to
examine some conjectures as to their likely effect.

APPROACH

To obtain a picture of trends in 1980s, a wide range
of existing forecasts and analyses was reviewed.
Evaluations were made of the most reasonable fore-
casts based on the methodology used, consistency
with other information, historical trends, and fore-
casts of other factors.

Travel information was developed by tabulating
data from the 1977 national personal transportation
survey (NPTS). These data were stratified by house-
hold size and location. Average weekday trip rates
by mode were calculated for each cell.

Economy

At the base of any projection of travel, explicit or
implicit assumptions are made about the economic
conditions of the area under study. Projections of
economic growth and its characteristics typically
are no more than attempts to explore the implica-~
tions of a particular set of assumptions about vari-
ous key factors. Changes 1in population, labor
force, productivity, hours worked, tax policies, and
exports are the forces that determine changes in the
gross national product (GNP), personal income, and
investments.

The period from 1950 through 1973 (during which
time the data used for most U.S. travel models were
collected) was a time of steadily increasing af-
fluence combined with steadily decreasing costs for
automobile travel. Continuous increases 1in per
capita travel were observed in almost all groups in
the U.S. population. The direction of economic
trends has been less clear in the last half of the
decade. The rate of increase in the GNP has been
reduced, and for individual households, the primary
issue has been how to increase or maintain real in-
come in the face of significant inflation. GNP
growth rates are expected to fluctuate about the
average of 3.6 percent/year through the 1980s in
real terms. The growth rates for personal income
will mirror this pattern. 1Inflation, as measured by
the consumer price index, is projected to continue
at 8-9 percent/year throughout the decade.

Family Income

During the 1970s the relative growth of the upper-
income brackets that occurred in the 1960s slowed
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Figure 1. Family income distribution (in 1978 dollars).
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down [Figure 1 (2)]. Since 1975, there has been an
increase in the percentage shares of the two higher
income categories. Changes 1in the lower-income
brackets were almost negligible. Trends over the
last two decades and current economic prospects sug-
gest that the income distribution will change little
during the 1980s. The percentage share of the high-
est income group is 1likely to increase slightly.
Smaller upward shifts should affect the other cate-
gories. But, overall, the experience of the 1970s
appears a better-suited model than the rapid gains
of the 1960s. The income distribution forecast for
the 1980s shows that close to 40 percent of U.S.
families will have incomes below $15 000. These
families are apt to be severely affected by real in-
creases in fuel costs.

Total Population

The total population of the United States will grow

at a modest rate during the 1980s. In the second
half of the 1970s, the average annual growth rate
wans N 72 Daveant oo £114711 Mavrmantana nAatineE Lalac. Ll o
waSsS uv./5 perenc d ITuUaa peréencalde polint OE8L0OW uine

rate for the late 1950s. Current census projections
for 1990 imply average annual growth rates between
0.6 and 1.3 percent, depending on assumptions about
fertility trends. Most experts expect that fertil-
ity will rise slightly from its current low to the
replacement level (the level at which the population
would exactly replace itself in the absence of net
immigration). At that level the U.S. population is
projected to grow at a rate of 0.9 percent/year,
from 220.5 million in 1979 to 243.4 million in 1990.

Population Change

Of the three components of change in the total popu-
lation (live births, deaths, and net immigration in-
to the country}, fertility trends have been the key
to recent growth patterns [Figure 2 (3)]. Mortality
rates have been relatively stable over the last few
decades. There has been a recent downturn that has
been broadly sustained since 1973. Death rates for
persons 65 years old and over (who account for about
90 percent of all deaths) declined much more from
1973 to 1978 than from 1960 to 1973, primarily as a
result of a reduction in mortality from major car-—
diovascular diseases. This change reflects improve-
ments in health care as well as changes in 1life-
style.

|8 §
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Figure 2. Components of population change.
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The slowdown in population growth reflects a drop
in birth rates. This drop is primarily the result
of a decline in fertility rates for women across all
age categories. The general consensus 1is that
changing aspirations of women and couples have
caused this decline in fertility rates. A popular
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assumption is that the decline in fertility rates in
the younger age groups is the result of the post-
ponement of childbearing and that the birth rate
could rise again in the near future as many young
women begin to make up desired births delayed from
previous years. It is doubtful, though, whether the
effect would lead to a substantial increase in the
birth rate over the next few years. All indica-
tions are that fertility rates will increase
slightly and approach the level at which the popula-
tion replaces itself (in the absence of net immigra-
tion). This projection is consistent with most re-
cent survey data of the birth expectations of young
married women.

Regional Redistribution

The key factor in the regional redistribution of the
U.S. population has been migration. The 1970s
brought a radical shift in several long-term migra-
tion trends. First, the net out-migration from the
South reversed. The South became the region with
the largest in-migration. At the national level,
however, total net annual regional change amounts to
only 0.25 percent of the total population [Figure 3
(4,5)]. Second, the historical trend toward ex-
panded urbanization reversed. Each past decennial
census up to and including the 1970 count showed
that a greater percentage of the population lived in
urbanized areas. In the 1970s, for the first time,
the number of migrants from urban to nonmetropolitan
areas exceeded the number who moved in the opposite
direction. Third, the rate of migration into the
central cities from the suburbs increased in the
second half of the 1970s. Migration from the sub-
urbs to the central cities in the three years from
1975 to 1978 reached almost the level for the five-
year period 1970-1975--3.6 versus 3.8 million. This
relative acceleration may be an indication that the
often-cited return to the city is more than a series
of isolated phenomena.

As with regional migration, however, the net rate
of migration is still quite small compared with the
total population. In fact, in absolute terms, the
annual rate of migration from central cities to sub-
urbs was stable throughout the decade. The rate of
turnover has increased, new groups that have smaller
household size are moving to central cities, and
larger households continue to seek the suburbs.

Population Growth by Type of Residential Area

Although the parameters of migration among types of
residential areas have begun to change, the relative
magnitude of migration flows implies a continuation
of current growth trends through the 1980s. The
full impact of these changes will be felt in the
years that follow the next decade.

The projections shown here identify the suburbs
as still the key growth area. Population in the
suburbs (the noncentral portions of metropolitan
areas) is projected to increase from about 63 mil-
lion in 1975 to 86 million in 1990. This growth re-
sults in an increase in the share of the suburbs of
the total population--from less than 30 percent in
1975 to more than 35 percent in 1990 ([Figure 4
(6)]. Central cities are projected to show an abso-
lute increase in the population--from 67 million in
1975 to 72 million in 1990. Their share in the
total U.S. population, however, will decrease
slightly--from 31 to 30 percent.

The population living in small-urban areas (cit-
ies that have a population between 2500 and 50 000)
is expected to remain stable. Consequently, the
percentage share of this category will decrease.
The rural population is projected to decrease in ab-
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Figure 4. Distribution of popu-
lation by area. CENTRAL
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solute terms. The percentage share of rural areas
in the total population is projected to decline from
more than 25 percent to under 22 percent. If recent
shifts in migration patterns continue throughout the

19805, this decline in the relative importance of

the rural areas is likely to be milder.

Throughout the next decade the suburbs will con-
tinue to be the residence of the largest segment of
the population.

Trends in Household Composition

The percentage of households that contain married
couples who have children has declined from 44 per-
cent in 1960 to 32 percent in 1978 [Figure 5
(7,8)1. Over the same period, the percentage of all
households that consists of married couples who do
not have children has remained constant at about 30
percent. The most significant gain has been in the
category of single-person households. In 1960, per-
sons who lived alone accounted for 13 percent of all
households. By 1978 this percentage had increased
to 22 percent. In the 1980s the growth in single-
person households 1is 1likely to slow down only
marginally, because the number and proportion of
elderly in the population (who account for a large
fraction of single-person households) will continue
to increase.

Households that do not contain children have in-
creased substantially since 1960 and are expected to
represent an even larger proportion of all house-

holds by 1990. Such households place less emphasis
on schools or the availability of play space in
their decisions about residential location. Higher-
density, central living will be more acceptable for

+hia aroun
TnlsS Group.

This conjecture is supported, in part, by pre-
liminary data from the 1980 census that show that,
although central cities are experiencing a loss of
population, they are, at the same time, showing
growth in the number of households. Thus, we expect
that in the 1980s the central cities will retain
their relative share of households, but the suburbs
will contain the larger proportion of population.

Labor Force

The total U.S. labor force is projected to increase
from 102 million in 1980 to 114 million in 1990,
which corresponds to an average annual growth rate
of 1.1 percent/year. The major driving force behind
this increase in the total labor force is the growth
in the female labor force. From 1970 to 1980 the
male labor force has grown at an average annual rate
of 1.6 percent. Over the same time period, the fe-
male labor force has grown at a rate of 2.8 per-
cent/year [Figure 6 (2)]. The growth in the labor
force is expected to slow down for both groups dur-
ing the 1980s--to a rate of 0.8 percent/year for the
men and 1.5 percent/year for the women.

The fast overall growth in the past decade was
largely attributable to the entry of the baby boom
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Figure 6. Percentage of husband-wife families with a working wife.
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Table 1. Effect of female employment on household trip rates in 1977,

Employed Persons Weekday
Household _ Trips/ Increase In
Size Male Female Household Trip Rate
2 1 0 4.33
2 i 1 5.98 1.65
3 | 0 5.73
3 1 1 7.37 164
generation. This group no longer plays a role in

the growth of the labor force. Significant growth
in the 1980s is primarily due to the increased par-
ticipation by women in the labor force.

Rate of Participation in the Labor Force

The long-term decline in the rate of participation
in the labor force for men is expected to taper off
in the 1980s. This rate is projected to stay vir-
tually constant. In contrast, the rate of partici-
pation in the labor force for women is projected to
continue its recent climb throughout the first half
of the 1980s and to level off somewhat during the
second half. By 1990, more than 51 percent of all
women are expected to be in the labor force, which
is up from 43 percent in 1970.

The growth of female participation in the labor
force is the result of a series of complex factors.
The implications for the social and economic fabric
of our society and for changing demands on public
services are only partially understood. The addi-
tion of another wage earner in existing households
and the continued formation of small households as a
result of greater economic independence of women re-
quire a reassessment of current notions about the
travel behavior and transportation needs of house-
holds.

Working Wives

The proportjon of married women who enter the labor
force is projected to increase. This trend results
not only from a change in attitudes regarding work-
ing wives but also from economic reasons, an expand-
ing economy, equal-opportunity laws, increased fe-
male levels of education, and a corporate climate
that provides women with improved wadges and
seniority.

Household Trip Rates

The effect of increased female employment on trip
rates has been an open question during the 1970s.

3L

Some have suggested that the result of devoting many
hours each day to employment would be to reduce the
overall household trip rate. Data from the 1977
NPTS [Table 1 (9)] suggest that the results of in-
creased participation in the labor force by married
women is an absolute increase in travel. It appears
that devoting time to employment does not suppress
nonwork travel--rather, roughly 1.65 trips/weekday
are added. This is almost exactly the number of
work trips expected per employed person.

Migration of the Work Force

During the 1970s, heavily populated areas (the cen-
tral counties of metropolitan areas that have a
population of 2 million or more) experienced a net
out-migration of Jjobs at a rate of almost
100 000/year. The situation was different for the
smaller central counties. Those that have a popula-
tion of 1 to 2 million people experienced a net in-
migration of workers from other areas. Between 1970
and 1973, central counties that had a population be-
tween 500 000 and 1 million registered substantial
job in-migration; by 1973-1976, this situation had
changed to net out-migration.

The primary beneficiary of this change was the
category of central counties that have a population
under 500 000. The net in-migration of jobs almost
tripled from 1970-1973 to 1973-1976, to a rate of
about 50 000 workers/year. The remaining two cate-
gories, noncentral counties in metropolitan areas
and nonmetropolitan counties, show a net in-migra-
tion in both periods. In both cases, total net in-

migration increased. The relative increase is
particularly significant for the nonmetropolitan
counties.

These trends in geographical changes in job loca-
tion are 1likely to continue into the 1980s. The
dispersal of residential location has been followed
by the dispersal of the location of the place of
work. Although this change is gradual (less than
0.5 percent of the total 1labor force), it could
begin to affect work travel patterns. The centers
of metropolitan areas could continue to lose impor-
tance as a destination for the work trip.

Real Cost of Gasoline

In the absence of any new crises, such as those in
Iran, total petroleum production during the 1980s is
projected to increase from about 50 million bar-
rels/day. The gap between world production and de-
mand is projected to be small (about 200 000 bar-
rels/day in 1980) but to rise steadily through the
decade. Sporadic restriction of supply should also
be expected during the 1980s.

Since demand will exceed supply, the price of a
barrel of o0il will continue to increase and reach
almost $70/barrel by 1990. The price differential
between domestic and imported crude will be elimi-
nated by 1982. The increase in petroleum prices is
expected to be accompanied by continued inflation.
In the early fall of 1979 projections were that the
1990 barrel price (in 1979 dollars) would be on the
order of $32. Subsequent events suggest that this
projection might be low.

As shown in Figure 7 (10,11), the cost of gaso-
line relative to all items declined significantly
between 1960 and 1973. During the 1973-1974 embargo
the cost rose sharply but then once again declined
slowly in real terms until the sharp price increases
of 1979. Due to the continued increase in the real
price of crude o0il, the price of gasoline relative
to all items is expected to continue its real in-
crease through the 1980s, although the rate of in-
crease will slow in the later half of the decade.
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Figure 7. Price of gasoline relative to all itemns.
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By 1990 the real cost of gasoline is projected to be
approximately 1.5 times the 1979 cost. This fore-
cast indicates that trends to smaller cars will con-
tinue in an effort to maintain existing life-style
in the face of rising fuel costs.

Cost of Automobile Operation

The cost to a household of automobile operation de-
pends on both the cost of gasoline and the fuel
economy of the vehicles available. The fuel effi-
ciency of the U.S. automobile fleet declined from

Transportation Research Record 807

Figure 10. Transportation expenditures as a percentage of total personal con-
sumption expenditures.
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about 14.5 miles/gal in 1960 to a low of about 13.5
miles/gal in 1975 [Figure 8 (6)]. Mandated improve-
ments in the fuel efficiency of new cars have begun
to increase the average efficiency of the fleet. By
1980 the efficiencies of the early 1960s will be
surpassed. The continued increase in new car effi-
ciency coupled with the retirement of older vehicles
will result in fleet efficiencies of 19 miles/gal by
1985 and almost 23 miles/gal by 1990.

The rate of increase in fleet efficiency is pro-
jected to be greater than the rate of increase in
the real price of gasoline for the 1980s. Although
the real cost of gasoline may rise more rapidly than
shown in these projections, increases in fleet ef-
ficiency would compensate for price increases of 4
percent/year. The combined effect on automobile
operating costs will be an increase through 1980,
followed by stabilization in 1981-1982, and a de-
cline in real terms for the remainder of the decade
[Figure 9 (10)]. Real operating costs per mile in
1990 may be slightly less than in 1979.

Automobile operating costs in the 1990s will
again increase. By 1985 new cars will have achieved
fuel economy standards that can be easily imple-
mented. Major technological innovation will be re-
quired to obtain additional efficiency. The gap
between petroleum demand and production is also ex-
pected to widen more rapidly in the 1990s and lead
to either higher real prices or supply restrictions.

Although the 1980s may be a period of relative
stability, actions taken during the 1980s must rec-
ognize the likely problems of the next decade.

Transportation Budget

Between 1950 and 1970 the proportion of personal
consumption expenditure devoted to transportation
declined only slightly (from roughly 13 percent to
12 percent), even though the cost of travel in real
terms fell substantially. A slight rise in the pro-
portion of the budget devoted to transportation in
1974 was followed by a major increase from 1975 to
1977, when it reached a 20-year high of 14.3 percent
[Figure 10 (12)].

How transportation expenditure will change in the
1980s is unclear. The conjecture shown in Figure 10
suggests that household travel expenditure will de-
cline slightly during the 1980s, and households will
seek to reestablish the historical values of 12-13
percent:
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1. Studies have suggested that households over a
wide range of urban areas and living conditions have
a cost budget for transportation, and

2. Although the costs of gasoline will increase
in real terms during the 1980s, the cost per mile of
automobile travel will decline slightly as fleet ef-
ficiency improves.

The post-1974 increase in the transportation bud-
get reflects the fact that households require some
time to change dwelling locations and trip pat-
terns. During the 1980s long-term decisions about
residential location and activity patterns will be
made that reflect travel costs. However, 80 percent
of the housing units that will exist in 1990 are
already in place. The availability and cost of cer-
tain types of transportation were implicit in the
development of this housing. The residents of this
housing will be forced to live with the economic and
mobility consequences.

Nominal price increases or occasional supply re-
strictions during the 1980s may lead to some house-
hold adjustments. Households that do not change
patterns in the 1980s should be able to maintain
their transportation budgets within the historic
range if household income keeps pace with infla-
tion. Beyond 1990, due to real increases in operat-
ing cost, these households will need to either
increase the proportion of income devoted to trans-
portation or reduce travel. Within 1limits, the
latter option 1is easier and more 1likely to be
chosen. Some trips must be made, however, and in
the 1990s a growing proportion of households will be
seeking cheaper travel alternatives.

Gasoline Expenditures

The amount of money spent on gasoline is a direct
function of travel. BAs would be expected, larger
households make more trips and, therefore, have
higher gasoline expenditures [Figure 11 (9)1.
Similarly, higher-income households travel more and
spend more on fuel, although the percentage of in-
come devoted to gasoline expense shows a rapid
decline with increasing income. Above the median
income, gasoline expenditure increases more slowly
than does income. Other factors, such as the amount
of time available to travel, serve to constrain trip
rates. These higher-income households could absorb

Figure 11. Characteristics of household gasoline 100
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significant real increases in gasoline prices with-
out exceeding the average amount of the budget
devoted to transportation.

The evidence, however, also suggests that lower-
income households are already constrained by the
cost of operations. The mobility of this group
could be even more restricted as real costs increase.

CONCLUSIONS

Based on analysis of trends observed during the
1970s and their projection to the next decade, the
following findings are particularly significant:

1. Continued inflation will result in a halt in
the rise of real income;

2. Growth in population will continue to slow:;

3. Family size will decrease and the proportion
of single-person households will increase;

4. Although some smaller households will seek
dwelling wunits in higher~-density areas (central
cities and older suburbs), the majority of growth in
both population and households will occur in areas
characterized as suburban;

5. The proportion of women employed will con-
tinue to increase; and

6. Continued increases in the real cost of gaso-
line will be coupled with significant increases in
vehicle fuel efficiency so that the per mile cost of
automobile operation will be stable for the popula-
tion as a whole.

Perhaps most significant, however, is that, in
spite of definite trends in migration to the South,
to nonmetropolitan areas, and, to a lesser degree,
to central cities, the absolute magnitude of the net
changes will be small compared with the total popu-
lation. The vast bulk of the U.S. housing stock is
in place. Substantial net change in residence loca-
tions over the decade is impractical.

Our view of the 1980s may be summarized as fol-
lows. Population in the South and West will con-
tinue to grow at a faster rate than will the nation
as a whole, and most of this growth will occur in
the lower-density developments that characterize new
housing areas. The bulk of the population will live
in suburban locations, dependent for travel on auto-
mobiles. Fuel costs will continue to increase in
real terms so that households will take a variety of

expenditure.
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actions to maintain their transportation budgets
within the historical range. The most popular ac-
tion will be the purchase of more fuel-efficient
vehicles. As a result, vehicle miles of travel in
all areas will continue to increase, although the
rate of growth will be slower than that observed in
the past. Nonetheless, lower-income groups will
face increased restrictions on their mobility.

Households that do not include children will
increase as a proportion of the total. These house-
holds will find higher-density living more accept-
able, and many will choose locations within the
central city or older suburbs. These households,
which frequently have two working adults, will find
transit acceptable for many trips. As a result,
transit ridership as a proportion of total travel
will stabilize and grow in absolute numbers.

From a transportation viewpoint, these trends and
forecasts indicate that the northeastern and mid-
western regions will have to adapt to a low-growth
future and concentrate on selective revitalization
and rehabilitation of existing highway and transit
facilities. The southern and western regions will
need to encourage new development to occur at higher
densities so that they can better serve travel with
transit. Nationwide, extensive areas of low-density
development will still exist, where paratransit op-
tions will be the only stable alternatives to single
occupant use of the automobile. Ridesharing in car-
pools, vanpools, or taxicabs will be the most cost-
effective transportation option. New institutional
arrangements will be needed so that providers of
such services can enter the market.
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Estimating Vehicle Miles of Travel: An Application

of the Rank-Size Rule

WAYNE R, UGOLIK

This paper suggests a simplified approach to the problem of estimating annual
vehicle miles of travel without the need for extensive vehicle count data. By
using detailed data on vehicle miles of travel per highway section of the New
York State touring route system, it is shown that, when the highway sections
are ranked in decreasing order of their section vehicle miles of travel, the vehicle
miles of travel of the individual sections can be closely approximated by a func-
tion of section rank value. An approximation of the total sum of vehicle miles
of travel on all highway sections is then obtained by integrating this function
over all the rank values. The approach has potential for use as a forecasting
tool. Tests on data for 1968, 1974, and 1976 show that the method can pro-
duce surprisingly accurate results.

In 1970 Zahavi (1) noted that, when certain trans-
portation-related quantities are ranked in decreas-
ing order of wvalue, a certain level of stability is
attained in the relationship between rank and value
that enables analyses that might not otherwise be
possible. This relationship, well known in the
sciences, is called the k-distribution. In this
paper we explore a similar pattern of stability that
is exhibited by a ranking (in decreasing order) of

the annual vehicle miles of travel per section of
the New York State touring route highway network.
This stability enables us to develop a method for
estimating annual wvehicle miles of travel on the
state route system by a simple scheme that has the
potential to circumvent the costly and extensive
vehicle-counting procedures that are currently in
wide use. The method is based on what we term the
rank-size rule. 1Its utility for producing accurate
estimates is illustrated by an application to New
York State vehicle miles of travel data for 1968,
1974, and 1976.

RANK-SIZE RULE

The rank-size rule can be described mathematically
as follows:

1. Let aj, az, a3z, +.., ap be a listing
of positive numbers with a; > ag » az »...> a,; that
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Figure 1. Graphical representation of the rank-size rule.

is, the numbers are ranked in decreasing order and

2. Suppose f(X) 1is a positive and decreasing
function defined for X > 1, that has the property
that £(j) = a3 for 3 =1, «.+, n. Then,

n+1

Zu~ jl' 1) dX )

This can be easily understood from Figure 1. 1In the
fiqure, the dot on the top left corner of each
rectangle Ry is as units above the horizontal
axis, and each rectangle has a width of one unit.
Therefore, the area of each rectangle is aj
(square units). Hence, from Figure 1, it is clear

that % aj equals the sum of the areas of the rect-
j=1

angles, and this area can be approximated by the
area under the curve y = f(X) for X varying from 1
to 5. This area under the curve is precisely the

value of jif(x)dx. The approximation will be quite

good if the as's are large relative to measurement
on the horizontal axis and if the rate of decrease
of the a:'s 1is relatively low. This follows
because the hatched area in each rectangle in Figure
1 would then be small relative to the value of age.

Application

Summaries were available of annual daily New York
State highway system vehicle miles of travel, based
on the 1968, 1974, and 1976 New York State highway
sufficiency reports (2-4). The annual averade daily
vehicle miles of travel (AADVMT) is based on the
annual traffic volume determined for each section of
every touring route in the state network. A section
is a particular length of highway, usually of uni-
form width; however, actual lengths of sections can
vary dreatly. The AADVMT is calculated for each
section by multiplying section length by the traffic
volume for that section. The sections (approxi-
mately 15 000 in number) were then arranged on the
basis of descending section AADVMT, and successively
aggregated into groups of 100 sections each in order
to make the number of data points more manageable.
The first group contains the first 100 top-ranked
highway sections, the second group contains the
second 100 top-ranked highway sections, and so on.
A group usually contains sections from all over the
state so that there is no general geographic pattern
among the groups.

The AADVMT for each group (100 sections) was then
calculated by summing over the sections in the
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group. The result for each of the years 1968, 1974,
and 1976 was a ranking of (approximately) 150 groups
based on the descending order of group AADVMT.

For each year, AADVMT per group rank was plotted
vertically on a logarithmic scale against group
rank. The resulting plots exhibited a negative
exponential decay, as exhibited in Figures 2-4,
which suggests that

In (AADVMT

T rank) ~ ae-b - group rank (2)

or a double exponential of the form:
AADVMTgroup rank = exp(ae 0 " group rank) 3)

In this form, the a and b in the exponent are pa-
rameters that would vary from year to year, and e is
the base of the natural logarithm.

If we assume that the approximation in Equation 3
is good, the rank-size rule would require evaluation
of the integral

Ryg+ 1
. exp(ae”Pr) ar
Ry,

in order to estimate
rank = Ry

E A‘ADVMTrank (4)
rank = Ry,

where Ry is the lowest group rank and Ry is the
highest. This integral is not solvable in closed
form by elementary functions, but its value can be
approximated with a high level of accuracy by inte-
grating a series approximation to the integrand
after a change of variables or by using a numerical
integration scheme such as Simpson's rule.

The estimation of ABDVMT by such integrals would
be facilitated if the parameters in the exponents
did not vary from year to year but rather that the
variations in AADVMT were accounted for by a correc-
tion factor, depending on the year. A multiplica-
tive correction factor (A) would require

AADVMTmnk ~ Aexp(aeb % rank) (5)
an additive correctiion factor (A) would require
AADVMTmnk ~ A+ exp(aeb J rank) (6)

In either form, the constant A would generally vary
from year to year, and the a and b would remain
constant. A multiplicative factor alters the shape
of the curves from year to year; an additive factor
does not. In fact, given historical data (increas-
ing vehicle miles of travel), a multiplicative
factor would necessarily make the curves progres-
sively steeper. Since this was not indicated by the
data, the additive-factor approach is preferable,
which indicates Equation 6, where A depends on the
year, but a and b do not. In this form the rank-
size rule becomes

Ry RH * L
> AADVMT, ~ ARy +1-Ry) +f exp(aePT)dr (@)
Ry, Ry,

Assuming that the approximation in Equation 6 can be
applied accurately, values of the integral on the
right-hand side of Equation 7 for various ranges of
the rank could be tabulated numerically and used for
different years because a and b remain fixed. Thus,
the rank-size rule in this form would produce an
estimate of AADVMT based on a little simple arith-
metic after the parameter A is estimated. In what
follows, we indicate that this task may not be as
difficult as it may seem.
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Figure 2. Log AADVMT by rank for 1968. PLOT OF VARIABLE RANK AND VART ABLE LNVNT
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Figure 4. Log AADVMT by rank for 1976. PLOT NF VARIABLE RANK AND VARIABLE LNVMT
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Calibration

Estimation of the constants a and b, and the shift
parameters (A) was accomplished by nonlinear least
squares by using a computer program available in the
Biomedical Data Processing (BMDP) software system
(5). The functional form (Equation 6) was cali-
brated on the 1968 data. The same a and b values
obtained for the 1968 data were used for the 1974
and 1976 data, thus only the A's were calibrated
differently for the years 1974 and 1976.

Initial tests and residual plots indicated that
the ranked data would conform better to the func-
tional form (Equation 6) if the data were parti-
tioned into three segments:

Segment 1--group ranks 1-16 (first 1600 road
sections),

Segment 2--group ranks 17-37
3700), and

Segment 3--group ranks 38-150 (sections 3701 to
15 000).

(sections 1601 to

This was basically due to the fact that the
AADVMT over all ranks tended to 1level off more
quickly than the functional form (Equation 6) would
allow.

Final calibrations were performed separately on
each of the segments for 1968, 1974, and 1976. As
was origipally done, the a and b for each segment
were calibrated only on the 1968 data and were kept
fixed for 1974 and 1976.

The results indicated that in each segment the
ranked data conformed surprisingly well to the
functional form (Equation 6), except that rank one
(e.g., the first 100 ranked sections) in the first

RANK

segment stood out as an outlier for each of the
three years. This supports the hypothesis that the
basic shape of the graphs of ranked AADVMT remains
fixed, but that the graphs shift from year to year.
In fact, the shift factors (A) appear to be ex-
tremely stable. That is, for each segment the three
A's calibrated for 1968, 1974, and 1976 could be
predicted from their least-squares line with an
error of less than 0.0l percent [horizontal measure-
ment equals the number of years from 1968 (e.g.,
1974 is six years from 1968)]. Moreover, the per-
centage of total AADVMT contained in the first group
rank (the outlier group) also remained stable and
averaged about 12.0 percent of the total AADVMT for
each of the years (actual percentages: 11.58 percent
in 1968, 12.89 percent in 1974, 11.93 percent in
1976) .

Integral Evaluation

By the change of variables u = e~bI, the integral
3 exp(act®) dR ®)

is transformed to

e b3 e-bA
—l/bj;_bA (e2¥/u) du = l/bj;-bn (eav/u) du ©®
By using the fact that
efu=(1/uy+a+.. .+ [a"lun2/(n-1)!] +@ul/n)+... (10)
where the series on the right converges uniformly

and quite rapidly on the interval of integration, we
may approximate the integrand by a partial sum of
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Table 1. Shift factors and integral values, 1968 and 1974.
Group

Rank

Segment  Agg

Seg, A4 S74,j

1 -268 641 000 4056179 461 -268 002 000 4056 179 461
2 -270 474 000 5 694 482 805 -270 318 000 5 694 482 805
3 -271 270 000 21 989 340 000  -271 176 000 30 668 225 250*

AThere were only 118 full group ranks in 1968; there were 150 in 1974.

Table 2. AADVMT rank-size-rule estimates, 1968 and 1974.

Actual Estimate
Year Group Rank (000 000s)* (000 000s) Error (%)

1968  2-16 27.806 26.564 -4.46
17-37 14.789 14.529 -1.76
38 and above 16.662 16.470 -1.15
Total 59:257 57.563 -2.86
1 7.759.
Total 67.016

1974  2-16 37.399 36.149 -3.34
17-37 18.065 17.805 -1.44
38 and above 25.510 25331 -0.68
Total 80.974 79.291 -2.08
1 11.985
Total 92.959

3Sum of section vehicle miles of travel from file,

the series on the right-hand side, and then inte-
grate the resulting sum instead of the original
integrand. Thus,

. ebA
f}:eﬁ‘e zI/bj‘bB (1fu)+a+...+(@"u"!/n!)du an
=
By evaluating the right-hand side, we obtain
/2 enPRqR~B-A+ {[(ae-bA/b) + (a2 e25A/4b) + . . .
+ (2" e"®A/n *nlb)] - [(aePB/b) + (a2 2B /4b)
+...+ (@ ™80 - nb)]} (12)

The desired degree of accuracy will determine the
size of the number of terms in the approximation
(n). For our purposes, n = 10 was more than suf-
ficient for each application.

Results

The values
Rijj+ 1

Sj'_‘f' exp [a;exp (b;x)] dx (13)
i

RL

were numerically calculated in the last section,
where Ry J and Ry J represent the lowest and
highest ranks in segment j (note that since rank 1
is an outlier, it is treated separately, and Rp!
is taken to be 2). If we let Ajj represent the
calibrated estimate of the shift factor for the jth
segment of ranks for year i, the total AADVMT for
year i is estimated according to the rank-size rule
by the value

3 ) .
AADVMT i 1 +2 [Ag(RA +1-R] +8; (14)
=t

The resulting rank-size-rule estimates for 1968
and 1974 were within 3 percent of the actual
values. The values of Aj4 and S5 are presented
in Table 1, the vehicle miles of travel estimates
are presented in Table 2.

Table 3. Trend-line shift factors and integral values for 1976.

Group Segment Aze, S76,)

1 ~267 789 000 4056 179 461
2 =270 266 000 5694 482 805
3 -271 144 000 30 668 225 250

Table 4. AADVMT predictions for 1976 based on the rank-size rule,

Group Rank Prediction (000 000s) Actual (000 000s)

2-16 39.344 38.508
17-37 18.897 19.082
38 and above 28.953 27.933
1 11.8902 11.587
Total 99.084 97.110

Note: Error is +2.03 percent.

2Based on the assumption that group rank 1 contains 12 percent of the
total AADVMT,

In order to illustrate the predictive gquality of
this application of the rank-size rule, the sta-
bility of the Aij's and AADVMT ..k 1 were ex-
ploited in order to make a forecast of 1976 AADVMT
based on the 1968 and 1974 ranked data. Trend line
estimates of the 1976 shift factors (A76,1+
A76,2' and A76,3) were constructed based only on
1968 and 1974 data, and an estimate of the
AADVMT onk 1 for 1976 was based on the assumption
that group rank 1 would contain 12.0 percent of the
total AADVMT.

By using these trend line estimates, Egquation 9
was calculated for 1976. The trend line estimates
of the shift factors are shown in Table 3, the
vehicle miles of travel predictions are shown in
Table 4. Again, the exacting nature of the rank-
size-rule procedure is exhibited.

CONCLUSION

The foregoing results indicate that four pieces of
data (trend line estimates of the three shift fac-
tors and the AADVMT for rank 1) could be used in the
rank-size rule to forecast AADVMT on the New York
State touring route network. Although trend 1line
approaches are crude by many measures, the apparent
stability of ranked AADVMT and the fact that 1968,
1974, and 1976 span the 1973 energy crisis and the
subsequent recovery, make the data sets studied here
particularly suitable for such an approach. Never-
theless, other approaches that could take into
account circumstances not detectable from historical
trends are worthy of mention and future study.

In particular, the shift factors (A) could be
estimated by actual vehicle counts on carefully
selected sections of the New York State touring
route network. This proposed approach would follow
that of the bellwether polling districts, in that a
very few statistically reliable sections would be
taken to represent the whole. Such an approach
might reduce considerably the extensive costs that
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are now incurred in monitoring and maintaining
statewide vehicle counts. Another approach might
entail estimation of the shift factors as functions
of socioeconomic variables that take into account
gasoline availability and price as well as other
indicators of travel.

The initial application of the rank-size rule
Presented in this paper indicates that further study
is warranted. The approach has the potential to
greatly ease the very costly and burdensome task of
estimating vehicle miles of travel, and its utility
in forecasting vehicle miles of travel is yet to be
fully explored.

Research is wunder way to determine effective
bellwether sections to be used as a basis for esti-
mating the necessary parameters for this application
of the rank-size rule. In addition, the approach
has been verified on vehicle miles of travel data
for 1976-1979, and the development of a method for
determining the shift parameters as functions of
gasoline and diesel sales is currently under study.
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Consideration of Nonresponse Effects in Large-Scale

Mobility Surveys
WERNER BROG AND ARNIM H., MEYBURG

This paper continues the line of investigation of nonresponse problems previously
presented. After a brief review of the context of the problem, namely the non-
response effects on measured behavior in spite of demographic weighting, and the
results of the previous research on this topic, the paper documents a broadening

of the insights gained into the effects of nonresponse. These insights were applied
to a large-scale nonresponse analysis of approximately 100 000 trips. The analysis

included the nonresponse effects for the number of trips, trip purpose, travel
mode, and seasons. Also, nonresponse effects are compared for written and in-
terview surveys. Experience with the characteristics and impacts of nonresponse
for intercity travel is presented. The insights gained could be used to clear up
and correct past and present survey efforts and also to ensure that future data-

collection efforts are conducted at lower costs, since corrections can also be made

for smaller rates of return.

In principal, empirical surveys are not capable of
providing an exact replication of measured reality:
They only provide a picture that deviates more or
less from this reality. The size and direction of
these deviations are determined significantly by a
variety of factors tied to the chosen survey design
(see Meyburg and Brdg in another paper in this
Record) .

Strict application of these basic facts shows the
limits and possibilities of empirical research:

1. Precigse determination of the distortions
(biases) induced by the survey method will never be
possible and

2. Systematic research into the biases caused by
the survey method employed will lead to insights
that will permit the estimation of the direction and
order of magnitude of these deviations.

The corresponding measurement results will not be
exactly correct, but they will be more correct
(i.e., closer to reality). In order to reach re-
sults closer to reality, systematic research into
survey methods is necessary.

Such methods research typically is very expen-

sive. For that reason, these studies will have to
be of an exemplary nature. This means that this
fundamental research must be designed such that
generalizable results (at least within reasonable

limits) are obtained. These insights can be that

1. At least the direction of the bias in rela-
tion to the chosen survey method can be indicated;

2. Additional correction factors for the elimi-
nation of this bias can be provided, whose applica-
tion would move the measured results closer to re-
ality; and

3. An evaluation method is developed that would
make it possible to estimate the relevant influences
directly within the survey and to correct the survey
data themselves.

The general level of knowledge about relevant
factors of influence to survey methods in the deter-
mination of activities outside the home is rather
limited to date. It has progressed only to a stage
where we comprehend that a multitude of factors
exists in the survey design that can be of signifi-
cant influence on the measurement results. Further-—
more, we begin to realize that, even in compara-
tively simple measurements of nonhome mobility, for
example, regional and seasonal factors can generate
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Table 1. Overall mobility by response increments.

Mobility per Cumulative  Index Cumulative
Response Increment Increment Mobility Values?
First fifth 2.91 291 112.8
Second fifth 2.70 2.81 108.9
Third fifth 257 2:72 105.4
Fourth fifth® 2.41 2.64 102.3
Fifth fifth® 2.37 2.58 100.0

Note: KONTIV 1976 had approximately 105 000 person survey days.

2 Eytimated total value = 100.
¢ Partinl nonresponse estimate.
Coniplote noneesponse estimate.

specific survey situations that stand in the way of
generalizing corresponding fundamental research.

For this reason, in the conduct of basic studies
of survey-method-specific influence factors, special
attention should be paid to the development of an
evaluation method that allows the renewed examina-
tion of the results in a concrete case and that
thereby expands the spectrum of corresponding in-
sights.

THE NONRESPONSE PROBLEM

A significant bias in empirical surveys of nonhome
mobility results from the fact that it is not pos-
sible to get all households or individuals to re-
spond. This problem exists both in sampling and in
total population surveys. In either case conclu-
sions have to be drawn for a larger entity based on
a smaller group of respondents. Unfortunately, the
severity of the problem increases for the usual
sampling situation. In practice, this problem is
usually disguised by means of the indication of a
significance level based on sampling theory (1).
These statistical significance measures are valid
only when information about each sampling element is
available. This condition cannot be fulfilled in
empirical surveys.

Therefore, it is important to deal with the non-
response problem in a systematic fashion in order to
be able to estimate how the observed results would
change if corresponding information were available
for each selected sample element. It is especially
important that the information be relevant for the
object of the investigation, in this case for non-
home mobility. Information that captures merely the
sociodemographic characteristics does not £ill this
information gap and, therefore, is not sufficient
for reliable estimation of the influence of non-
response.

METHODOLOGICAL EXPERIMENTS

Since the nonresponse effect constitutes a signifi-
cant bias of empirical results, we have investigated
this problem area in several basic research ef-
forts. One of these studies was presented in an
earlier paper (2). It constituted the starting
point for several additional analyses, including the
research reported here.

For a survey of 984 households in West Berlin,
the survey design corresponded exactly to the one
employed in the national travel survey (KONTIV) and
other large surveys in West Germany. The only ob-
jective of the West Berlin survey was to obtain as
large a response rate as possible and to gather ad-
ditional qualitative information about late or non-
responding households.

The survey used the mail-back technique with
several follow-ups. Although in other large surveys
in West Germany the number of reminders was usually
limited to four (which normally results in a re-
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sponse rate of 65-75 percent), in this survey it was
increased and the response rate increased corre-
spondingly from 74 to 87 percent. Care was taken
not to modify the survey design in order to truly
measure the influence of the nonresponse effect and
not that of a changed survey method.

In order to gain additional insights into the
structure and motivation of the group of nonrespon-
dents, interviews were conducted with late respon-
dents and nonrespondents wherever possible. Other-
wise, additional investigations were undertaken to
obtain certain information about these groups of
people.

The most-significant result of this methodologi-
cal experiment was that the measured mobility (trips
per person) decreased with the size of the response
rate (see Table 1) and that this effect cannot be
corrected sufficiently by means of simple sociodemo-
graphic weighting.

The follow-ups and additional investigations
clearly indicated that people who had little nonhome
mobility (i.e., few trips taken outside the home)
did not feel sufficiently concerned and, therefore,
did not participate in the survey. On the other
hand, it could not be confirmed that late respon-
dents, tired of the numerous follow-ups and re-
minders, simply report fewer trips than they actual-
ly perform.

SUBSEQUENT ANALYSES

The methodological experiment resulted in several
important insights for subsequent work on the non-
response problem:

1. Trend extrapolation on the basis of response
speed proved to be a usable method of estimation and
an acceptable method of evaluation;

2. Use of the term "mobility per person" (i.e.,
trips per person) proved to be too imprecise; vari-
ables such as "share of mobiles" (i.e., that share
of the population surveyed who took a trip on the
survey day) and "mobility per mobile" (how many
trips the surveyed mobile person took on the survey
day; i.e., trip rate per person) should be used in-
stead; and

3., Stratification according to mode and trip
purpose did not produce consistent results yet--
probably due to relatively small sample size (this
suggests further investigations on the basis of
larger sample sizes).

In this experiment the specific influence of the
survey area and the survey period could not be de-
termined. The present level of knowledge suggested
that the nonresponse investigation be repeated on
the basis of this evaluation method for the KONTIV
survey (3) [i.e., a sample representative of an en-
tire region (in this case, West Germany) and dis-
tributed across all seasons].

In its basic wversion, as it is used 1in this
paper, the KONTIV survey consisted of 105 000 person
survey days, and it had a response rate of 72.4 per-
cent. A stratification into five response segments
of equal size was performed because the trend extra-
polation can be performed most readily when only the
last segment has to be estimated completely and the
second to last has to be estimated partly. The re-
sults presented in the following sections permit a
much-more-precise determination of the nonresponse
effect. However they are only relevant for surveys
of comparable methodological design (i.e., specifi-
cally for mail-back surveys).

SELECTED RESULTS
Measures of Nonhome Mobility

The average number of trips for all people surveyed
shows the known effect that mobility decreases with



Transportation Research Record 807

increasing response rate. It is almost one-quarter
higher for the first respondents than for the (esti-
mated) population average.

The variable "mobility per person" is, however, a
quasi-artificial average value that is composed of
the "share of mobiles" and the "mobility per mo-
bile." These two measures show modifications al-
ready. Although the value of "mobility per mobile"
decreases with increasing response rates, the values
in each response fifth (stratum) are relatively less
exaggerated than they are for the measure "mobility
per person" (Table 2). The "share of mobiles"
reaches its highest value only in the second fifth,

which indicates, among other things, that some
people who have low mobility also answer very
quickly (Table 2).

NONRESPONSE BY SEASON

The analysis of the nonresponse effect by season

shows the importance of subdividing the average mo-
bility into its two constituent components. If we
look at the changes in "mobility per person,”" we
also find a rather uniform decrease in values with
an increasing response rate (Table 3).

This picture is largely reconfirmed in the analy-

Table 2. Share of mobiles and mobility of mobiles.

Share of Mobiles

Mobility of Mobiles
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sis of the measure "mobility per mobile," but it is
relatively different for the "share of mobiles." Two
different tendencies become evident: Although the
first two response fifths show the highest mo-
bility in winter and spring, this effect only shows
in the second and third fifth for summer and fall
(i.e., it is delayed). The reason for this phenome-
non lies in the fact that people who travel a lot
and who belong to the group of fast respondents dur-
ing winter and spring only answer with a delay dur-
ing the summer and fall months when they are busy
with nonhome activities or when they are more fre-
quently on trips away from home (Table 4).

In connection with the seasonal variation de-
velopment of the measure "mobility per mobile," we
therefore observe quite different nonresponse ef-
fects dependent on the time of the survey. In a
continuous year-long survey, it is therefore advis-
able to apply a nonresponse correction separately by
time of year.

Nonresponse by Mode

Response or nonresponse behavior has a significant
effect on the resulting frequency of modal use.
Early respondents often use individual, often non-
motorized, travel modes, and a large number of pub-
lic transit users apparently decide only relatively
late (or not at all) to participate in a survey
(Table 5). Also obvious here is that a response
rate of, for example, 60 percent still contains tan-—
gible fluctuations in the modal split representa-

Index Index tion, in spite of relatively good representation of
Cumula- Cumula- the total mobility.
Response Cumula-  tive Cumula-  tive
“ : a . . a
Increment Single tive Values Single tive Values Nonresponse by Trip Purpose
First fifth 75.7 F5LT 102.3 3.84 3.84 110.0
Second fifth 78.4 77.1 104.2 3.45 3.65 104.6 Inconsistencies due to nonresponse are even more
Third fifth b 76.8 76.9 103.9 3.34 3.54 101.4 pronounced in the analysis by trip purpose. A re-
Fourth fifth® 712 75.2 101.6 338 3.5l 100.6 a {ndicated tend £ 4 CEh in—
Fifth fifth®  69.3  74.0 100.0  3.42  3.49 100.0 peatedly Indicated remdenty OF accmgase WHEN ik

Note: KONTIV 1976 had approximately 105 000 person survey days.

% Estimated total value = 100,
o Partial nonresponse estimate,
Complete nonresponse estimate,

Ccreasing response rate is evident for social-recrea-
tional and shopping trips, in spite of the fact that
the initial wvalues in the first fifths 1lie sub-
stantially above the estimated average value (Table
6). For mandatory trips, however, a substantial de-

Table 3. Overall mobility by season.

Cumulative Value

Index Cumulative Value®

Response
Increment Spring Summer Fall Winter Spring Summer Fall Winter
First fifth 3.00 2.19 2.90 2.98 113.2 106.1 112.8 120.7
Second fifth 2.82 2.3 2.85 2.83 106.4 103.8 110.9 114.6
Third fifth 2.69 2.64 2.80 273 101.5 100.4 109.0 110.5
Fourth fifth? 2.67 2.63 2.68 2.58 100.8 100.0 104.3 104.5
Fifth fifth® 2.65 2.63 2.57 2.47 100.0 100.0 100.0 100.0
Note: KONTIV 1976 had approximately 105 000 person survey days.
3 Estimated total value = 100,
cl'urllnl nonresponse estimate,
Complete nonresponge estimate.
Table 4. Share of mobiles and mobility ¢ R lues?
of mobiles by season. Index of Cumulative Values
Share of Mobiles Mobilily of Mobiles
Response
Increment Spring Summer Fall Winter Spring Summer Fall Winter
First fifth 104.2 95.4 102.7 108.4 108.5 1113 109.8 111.5
Second fifth 103,2 99.6 106.1 107.7 102.8 104,2 104.6 106.5
Third fifth 102.1 100.1 105.8 106.9 99.4 100.3 102.9 108.5
Fourth fifth" 101.1 100.0 102.7 103.0 99.7 100.0 101.4 101.5
Fifth fifth® 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Note: KONTIV 1976 had approximately 105 000 person survey days.

a
Estimated total value = 100,
Partial nonresponse estimate.
Complote nonresponse estimate,
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Table 5. Mobility of mobiles by principal mode of travel.

Index of Cumulative Values®

Response Nonmotorized Individualized  Public
Increment Total ModesP? Travel Modes®  Transit
First fifth 110.0 115.2 107.2 100.0
Second fifth 104.6 107.2 104.8 94.7
Third fifth 101.4 103.6 101.2 97.4
Fourth fifth! 100.6 101.4 100.6 100.0
Fifth fifth® 100.0 100.0 100.0 100.0
Note: KONTILV 1976 had approximately 105 000 person survey days.
2 gxtimated total value = 100,

Includes walking, bicycle, and motorized bicycle.
2' Tud bile driver, bile passenges, moped, and motorbike.
eI'm'lh\l nonresponse estimate,
Table 6. Mobility of mobiles by trip purpose.

Index of Cumulative Values®

Response Mandatory Social-Recreational  Shopping
Increment Total Trips Trips Trips®
First fifth 100.0 99.4 114.8 121.4
Second fifth 104.6 98.2 108.6 1117
Third fifth 101.4 97.6 102.5 105.8
Fourth fifth? 100.6 98.8 100.0 102.9
Fifth fifth® 100.0 100.0 100.0 100.0

Note: KONTIV 1976 had approximately 105 000 person survey days.

2 Estimated total value = 100,
Includes work and school trips.

Includes trips for shopping and personal business,

Partial nonresponse estimate,
Complete nonresponse estimate,

Table 7. Mobility of mobiles—mandatory travel by principal modal use.

Index of Cumulative Values for Mandatory

Travel®
Response Nonmotorized Individualized  Public
Increment Total Modes® Travel Modes®  Transit
First fifth 99.4 104.1 97.6 100.0
Second fifth 98.2 100.0 97.6 92.3
Third fifth 97.6 100.0 91.6 96.2
Fourth fifth® 98.8 100.0 98.8 100.0
Fifth fifth® 100.0 loo:0 100.0 100.0
Note: KONTIV 1976 had approximately 105 000 person survey days.
2 gatimated total value = 100,
Tocludes work and school trips.
dlnn]uden walking, bleycle, and motorized hicyele,
Tud bile driver, bile p moped, and motorbike.
£ Partial nonresponse estimate.
Bl . v
Table 8. Mobility of mobiles for social-recreational travel.
Index of Cumulative Values for
Social-Recreational Travel®
Response Nonmotorized  Individualized Public
Increment Total Modes Travel Modes®  Transit
First fifth 114.8 123.5 109.8 100.0
Second fifth 108.6 111.8 104.9 100.0
Third fifth 102.5 108.8 100.0 100.0
Fourth fifth? 100.0 105.9 100.0 100.0
Fifth fifth® 100.0 100.0 100.0 100.0

Note: KONTIV 1976 had approximately 105 000 person survey days.

:Eﬂimnlcnl total value = 100,

Partial nonresponse estimate,
Complete nonresponse estimate.

Includes walking, bicycle, and motorized bicyele,
CIncludes automabile driver, automaobile passenger, moped, and motorbike.
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crease can be observed, especially in the middle
fifths (Table 7). Evidently, people who have rela-
tively simple activity patterns that do not go sig-
nificantly beyond trips to and from work tend to be-
long to the groups of late or nonrespondents.

The indicated effects could be eliminated or, as
is more common, enlarged due to the consideration of
combined measures. The combination of the measures
"trip purpose" and "predominantly used travel mode"
illustrates even more clearly the problems of low
response rates. For example, a rather good response
rate of 60 percent generates a good result only for
mandatory trips by nonmotorized modes. For all
other modes the results are below average. The
situation 1is exactly opposite for social-recrea-
tional travel. For the identical response rate,
nonmotorized travel would be overrepresented, but
the use of other modes would have been represented
correctly (Table 8). For shopping trips only, pub-
lic transit trips were captured correctly; however,
they play a rather insignificant role for that par-
ticular trip purpose. The other much-more-important
travel modes are substantially overrepresented for a
60 percent response rate (Table 9).

Sociodemographic Weighting

Prior to this nonresponse estimation, the results of
the KONTIV survey were subjected to a detailed
weighting process. First, an equal distribution of
weekdays was performed. This equalization was fol-
lowed by a reconstruction (replication) and correc-
tion of the selection procedures for the formations
of the sample in the context of a free estimation of
population values. Finally, the results were sub-
jected to sociodemographic weighting on the basis of
a cell plan with approximately 200 cells. These
weighting efforts were relatively intensive and in-
cluded all possibilities available on the basis of
secondary statistical material.

When the results of the weighting process are
compared with those obtained through the nonresponse
estimation, it becomes evident that the weighting
process does not lead uniformly in the same direc-
tion and that it results in substantial deviations
from the estimates of the actual values in some
cases.

Overall, the weighting procedure results in an
overestimate of total mobility by 1.6 percent. This
is a difterence that looks relatively good compared
with other nonresponse investigations {(Table 10). A
nonuniform picture arises for the individual sea-
sons. In this instance it is particularly note-
worthy that sociodemographic weighting is least pre-
cise for the winter, when the nonresponse effects
are particularly strong. Substantial inaccuracies
are also observed for the travel mode and trip pur-
pose categories, where the unweighted results are
not changed consistently in the proper direction.
Therefore, a correction by means of sociodemographic
characterstics does not ensure that the characteris-
tics of the behavior under investigation are im-
proved sufficiently accurately.

CONCLUSIONS ABOUT THE METHODOLOGICAL EXPERIMENTS

These results produce dgeneralizable insights about
the direction and the order of magnitude of biases
that result from the survey method chosen. They
also illustrate an evaluation method on the basis of
which corresponding tests of the other empirical
surveys can be undertaken. Recognize, however, that
such a new nonresponse estimation requires suffi-
ciently high response rates. 1In the application of
the trend-extrapolation method, this rate should not
lie below 70 percent if at all possible. Otherwise
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Table 9. Mobility of mobiles for shopping and personal business travel.

Index of Cumulative Values for Shopping
and Personal Business®

Response Nonmotorized Individualized  Public
Increment Total Modes Travel Modes®  Transit
First fifth 121.4 120.0 125.0 128.6
Second fifth 111.7 109.1 120.0 114.3
Third fifth 105.8 103.6 1125 100.0
Fourth fifth¢ 102.9 101.8 107.5 100.0
Fifth fifth® 100.0 100.0 100.0 100.0

Note: KONTIV 1976 had approximately 105 000 person survey days.

2 Estimated value = 100,

Includes walking, bicyele, and motorized bieycle.

Includes automobile driver, automobile passenger, moped, and motorbike.
o I_"urliu!I nonresponse estimate,

Table 10. Influence of sociodemographic weighting on the measurement of
nonhome mobility.

Original Values

Socio- Non-

Stratifica- demographic response
tion Characteristic Weighting Estimation Index
Total year Mobility per person 2.62 2.58 101.6
Share of mobiles 74.8 74.0 101.1
Mobility per mobile 3.50 3.49 100.3
Spring Share of mobiles 76.2 75.4 101.1
Mobility per mobile 3.49 3.52 99,7
Summer Share of mobiles 72.6 74.1 98.0
Mobility per mobile 3.60 3.55 101.4
Fall Share of mobiles 74.8 73.8 101.4
Mobility per mobile 3.53 3.48 101.4
Winter Share of mobiles 757 72.8 104.0
Mobility per mobile 3.53 3.39 104.1
Travel mode Nonmotorized 1.44 1.38 104.4
Individualized 1.64 1.66 98.8
Public transit 0.35 0.38 92.1
Other 0.07 0.07 100.0
Trip pur- Mandatory 1.54 1.65 93.3
purpose Social-recreational 0.85 0.81 104.9
Shopping and per- 1.11 1.03 107.8

sonal business

Note: KONTIV 1976 had approximately 105 000 person survey days.

Table 11. Influence of response rate on the measurement of nonhome
mobility.

Original Values for a Response Rate
of 33 Percent

Socio- Non-

Stratifica- demographic response
tion Characteristic Weighting Estimation Index
Total year Mobility per person 2.82 2.58 109.3
Share of mobiles 76.7 74.0 103.6
Mobility per mobile 3.68 3.49 105.4
Spring Share of mobiles 71.9 75.4 103.3
Mobility per mobile 3.66 352 104.0
Summer Share of mobiles 72.7 74.1 98.1
Mobility per mobile 3.75 3.55 105.6
Fall Share of mobiles 71.2 73.8 104.6
Mobility per mobile 3.68 3.48 105.7
Winter Share of mobiles 78.4 72.8 107.7
Mobility per mobile 3.64 3.39 107.4
Travel mode Nonmotorized 1,50 1.38 108.7
Individualized 1.74 1.66 104.8
Public transit 0.37 0.38 97.4
Other 0.07 0.07 100.0
Trip pur- Mandatory 1.63 1.65 98.8
pose Social-recreational 0.88 0.81 108.6
Shopping and per- 1:17 1.03 113.6

sonal business

Note: KONTIV 1976 had approximately 105 000 person survey days.
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a uniform trend might not be detected and, as a con-
sequence, the final wvalue will be estimated incor-
rectly.

In cases where a new nonresponse estimation can-
not or should not be performed, corresponding values
from the KONTIV survey are available. For a new
empirical survey that has a comparable time frame,
size of urban area, and response rate, corresponding
correction factors (with or without sociodemographic
weighting) can be computed and inserted. We have
already tested such a procedure successfully.

Significance of Nonresponse Effects in Mail-Back
Surveys

In the example presented earlier, the measurement
error due to incomplete participation by the sample
elements might appear comparatively small. To a
large degree this is due to the high response rate
of 72.4 percent achieved in the KONTIV survey.

Such high response rates will probably not be
achievable in the future due to tightened data pro-
tection problems and due to the general public
apathy (at least in Germany) toward the increasing
number of poorly designed surveys. The measurement
error will therefore increase substantially for
lower response rates.

This problem can be illustrated by applying
sociodemographic weighting only to the first third
of the respondents and by comparing the results with
the population estimates. The 33 percent response
rate in Table 11 was selected because many travel
surveys do not exceed that rate.

Such a response rate, although somewhat normal in
general research practice, yet too low to produce
reliable results, leads, for example, to an over-
estimation of the mobility of the average population
of almost 10 percent (Table 11}). The determining
factors for this are the overrepresentation of the
"share of mobiles" (by about 4 percent) and of the
"mobility per mobile" (by about 5 percent). Ac-
cordingly, the mobility values by season, travel
mode, and trip purpose are overrepresented with few
exceptions. Low response rates in the absence of
knowledge about effects induced by them constitute a
substantial source of error in surveys of nonhome
mobility.

On the other hand, more precise knowledge of the
nonresponse effects in such surveys can also lead to
substantial savings when such knowledge is imple-
mented. A precise calculation of the funds required
for such a survey indicates that the lowest survey
cost per returned questionnaire is reached when two
follow-up reminders are used. By applying the cor-
rection factors presented earlier, the bias intro-
duced due to response losses can largely be compen-
sated for and a substantially more advantageous
cost-result (performance) ratio can be reached. The
table below, from the West Berlin survey of approxi-
mately 45 000 persons for the transportation de-
velopment plan, shows the relation of response rate
and survey costs (4):

Index of
Reponse Cost/Usable

Survey Method Rate (%) Response
Mail-back gquestionnaire 30 100.0

without follow-up

action
Mail-back questionnaire 60 88.5

with two reminder

notices
Mail-back questionnaire 77 96.4

with four reminders,
including one addi-
tional questionnaire
mailing
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Significance of Nonresponse Effects in Interview
Surveys

The trend-extrapolation method for estimating biases
introduced due to nonrespondents by means of the re-
sponse speed is based on the notion that, in a mail-
back survey, a significant stimulus for participa-
tion (voluntarily, as a rule) lies in the object of
the investigation. This insight has been documented
through several research projects (5).

Interest in a survey on nonhome mobility is large
when such nonhome mobility is practiced to a large
degree, and it is small when such mobility is small
or nonexistent. For this reason, it is only natural
that, in a mail-back survey of nonhome mobility,
many mobile people respond relatively faster and in
larger numbers than do the immobile ones. This re-
lationship holds only for this particular survey
method, as we have stressed repeatedly.

The main reason for participation in an interview
survey, on the other hand, is that the target person
is reachable at home and can be convinced by the in-
terviewer to participate. For relatively well-
trained interviewers, the accessibility factor
(meeting the interviewee) is the more important one
here. Less-mobile people can be contacted more
easily, and people who have a wide range of nonhome
mobility are a definite problem group for interview
surveys. They are hard to reach and often very
busy--which means that they are potential interview
refusers. For this reason, the nonresponse effect
acts in precisely the opposite direction from that
observed in mail-back surveys, where the respondents
tend to provide too low a representation of their
actual mobility.

These interrelationships were illustrated in a
methodological experiment performed by Moolman (6).
In the course of an interview survey about nonhome
mobility the selected households were contacted un-
til an interview actually was conducted. A response
rate of 98.5 percent was attained by this method.
When the respondents are stratified according to re-
sponse speed into those who respond at the first,
the second, or only at the third contact effort, it
becomes evident that the mobility per person is sub-
stantially higher for the nonrespondents (6):

Index for Number of Trips
per Person =
Respondents Nonrespondents

Response Speed

After one contact 100.0 127.5
attempt

After two contact 100.0 109.8
attempts

After three contact 100.0 109.6
attempts

From that observation, we can conclude that, even
with very good response rates {(after three or four
contact efforts), the observed mobility per person
is 4-5 percent too low in interview surveys due to
the nonresponse effect alone.

A further stratification of the unreported trips
also shows that the largest underrepresentation oc-
curs for the non-home-based trips (i.e., people who
follow complicated trip chains are more likely to be
nonrespondents) . Expressed differently, we can
state: Aside from those people who have little or
no mobility, those people who have simple activity
patterns are the primary respondents, and these are
the dgroups that are relatively difficult to reach
through mail-back surveys.

These substantial differences of nonresponse ef-
fect by survey method do not only belong to the ab-
solutely necessary prerequisite basic knowledge in
the area of nonresponse estimation, but they are
also impressive proof of the fact that each survey
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method produces its own specific types of measure-
ment errors. Therefore, discussion and comparison
of empirical measurement results is practically not
possible without knowledge of the survey method em-
ployed.

This also implies that identical numerical re-
sults that were achieved with different survey de-
signs do not necessarily mean that the corresponding
phenomena are represented identically. If, for ex-
ample, in country X the mobility per inhabitant ob-
served by means of an interview survey {(with two
contact efforts) is quantitatively identical to that
obtained by means of a mail-back questionnaire (with
a 30 percent response rate) in country Y, this im-
plies that, on the basis of different nonresponse
effects alone, without consideration of numerous
other influencing factors, the mobility in country Y
has to be set at 15 percent below that in country
X. This insight could, for example, throw a dif-
ferent light on the recent discussion of interna-
tional comparisons of non-home-activity time budgets.

APPLICATION TO INTERCITY PASSENGER TRAVEL

After an evaluation method, such as the one postu-
lated in the first section of this paper, has been
developed and tested successfully, it can be applied
in general to other similar problem contexts. For
the case of the problem of nonresponse, this means
that in measurements of nonhome mobility we can
typically expect that, on the basis of nonresponse
effects, the mobility indices will be too high for
mail-back questionnaires and too low for interview
surveys. (Other influential factors exit, but they
are not considered in this paper.) For an estimate
of this nonresponse effect, the method of trend ex-
trapolation on the basis of response speed presents
itself. A distinction has to be made between mo-
biles and immobiles, and stratification according to
trip purpose and travel mode are advisable.

Equipped with this knowledge and experience we
can attempt to determine the biases in surveys of
intercity travel deneration caused by nonresponses.
For this purpose, two continuous surveys are avail-
able that measure annual intercity vacation travel
in the Federal Republic of Germany. One survey was
performed by the Federal Statistics Office (Statis-
tisches Bundesamt) in the context of the Micro-
census. The second one was a privately conducted
travel analysis (8). The two surveys are not
exactly comparable with respect to the samples used,
but both have been criticized for alleged underesti-
mation of vacation travel volume.

The mere knowledge of the direction of valid non-
response effects already indicates one possible
cause for deviations of the estimates from reality.
However, in this case at least two other significant
influences have to be recognized in addition to the
nonresponse effect that must result in the under-
estimation of travel, given that the interview sur-
vey technique was applied. Respondents are asked to
report vacation trips performed during the preceding
12 months. Memory gaps are known to show in this
retroactive technique. These gaps have proved to be
greatest for interview surveys, largely due to the
required instant recall. The mail-back method gives
the respondent more time to recall past travel. In
addition, the interview method typically requires
that a household member also report the behavior of
other members, which again will lead to underreport-
ing of trips.

These three influences suggest that it is advis-
able to survey intercity travel behavior by means of

the mail-back questionnaire technique. We need to
be aware that, initially, the travel volume will be
overrepresented. It will have to be scaled down
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Table 12. Vacation travel behavior,

Index of Cumulatives Values

Average No. of Share of Average No. of

Response Vacation Trips People with Vacation Trips per
Increment per Person Vacation Trips Vacation Traveler
First fifth 132.0 118.9 Y1y ey
Second fifth 116.5 110.2 105.5
Third fifth 108.2 104.9 103.0
Fourth fifth 103.1 102.0 101.2
Fifth fifth 100.0 100.0 100.0

Note: Index of estimated total travel = 100.

Table 13. Modal choice for vacation travel.

Index of Cumulative Values for Principally Used

Travel Mode
Response Increment Automobile Train Airplane Other
First fifth 112.7 116.7 105.0 100.0
Second fifth 105.5 112:5 100.0 100.0
Third fifth 102.7 108.3 100.0 100.0
Fourth fifth 100.9 104.2 100.0 100.0

Fifth fifth 100.0 100.0 100.0 100.0

Note: Index of estimated total travel = 100,

Table 14. Intercity travel behavior.

Index of Cumulative Values for Share of People

Who Made

Who Did Who Made
Not Make Who Had Other Private Vacation and
nesponse Intercity  Vacation Intercity Other Private
Increment Trips Travel Only  Trips Only Intercity Trips
First fifth 64.4 100.0 108.6 150.9
Second fifth ~ 80.1 99.7 107.4 128.0
Third fifth 89.7 99.2 106.2 114.7
Fourth fifth  95.8 99.7 102.5 106.0
Fifth fifth 100.0 100.0 100.0 100.0
Index® 94.9 97.3 109.9 108.3

Note: Estimated total value of index of sociodemographically weighted values = 100.

aResponse rate was 67 percent,

(corrected) in the course of a nonresponse analy-
sis. This method was applied in a large survey of
intercity travel behavior in the Federal Republic of
Germany (7).

When we look, for example, at the number of vaca-
tion trips per person by response segments (fifths),
the familiar nonresponse influence is very pro-
nounced, especially among early respondents to a
1979 intercity travel survey of approximately 60 000
people (Table 12). This effect is mainly due to the
fact that people who have not made vacation trips
apparently can only be enticed very late, if at all,
to respond to the survey. Among the people who have
made vacation trips, those people who made more than
one vacation trip are more likely to respond.

A stratification, from the same survey, of vaca-
tion trips by primary mode of travel shows that the
nonresponse effect varies by mode. Particularly
overreported are train trips in the case of low re-
sponse rates. Automobile trips develop largely
analogous to the total distribution, due to their
dominant share of all vacation trips (70 percent)
(Table 13).

The nonresponse effect is even more significant
in the stratification according to trip purposes.
In this case, observe how late respondents answer a
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mail-back questionnaire if they did not undertake
any intercity trips (Table 14). Equally obvious is
that people who have a particularly high intensity
of intercity travel respond to this type of survey.
The share of people who engage in private intercity
trips other than for vacation purposes develops in a
relatively moderate fashion. People whose intercity
travel consists of their annual vacation trip are
represented equally (i.e., largely correctly) in all
response increments.

Therefore, the special problem groups with re-
spect to the nonresponse influence in measuring
vacation travel are again composed of those people
who do not, or who rarely, undertake the activity
under investigation. In light of the present level
of understanding, these groups are overestimated in
mail-back surveys and underestimated in interview
surveys, which results in too high a volume for
mail-back responses and too low a volume for inter-
view surveys. Again, sociodemographic correction
can only provide limited compensation for these de-
viations.

Although in this mail-back survey this effect was
compensated for by appropriate nonresponse factors,
such corrections were absent in the other two inter-
city travel surveys mentioned earlier. As a con-
sequence of this uneven treatment, the results for
the three surveys are substantially different. A
comparison of our results with those of the travel
analysis conducted during the same year (8) shows
that the share of people who made vacation trips
(travel intensity) was underestimated by 4-5 percent
and the number of trips per vacation traveler (trip
frequency) by more than 20 percent. This underesti-
mation is not only due to the nonresponse factor but
is also a consequence of the distortions that result
from memory gaps and from reporting by a household
member about activities of other members. The lat-
ter sources of errors could have been controlled in
a systematic analysis of response behavior. In any
event, the documents currently in use concerning
intercity vacation travel in the Federal Republic of
Germany understate that travel category by about 25
percent. A substantial part of this underestimation
can be tied directly to the fact that nonresponse
effects were not taken into account.

SUMMARY

This paper reports on an ongoing investigation into
the effects of nonresponse on the accuracy of empir-
ical survey results. A number of examples were pre-—
sented to show the types and magnitude of distor-—
tions that result from ignoring nonresponse
effects. The different impacts of stratification by
season, mode, and trip purposes were demonstrated.
Also, the varying results generated by the mail-back
versus interview method were analyzed.

Given the limited experience with nonresponse ef-
fects, a useful procedure was developed and pre-
sented by means of which the relevant influences can
be reestimated and corrected for each survey. Aside
from these methodological experiments, applications
of their results to the study of intercity passenger
travel behavior were shown.

The paper concludes that fundamental methodologi-
cal survey research must be designed so that gen-
eralizable results can be obtained. Through system-
atic research into the distortions caused by
nonresponse, at least the direction of the bias in
relation to the chosen survey method can be deter-
mined, and additional correction factors for the
elimination of this bias can be generated. Socio=-
demographic weighting is shown not to be a satis-
factory remedy for the effects of nonresponse.
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Validity Problems in Empirical Analyses of

Non-Home-Activity Patterns
ARNIM H. MEYBURG AND WERNER BROG

Validity problems of empirical data have been neglected to a large extent in
the transportation planning field. This paper illustrates the impact that choice
of survey method has on the validity of the data. It shows that the recorded
data depend directly on the method selected for obtaining them. An uncritical
application of survey methods is not justifiable and, in fact, can lead to incor-
rect survey results. Basic research in the area of empirical survey methods is
long overdue. An international exchange of experiences in this regard is con-
sidered most beneficial, as illustrated by this paper. The exchange of informa-
tion and insights is often hampered because the survey methods used for
specific investigations tend to be inadequately documented. This deficiency
makes subseguent assessment of data validity very difficult, if not impossible.
Furthermore, the use of such data without consideration of the underlying
survey method is dangerous. The paper cites examples where the results of
analyses can be manipulated by means of different survey methods. Greater
efforts should be made to integrate data collection with the research effort
performed on the basis of these data.

Many transportation planners, engineers, and model-
ers have, for all too long, ignored the quality of
the basic input to their research efforts, namely
the data. Since much of this research is of an em-
pirical nature, the data are obtained through empir-
ical surveys. This paper is intended to add to the
efforts concerned with survey methodology for empir-
ical analyses of travel activities. It presents a
number of examples that show how the survey method
and design can influence the results of an investi-
gation.

We recognize that only a limited set of examples
can be shown in the context of a paper of this na-
ture. Further, the basis of comparison is yet an-
other survey, albeit one that is generally recog-
nized as representative of the state of the art in
survey methodology [e.g., the national travel survey
(KONTIV) (1)]. We need to accept the quality of
that survey and the validity of its results in order
to believe in the results of the research presented
in this paper.

Even if the argument is made that the different
survey results obtained through two surveys do not
prove the correctness (or lack thereof) of one or
the other survey results, the disturbing fact re-
mains that different results about mobility were ob-
tained when the study objectives were identical and
only the survey method differed. This result alone
is worth keeping in mind. The transportation plan-
ner or modeler is well advised to pay careful atten-
tion to the procedure used to generate the inputs
that are used in any modeling effort or in the gen-
eration of simple mobility statistics. The valid-
ity {correctness) of the data will also determine
the validity of any model or statistical results,
which in turn might be used as the basis for policy
and investment decisions.

VALIDITY VERSUS REPRESENTATIVENESS

The paper concentrates on the validity aspects of
survey results because problems of validity of em-
pirical data have been neglected to a large extent
in the transportation planning field. The issue of
validity of survey data transcends that of represen-
tativeness. Representativeness addresses the ques-
tion of whether we have enough data points for each
of our strata or cells. The concept of validity is
aimed at questions of whether the data obtained are
valid (correct or relevant) or whether they are an
accident ascribable to a particular method of data
collection. We attempt to show in this paper that
empirical results based on survey data typically
contain substantial errors that result in severe
misrepresentation of reality.

The error sources addressed in this research lie
exclusively in the survey method and design employed
to generate these data. A fair assessment of pres-
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ent survey and research practice in transportation
probably is that these distortions of reality go
largely undetected. This is in part due to the re-
searcher's unawareness of any problems of bias in
the data and to a great extent to the preoccupation
with the modeling and analysis phase of the typical
research undertaking. Since data collection is such
a tedious and costly element of any empirical re-
search effort, it is somewhat understandable, yet
not justifiable, that some researchers are unwilling
to look back when a data base has been generated
that can be analyzed. Any additional effort that
questions the validity of the information seems to
detract from the real research work and progress.

VALIDITY PROBLEMS OF EMPIRICAL SURVEY RESULTS

The following sections contain a number of examples
of the impact of survey technique and survey instru-
ment on the validity of the results of studies of
travel behavior, irrespective of the quality and
structure of any models used in the analysis phase.
The items illustrated here do not represent an ex-
haustive set of influence factors, but they are in-
tended to provide an array sufficiently broad enough
to show the severity of the problem. The issue of
nonresponse, which is certainly an element of valid-
ity problems, is not dealt with in detail in this
paper because it is discussed extensively elsewhere
(2) and in our other paper in this Record.

Use of Perceived Versus Actual Values

Investigation of travel distances on the basis of
information from survey respondents is very diffi-
cult, due to the difference between actual and per-
ceived values. A Dutch study (3) shows an overall
overestimate of approximately 10 percent based on
perceived (reported) distances [Table 1 (3)]. of
course, these results also vary by mode (ranging
from 0.8 percent for transit to 15.7 percent for
moped) and with the actual distance traveled. Obvi-
ously, the use of perceived distances as input to
other investigations, such as determination of
travel speed, produces an error at the input stage.
The problem becomes even more pronounced if airline
distances are used.

In a separate investigation in West Germany that
dealt with the effects of using reported rather than
actual (measured) values [a study performed to de-
termine price elasticities for travel by transit
(4)1, similar discrepancies were detected. For re-
ported distances by the mode actually used, a close
match between the Dutch and the German results can
be observed for automobile (+10.7 percent versus
+10.2 percent); however, the difference is more sig-
nificant for public transit (+0.8 percent versus
+4.5 percent). Of course, keep in mind that in the
latter study only estimates by users of the mode
under consideration were employed [Table 2 (4)].

A comparison of reported and actual travel times
by automobile and transit shows significant overes-
timates ([Table 3 (4)]. This is particularly true
for automobile drivers in the Jjudging of travel
times by transit--61 percent overestimated transit
travel time by more than 20 percent. Even transit
riders overestimated their travel times on the aver-
age by 10.4 percent (Table 3).

The picture is much less dramatic for estimates
of travel time by automobile, where drivers overes-
timate their times by 8.4 percent and transit riders
judge automobile travel time on the average to be
4.0 percent more than the actual values (Table 3).
When evaluating this information, keep the stratifi-
cation of misestimates by percentage (provided in
the table) in mind because the averages tend to veil
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a number of interesting details. For example, the
largest percentage misestimate (28 percent) of auto-
mobile travel time lies in the 21 percent-plus stra-
tum of transit riders.

For travel cost by automobile and transit [Table
4 (4)] we observed the well-known phenomenon that
automobile travel costs tend to be underestimated by
both automobile users and nonusers. The absolute
misestimation is most pronounced for automobile
drivers (62.4 percent) and the largest underestima-
tion is in the 21 percent-plus stratum (57 per-
cent). Naturally, transit riders report their tran-
sit fare accurately because the out-of-pocket costs
for that mode are obvious and easy to recall.

Influence of Elapsed Time on Reported Trip Volume

Another serious influence on the results of mobility

Table 1. Difference between reported and actual travel distance.

Total Distance (km)
No. of Difference

Travel Mode Trips Reported Measured (%)

Car 1342 12 352 11 162 10.7
Truck or 40 860 814 5.6

delivery van

Moped 100 464 401 15.7
Bicycle 843 1583 1467 7.9
Walk 1004 626 594 5.3
Public transit 104 735 729 0.8

Table 2. Reported travel distance by mode used for all trip purposes.

Automobile
Driver Transit Rider
(n=930) (n=12327)
Estimate (%) (%)
Overestimation
By 21 percent and more 22 17
By 11-20 percent 8 13
By 1-10 percent _3 _6
Total 33 36
Correct 42 28
Underestimation
By 1-10 percent T 7
By 11-20 percent 12 18
By 21 percent and more 6 11
Total 25 36
Average misestimation +10.2 +4.5
Absolute misestimation 118.51 118.21

Table 3. Reported travel time for all trip purposes.

Perceived Travel Time
by Automobile (%)

Perceived Travel Time
by Transit (%)

Automo- Automo-
bile Transit bile Transit
Driver Rider Driver Rider
Estimate (n=400) (n=2380) (n=2891) (n=1306)
Overestimation
By 21 percent and more 61 27 28 20
By 11-20 percent 10 16 11 11
By 1-10 percent - _16 T -
Total 76 59 46 33
Correct 9 9 7 14
Underestimation
By 1-10 percent 3 14 10 9
By 11-20 percent 4 9 22 16
By 21 percent and more _8 9 15 28
Total 15 32 47 53
Average misestimation +28.9 +10.4 +8.4 +4.0
Absolute misestimation 136.51 120.6l 125.8l 131.21
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Table 4. Reported travel cost for all trip purposes.

Perceived Travel Cost
by Automobile (%)

Perceived Travel Cost
by Transit (%)

Automo- Automo-
bile Transit bile Transit
Driver Rider Driver Rider
Estimate (n=870) (n=841) (n=1331) (n=2397)
Overestimation
By 21 percent and more 21 7 21 1
By 11-20 percent 4 5 15 1
By 1-10 percent ik 2 _1 0
Total 2 14 31 2
Correct D 22 38 93
Underestimation
By 1-10 percent 5 4 2 2
By 11-20 percent 7 4 18 0
By 21 percent and more 57 56 _ 5 -3
Total 69 64 25 5
Average misestimation -3.1 -25.4 +12.4 +0.2
Absolute misestimation 162.4 139.71 122.21 12.41
Table 5. Influence of elapsed time on reported trip volume.
Travel Mode
Automo-
Elapsed Time Before Survey Total  bile Train  Air Other
Intercity Vacation Trips During 1 Year
First quarter, travel directly 100.0 100.0 100.0 100.0 100.0
before survey
Second quarter, 3-6 months 100.0 96.8 1060.0 100.0 100.0
Third quarter, 6-9 months 95.7 90.3 100.0 100.0 100.0
Fourth quarter, 9-12 months 87.0 83.9 85.7 100.0 100.0
Other Personal Intercity Trips During 3 Months
1 month 100.0 100.0 100.0 100.0 100.0
2 months 92:1 91.2 100.0 100.0 100.0
3 months 80.3 79.4 100.0 50.0 100.0

studies can be traced to memory lapses that obvi-
ously increase with the length of time for which
travel activities are to be reported by the respon-
dent. An example from the investigation of inter-
city vacation and personal trav
lustrate this point [Table 5 (5)]. For intercity
vacation trips the recollection of trips decreases
by up to 14.3 percent for train travel and 18.1 per-
cent for automobile travel undertaken more than nine
months prior to the reporting date. The average un-
derestimate of travel by all modes is 4.3 percent
after a six-month and 13.0 percent after a nine-
month time lapse. Also note that the more signifi-
cant underreporting occurs for the more common
modes, namely automobile and train, and air and
other constitute more memorable (less frequent and
costlier) events and result in accurate reports of
vacation trip making.

In general, the reporting of other personal trips
is even less reliable than that of vacation trips.
After only three months, 19.7 percent of all trips
are lost due to memory lapses, with the automobile
and air modes being the main factors. One impli-
cation seems to be that vacation trips are more mem-
orable and, therefore, more easily recollected.
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Panel Effects on Reported Mobility

Data obtained through the use of a survey panel gen-
erally are considered to be a reliable source of in-
formation input for research studies. Aside from
the fact that time-series data can be obtained by
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this method, it also represents a certain level of
efficiency in sampling. The standard virtue of this
survey technique is that a more or less consistent
set of sample elements is available.

Unfortunately, a number of disadvantages are also
associated with panel surveys, aside from the prob-
lem of setting up a willing set of respondents. As
is illustrated in Table 6 (6}, which represents the
results of travel activity and trip frequency re-
ports for a three-year panel survey performed in
Munich, West Germany, substantial decreases in re-
ported mobility can be observed over the three-year
reporting period. This apparent decrease in overall
activity and trip frequency represents a special
hidden form of nonresponse influence. The respon-
dents who are basically willing to participate in
the panel survey, more and more frequently return
their second- and third-stage questionnaire with the
remark that they did not partake in any out-of-home
activities during the survey day. Consequently, the
share of immobiles (i.e., respondents who claim not
to have performed any trips at all) increased by 6
percent from year to year, or more dgenerally from
phase to phase, and the average trip frequency of
the mobiles (i.e., those who report out-of-home ac-
tivities) remained relatively stable. Due to the
fact that survey panels tend to measure artifacts of
the methods rather than results, survey researchers
are becoming more hesitant to use panels.

Comparison of Oral Versus Written Responses

Recent methodological research into survey methods
has established that mail-back and interview surveys
will produce different results for the identical re-
ported phenomenon (7, and Brog and Meyburg in this
Record). Underreporting and poor reporting tend to
be the rule for oral responses. Table 7 illustrates
the substantially different level of accuracy for
length of time of travel generated by the two survey
techniques. The average deviation from the correct
(objective) travel time is -11 percent and +36 per-—
cent for automobile and transit, respectively, when
an oral survey is used; however, deviations of only
+3 percent and +12 percent are registered for
written surveys.

How fundamentally oral interviews influence the
result of the survey can also be seen in the parame-

Far of Weimtoow ~Ff aetivities listed." TFor this pur-
el OL Numper OrL aCtlvViTi€s 118C&G. Lo This pur

pose, diaries were kept for a week 1in two random
samples. The first group, after receiving adequate
instructions, filled out each day's activities by
themselves. In the second group, the persons were
orally questioned on the first day, and then filled
out days two through seven by themselves. The sur-
veys differed from each other only in this proce-
dural method on the first day (i.e., case 1 =
written survey, case 2 = oral and written survey).
If the number of listed activities in the first case
is set equal to 100, we get the results shown in
column 2 of the table below (7).

Index of Activities

Case 1 Case 2
Day (n = 1162) (n = 882)
One 100 85
Two 100 99
Three-seven 100 100

Although the answers on days two through seven are
comparable, oral interviewing lowers the result no-
ticeably. Responsible are the following factors:

1. Unconscious mistakes on the part of the in-
terviewees, who are forced to completely remember
something within a short period of time;
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Table 6. Panel effects on reported mobility.
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Spring 1977 Spring 1978 Spring 1979
Total City Region Total City Region Total City Region
Item (n=1938) (n=1152) (n=786) (n=1938) (n=1152) (n=1786) (n=1938) (n=1152) (n=1786)
Travel activity
Did not leave home 12 10 14 18 15 21 25 21 31
on survey day (%)
Left home on survey 88 99 86 82 85 79 75 79 69
day (%)
Trip frequency
No trips (%) 12 10 14 18 15 21 25 21 31
One trip (%) 0 0 1 1 1 1 1 2 1
Two trips (%) 42 40 47 39 38 40 34 36 30
Three trips (%) 8 10 5 7 8 5 7 8 5
Four trips (%) 20 22 18 20 21 19 18 19 16
Five trips (%) 7 8 5 6 7 5 5 5 5
Six trips (%) 8 8 8 7 7 6 6 6 ]
Seven or more trips 3 3 3 2 2 3 4 3 4
(%)
Average mobility
Average trips per 2.91 3.02 2.74 2.70 2.78 2.58 2.50 2.5% 2.38
person for all survey
days
Average trips per per- 3.29 3.36 3.18 3:27 3.28 3.26 3.35 3.27 3.47
son for survey days
that had trips
Note: Percentages may not total 100 due to rounding.
Table 7. Deviations of oral and
written responses with respect Length of Travel
I .
Ll e Oral Survey Written Survey
Public Public
Automobile Transportation Automobile Transportation
Estimate (n = 800) (n=520) (n=1100) (n=538)
Correct, within the permissible limit® (%) 72 79 93 88
Wrong, not within the permissible limit? (%) 28 21 7 12
Average deviation® 89 136 103 112

Apermissible limit is +25 percent.

2. Conscious mistakes on the part of the in-
terviewees, who are unwilling to give a stranger
certain information; or

3. Influence of the interviewer, who attempts to
complete the interview as quickly as possible.

The diary filled out in the presence of an inter-
viewer measures 15 percent fewer trips than the one
completed with more 1leisure by the interviewee
alone. We may conclude that interview surveys will
produce substantially reduced mobility levels due to
survey characteristics alone. To that element other
factors have to be added, such as nonresponse influ-
ances (see our other paper in this Record).

Influence of Survey Instrument Layout
on Reported Mobility

The KONTIV travel survey (1) conducted in the Fed-
eral Republic of Germany is generally considered an
excellent example of the application of state-of-
the-art survey design, implementation, and instru-
ment layout. Therefore, a number of comparisons
have been performed to test other results against
those generated by KONTIV. The comparison of the
KONTIV results with another survey of the travel be-
havior of senior citizens in Germany showed some in-
teresting differences with respect to the mobility
characteristics of that segment of the population.
These differences could be traced to the somewhat
inferior design of the survey instrument of the
second survey.

bCorrect (objective) time = 100.

That survey instrument has the following charac-
teristics: The beginning of the survey form con-
tains a filled-in example that leaves the respondent
unsure as to whether return trips are to be re-
ported. Also, the trip sequence in the example does
not fit chronologically. Another problem is that
the form has to be flipped over after the third
trip. As a result of these problems, the survey
shows many more survey days with an uneven number of
trips, as can be seen in the table below (1,8).

No. of Trips

KONTIV Survey Days EMNID Survey Days

Reported (%) (n = 13 710) (3) (n = 6411)
One 2 17

Two 52 47

Three 8 16

Four 23 14

Five 5 3

Six 6 2

Seven and

more 4 1

In the EMNID survey the number of days when four or
more trips were taken is 18 percent smaller than in
the KONTIV results (largely due to turning the
page). The total mobility is reported to be 23 per-
cent lower (2.52 versus 3.10 trips/person on the
survey day) and this may be due largely to poor de-
sign of the survey instrument.

Substantial research on the effects of different
survey instrument layouts and survey administration
has been performed at the Socialdata Institute for
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Empirical Social Science Research in Munich. A vo-
luminous paper would be required to detail all re-
search findings on these topics. The pitfalls a
survey designer might encounter range from the ob-
vious and trivial to the very subtle. The simple
example of column versus row arrangement of the sur-
vey instrument illustrates how lack of methodologi-
cal insight can lead to incorrect results. The
KONTIV survey (1) and a comparative experimental
study by Socialdata showed that a mobility differ-
ence per household of 9 percent was observed when a
column arrangement was used in conjunction with
simple check-off response possibilities. Also, the
response rate proved to be 12 percent larger with
the column layout.

CONCLUSIONS

We have presented selected results of past and ongo-
ing research in the area of empirical survey meth-
ods. It is hoped that this paper can make a contri-
bution to an increased 1level of awareness and
knowledge of the dangers of uncritical use of data
in travel behavior research.

This paper indicates that methodological experi-
ments are necessary to improve the generated base
information. Use of perceived versus actual values,
influence of elapsed time, panel effects, nonre-
sponse, oral versus written responses, and survey
instrument layout have been shown to severely affect
the wvalidity of the survey data. These error
sources can severely undermine the relevance and
validity of any models and modeling results based on
invalid data. One should keep in mind, though, that
these factors constitute only a subset of factors
that can influence survey and, therefore, modeling
results.

It is quite common in our research community to
use data collected for other than our own purposes
or collected by some other organization that pro-
vides insufficient or no knowledge as to the survey
method, design, administration, or questionnaire
layout characteristics that were employed in the
generation of the data set. In short, frequently
the analyst or modeler is completely removed from
the data source.

Clearly, given the various influencing factors on
the validity of survey data, this fact produces some
doubts as to the validity of many modeling results.
In the course of preparing this paper, we en-
countered substantial evidence of a certain amount
of obliviousness by some researchers as to how the
data they used were generated. This problem becomes
particularly serious when data of unknown or ques-
tionable validity are used in modeling efforts that
result in claims of providing new insights into
travel behavior. In our opinion, there is substan-
tial reason to question the wvalidity of these
claims. It is quite evident that research results
can be subject to manipulation by means of choice
and execution of a survey procedure. For example,
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the results of ignoring the influence of nonresponse
were illustrated by us for a number of cases (2, and
in our other paper in this Record). We might also
point out that sometimes one encounters a certain
level of puzzlement and bemusement when one tries to
get the researcher to detail the methods used to ob-
tain the data that form the fundamental source of
claims to new research insights. It is more than
careless to conduct surveys without proper documen-
tation of all details of the data collection method
used or to use data without knowledge about the
source and the survey method.
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Transit Trip Distribution Model for Multimodal

Subarea Focusing
STEPHEN M. HOWE, YEHUDA GUR, AND DAVID L. KURTH

This paper describes the development of a model for distribution of transit per-
son trips, separately from automobile trips, as an integral component of a multi-
modal subarea focusing methodology. The extension of subarea focusing to
multimodal transportation pl d. The comp of the mul-
timodal transportation analysis process, particularly the interaction between
disaggregate mode choice estimation and mode-specific trip distribution, are
then described. Transit trip distribution model theory and design are then pre-
sented, featuring the simultaneous distribution of distinct transit trip classes.
An analysis of observed travel patterns supports hypothesized differences be-
tween segments of the travel market. Calibration results show a high degree of
accuracy in estimated trip patterns and subsequent transit assignment and,
therefore, point to greater precision in assessing the effects of transit-oriented
actions.
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In the past five years the North Central Texas Coun-
cil of Governments (NCTCOG) has invested heavily in
the development of a refined travel forecasting
methodology, designed specifically for detailed sub-
regional planning. The methodology is designed to
answer many of the planning needs that arise from
increased emphasis on (a) transportation system man-
agement strategies for more efficient short-term use
of existing facilities, (b) transportation control
measures for improvement of air quality, and (c)
analysis of alternative major transit investments at
the subregional or corridor level. To integrate the
various evaluation and decision-making processes in-
to one consistent, efficient work effort, NCTCOG
relies heavily on macrosimulation models analogous
to the Urban Transportation Planning System (UTPS).

The NCTCOG methodology was first implemented in
the form of the thoroughfare analysis process (TAP),
which was designed for highway planning at the sub-
regional 1level (1-4). The extension of subarea
focusing to multimodal analysis was undertaken in
response to Urban Mass Transportation Administration
(UMTA) guidelines of 1976, which require rigorous
analysis of alternatives in support of proposed ma-
jor tramsit investments. A fully operational fea-
ture of the new Multimodal Transportation Analysis
Process (MTAP) is the focusing of transit networks.
The design of MTAP and the calibration and valida-
tion of the models for the evaluation of proposed
transitway technologies and alignment along Dallas'
North Central Expressway are documented in a forth-
coming report (5).

MTAP

The transit trip-distribution model <described in
this paper could be presented as a stand-alone de-
velopment effort. In reality, however, this work
was an integral part of the overall MTAP development
effort. This section provides a brief overview,
with particular attention to the challenges posed by
subarea focusing and the rationale behind the model
structure ultimately adopted.

MTAP features that pertain specifically to tran-
sit analysis include the following:

1. Incorporation of the UTPS program INET to use
TAP's detailed highway networks in construction of
compatible transit networks;

2. Computerized construction of transit approach
links;

3. Specification of transit access and egress

impedances in the form of frequency distributions,
rather than =2onal averages, to permit explicit
treatment of intrazonal variation:

4., Preparation of stripped transit skim trees,
to reflect line-haul impedances only (i.e., those
impedance components that have little or no intra-
zonal variation) ;

5. Specification of trip maker characteristics
in the form of frequency distributions, again to
permit sampling of intrazonal variation;

6. Disaggregate mode choice estimation, driven
by Monte Carlo sampling and weighting of individual
trips; and

7. Distribution of transit person trips, sepa-
rately from automobile vehicle trips, and explicit
treatment of distinct transit trip classes.

Design

The overall MTAP design is schematically presented
in Figure 1. The zonal and network master files are
structured hierarchically. The zonal hierarchy
ranges from 40 jurisdictions at the coarsest level
to 5000 traffic analysis zones at the finest level.
The hierarchical structuring of the highway network
data is analogous to that for zones--level 1 1links
provide connectivity for jurisdictions, the addition
of the level 2 network provides connectivity for the
second coarsest zone level, and so on. The struc-
turing of the transit line data base is somewhat
simpler and serves mainly to identify those lines
likely to be accessed by automobile.

Subarea focusing is then performed to extract
subfiles tailored specifically to the analysis.
Full detail 1is preserved within the area of
interest, and progressively less detail is given
away from the area of interest. Approach links are
automatically constructed after zonal and network
subfiles have been extracted from the master file.

The network analysis phase follows, in which the
following functions are performed:

1. Highway and transit network tree building and
skimming,

2. Preparation of stripped
skim trees, and

3. Calculation of =zonal frequency distributions
for transit access-egress impedances.

(line-haul) transit

Certain criteria are used in the creation of the
stripped skim trees to remove network impedances
that are expected to have large intrazonal variation
(e.g., access-egress by walk or by short feeder-bus
legs). The intrazonal variability is explicitly
dealt with later, by Monte Carlo sampling from the
access-egress frequency distributions.

In the demand analysis phase, MTAP departs from
the conventional modeling sequence in that mode
split precedes trip distribution and is performed at
the zonal (trip end) rather than the zone-pair
(trip-interchange) level. The mode split thus pro-
vides trip ends stratified by mode. Automobile
vehicle trips and transit person trips are subse-
quently distributed separately, each based on their
ragpective networks. Finally, vehicle and transit
‘rip tables are assigned to their respective net-
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Figure 1. MTAP design.
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works and evaluation of the results takes place.

Principles

MTAP aids in the analysis of problems when estimates
of highway 1link volumes and transit line boardings
are needed for evaluation. Mode-specific assign-
ments and, hence, mode-specific trip tables are
necessary to address such problems. Further, MTAP
is designed for detailed but cost-effective analyses
at the subregional or corridor level. Thus, the
challenge has been to find a model structure for
producing mode-specific trip tables that is robust
enough to withstand drastic variation in zone struc-
ture without necessitating extensive calibration or
adjustment for each subarea. Finally, a time ele-
ment was introduced by the need to meet the schedule
for upcoming alternatives analyses. Thus proven
methodologies were used as much as possible.

The conventional modeling sequence (i.e., multi-
modal person trip distribution followed by inter-
change-level mode splig) was considered with
skepticism. Aggregate models for multimodal trip
distribution abound but are more complex than mode-
specific distribution (e.g., accounting for transit
captivity effects, or measuring multimodal imped-
ances) and, in 1light of our experience with
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automobile vehicle trip distribution under focusing
(4), did not appear promising for short-term imple-
mentation. Disaggregate models for destination
choice would, in theory, be more promising under
variable zone structures, but experience with such
models in producing trip tables suitable for ac-
curate assignment remains somewhat limited.

On the other hand, disaggregate sampling for mode
split seemed suitable for use either at the trip-end
or trip-interchange level. Disaggregate mode-choice
models, applied in a disaggregate sampling and
weighting framework, permit accurate treatment of
intrazonal variability in socioeconomic characteris-
tics and access-egress impedances and immediately
resolve problems incurred in the application of dis-
aggregate models at aggregate levels (6). Per-
formance of mode split at the trip-end level permits
the sampling of intrazonal variability more cost ef-
fectively than would be possible at the trip-inter-
change level and also places less demand for
accuracy on the mode split and the preceding calcu-
lation of person trip weights.

With these considerations in mind, we opted for
trip-end mode split followed by separate trip dis-
tributions for automobile vehicles and transit per-
sons. Separate distribution of transit person trips
allows the unique characteristics of transit to be
addressed free from the overwhelming effects of
automobile travel. We also capitalized on proven
methodologies for mode split and automobile vehicle
distribution, and the distribution of transit person
trips remained a relatively low-risk research and
development project. A relatively simple model for
multimodal person trip distribution was devised for
constructing matrices of person trip weights.

Mode Split

The inputs required by the mode split program in-
clude the highway and transit network skim trees
and, for each 2zone, frequency distributions for
transit access-egress impedances and trip-maker
(socioeconomic) characteristics. To describe tran-
sit access-egress for each zone, the primary fre-
quency distribution required is that for travel dis-
tance. Other terminal impedance variables (e.g.,
travel time and travel cost) are calculated as func-
tions of distance. Ultimately, as many as four com-
peting transit access-egress submodes are repre-
sented for each =zone, depending on mode avail-
ability: walk, feeder-bus, park-and-ride, and
kiss—and-ride. For representation of trip-maker
characteristics, a multivariate frequency distribu-
tion for income, household size, and automobile
ownership is derived for each zone from input zonal
averages by a process similar to marginal weighting
2) . The theory and process by which the access-
egress impedances and the trip-maker characteristics
are represented are somewhat involved and a complete
description lies beyond the scope of this paper.
The procedures are well-defined and quite efficient,
however, and have been successfully applied in mode
split models for the Chicago Area Transportation
Study (8) and the Northeast Ohio Areawide Coordinat-
ing Agency.

An additional input required by the mode split
program is a matrix of person trip weights. The
weighting matrix is derived by a preliminary distri-
bution of person trips, based on a relatively crude
multimodal impedance formulation that is sensitive
to both highway and transit level of service. For a
given origin zone, individual trips are sampled and
weighted in proportion to the weighting matrix vec-
tor that corresponds to this zone. Since this
matrix is used solely as a destination weighting
matrix, the demand for accuracy is far less than is
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required in a trip interchange mode split model.
The weighting matrix can only affect the final,
mode-specific tables through the trip-end mode
splits. The latter are not affected significantly
by inaccuracies in the matrix of person trip weights
as long as the multimodal trip table is relatively
correct [for example, in the distribution of origins
for trips to the central business district (CBD) and
in the proportion of central city versus suburban
destinations for trips that originate in various
parts of the region].

For a given origin zone, the mode split program
ultimately derives aggregate mode splits as fol-
lows. First, potential destinations from this =zone
are sampled in proportion to the corresponding
weighting matrix vector. A sample of 50-200 in-
dividual trips results, along with the weighting
factors necessary to expand the sampled trips to the
total trips for the zone. For each individual trip,
highway impedances and transit line-haul impedances
are immediately available from the skim trees.
Transit access and egress travel distances are
sampled from the frequency distributions for the
origin and destination zone. Other impedance values
for the available transit access-egress modes are
then calculated as functions of access-egress dis-
tance. Trip-maker (socioeconomic) characteristics
are also determined by sampling from zonal frequency
distributions. When all necessary values are thus
determined, disaggregate choice probabilities are
calculated for each individual ¢trip by using a
nested multinomial logit model. Finally, the sample
results are weighted and summed to obtain the aggre-
gate (zonal) mode splits.

For each zone, the following mode splits are ob-
tained for trip productions: (a) automobile versus
transit and (b) transit access mode (walk versus
feeder bus versus park-and-ride versus kiss-and-
ride). For input to transit trip distribution, the
transit trip productions are also broken down by
class:

1. Trips to the CBD,

2. Corridor trips (non-CBD trips that do not in-
clude transfers), and

3. Other trips (non-CBD trips that include one
or more transfers).

The classification is obtained by a straightforward
tabulation during the sampling and weighting of in-
dividual trips: Each trip is classified based on
type of destination (CBD versus non-CBD) and number
of transfers. The mode splits calculated for trip
attractions for each zone are somewhat simpler: (a)
automobile versus transit and (b) transit egress
mode (walk versus feeder bus). The trip attraction
mode splits are obtained by accumulation of destina-
tion-end effects during origin-zone processing. The
user also has the option of processing each zone as
a destination, analogous to the processing of ori-
gins; but, simple accumulation is obviously cheaper
and has proven effective.

TRANSIT TRIP DISTRIBUTION

Theory

The classification of transit trips was deemed to be
an important prerequisite for enhanced simulation of
transit travel patterns because of the dual nature
of transit travel. Transit patrons include transit
captives and noncaptives (those who are free to
choose between automobile and transit). If we as-
sume that noncaptives choose the best mode avail-
able, then transit trips by noncaptives are likely
to be concentrated where transit service is competi-
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tive with automobiles. Transit captives, on the
other hand, are limited in the selection of their
destinations to areas that are served by transit.
Transit trips by captives are largely dictated by
activity pattern rather than by choice of mode,
hence are likely to be less concentrated than trips
by noncaptives.

The classification of trip productions performed
in mode split accounts for captivity effects without
the difficult task of definition, measurement, and
prediction of captivity. The three transit trip
classes are defined below, in order of decreasing
transit travel intensity, transit level of service,
and, most likely, percentage of transit patrons who
are noncaptive.

The CBD trip class includes all trips for which
the attraction end lies in the CBD. Since the CBD
trip class generally receives the most-intensive
transit service, this class would be expected to
have the highest proportion of noncaptives.

Bmong transit trips that are not attracted to the
CBD, those made without transfer generally enjoy
better service than those that incur transfers.
Thus, the corridor trip class is defined to include
non-CBD trips that do not include transfer, although
not all such trips 1lie within clearly delineated
radial corridors. Only line-~haul transfers are used
to identify corridor trips. For example, a non-CBD
trip that uses short feeder access to priority ser-
vice would be considered corridor unless a subse-
quent transfer to a different line-haul mode was
made. For this class, the proportion of noncaptives
is perhaps less than that for CBD trips but is ex-
pected to be greater than for trip interchanges with
transfers.

The other trip class includes all non-CBD trips
that incur one or more {line-haul) transfers. The
proportion of noncaptives is expected to be the
smallest for this class.

In the modeling process, the class distinction
permits control over the range of attractions from
which a given transit patron may select a destina-
tion. CBD patrons are forced to find an attraction
in the CBD, corridor patrons must choose from a
relatively tight range of non-CBD attractions, and
all remaining attractions are available to other
patrons. If a zone has high automobile ownership,
hence fewer transit captives, then in mode split,
transit will capture a significant share only when
transit is competitive with the automobile. The CBD
and corridor classes will tend to dominate among the
transit trips produced by such a 2zone. Later, when
transit trips from this =zone are distributed, a
large percentage will be restricted to CBD or cor-
ridor interchanges where transit service is competi-
tive. Conversely, for a zone that has low automo-
bile ownership (more captives), the portion of other
trips will be larger and a generally broader range
of attractions will be available.

Design

In MTAP, transit person trips are distributed by the
program TTDGRAV, a gravity-model formulation adapted
from the access and land development model original-
ly developed by Schneider (9). The basic gravity
formulation may be expressed as

Tij = Py [G(Fij) A/ ZG(F;r)A, ] 6
T
where
Tij = number of trips produced by zone i and

attracted to zone j;
total number of trips produced by zone i;

1

Pj
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G(F) = travel (decay) function, which represents
the decline in attractiveness as a func-
tion of increasing travel impedance;

Fij = impedance of travel from zone i to zone
b
Aj = attractiveness (number of trip attrac-

tions) for zone j; and
r = one through total number of zones.

In the TTDGRAV model, the basic formulation is ex-
tended to handle simultaneous distribution of dis-
tinct trip classes,

Ti; =PI [G(Fj)Ajl 2 G(Fir)A; ?)
l'ECij
where
ciy = class of the ijth interchange,
Picij = number of trip productions of class c from
zone i, and
Aj = number of trips attracted by zone j (all

classes) .

As 1in typical gravity applications, the model is
applied iteratively to balance trips received to
trip attractions (i.e., ITjy = By for each zone j).

i

The specific inputs required by TTDGRAV are the
following:

1. Transit trip productions and attractions,
with productions stratified by trip class;

2. Stripped transit skim trees; and

3. Standard (UTPS) transit skim trees.

The trip ends, stratified as indicated, are pro-
vided by the mode split program. The stripped skim
trees provide the number of line-haul transfers used
in the classification of trip interchanges and a
priority mode indicator that is used to identify
nontransit interchanges. The UTPS skim trees pro-
vide total weighted impedance, which is the basic
zonal separation measure used in transit distribu-
tion. The total impedance measure is a weighted sum
of access times, run times, wait times, and transfer
times.

TTDGRAV CALIBRATION AND SENSITIVITY ANALYSIS

The calibration of TTDGRAV was carried out within
the context of a major transit investment alterna-
tives analysis for the North Central Expressway cor-
ridor in Dallas, Texas. The subarea focusing meth-
odology was used for a highly detailed presentation
of this corridor within the NCTCOG study region.

Extensive on-board survey data (10,11) provided
an exceptionally rich data base for observed travel
patterns on the Dallas Transit System (DTS). Ap-
proximately 30 000 boardings were surveyed and
weighted to represent approximately 87 000 total
trips and 110 000 total boardings, including trans-
fers. From these data, observed transit trip ends
and trip tables [home-based work (HBW), home-based
nonwork (HNW), and nonhome based (NHB)] were con-
structed for calibration of distribution of transit
trips. For the sake of brevity, only results for
HBW will be discussed in detail.

To assess goodness of fit, the 504 zones were ag-
gregated to 61 districts and 10 superdistricts. The
districts and superdistricts conformed to 1logical
boundaries in the region (e.g., major thoroughfares
and the CBD). In addition, districts and super-
districts were also focused on the corridor to re-
duce the possibilities of improving fit simply
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Figure 2. Alternative decay functions.

A

Curve 1: no sensitivity
(eguivalent to prorating)

Curve 2: moderately sensitive

Curve 3: highly sensitive

>
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through aggregation. The calibration procedures and
criteria were structured as follows:

1. Comparison of observed versus estimated trip
tables: R? calculated for district-level inter-
changes, average trip length by trip class within
superdistrict, percentage of trips received by trip
class for each superdistrict, and possible trends or
biases in average trip lengths for individual zones;
and

2. Comparison of ULOAD assignments of observed
versus estimated trip tables: percentage root mean
squared error (RMSE) of boardings by line and maxi-
mum loading points and load volumes on individual
lines.

The parameters to be calibrated included those
that define the shape of the decay function [G(F) in
Equation 1]1. The decay function is a concave, mono-
tonically decreasing function that reflects traveler
sensitivity to impedance in selecting among poten-
v:.al destinations. Examples are shown in Figure 2.
The steeper the curve, the greater the (simulated)
sensitivity.

Other parameters to be considered and calibrated,
if necessary, were two types of fixed penalty (i.e.,
surcharges) added to the basic zonal separation mea-
sure in certain instances. The two penalty types
are (a) a transfer penalty, possibly stratified by
trip class, and (b) production-end and attraction-
end penalties for certain groupings of =zones. The
penalties permit adjustment to account for phenomena
not otherwise represented in the basic impedance
measure.

Decay Function Options

The spatial allocation of trip attractions around
the production end of a single trip production is
referred to here as the opportunity surface. The
opportunity surface governs the probabilities for
selecting among competing trip attractions and con-
sequently affects average trip length and other
characteristics of trip distribution from the given
production zone. If travel impedance did not have a
deterrent effect, then all attractions in the op-
portunity surface would have the same probability of
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Table 1. Opportunity surface analysis for HBW trips.
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CBD Other Corridor
Avg Avg Avg
Avg Trip Opportunity Avg Trip Opportunity Avg Trip Opportunity
Zone Length Length Ratio Length Length Ratio Length Length Ratio
18 57.1 57.8 0.99 120.6 115.5 1.04 74.8 85.3 0.88
77 53.5 54.8 0.98 100.8 109.5 0.92 74.4 93.8 0.79
90 76.1 75.9 1.00 120.0 133.0 0.90 71.4 80.0 0.89
132 122.8 122.9 1.00 163.1 177.4 0.92 117.5 112.1 1.05
223 79.6 78.2 1.02 127.3 129.6 0.98 80.9 73.0 1.11
228 61.6 61.3 1.00 124.0 133.7 0.93 92.1 101.7 0.91
246 57.8 57.2 1.01 142.0 126.2 1.13 82.0 101.7 0.81
294 58.8 56.0 1.05 107.4 111.4 0.96 68.1 87.0 0.78
335 20.6 84.7 73.9 1.15 78.7 69.9 1.13
374 75.8 79.9 0.95 120.6 134.7 0.90 77.6 98.7 0.79
421 97.6 98.5 0.99 166.9 168.7 0.99 139.8 142.7 0.98
433 74.7 75.5 0.99 121.3 131.2 0.92 78.8 76.3 1.03
473 87.4 87.5 1.00 142.8 141.0 1.01 84.1 85.0 0.99
Note: Length is total weighted transit impedance in minutes.
serving as destinations (i.e., the average trip interchanges. In the superdistrict summary of trips

length would be equal to the average distance of op-
portunities from the production end). The amount by
which the average opportunity distance exceeds aver-
age trip length indicates the extent of traveler
sensitivity to impedance.

Table 1 lists the average HBW trip impedance, the
average HBW opportunity impedance, and the ratio of
trip impedance to opportunity impedance for a small
sample of =zones. The zones were selected Jjudg-
mentally to represent different parts of the study
region and also to ensure at least five trips in
each trip class. The impedance ratio is relatively
high in all trip classes and ranges from 0.79 to
greater than 1.0. This phenomenon marks a clear
distinction of transit travel from highway or person
travel. The sensitivity to impedance is much less
than observed elsewhere (2) for automobile vehicle
trips.

For the CBD trip class, the ratios in Table 1 are
all close to 1.0, which indicates virtually no sen~
sitivity to impedance. Simple prorating is thus
considered for distribution of CBD trips, separate
from the decay function for corridor and other trip
classes. In the other trip class, the ratios range
from 0.89 to 1.0, which indicates a small degree of
sensitivity and suggests use of a very shallow
travel €function. The corridor trips display more
sensitivity to impedance; this does not necessarily
imply that distinct decay-function parameters are
required, however. Corridor trips are generally
shorter than other trips, and the slope of a typical
decay function (Figure 2) decreases with increasing
impedance, which means that the portion of the
travel function applicable to corridor trips will
generally be steeper than that for other trips.

Sensitivity Analysis

The sensitivity issues to be explored include the
following:

1. Sensitivity to parameters that govern the
steepness of the decay function,

2. Selection of travel functions for different
trip classes, and

3. Sensitivity to fixed penalties.

For the initial attempt to simulate HBW transit
trip patterns, it was decided to use a relatively
shallow decay curve for all three trip classes. No
fixed penalties were applied in this base run. The
goodness of fit attained by this initial run is
evidenced by an R? of 0.98 on all nonzero district

and trip lengths, by class, nearly all items were
accurate to 5 percent or better. The following dis-
crepancies, however, were noted:

1. Trips from the CBD were too short;

2. Average length for corridor trips was under-
stated by 3 percent, and

3. Averade trip 1length was consistently short
for zones served by the main crosstown route.

Interestingly, problems seem to occur where the dis-
tinction between corridor and other trips is unclear
(trips from the CBD, trips served by the crosstown).

To assess sensitivity to the shape of the decay
curve, two additional test runs were made in which
decay-curve steepness was first increased and then
decreased. The goodness of fit was excellent in all
cases and there was surprisingly little difference
in the test results despite order-of-magnitude vari-
ation in decay function parameters. These results
suggest that much of the robustness of the model is
attributable to the trip classification scheme.

Next, simple prorating (constant decay function)
was considered for the CBD trip class. The base run
parameters slightly underestimated average impedance
for the CBD class, and prorating overestimated the
average impedance. Some sensitivity to impedance,
rowever slight, appears to be required in the travel
function. To correct for underestimation of average
impedance by the base run parameters, a transfer
penalty is imposed on the CBD class.

Remaining discrepancies noted in the base run
were addressed by introduction of additional fixed
penalties. A transfer penalty was imposed on the
corridor trip class, which reduced the error in the
(underestimated) average impedance by 46 percent. A
production-end penalty was assessed for trips pro-
duced by the CBD, which reduced the underestimation
of average impedance by 64 percent. To increase trip
lengths on the crosstown service, error was reduced
by 76 percent via imposition of a production-end
penalty on zones thus served.

Final Calibration Results

The final comparison of observed versus estimated
trip tables is shown in Table 2. The overall R?2
exceeded 0.98 for nonzero interchanges.. The super-
district comparisons show better than 10 percent ac-
curacy for nearly all entries. Average trip length
for total trips by class is estimated within 2 per-
cent accuracy in all cases. The final results gen-
erally show a high degree of accuracy in replicating
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Table 2, Observed versus estimated trip lengths.
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CBD Other Corridor Total

Trips Avg Length Trips Avg Length Trips Avg Length Trips Avg Length
Super- Re- Re- Re- Re- Re- Re- Re- Re-
district Sent ceived Sent ceived Sent ceived Sent ceived Sent ceived Sent ceived Sent ceived Sent ceived

Observed HBW Trips

1 25 34662 31.6 73.3 52 0 93.8
2 2455 0 55.2 0.0 603 1357 112.1
3 1834 0 74.2 0.0 317 1827 125.4
4 1142 0 74.7 0.0 52 430 140.8
5 3 366 0 84.7 0.0 1443 4275 138.5
6 4229 0 71.4 0.0 3166 1187 120.2
7 6515 0 66.9 0.0 1 664 2320 116.5
8 3 889 0 84.4 0.0 213 334 144.7
9 5993 0 78.8 0.0 1580 868 1243
10 5214 0 69.3 0.0 4240 732 122.8

Total 34 662 34 662 73.3 73.8 13 330 13 330 123.2

0.0 857 0 783 00 934 34662 78.0 73.3
1120 235 506 769 868 3293 1863 67.1 105.1
129.9 185 240 845 799 2336 2067 820 124.1
147.5 48 64 1000 110.1 1242 474 785 1427
1247 750 1174 1051 1058 5559 5449 101.4 1206
1140 442 784 782 755 7837 1971 915 987
1162 509 741 847 864 8688 3061 77.4 109.0
165.0 246 71 1199 968 4348 405 893 153.1
120.6 547 484 984 839 8120 1352 818 1074
1247 834 589  80.1 80.1 10288 1321 922 10438
1232 4653 4653  88.6 88,6 52645 52645 87.3 873

Estimated HBW Trips

1 25 34662  30.6* 73.3 52 0 89.0°
2 2455 0 56.2 0.0 603 1412 1106
3 1834 0 744 0.0 317 1798 1284
4 1142 0 744 0.0 52 438 135.0
5 3366 0 846 0.0 1 443 4053 139.0
6 4229 0 710 0.0 3166 1221 1189
7 6515 0 66.9 0.0 1664 2300 117.4
8 3 889 0  84.8 0.0 213 370°  151.7
9 5993 0 786 0.0 1581 920 1273
10 5214 0 689 0.0 4240 819" 1221
Total 34662 34662 733 73.3 13331 13331 1232

0.0 867 0 75.6 0.0 944 34662 753 73.3
111.1 235 464 80.4 83.2 3293 1876 67.9 1042
131.0 185 283 84.2 83.0 2336 2081 825 1244
150.0 48 54 108.1% 105.0 1242 492 782 1455
124.6 750 1321 101.8 102.2 5559 5374 101.1 119.1
115.2 442 766 79.9 T35 7837 1987 90.8 99.9
116.8 509 790" 887" 84,5 8688 3090 779 1085
164.5 246 74 1212 112.0% 4348 444 90.1 1558
121.4 547 411* 102.5 90.5° 8121 1331 89.7° 111.9
1192 834 500*  76.8 78.3 10288 1319 914 103.7
123.2 4663 4663 88.3 88.3 52656 52656 873 87.3

Note: Length is total weighted transit impedance in minutes,

3Error more than 10 percent. bEl‘ror more than 5 percent but less than 10 percent.

Table 3. Assignment of observed and estimated trip tables,

HBW
No. of Percentage Percentage
Sector Routes Observed Estimated Difference RMSE
Southwest® T 22072 22088 0.7 0.7
Southeast” 7 9978 10014 0.4 1.7
Northeast® 4 9 485 9 517 0.3 13
North Central-East® ¢ 6 6123 6171 0.8 1.8
North Central-West”' ¢ 7 6619 61719 1.5 2.7
Northwest? 6 11972 11929 -0.4 1.6
Crosstown® 2 956 913 -4.5 9.6
Total 39 67 205 67 351 0.2 1.4

;Unit of comparison = cluster of Dallas Transit Syste
Within North Central Expressway corridor.

B
E

DTS) routes,

Unit of comparison = individual DTS routes.

observed travel patterns.

In an additional calibration test, observed and
estimated trip tables were assigned to the transit
network by the UTPS transit assignment program
ULOAD. Results were compared to examine the propa-
gation of transit trip table errors through assign-
ment. Summary results are shown in Table 3. Esti-
mated boardings were compared with observed
boardings (actually, boardings that resulted from
assignment of the observed trip table) for each
route. The comparison shown in Table 3 generally
indicates that the effect of errors in trip table
assignment is minimal. The overall RMSE is remark-
ably low--1.4 percent.

In more detailed examination of the assignment
results (not shown), the maximal load point and the
maximal load were compared for each route. In
nearly all cases, the maximal load point was the
same in both the estimated and observed assignments,
and the maximal load was estimated within 5 percent
accuracy. Thus, even at a highly disaggregate
level, evaluation of the accuracy of TTDGRAV, in

terms of the effect on assignment results, seems
guite favorable.

CONCLUSIONS

In response to a growing need for detailed planning
of multimodal transportation facilities at the sub-
regional level, NCTCOG has undertaken the develop-
ment of a multimodal subarea focusing methodology,
MTAP. For greater stability under focusing and
validity in simulating travel patterns for distinct
segments of the travel market, MTAP employs disag-
gregate mode choice estimation in conjunction with
mode-specific trip distributions.

The separate distribution of transit person
trips, with explicit treatment of distinct transit
trip classes, affords several advantages. First,
travel patterns of transit users are clearly dis-
tinct from those of automobile users: The spatial
allocation of opportunities is dictated by the
presence of transit service; further, observed sen-
sitivity of transit travelers to impedance is
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markedly less than for automobile users. Second,
additional distinctions may be drawn between captive
and noncaptive users of transit, since the latter
group is more 1likely to use transit in CBD and
intracorridor interchanges where transit is more
competitive with the automobile. The MTAP classifi-
cation scheme permits the capturing of differences
in travel patterns.

Specific conclusions from the calibration of the
transit trip distribution model include the follow-
ing:

1. The model replicates observed travel patterns
with a high degree of accuracy;

2. Model performance is relatively insensitive
to decay-function parameters, which suggests that
much of the apparent robustness is attributable to
the classification scheme;

3. Despite observed differences between trip
classes, use of a common travel function together
with the fixed penalties for selected categories ap-
pears feasible;

4. More precise evaluation of transit-oriented
policies is possible with such a model.

The success in formulating a reliable transit
trip distribution model validates a major MTAP de-
sign decision for attaining robustness under subarea
focusing: It is worthwhile to forgo the estimation
of interchange specific mode splits and to concen-
trate on improved estimation of transit trip ends.
With the improved estimation of trip ends, the tran-
sit trip distribution model can provide excellent
trip tables for analysis purposes.

The results in this paper indicate that a work-
able travel demand model structure can be obtained
by integrating the strengths of disaggregate (pri-
marily mode split) and aggregate (e.g., trip dis-
tribution) models. For modeling within a subarea
focusing framework, in particular, this approach
shows much promise for obtaining credible results
for practical applications.
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