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ABSTRACT

Previous transportation demand studies reveal that, in addition
to freight rates, service and commodity characteristics have a signifi-
cant influence in modal choice and quantity shipped. Most demand
models, however, incorporate these characteristics following behavioral
and/or quasi-utility arguments rather than a structural form derived
from economic theory. One exception is the inventory-theoretic type
model which describes transportation demand in a structural manner
according to basic tenets of micro-economic and inventory theories.

In this dissertation basic theorems of catastrophe theory were
used to re-interpret the transportation problem and develop a generic
model which is simpler, but qualitatively equivalent, to the inventory-
theoretic model. The resulting model considers simultaneously modal
choice and demand, and may be specified for one choice variable
(annual demand, order quantity, probability of modal choice, etc.)
as determinec by any two causal factors in the objective function.

Two versions of this model were prepared: 1) a derived demand
model relating quantity shipped by individual modes to cost and
revenue parameters; and 2) a choice model, relating the probability
of specific choice to direct cost of transportation and mean transit
time. This second model was compared with the logit model showing
that:

1) The logit model would be likely to misclassify some of the

observations; and,



2) Misclassification of a significant number of observations is
likely to produce inconsistencies in estimated coefficients, even when
the model exhibits a strong (apparent) overall explanatory power.
Eventual inconsistencies should be more evident in connection with
non-linear variables which affect inventory policy of the shipper,
notably transit time.

A subsequent analysis about the effects of product characteristics
on demand revealed that perishable products should provide better
logit estimations than more durable products, and that a high product
value reinforces this effect. A review of published results from pre-
vious empirical studies largely confirmed this implication. All estima-
tions invoiving durable goods provided inconsistent coefficients
(insignificant and/or wrong sign) for the variable transit time. The
only perishable product under consideration produced highly consis-
tent coefficients, and one study presented inconclusive results due
to non-specification of this variable.

Major general conclusions of this study include:

1) The transportation problem may be described through
catastrophe theory, and this approach appears to promise a good
potential for future modeling efforts in the area. Its main advan-
tages include an ability to describe simultaneously modal choice and
demand, and its ability to represent simplified versions of more
complex structural models.

2) Inventory considerations do play an important role in trans-
portation decisions and must be considered in empirical investigations.

vi



In particular, linear logit estimations involving non-~perishable productis
are likely to produce unreliable coefficients, which must be used with
utmost caution in policy recommendations.

Suggestions for improving future demand estimations included
pre-classification and/or pre-treatment of observations prior to their
processing through the logit model, modification of this model's formu-
lation, and direct estimation of demand by using the catastrophe

theory/inventory-theoretic approach.
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CHAPTER 1

INTRODUCTION

In a world of widely separated markets and ever-increasing
production specialization, transportation services represent a crucial
factor affecting virtually every facet of economic activity. For this
reason, a comprehensive understanding of the dynamic forces behind
transportation decisions has become an absolute mvst for management
as well as policy-making purposes especially at times, like now, when
regulatory/de-regulatory pressures are being almost universally
exerted in name of the social good. The extensive volume of litera-
ture about the subject, by itself, should reflect the magnitude of
the problem and of the ongoing concern with its solution.

However, in spite of the large number of approaches and direc-
tions from which this problem has been studied in the recent past,
and of considerable advances in the field, no clear scientific consen-
sus has yet emerged about a general methodology to model and
estimate freight demand and modal choice simultaneously. This fact
alcne should be enough justification for further attempts at exploring
new (and promising) approaches to a global formulation of the
decisory process behind the system. Such an effort constitutes the
general objective of this dissertation, which primarily aims to apply
catastrophe theory to model and analyze different aspects of demand

for freight transportation in a disaggregate framework, that is, at a



micro-theoretic level.

Catastrophe theory has recently been received by the scientific
world as one of the most promising advances in pure and applied
mathematics. Despite its early age, this theory has been of help in
explaining phenomena, in different areas of the sciences, which pre-
viously could only be described, if at all, by parts instead of as a
whole. Most applications of this theory have been made in the areas
of theoretical biology, physics and some areas of the social sciences,
ranging from brain modeling to an exploratory model of evolution
from animal to civilized man (Zeeman, 1876)(Thom, 1975).

In essence, catastrophe theory is a set of differential topology
theorems which precisely demonstrate the existing qualitative equiva-
lence among members of individual families of equations. As a con-
sequence, this theory provides the elements for modeling and
analyzing complex phenomena by using algebraic and geometric formu-
lations which are simpler, but qualitatively equivalent, to the original
forces (energy function) determining an actual system. A following
conclusion is that resulting catastrophe theory's pictures of these
phenomena may be used not only to expose the global mechanics of
the system to a close scrutiny, but also to test quantitative hypoth-
eses about its various aspects, independently of the complexity of
the original equation or even of whether it is completely known.

Catastrophe theory applies, in particular, to the description of
phenomena which display a discontinuous behavior in response to
smooth, continuous causal factors; in other words, to exactly the

kind of problem which, although common in nature, has historically



resisted the most to attempts of mathematical treatment.

The somewhat exhuberant claims of universality made by early
proponents of catastrophe theory have provoked a backlash of criti-
cism against several of its applications as based on faulty theoretical
assumptions and reasoning (Zahler and Sussman, 1877). However,
these criticisms do not reach the mathematical foundations oi the
theory itself which, with proper applied theoretical backing, may
still offer substantial contributions to future modeling efforts.

In a general way, this dissertation will be geared toward two
specific objectives:

1) To prepare an analytical model for transportation demand
(and modal choice) using catastrophe theory; and

2) To use this model to draw analytical conclusions about its
application to actual demand estimations, and to evaluate its worth in
providing additional insights towards more complete understanding of
the transportation problem.

We start by reviewing different freight demand models which
have been used in previous studies, and by laying down the basic
micro-economic foundations behind transportation demand. Both are
contained in the next sections. In order to avoid ambiguity in the
exposition, the following terms are defined:

Shipper: is the individual or firm ultimately responsible for
transportation decisions, which include modal choice and the allocation
of different product quantities among available modes or carriers.
Shippers may be either buyers or sellers, depending on the circum-

stances.



Carrier: is an individual firm engaged in the movement of pro-
ducts as a service to shippers.

Transport Demand: is the total quantity of product which is

moved in response to parameters such as price differentials between
markets, freight rates, service characteristics, etc.

Modal Choice: is the result of a decision process determining

which of the available carriers will handle the merchandise. Modal
choice and demand are interrelated aspects resulting in modal freight
demand.

Direct Cost of Transportation: refers tc expenditures made

directly in moving merchandise from the source to destination, and
includes mainly freight charges (rates), but sometimes also associated
costs of packing, insurance, etc.

Inventory Costs: are all costs associated with maintaining

inventories, such as depreciation, obsolescence, interest rate, storage
facilities, etc.; and include costs of in-transit, working, and/or

safety inventories.
Review of Literature on Demand Models

A variety of approaches have been used in the past, with differ-
ing degrees of success, for estimating transportation demand and
modal choice. Some models, for example, follow a disaggregate
approach, while others work with aggregate data. Model formulation,
also, follows a wide range of principles and/or theories such as
market-share analysis, gravity concepts, spatial-equilibrium, theory

of the firm, or may even be based mostly on intuitive reasoning.



Estimatior techniques also vary tremendously among authors, going
from multiple regression to linear programming, input-output analysis,
and choice models such as logit, probit, and discriminant analysis.

Because of the extensiveness of the literature and specific goals
of this study, the following review will be considerably less than
exhaustive. More ccmprehensive reviews may be found in Daughety
et al. (1976), and Smith (1974).

In a general sense, freight demand models may be roughly classi-

fied in two types: 1) Macro-models: those in which aggregate data

were used for estimation or which were developed without a micro-

economic structural foundation; and 2) Micro-models: those that

are based on a micro-theoretic structure such as the theory of the
firm and/or use data for estimation originating at the individual

shipper's level.

Macro~models

Macro-models tend to conform to three basic classes:

1) Input-Output: models based on Leontief's approach to the

interdependence of production systems. These models may be used
for determining interregional flows of commodities, and hence to find-
ing transport demand. Examples of works using this type of approach
are Moses (1955) and Polenske (1966, 1967). Standard criticism of
these models are related to the technique itself: it assumes constant
returns to scale for the industry as a whole, and the (assumed)
stability of the coefficients in general precludes considerations of

technical improvements in the industry.
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2) Gravity: these models have shown special appeal to geogra-
phers and economists alike. Their attractiveness lies in that they
actually predict flows. On the other hand, these models display a
serious shortcoming because, by being constructed without a struc-
tural link with some fundamental economic theory, they are generally
unresponsive to micro-economic parameters such as prices, service
and commodity characteristics. Examples of these models are found
in Perle (1964), Mathematica I and II (1967), and Little (1974).
Basic rationale for gravity models is provided in Wilson (1967, 1968,
1969).

3) Cost-Minimizing: these models generally involve linear pro-

gramming techniques or other models using linear constraints on
flows. Examples are O'Sullivan (1872, 1974), and Kresge and Roberts
(1971). Evaluations of linear programming as compared to gravity
models may be found in Mera (1971) and O'Sullivan, and demonstrate
that the former approach is generally superior to the latter.

Macro-models using a methodology generally associated with
analysis of disaggregated data were developed by Miklius (1969) and
Kullman (1973). The first author used discriminant analysis for
estimating traffic allocation between truck and rail using data from
the 1963 Census of Transportation, and concluded that this approach
was better than linear regression for the particular situation under
study.

Kullman applied a logit model to aggregate data in order to
determine shipper's behavior with respect to modal choicc. In view

of the statistically significant results obtained in several runs, the



study indicated a favorable potential for logit models in modal-choice
modeling.

A fundamental criticism of macro-models is that in general they
are not based on a structural form stemming from the theory of the
firm or other theory-based approach. As a consequence, model formu-
lation adheres more closely to the characteristics of the technique in
use rather than to the theoretical formulation of the underlying demand
determinants. Another weakness is that aggregate models generally
treat the transportation sector as providing homogeneous services at
constant rates. Both problems may lead to unrealistic results which
cannot be verified against more established theoretic principles which

describe economic behavior.

Micro-models

Micro-models also have traditionally followed a variety of
approaches and techniques. Some of them have been based on sound
foundations of economic theory while others have applied sophisticated
statistical techniques, like logit and discriminant analysis, without
much attention to structural relationships among variables. In this
sense, the latter are as arbitrary as some of the aggregate models
and subject to the same criticisms, even considering the reasonable
degree of success in predictive power achieved in particular cases by
some of the authors.

Beuthe (1870) prepared a deterministic model to deal simultane-
ously with mode and destination choice for profit-maximizing shippers,

and used discriminant analysis for estimating modal choice for corn



shipments in Ilinois with disaggregated data.

Stucker (1970) attempted to consider quantity shipped and choice
for three modes--rail, truck, and barge. The author defined total
transport costs as including both freight rates and associated costs,
and performed regressions with data from the 1963 U.S. Census of
Transportation.

Allen and Moses (1968) have studied demand for air freight using
data on commodities traded in the North Atlantic Route (U.S. and
Great Britain). Their theoretical model considered a profit-maximizing
firm whose total cost of production included transportation costs.

A discriminant model was used for estimating modal choice, which was
compared with a regression model. The latter provided poorer results,
and this was explained as being a consequence of exclusive maodal
choice in a majority of the observations. For this reason, the authors
proposed a compromise approach, which involved estimating exclusive
choice observations by discriminant analysis, the remainder by regres-
sion, and drawing together the results of both stages.

Another study using diccriminant analysis was put forth by Antle
and Haynes (1971), and was based on the works of Allen, Beuthe,
Stucker, and Herendeen (1963). Their model developed a demand
curve for barge transport of coal in the Upper Ohio River Valley, as
compared with rail movements of the same product.

A: important article comparing alternative procedures for esti-
mating modal choice was written by Watson (1974). In this study,
the author considered four techmiques: multiple regression, probit,

logit, and discriminant analysis. The results indicated that all four



alternatives yielded significant results when applied to disaggregated
data. Overall, the most important conclusion of the study was that
the logit model presented the best performance, and therefore showed
the best potential, for :future estimations. Shortcomings associated
with the remaining metilods were: 1) regression analysis allows for
the linear probability function to predict choices outside the unit
interval, thus destroying the probability interpretation; 2) discrimi-
nant analysis resulted in higher misclassification errors than the
other methods; and 3) the probit model requires complex calculations
and resulting coefficients are not as easily interpreted as in the logit.

Posterior studies using the logit model are Watson, Hartwig and
Linton (1974), Johnson (1§76), Miklius, Casavant and Garrod (1976),
and Daughety and Inaba (1977).

Daughety and Inaba (1976, three papers)(1977, three papers)
have developed a theoretical model based on Samuelson (1952, 1965)
and Takayama and Judge {1971). In this model, a spatial price
equilibrium framework relates goods and transport sectors, and both
shippers and carriers maximize profits. Demand functions include
both commodity and service characteristics, and allow for multiple
modes and markets. This model has been used to estimate freight
demand for grain movements to markets in the Midwest U.S.A. by
using alternative formulations of the logit model.

Watson, Hartwig, and Linton used the logit model in demand
estimation for large household appliance shipments in inter-city move-
ments. Johnson used the same method on data from grain elevators

in Michigan; and Miklius et al. estimated demand for transportation of
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agricultural commodities (apples and cherries) in the Northwest. The
four preceding studies have applied the logit model to disaggregated

data and will be described in more detail in Chapter IV.

Inventory-Theoretic Models

A special type of demand models which incorporates not cnly
prices, service and commodity characteristics but also associated
inventory costs is the "inventory-theoretic" model, which will be
the object of a more detailed discussion in this section.

The use of inventory-related variables in determining modal
choice and freight demand goes back to Meyer (1960), and was
formally incorporated as an "inventory-theoretic" model in the classic
work of Baumol and Vinod (1870). This model became the starting
point for most models cf the kind. Examples are Townsend (1969),
Harvard Business School Model (1970), and Roberts (1971). Although
not aiming directly at determining freight demand, models along the
same line for choosing transport services were constructed by
Constable (1972) and Das (1974, 1975).

At the center of the conceptual argument for considering
inventory-related variables in demand models is the fact that firms
typically operate in an economic environment over which they have,
individually, very little control. These firms are subject to uncer-
tainties and discontinuities in both demand and supply functions
facing them, and must, therefore, keep inventories in order to pro-
vide their customers with a satisfactory (continuous) level of service.

In this sense, decisions such as the purchasing and transporting of
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merchandise may be viewed as an effort on the part of a particular
firm to "equilibrate" its inventories around a level and composition
previously decided upon.

The nature of the inventory policy-transportation demand rela-
tionship is quite complex, as inventory policies not only determine
demand and modal choice, but also are affected in return by commodity
and service characteristics of different transport systems. Once a
purchase is made, and the merchandise delivered to the carrier, this
merchandise may justifiably be considered "inventory-in-transit" and,
as such, become an integral part of the buyer's inventory policy.
Consequently, costs induced by service characteristics such as transit
time and dependability may be seen as inducers of inventory carrying
costs which purchasers will attempt to minimize. Who actually pays,
buyer or seller, for these costs is irrelevant to the argument, once
there are mechanisms which usually transfer these costs to successive
buyers.

Freight rates in general are supposed to reflect, to a degree,
service quality of individual modes. A slower mode, for example,
should provide a lower rate, other things being equal. But from a
managerial standpoint, the decision of using a slower mode rather
than a faster one will be made by comparing additional inventory costs
associated with this choice with the lower fare, which may or may not
compensate for each other. In other words, freight rates do not
necessarily reflect the value placed on service characteristics of a
given mode to individuals using it; and therefore freight rates consti-

tute only one of several variables to be considered in demand models.
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Modal characteristics affect inventory costs in different ways.
Long transit-times, for example, increase the required level of work-
ing stock. Physical reliability of the mode determines the amount of
losses due to damage, theft, and decay, and hence the size of safety
inventories. Variations in lead-time due to equipment unavailability,
poor scheduling or any other reason also require a larger safety
stock. It is evident that the relative importance of any of these
factors depends, in addition, on product characteristics such as
perishability, weight, vulnerability to damage, and value.

In summary, the preceding discussion suggests that businessmen
make shipping decisions simultaneously with inventory decisions.
This fact constitutes the basis for formulating inventory-theoretic
models of transportation demand based jointly on the theory of the
firm and inventory theory. In other words, inventory-theoretic
models "derive most of their structure from standard inventory-theory
which encompasses, after some modifications, all the basic problems
with which the analysis must deal."1

In general, inventory-theoretic models are "abstract-mode-
abstract-commodity" models, once they describe modes and commodities
by a set of measurable attributes. Modes, for example, are described
in terms of their speed, reliability, rates, e‘tc. , while commodities are
represented by qualities such as perishability, weight, volume, value,

etc. A slow train, therefore, may rightfully be considered a different

1 W.J. Baumol and H.D. Vinod. "An Inventory-Theoretic Model

of Freight Transport Demand." Management Science, Vol. 16, No. 7,
March 1970. p. 413.
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mode from a fast train for analytical purposes. The main advantage
of this "abstraction" is that, in principle, the model is valid for all
modes and products.

The "abstract mode" approach to modal selection may be demon-
strated as in Figure 1.1, which shows an indifference map considering
two modal characteristics of importance to the shipper, namely economy

and speed. The two indifference curves drawn in this figure (II' and

3 \J
\
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N \
N\ \
£l as N2 \\
e \\ \
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~
~
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Speed

Figure 1.1 -- Illustration of Modal Choice Process through Indifference
Curves and Modal Characteristics

Source: W.J. Baumol and H.D. Vinod, "An Inventory-Theoretic Model
of Freight Transport Demand," Management Science, Vol. 16, No. 7,
March 1870. Figure 1, p. 418.
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JJ') may represent iso-cost curves representing either two shippers
and one product or one shipper and two products. In any case, the
curves indicate point combinations of economy and speed for which
the shipper will be indifferent between one or the other quality of
the modes. The shape of these indifference curves depends on
several factors, such as cost structure of the shipper's operation,
product characteristics, or even management's perception about the
business opportunities open to their firm at some point in time.
Points A, B, C, D, E represent modal "performance" in terms of
economy and speed for individual modes.

Shipper's modal choice, in Figure 1.1, is determined by observ-
ing the relation between these points and the indifference curves.
Modes A, E and D, for example, are less preferable than either B or
C. By the same token, it is obvious that mode B is preferable to C
for the alternative shown in curve II', while C would be chosen in
the situation described by indifference curve JJ'.

Baumol and Vinod's basic formulation of the model included four
types of transportation costs: direct shipping cost, total in-transit
carrying cost, ordering cost, and consignee's inventory carrying cost.
An expanded and modified version of this model is described in
Appendix A. Some of the alterations introduced in this model were
suggested in the works of Constable (1972) and Das (1974, 1975), and
resulted in a reasonably complete description of transportation demana
determinants.

The main attractiveness of inventory-theoretic models lies in

their completeness in terms of including the most important variables
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intervening in the process, and theoretical soundness, stemming from
their structural formulation of these variables according to basic
tenets of economic theory. Their chief limitation as estimation models
derives from the large amount of required information, which renders
data collection a costly and enervating exercise, and therefore imprac-

tical in many cases.
Transportation Demand

This section aims to describe briefly transportation demand in a
micro-economic context in order to provide a uniform conceptual foun-

dation for the ensuing discussion.

Joint Demand for Goods and Services

Consumer demand for a certain good is, in effect, a joint demand
for that particular good plus demand for a host of associated services
such as packing, advertising, transportation, storage and distribution.
Although these services are usually provided independently of the
product itself, they form with the latter a "package" which enables
consumers to purchase the product under the form and at the place
of demand. Demand for a service like transportation, therefore, is a
derived demand, that is, "it is dependent upon and originates from
the demand of the product being 1::t'anspor’ced."2

As a consequence, demand for freight, unlike that for passenger

transportation, depends on the profit function of the shipper rather

2 Roy J. Sampson and Martin T. Farris, Domestic Transportation:
Practice, Theory and Policy (Boston: Houghton Mifflin, 1966), p. 146.
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than in the utility schedule of the passenger, assuming that products
are transported to be sold and to make a profit. Therefore, the
linking factor between product and freight demand is the shipper's
net revenue (profit) function, which may be defined as total revenue
minus total cost of production, including those of transportation.
This situation may be exemplified by Figure 1.2 below. In a particu-
lar market a firm will sell a quantity which equates the demand and
supply prices of the product. Considering that the supply curve
includes the cost of producing and transporting the product, supply
and demand for the product will define a residual demand for trans-

portation as a function of transportation costs. The difference

A
Price,
Cost
Product Supply
) S Product Demand
(export market)
it S
TF————— = ————= !
I -
| Residval Demand
| (transportation)
Qe Quantity

Figure 1.2 -- Product Supply and Demand Equilibrium and Residual
Demand for Transportation
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between product market price (P) and transportation cost (T) repre-
sents the net price of the product in the destination market, which
must cover the production cost of the shipper if the good is to move

at all to that market.

The Demand Function

From the knowledge that freight demand is a derived demand
dependent on the shipper's profit function, the former may be
defined as follows:

The profit function may be specified:

T = (PQ - TQ) - f(Q) (1.1)
where P : product price; T : transportation cost; Q : quantity
n
sold (shipped); w : profit; and 7F(Q) = Z r,q; : cost of
i=1

production as a function of Q .
In order to maximize profit a derivative of w with respect to
Q is taken and made equal to zero. Assuming that second-order

requirements are met, we have:

&= E-T-@ =0 (1.2)

and

f'ilQ) = P - T (1.3)

which is the conventional expression for marginal cost equating mar-

ginal revenue which characterizes profit maximization. Equation (1.3),
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when made explicit for Q will result in a freight demand schedule,

as exemplified in Figures 1.3(a) and (b) on the following page.

These figures show how the marginal and average cost curves of
the shipper define transportation demand as a function of transporta-

tion cost. In Figure 1.3(a) shippers' marginal and average costs are

represeinted by MC and AC , and P - T1 , P - T2 , P - Tm
represent different net prices this shipper would receive if transpor-
tation costs were, respectively, T1 , T2 ’ Tm (’I‘l > T2 > Tm].
If these costs were, for example, equal to Tm , net price will be

P - 'I‘m and quantity shipped equal to Qm . If the cost increases
to T2 , quantity shipped will decrease to Q2 and so on. However,
if cost of transportation becomes higher than T1 , then net price

will drop below average cost, and no merchandise will be shipped.

Figure 1.3(b) shows a schedule of different quantities shipped as a

response to corresponding transportation costs as defined by the

curves in Figure 1.3(a). This is the demand curve for transportation.

The demand equation specified through equation (1.3) may be
modified to accommodatz additional features of the underlying func-
tions. First, "cost of production" in a spatial context may be inter-
preted as an "opportunity cost" of selling the merchandise locally as
coempared to the export market under consideration. Te allow for
this interpretation, f'(Q) may be re-labeled P and P re-named
PE , meaning prices prevailing in the local and export markets,
respectively. Movement of goods may be expected to occur as long
as the price differential between markets is greater than transporta-

tion cost, and maximum profit will occur at the point where AP =T ,
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& g

Net Pricas “MC
Transportation
Cost

Quantity Quantity

(a) Shipper's Marginal and (b) Shipper's Demand Curve
Average Cost Curves

Figure 1.3 -- Determination of Transportation Demand Schedule

Source: W. Bruce Allen and Leon N. Moses. "Choice of Mode in U.S.
Overseas Trade: A Study of Air Cargo Demand" in Papers, T.R.F.,
September 1968. Diagrams 1-a and 1-b, p. 237.
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as shown in equation (1.4).
fiQ) = P-T .. Pp = P =T ., (1.3)

(PE-PL) = AP = T (1.4)

The second, and perhaps more important, modification involves
expanding the variable T (in equation (1.4)) into a more complex
expression describing the structure of transportation costs, which
include not only direct transportation costs but also associated inven-
tory costs. This may be accomplished, in generic terms, by making
T a function of Q in equation (1.1}. Following the same procedure

will result in equation (1.5). Then, by
AP = T(Q) + QT'(Q) (1.5)

making this expression explicit for Q , we have a freight demand
equation for profit-maximizing shippers, as a function of product
prices and transportation costs--direct and indirect.

A final comment is necessary about the shape of the total trans-
portation cost curve. Joint inventory-transportation costs have
increasing and diminishing components’. Therefore it is possible, if
these components are measurable, to find a point which will yield a
minimum total cost--or, depending on the total revenue function,
maximum profit. In other words, a typical transportation cost curve
is downward convex, as shown in Figure 1.4 on the following page.

This point has been shown formally in textbooks of operations analysis
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total cost

Cost

increasing costs

| minimum

Total

diminishing costs

Quantity Shipped

Figure 1.4 -- Joint Transport-Inventory Costs by Components

and inventory systems.3

It is important to notice also that in this section transportation
systems were presented as offering, on the whole, a uniform service
similar to a situation where there is only one mode available. Although
the economic principles invelved remain the same, the existence of
additional modes introduces additional complications to the analysis,

because modal choice decisions will have to be made simultaneously

3 See, for example: G. Hadley and T.M. Whitin, Analysis of
Inventory Systems (Englewood Cliffs, N.J.: Prentice-Hall, 1963),
p. 188.
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with quantity decisions. This problem will be addressed in future

chapters.
Conclusion and Outline of Subsequent Chapters

This chapter was oriented towards providing background for
the following analysis. For this reason, the general purposes of the
study were first outlined, and a brief review of literature on the
subject was performed. In addition, basic micro-economic elements
involved in transportation demand were described in general terms
so as to provide the theoretical foundaticns for subsequent modeling
efforts. These elements provided the basis for formulating the
inventory-theoretic model described in Appendix A, which will con-
stitute the guideline for the proposed re-interpretation of transporta-
tion demand through catastrophe theory.

Chapter II describes the essentials of catastrophe theory in
general and the cusp castastrophe in particular.

Chapter III applies the elements of preceding discussions to the
formulation of two demand models based on the catastrophe theory-
inventory theoretic approach. The first model presents a global pic-
ture of the transportation problem, including demand and modal
choice. The second aims at describing modal choice in the same
terms as the most common specification of the logit model, in order
to permit a subsequent analytical comparison between the two
approaches. Implications stemming from this comparison provide the
rationale for an attempt to explain some inconsistencies found in pre-

vious studies which used the logit model on disaggregated data.
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In Chapter IV the conditions for occurrence of inconsistent
results were explained with help of the proposed model, and then a
review was made of empirical estimations published by different
authors in order to verify whether those conditions were associated
with obtained inconsistent results. Conclusions and implications from
available evidence were then utilized in suggesting possible areas of
improvement for future demand estimations.

The last chapter of the dissertation outlines a summary of the
study and enumerates the conclusions which were reached about the
use of catastrophe theory in transportation studies; and finally offers
some comments on new research directions applying this theory to
other fields in the general area of economics.

Appendix A contains a reasonably complete inventory-theoretic
model of freight demand, which is used as a guideline for model-
building in this dissertation; and Appendix B presents an exploratory
study about the effects which may be inferred from conclusions and
implications of the present study for future transport demand estima-

tion efforts in the State of Hawaii.
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CHAPTER II

CATASTROPHE THEORY AND THE CUSP CATASTROPHE

General Review of Catastrophe Theory

The discontinuous nature of the behavior of some systems has
been a difficult problem to comprehend and to model for many scien-
tists. Originally conceived and developed by the French mathemati-
cian René Thom, catastrophe theory brought considerable help for
approaching this type of problem in a scientifically accurate manner.

Being a purely mathematical theory, for other fields of the
sciences catastrophe theory represents only a framework for describ-
ing, and a methodology for analyzing, particular classes of previously
hard-to-treat problems. In this sense, the contributions of this
theory are similar to those of other mathematical theories, like the
theory of differential equations, which have found ample application
in other sciences, such as in optimization problems in economics and
business.

Theoretical foundations and basic philosophy behind catastrophe
theory, as well as some areas of application, may be found in the
English version of Thom's seminal book "Structural Stability and
Morphogenesis" (1975). Mathematical introduction to the subject may
be found in a didactic form in Lu (1976) and Poston and Stewart

(1976). Zeeman's "Selected Papers" (1977) offers a widely diversified
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set of articles, ranging from a non-mathematical introduction to several
applications, including proofs of basic theorems.

This chapter's description of catastrophe theory is by no means
comprehensive, since it is limited to a sketch of the fundamental con-
cepts and formulations necessary for following the ensuing discussion.
Additional information is available in previously cited works as well

as in the Bibliography.

Divergent Phenomena and Catastrophic Change

A common characteristic of events in many areas of natural and
behavioral sciences is the phenomenon of divergence. It is not
unusual to observe, in these areas, circumstances where very small
differences in causal factors are accountable for large dichotomies in
behavior. One conceivable example, well known to marketing experts,
is that a nearly insignificant price difference between two closely
substitutable products in a supermarket shelf may result in dispro-
portionately high sales for the cheaper produi:t, even though satis-
faction and prices associated with beoth are virtually the same for con-
sumers. Another example is that two .very similar sets of circum-
stances may provoke an animal to either attack or to flee, depending
on its prior mood. A third is that "sharp divisions of opinion can
emerge in a population even though the opinion of each individual

1

may have evolved gradually and smoothly."™ All these are examples

1 C.A. Isnard and E.C. Zeeman. "Some Models from Catastrophe
Theory in the Social Sciences" in Catastrophe Theory: Selected
Papers. Addison-Wesley: Reading, Mass. (1977). p. 304.
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of divergent phenomena.

Divergence may obtain for variables other than time, and brings
about the associated concept of "catastrophic change'; that is, in
divergent phenomena there must be points where small changes in
causal variables may be responsible for sudden "jumps" in behavior.
Divergence and behavior discontinuity are not limited to biological or
social sciences: in physics, "shock waves" is a phenomenon of vir-
tual universality, and it may be described as sudden changes in a
physical system from one stable state to another, usually caused by
relatively continuous factors.

Catastrophe theory's manner of describing the dynamics behind
divergent phenomena is to consider that:

"Many phenomena may be thought of as governed by
a potential function of some form. The stable states of
the system, i.e. those states which are actually observed
to occur, may then be regarded as states for which some
(potential) function is minimized.... If a function has
multiple minima, then more than one stable state may be
accessible to the system. Changing the control parameters
in an experiment may alter the form of the governing poten-
tial in such a way as to change positions, relative heights,
or even total number of local minima. Thus, the stable
states accessible to the system may change in a discontin-
uous way as controls change smoothly. Observed disconz
tinuous changes of state have been called 'catastrophes.!'”

A more specific view of the same approach is:

"Suppose, in general, a system can be described by
internal variables, x, and external (perhaps control) vari-
ables, a, together with an energy function of these variables,
E(x,a). Then for a given a the possible equilibrium values
of x are the minima of E, and hence will be solutions of

oE

5—-£=0 (1)

2 Yung-Chen Lu. Singularity Theory and an Introduction to
Catastrophe Theory. Springer-Verlag: New York, 1977. pp. 95/96.
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As a varies, the values of x, which are the minima given

by equation (1), determine the surface in (x,a) space.

Commonly, such surfaces are single sheets: that is, there

is a unique x for each given a. However, there may also

be values of a which give rise to multiple values of x, in

which case the surface is folded. Catastrophe Theory takes

its name from the sudden jumps which can occur from one

minimum of E, or equilibrium value of x, to another as a

changes smoothly near the boundary of some critical

region." 3,

This approach to phenomena description, which is intuitively
applicable to most systems, does not produce great insight by itself:
energy functions behind a great many of them are unknown or not
precisely defined. Others are so complex, involving so many vari-
ables and dimensions that their internal dynamics are completely
beyond scientific descriptive and computational abilities, in some
cases even of significant comprehension. On the other hand, while
some studies aim to describe and analyze a system starting from a
(known, but complicated) energy function, others aim exactly at the
opposite: to find out more about the underlying dynamics causing an
observable behavior. Catastrophe theory offers the elements for
overcoming these difficulties in both types of problems through the

enunciation of the "qualitative equivalence" concept deriving from

Thom's Classification Theorem.

3 A.G. Wilson. "Catastrophe Theory and Urban Modelling: An
Application tc Modal Choice." Environment and Planning A, Vol. 8,
1976.

1 Both Wilson and Lu's use of the term "minimum (a)" may be
substituted, without loss, for "optimum (a)."
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Qualitative Equivalence and the Classification Theorem

The essence of catastrophe theory rests with the idea of quali-
tative equivalence within families of equations, defined as a precise
(qualitative) mathematical concept by the Classification Theorem.

A simplified version of the Classification Theorem (for the cusp
catastrophe) may be enunciated:

"Let C be a 2-dimensional control (or parameter) space,

let X be a 1-dimensional behavior (or state) space, and let

f be a smooth generic function on X parametrized by C. Let

M be the set of stationary values of f (given by 3f/3x =0,

where X is a coordinate for X). Then M is a smooth surface

in Cxx, and the only singularities of the projection of M onto

C are fold curves and cusp-catastrophes.' 5,6

In effect, what the theorem asserts is that if characteristics of
a system fit those of the cusp catastrophe, this system may be des-
cribed accurately (in a qualitative sense) by the graph and canonical
formula of this catastrophe, independently of the quantitative proper-
ties of the function f determining behavior. In other words, the
cusp is the most complicated thing that can happen locally. Other
qualitative features of the cusp catastrophe, such as the fold curve,
bimodality, catastrophe, hysteresis, divergence, and inaccessibility

may be inferred in the model because equivalence will preserve them

all.

5 E.C. Zeeman. "Catastrophe Theory: Draft for a Scientific
American Article in Selected Papers. Addison-Wesley: Reading,
Mass. (1977), p. 23.

6 Definitions and implications of the terms "smooth," "generic,"
"equivalence," and "singularity" are offered in the same paper,
pp. 23/25.




29

The major implication of this theorem is that a catastrophe
theory model of a conforming phenomenon is strictly equivalent quali-
tatively to the original dynamics of the phenomenon, and therefore
may be used to model and quantitatively test hypotheses about the
system. This statement is helpful when one considers that f may
assume a variety of forms, and x a dimension anywhere from 1 to
n , while the same simple model still would implicitly apply.

In what probably amounts to a somewhat overconfident statement
about the applicability of catastrophe theory, Isnard and Zeeman
argue that qualitative equivalence may be used in describing and
modeling different phenomena because:

"The statement itself is a synthesis of many ideas,
with the following aspects:

Profundity due to the mathematical uniqueness and
stability, depending on deep theorems.

Universality. In any aspect of nature, or any
scientific experiment, where two factors influence beha-
vior, where splitting and discontinuous effects are
observed, and where smooth genericity may be assumed,
the graph must contain a cusp catastrophe.

Insight. From the model one can explain, predict,

and relate a variety of phenomena that previously may
not have appeared to be related.””?

Elementary Catastrophes

By using the Classification Theorem and associated principles,

Thom has classified the ways discontinuities can occur in seven

7 1snard and Zeeman, op. cit., p. 333.
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"elementary catastrophes," which may be used in modeling different
problems according to their peculiarities. It should be noticed that
higher dimensional catastrophes are "always made up of lower dimen-
sional ones, together with a new singularity at the origin."8 Each of
these catastrophes has a particular geometry, and their standard
canonical formulas are shown in Table 2.1 below. Parameters of C
are denoted by a , b , ¢, d; and x , y are variables of X .

Table 2.1 -- Standard Formulations and Dimensions of the Seven
Elementary Catastrophes

Dimen- Dimen-
sions sions

Name of X of C Function f
Fold 1 1 %xs - ax
Cusp 1 2 l.7c4’ - ax - lbacz
4 2
Swallowtail 1 3 %xs - ax - %bxz - %cxe'
1.6 1,..2 1.3 1.4
Butterfly 1 4 X - ax - be zcx~ - de
- 3 2
Hyperbolic 2 3 x” +y" + ax + by + cxy
- . s 3 2 2 2
Umbilics{ Elliptic 2 3 x~ - xy +ax +by +c(x” +y7)
. 2 4 2 2
\ Parabolic 2 4 x"y +y 4+ ax + by +cx” + dy

Source: E.C. Zeeman. "Catastrophe Theory: A Draft for a Scientific
American Article." Catastrophe Theory: Selected Papers (1972-1977).
Addison-Wesley: Reading, Mass., 1977. Table 3, p. 27.

8r.c. Zeeman, op. cit., p. 25.
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Applications of Catastrophe Theory in Economics

In spite of an obvious potential for applications in some areas,
the use of catastrophe theory in economics has not kept pace with
its applications in other sciences such as physics, biology, and even
other areas of the social sciencés (see Thom (1975), Zeeman (1977)).

Isnard and Zeeman (1976) are due credit for an introductory
paper on the use of catastrophe theory in social sciences in general.
Although few articles have gone so far as to actual estimations, model-
ing efforts in economics include applications to development strategies
(Ribeill, 1975), the behavior of stock exchanges (Zeeman, 1974),
equilibrium analysis of discontinuous consumer choice (Brown, 1977),
consumer attitude studies (Chidley, 1976), study of business cycles
(Varian, 1978), and Pareto optimum (Smale, 1973). Articles on appli-
cations of catastrophe theory to urban growth modeling were prepared
by Amson (1972, 1975), Mees (1975), and Wilson (1976). The latter
study is an exploratory article on the possibility of using catastrophe
theory in travel modal choice for urban modeling. A critique on
"claims and accomplishments of applied catastrophe theory" was made

by Zahler and Sussman (13877).
The Cusp Catastirophe

Most applications of catastrophe theory have used the cusp
catastrophe. For describing the transportation problem in a bimodal
context the same catastrophe is applicable, and therefore will be des-

cribed in more detail in this section. This catastrophe applies to
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situations where the energy function causes a bimodal nature in some
observable behavior, and describes this behavior in response to two
causal factors, independently of the fact that the objective function
may require its quantitative representation through a polynomial equa-

tion of higher degree.

Energy Function and Decision Rule

In order to describe the cusp catastrophe it is convenient to
start at the energy function determining a bimodal behavior. This
function may be defined altermatively as a structural equation or a
probability distribution, depending on the particular case. The func-
tion itself may not be completely defined (or known), but at least
some of its parameters must be known, and it must be possible to
assume that the relationship between the energy function's variables
and behavior is one of cause and effect. This situation may be
depicted as in Figure 2.1, which relates some function E(x,a) to

behavior x .

. Behavior I Behavior IL

o

*x ﬂ‘\

- 771NN\ ]

w TR |

/s ~
A I B/ : I \
1l L L
11 % 1 61
X, x2 x3
Figure 2.1 -- Relation Between an Energy Function and a Bimodal

Behavior
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A criterion that implies in maximization of this objective function
would result, in static sense (curve t1 ), in the choice of Behavior I
at point Xy which is the global meximum for the function. However,
function E(x,a) may be expected to change with the evolution of its
external parameters a , say, as in the interrupted line in the same
figure, denoting the situation in t2 . In this case, maximizing

criterion would still determine Behavior I, because the "peak" at x 4

is still higher than at x But in the behavior scale, the position

g -
would have changed smoothly to x e
It is conceivable, though, that if smooth changes in parameters
continue in the same direction, the "peak" related to Behavior II
would be higher than that of Behavior I in t 3 and then the same
maximization criterion would determine a sudden jump from Behavior I

to Behavior II, that is, from position x, to position Xg in

Figure 2.2 below. This would characterize a "catastrophic change"

' 3 A
Behavior 1 Behavior IL
— ”~TS
3 I'2 / | \\
z N
P/ ] \‘(3
Pl i N~
i |
X_ X X. X X >
7 4 9 6

Figure 2.2 -- Catastrophic Change from Behavior I to Behavior II



34
in behavior, and means that some "borderline" values of a have
been crossed, and this was done because no other value of x would
provide a global maximum for E in Behavior I. In addition, since
this graph relates particular values of E to point values in the
behavior scale, it may be shown that there is a range of x values
which denotes an area of irrational behavior, such as from x, to

7

x This is so because any values of x between these two points

g
provide the same value of E as corresponding points below Xo
which require lower values in the parameters of a .

In a situation as that shown in Figure 2.2, it is important to
ask a fundamental question: when relative changes in the objective
function evolve in the direction of the behavior not presently in use,
at which point a decision is made to switch to the alternative behavior?
This is essentially a policy decision which depends exclusively on the
type of problem being analyzed, and must be justified in terms of
hypotheses pertaining to the problem itself. However, catastrophe
theory provides alternative criteria for such a choice of rule, and
they lead to slightly different models. One is that as soon as the
alternative "peak" reaches the same height as the one in use there is
an immediate switch to the new behavior (Maxwell Convention).
Another is that this ghift is delayed for as long as possible, or until
the emerging alternative's "advantage," in terms of E , exceeds
some pre-determined value (Delay Rules).
Since most behavior shifts studied in the social sciences entail

a certain amount of effort (cost, information, or risk-taking), some

form of the Delay Rule is usually applicable in this area. In
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economics, in particular, it is to be expected that behavior will be
determined by some form of differential equation (optimization), and
Isnard and Zeeman (1977) report that:

"In fact, whenever the behavior is determined by a
differential equation (such as dx/dt = 3P/3x) the Delay

Rule is a theorem, and so holds automatically (Zeeman,

1973) ."

A typical picture of the cusp catastrophe is presented in
Figure 2.3. This graph is obtained by maximizing E with regard
to behavior x as a function of two variables a and b (param-
eters, extermal variables, or control factors), that is, by equating
dE/dx to zero. Description of basic characteristics and canonical
model of this catastrophe is in following sections. Because of the
Classification Theorem, these geometrical and algebraic characteristics
are shared by both the canonical (qualitative) model from which this

figure was drawn and the underlying (quantitative) model determining

the actual system.

Control Space

The control space (C) is shown as the lower portion of the
graph in Figure 2.3 and is delineated .by perpendicular axes repre-
senting the two control factors a and b . These factors are com-
ponents of the energy function, and therefore each point of the con-
trol space is associated with a point in the behavior space.

In this graph, a and b are represented as "normal" and

"splitting" factors, respectively. A "normal" factor is defined as any

% snard and Zeeman, op. cit., p. 309.
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behavior x

Normal Factor a

S Control
°//},, Space C

Figure 2.3 -- The Cusp Catastrophe

transverse direction, oriented towards a > 0 , which will result in a
behavior to be smor*}t’: increasing in case of b < 0 , and to split if
b >0 . A "split - ;- factor is so termed because it is what causes
the energy function to produce a divergent behavior, which results
in the fold curve F in the behavior space and therefore to catas-
trophic changes. Essentially, "normal" and "splitting" factors are
"competing" for influence in the energy function, but do not "conflict"
with each other.

Many problems are not amenable to being described in terms of

"normal" and "splitting" factors, because their control factors do not
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fit these characteristics. Instead, in some cases a better description
may be obtained by defining the control factors as "conflicting" fac-
tors, that is, factors which display "opposite" forces within the objec-
tive function. In the case of "conflicting" factors the splitting is not
_associated with one of the control variables, but with the joint action
of both. A basic characteristic of this type of factor is that while
one of them "pushes" behavior in one direction, the other's influence
is in exactly the opposite direction. One example of "conflicting" fac-
tors is "cost" and "revenue" in a profit function, and they are repre-
sented in the cusp catastrophe's graph as two axes passing by the

external sides of the "bifurcation set" B , such as o and B in

Figure 2.3.

Behavior Space

The behavior space (G) is shown as the upper portion of the
graph in Figure 2.3. As behavior results from optimizing the objec-
tive function, each point in G represents the "optimum" behavior
associated with specific values in parameters a and b (or o and
B ). This surface is single-sheeted everywhere except in the region
in which dichotomous behavior possibilities exist, where it is folded
over and creates three overlapping sheets. The internal surface
(M - G) represents the region of inaccessible (irrational) behavior
given by the minima of the objective function. This area is delineated
by the fold curve F whose projection onto C creates the bifurca-
tion set B and a cusp point at the origin.

Existence of this inaccessible behavior area is what impedes a
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smooth behavior response to smooth changes in parameters in the
region, so that when the "threshold" represented by F (and B )
is crossed in the opposite direction a catastrophic change in behavior

occurs. This is shown by the arrowed lines in G .

Canonical Formulation

Mathematical expression for this figure will result in the
canonical formulas for the cusp catastrophe. This canonical represen-
tation of the catastrophe is not unique, in the sense that other mathe-
matical expressions may be used to represent the actual model. How-
ever, it constitutes the simplest set of formulas capable of describing
accurately the system in a qualitative manner, and therefore may be
used advantageously in modeling efforts.

The behavior surface (including the rational (G) and irrational

(M - G) sheets) is given by the cubic expression:

.x'3 = a + bx (2.1)

where x : behavior scale; a : mnormal factor; and b : splitting
factor.

The fold curve F is defined by the points where vertical lines
are tangent to (M - G), and may be found by differentiating (2.1)
with respect to x :

3x = b (2.2)

The projection of F onto the control space provides the

bifurcation set B , which is defined by eliminating x from (2.1)
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and (2.2) above:

2702 = ap? (2.3)

An important observation about this equation is that x does not
participate in it, and therefore (2.3) is independent of the quantita-
tive characteristics of the model and thus may be estimated directly.

The surface G is defined by:

3x? > b (2.9)

and the inaccessible area (M - G} by:

3x2 < b (2.5)

This canonical formulation of the cusp catastrophe is made in
terms of "nmormal" (a) and "splitting" (b) factors. An equivalent
formulation for "conflicting" factors may be specified by transforming

the latter into the former through the formulas:

o = a+b (2.6)
and

8 = b - a (2.7)
where o , 8 : conflicting factors; a , b : '"normal" and

"splitting" factors.
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CHAPTER III
THE CUSP CATASTROPHE APPLIED TO THE TRANSPORTATION

PROBLEM: MODEL FORMULATION AND COMPARATIVE ANALYSIS

The Transportation Problem Reinterpreted

Preceding chapters have provided micro-economic foundations of
transportation demand as well as a brief description of basic concepts
behind catastrophe theory and, in particular, of the cusp catastrophe.
These elements will be put together in the present chapter as a con-
ceptual foundation for developing a new model describing the various
components and basic dynamics behind freight demand and modal
choice decisions.

The forthcoming discussion will be limited to the case of two
competing transportation modes. It could, however, be expanded to
cover situations requiring consideration of additional modes. In addi-
tion, for simplicity, the first part of the discussion will concentrate
on the most "visible" decision variable of interest, namely quantity
shipped, although it also would be possible to treat any other decision
variable (like order quantity or probability of modal choice) in a
similar fashion, as described later in the chapter.

Since inventory-theoretic models of transport demand usually
incorporate all basic economic assumptions (such as profit-maximization)

which have been presented previously as inherent to a micro-economic
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view of the transportation problem, the reasonably complete model
developed in Appendix A shall be considered as a guideline for the
economic part of the discussion.

At the core of this reinterpretation of the transportation problem
under catastrophe theory lies the fact that modal shift may be under-
stood as a "catastrophic change" (in a mathematical sense) caused by
singularities in the behavior space created by (smooth, continuous)
control functions of the model. As mentioned before, the behavior
space is occupied, initially, by quantity shipped through individual
modes, as determined by an objective function--expected profit. The
control space is occupied by the objective functions' underlying func-
tions, which are made up by different external parameters, such as

expected revenue and cost components.

The Objective Function

In preceding discussions, it has been shown that shippers
typically aim at profit-maximization in their decision process. The

formula for the profit function may be defined, as in Chapter I, as:
T = ApQ - g(Q) (3.1)

where Ap is product price difference between import and export
markets; Q 1is total quantity shipped in a certain period; and, g(Q)
is total cost defined as a function of quantity shipped. In order to
maximize profit, a derivative of m with respect to Q is taken and

made equal to zero:

T

Q9 ° Ap - g'(Q) = 0 (3.2)
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Although profit at a certain point is the result of a linear trans-
formation, the optimum profit function is not, certainly, linear,
because both of its components are not linear. Even assuming a
linear product demand, the total cost function will not be linear
because its many parametric functions usually combine into a high
degree polynomial expression. In any evént, the shape of the
expected profit function, for each mode, can be shown to be down-
ward concave with respect to quantity shipped.1

The existence of two competing modes implies that shippers will
be faced with two individual modal profit functions, as depicted in
Figure 3.1. As a result of these functions' shape, each mode will
have an optimum quantity which maximizes profit, such as points Q’{ ,
and Q§ in that figure. These two individual curves, viewed globally
shipping entrepreneurs, may be represented by a single bimodal dis-

tribution as the one in Figure 3.1(b).

The smoothing of the "valley" between the two "peaks" may be
justified either by modal split or because at that sub-optimal range
relative advantages/disadvantages of either mode become less pro-
nounced or indistinguishable. However, diseconomies related to modal
split such as those caused by increases in fixed cost (ordering, order
set-up, new structures for dispatch, and changing production sched-
ules, etc.) should be sufficient to warrant maintenance of the curve's

shape as long as there are two viable competing modes. Any pgcint in

t See, for example, the discussion in the corresponding section
of Chapter I and the section on "Satisfaction of Second-Order Condi-
tions" in Appendix A.
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Mode I Mode IT : Mode 1 Mode IT

E(r)
E(w)

Figure 3.1 -- Bimodal Profit Functions Facing the Shipper

the profit curve represents the profit associated with a particular
quantity shipped. Points located between points Q’{ and Q2 repre-
sent an irrational area of choice. In fact, no profit-maximizing entre-
preneur would be expected to ship any quantity between Q"l‘ and

Q2 since by shipping a smaller quantity (by Mode I) he could pro-
duce the same amount of profit with less use of resources.

In a situation such as the one described in Figures 3.1(a) any

entrepreneur would strive to ship a quantity which implies in the
local maximum profit, that is, either Q’{ , or Q¥ , depending on
his desired scale of business. When viewing both modes together,
however, it is clear that profit-maximizers would ship quantity Q§ ,
by Mode II because that is where the highest overall profit is achiev-
able. The reverse would be true, had the profit "peak" at Q’{ been
higher than at Q’§ .

A very important observation from the same figure is that a

mere increase in the scale of shipments beyond quantity Q’{ . implies
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automatically in a suldden ("catastrophic") jump from Mode I to Mode II,
and from Q’{ to Q2 , and vice versa. The profit curve generally
changes over time due to variations in cost and revenue parameters,
which comsequently cause changes in relative positions and heights

of the "peaks." New shipping decisions, then, are continuously being
made in order to adjust to changing parameters. These adjustments
will proceed smoothly everywhere along the curve except between
gquantities Q"l‘ and Q2 , which in effect constitute a "threshold"
which cannot be crossed without a "catastrophic change" in either

direction.

Choice of Decision Rule

Because shipper's behavior is determined by a differential equa-
tHion (profit maximization), the Delay Rule is applicable in this case.
In fact, it makes more economic sense for entrepreneurs to delay a
modal shift until there is a clear advantage, in profit terms, of the
emerging mode over the ald one because of costs and uncertainties

connected with any modal shift.

Control Factors

Quantity shipped by either mode is determined by the two most
general components of the profit function: revenue and cost. These
two functions, therefore, are the controlling factors of the shippers'
behavior in the present model.

Revenue and cost represent diametrically opposite forces within

the profit function, and have markedly different influences in
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shippers' behavior. Revenue and cost, therefore, may be termed
"conflicting" factors affecting behavior, in the sense that while
revenue always "pushes" in direction of higher quantities to be
shipped, cost has exactly the opposite effect. By virtue of two dif-
ferent modal cost functions, possible profits show a "divergence"
with relation to quantity shipped, that is, there are particular com-
binations of revenue/cost for which two different quantities may be
shipped, through different modes, providing the same amount of
overall profit. This situation may be exemplified as in Figure 3.2,
which relates profit-maximizing quantities with the revenue obtained

from some shipment.

Figure 3.2 -- Quantity Shipped by Individual Modes as a Function of
Cost and Revenue



46
Cost and revenue considerations introduce a dichotomy in
shippers' behavior with regard to all decision variables such as total
quandity shipped, order quantity, reorder point, and probability of
modal choice. As each mode has a particular cost structure which
differentiates it from the other, there will be different optimum cost/
revenue points for each mode with respect to quantity shipped. This

difference implies in the bimodal distribution of Figures 3.1(a) and

(b), and in an area of overlapping sheets in the behavior plane '
(Figure 3.2) in which two quantities could be shipped by each mode
providing the same amount of profit. Points d1 and b2 in the
curve correspond to the "threshold" of the irrational area of choice
in the same figure. The extent of sheet overlapping (hysteresis)
depends on the choice of rule and on how divergent cost and
revenues are for that particular quantity.

The underlying dynamics implied in Figure 3.2 is essentially the

same described in Figure 3.1(a) and (b): an entrepreneur sending

quantity a , for example, would certainly use Mode I because there
is a definite profit advantage in using that mode for that quantity.
However, if he wishes to expand his operations, at point b1 he
would have two alternative choices providing the same overall return:
quantities qb1 (Mode I) or qb2 (Mode II). His d=zcision will
depend on the decision rule adopted for his response/behavior, but
technically either alternative is profit-maximizing. However, the most
likely choice would be still to use Mode I because shifting modes
would not add anything to profit. This situation will persist up to

point d1 , where any further expansion would cause a sudden jump
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from Mode I to Mode II, and quantity qd1 to Q2 . From then on,
Mode II would be used in any further expansion in business (or con-
traction, up to quantity qb2 ).

A full understanding of the model's dynamics, however, is not
possible without considering the global maximum profit points in

Figures 3.1(a) and (b). The existence of these two points implies

in two modal stable "equilibrium" points which shippers will aim at
when making their decision. Ultimately they will choose the higher
of these equilibrium points. This situation may be described with
the help of Figure 3.3.

A constantly expanding entrepreneur, for example, if starting

operations at point a, would strive to reach optimum use of Mode I

1
by moving along the curve to point El , which represents the global
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Figure 3.3 -- Quantity Shipped by Individual Modes as a Function of
Cost and Revenue--A Dynamic View
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optimum for that mode. However, an expanding operator probably
will want to maximize his total profits, which implies being at point

E, (Mode II), that is, the most profitable point overall. Then, he

2
would expand his operations in Mode I up to point Cq » when he

suddenly switches modes to point c, and proceeds on to the next

2

stable equilibrium point at E and will try to stay there as long

9
as the situation described by the parameters of Q* remains
unchanged. If for any reason a contraction in business is desired,
he would follow the arrows back up to point E1 (Mode 1), which
is the optimum for a "small" operation. It is important to notice,

however, that the relative positions of E, and E2 generally change

1
with time, and entrepreneurs adjust their behavior continuously to the
new optima of their operations.

The preceding discussion took as an example a case where the
decision process dynamics involved business expansion (or contraction)
over time. Because of factors such as a (high) required level of
managerial performance (especially in face of stiff competition),
adjustments in behavior must be made in a short period of time once
the underlying objective function is perceived to have changed.

Thus behavior response to changes in this function may be considered
the "fast equation" of the model, obviously depending on the speed at
which new information becomes available. The objective function, on
the other hand, is expected to change relatively much slower because
it depends simultaneously on many interrelated parameters. If one--
or some--of the parameters are altered abruptly this will trigger a

process of internal adjustments which will ultimately change the
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objective function. However, these internal adjustments themselves
take some time to complete, and in effect act like "buffer" against
very fast (relative) changes in the overall shape and position of the
objective funciion.

Given relatively slow functional and fast behavior adjustments,
at any point in time an observation is expected to show entrepreneurs
in the position which maximizes overall profits, such as point E2 in
Figure 3.3. This position naturally will depend on existing parameters
at the moment of decision, and is therefore specific with regard to
scale of business, type of merchandise, modal characteristics, market
and cost situation, etc., for that shipper at that particular moment.
But not only this, it has been shown in the range from ry to ra
(hysteresis area, in Figure 3.3) where two profit-maximizing alterna-

tives are available, the choice of mode also will be determined by

where the previous equilibrium point for the shipper was located.
Global Overview and Canonical Formulation of the Model

A general overview of the transportation problem may be obtained
by combining all elements discussed in .preceding sections in a tri-

dimensional graph, similar to Figure 2.3 in Chapter II, such as the

one depicted in Figure 3.4 ahead. The control space (C) contains
two axes representing revenue and cost. The vertical axis represents
profit-maximizing quantities shipped by individual modes. For each
combination of revenue/cost there will be an optimum quantity to be
shipped by either mode, and the collection of these points configurate

the behavior surface (G) in the graph. The surface (M - G) located



50

i
(9]
C
>
Z
-
:—<i .
T
O -
O
4
—_ J (ERZIEKZ)
(r3.k3) I
K\ 3:Kk3 C
| Ny
KD K
(ER-,,EK]) ] i

Figure 3.4 -- Global Overview of Transportation Demand and Modal
Choice




51
between the two overlapping surfaces of G is the region of inacces-
sible (economically irrational) behavior. The projection of the folding
lines of the behavior surface (G) on the control plane (C) forms the
bifurcation set from KD1 , to CP , to KD2 , which contain, in
effect, the threshold points where sudden modal shifts occur.

The same example developed in describing the dynamics behind
Figure 3.3 may be used again to illustrate what the more complete
graph in Figure 3.4 represents. In fact, the earlier graph may be

considered a vertical "cut" in Figure 3.4, perpendicular to the

cost/revenuve path line (r1 , kl)/( LRZ , EK2 ) in the control
space C . Each point in this path is determined by a pair of coor-
dinates originating at the cost (K) and revenue (R) axes, and the
resulting point defines the quantity shipped by each mode in the

behavior space G . Therefore, if the cost/revenue situation of an
. . E E
expanding operation follows the path (r'1 , kl)—-» R2 ' K2

in the control space, the response of the shipper will be to follow the

concomitant path from a, to the overall maximum point E, in the

2
behavior space. All the implications discussed previously also apply
to this expanded version of Figure 3.3.

Mathematical expression for this model may be developed through
the use of the canonical formulas of the cusp catastrophe presented in
Chapter II. As the canonical formulas for the cusp catastrophe are
defined in terms of "normal" (a) and '"splitting" (b) factors, the first

step will be to define their expressions from the "conflicting" factors
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revenue (r) and cost (¢). This can be done by making:

r = a+b

¢c = b-a

resulting in the "normal" and "splitting" factors:

_ r-c

a = 3 (3.3)
. c+r

b = 5 (3.4)

The behavior surface, then, is provided by the expression:

q3 - r;c+c;rq (3.5)
where q : quantity shipped by a particular mode; r : revenue;

and ¢ : cost.

The fold curve is defined by:

3q = 3 (3.8)

The equation for the bifurcation set is:

2 3
r-c _ c+r
oGO »

As before, this equation is independent of the quantitative

characteristics of the model. The surface G is given by:

3> » 3L (3.8)
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and the inaccessible area (M - G) is defined by:

qu < c+r

(3.9)

The foregoing discussion is a straightforward application of
catastrophe theory to the analysis of the transportation problem.
Before proceeding to the formulation of a choice model it is conve-
nient to recapitulate briefly some of the most important properties of
this general model so far:

1) The model, as formulated, is entirely coherent with the
basic tenets of micro-economic theory, and therefore constitutes a
powerful new way of considering the transportation problem, including
some of its underlying dynamics. In particular, any of the variables
in use may be defined as in the structurally more con;plete inventory-
theoretic model so as to analyze almost any desired angle of the
problem, including those related with inventory policy. The single
additional assumption made in this model stems from the use of the
Delay Rule which, besides having been previously justified on economic
behavior grounds, in this case is a theorem of catastrophe theory.

2) Although this model is qualitative in nature, it represents
a faithful qualitative picture of the quantitative phenomena behind
transportation decisions by force of Thom's Classification Theorem.

3) Due to the general nature of the model, any two control and
one individual behavior variables participating in the objective (or
"energy") function of the problem may be singled out for analysis

without loss of generality. This quality provides an enormous
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advantage in studying specific policy options in the transportation

field.
Formulation and Analysis of the Choice Model

One of the stated objectives of this research was to verify pos-
sible contributions of the catastrophe theory/inventory theoretic
approach in providing additional insights to the analysis of the trans-
portation problem. This may be accomplished by comparing the
proposed model with other estimation models which have been most
successful, or displayed the greatest potential, for estimating trans-
portation demand. Judging from recent literature, it appears that
the most favored methods at present include multiple regression,
discriminant analysis, probit and logit models applied to disaggregated
data, and that the greatest potential seems to be connected with the
use of logit models.2

Therefore, the proposed model of transportation demand will now
be reformulated so as to tackle the modal choice problem in the same
terms as the most common formulation of the logit model, in order to
permit an analytical comparison of the two models. The modifications
will involve:

1) Redefining behavior as the odds-ratio in favor of a particular
mode being chosen over the other; and

2) Specifying as control variables the same variables, in the

same scale, as those which have been consistently considered the

2 See discussion on the subject in Chapter I.
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most important variables in previous studies.

Probability of Choice as a Behavior

Once profit-maximization (or cost minimization) has been assumed
implicitly (as in the logit model) or explicitly (as in the inventory-
theoretic model) as the objective function, all decision wvariables (which
represent behavior) will originate from the optimization of this objec-
tive function. Conceptually, therefore, there is no difficulty in
defining the probability of choosing a particular mode as a behavior
which is analogous to, say, order quantity (Q) or total annual quantity
shipped (A). In order to emphasize this point, the trivial graph of

Figure 3.5(a) may be used to demonstrate the interrelationship

between those three behavior variables. As all three variables are
determined endogenously and are maximized simultaneously with the
objective function, the exact relation of P(x)* and A* or Q* is
just a matter of defining appropriate scales for the vertical and hori-
zontal axes. Conceptually at least, the values of A* and Q* may
go from 0 to « , depending on the underlying parameter values.
However, in order to be meaningful, the probability function must
have values between 0 and 1. This constraint may be satisfied by a

logarithmic transformation of the curve in the graph of Figure 3.5(a),

which will result in a curve similar to that in Figure 3.5(b). The

basic nature of the relationship, however, remains unaltered: it is
logical to assume that for a particular observation, the farther away
the optimal shipping quantity is from the origin of the graph in one

direction, the higher will be the probability of that particular mode



56

A*Q*
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P(x)* 0.5 P(x)* 10 >

Figure 3.5 -- Relation Between Quantity Shipped and Probability
of Modal Choice
being selected.

One problem of defining "probability of a specific choice" as a
behavior is that, although the probability function represents an
actual function, it cannot be observed in real life. Therefore, this
function must be estimated statistically from actual choices (revealed
preference) by an "either/or" method such as the logit method.
Individual probability functions, however, must resemble the
"expected profit/quantity shipped" function described in Figures 3.1
(a) and (b). Consequently, when a large number of observations
are available, their frequency distribution must also resemble that
profit function through an "envelope curve" type of effect. By
defining the probability of choice, like in the logit model, so as to
have values ranging frocm zero to one (Mode I being chosen at

P(x) < 5 and Mode II at P(x) > 5), Figure 3.1(b) may be re-

labelled as the upper portion of Figure 3.6 on the following page.
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Since in absence of revenue considerations profit is the inverse of
cost, the lower portion of the same figure shows that the points of
minimum total cost in each mode correspond to the highest number of
observations in a particular sample. The shaded area in the graph

shows the area of irrational choice.

»

Mode 1 Mode IL

Frequency of Observations

0.51

S\

Total Cost

Figure 3.6 -- Probability of Choice Frequency Distribution
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Control Variables

Among the independent variables figuring most prominently in
previous demand estimations, the two which bear major interest for
this analysis are "direct transportation cost" and "transit-time." The
first, because it has been shown to be consistently significant in pre-
vious works both theoretically and practically; and, the second
because, while having been exhaustively pointed out as a theoret-
ically important demand determinant, in actual (logit) estimations it
has been plagued by inconsistent findings such as wrong sign and/or
insignificant coefficients. 3

Direct shipping cost (Cs) and transit time (M) are both compo-
nents of total shipping cost, and thus "compete" for a proportion of
total costs. Transit time, in fact, must be understood as a proxy
for "costs stemming from transit time" which, as may be seen in the
inventory-theoretic model, also include other variables.4 Cs and M,
in this case, must be treated differently than "revenue" and "cost"
in the previous example because, while "revenue" and "cost" have
opposite signs in the profit function (they are "conflicting factors"),
Cs and M have the same sign as components of the cost function.
For this reason, these variables must be treated in terms of "normal"

and "splitting" factors.

3 Some of these studies are described in Chapter 1V.

4 In order to have a uniform notation throughout this analysis,
from now on symbols for all variables shall follow the convention
adopted in Appendix A.
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The specification of Cs as a normal factor is straightforward:
in absence of any other cost, total cost is determined exclusively by
the formula TC = (r Q) = Cs , that is, freight rate per unmit,
times quantity shipped. This implies in a linear relationship between
A and r [Equation (8), Appendix A]. In terms of rate differ-
ences, this relation may be written Q = K(r'1 - rz) . By making
the choice of mode to depend on whether Ar is positive (Mode II)
or negative (Mode I), graph (a) of Figure 3.7 may be constructed.
Considering that Cs = r - Q , and that P(x)CT is a logarithmic
transformation of Q because of constraints in values of P(ac)CT
between 1 and 0, the same figure may be modified as in (b). This
figure shows the probability of choice function as function of ACs ,

provided that all other costs have zero or negative value.

A(Mode II) P(x)

P(x) = f{ACs)
Mode IL 11 Mode I
0.5
-Ar +Ar -ACs +ACs
0 |
AM = 0
Mode I Mode 1
A{Mode I)

(a) (b)

Figure 3.7 -- Relation Between Choice Variables and Direct Cost
of Transportation-Linear Variables
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Mean transit-time (M) may be defined as the "splitting factor."
In order to justify this decision, it must be remembered that transit-
time is important to shipping decisions exclusively to the extent of
the costs it induces in the total cost function. Therefore, the wvalue
of transit-time to a shipper stems from the influence of this variable
in the two cost components it affects most directly: Cost of Inventory

In-Transit (Ct) , and Consignee's Inventory Carrying Cost (CI)

a) Inventory In-Transit

The expression for cost of inventory in-transit in the demand
equation of the inventory-theoretic model [Equation (8), Appendix A]
is:

C;‘ = zM (3.10)

where M : mean lead-time, and 2z : in-transit inventory carrying

cost. This formula characterizes a direct linear (but negative) asso-
ciation of transit-time (M) with total quantity shipped (A). Through
analogy with the reasoning behind Figure 3.7, the association between
P(x) and AM mayv be shown to be equivalent to that pictured in

Figure 3.7(b) (with AM figuring in the horizontal axis), but only

so long as Ct is the only inventory cost under consideration.

b) Consignee's Inventory Cost

However, AM also affects fundamentally the Consignee's
Inventory Cost (CI) by helping to define the levels (and cost) of

"working inventory," "safety inventory," and the total cost of "orders
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set-up." The influence of AM derives from its being a basic deter-
minant of the expressions for "order quantity" (Q), "reorder pcint"
(R), and "expected shortage" (S), which together define CI . The

role of AM in C; and ultimately in the demand function may then

I
be traced as follows: -

The demand function [Equation (8), Appendix A] is:
A*(Q*, R¥*) = 1/b[Ap - r -2zM - K/Q* - £S*/Q*] (3.11)
Therefore, the expression for C’I" is:

Cf = 1/b[-K/Q* - g5*%/Q*] (3.12)

By definition, R [Equation (11), Appendix A] is:

R = u +G(q)cL (3.13)

L

The effect of transit time (M) on reorder point (R) is defined by
the fact that mean lead-time (uL) is given by u; = M-eu ; and its
variance (O’L] by oy, = Moz + Vu2 . The expression for R

enters the shortage definition [Equation (6), Appendix A] as:

S = f (L - R)¢(L)dL (3.14)
L=R

And, ultimately, the relationship between transit time and order quan-

tity becomes clear, once the expression for the latter is given [Equa-
tion (9), Appendix A] by:

Q* = [2A%(K + £S*/H)]17 (3.15)
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In spite of their interrelationships being made clear by equations
(3.11) to (3.15), an explicit analytical expression connecting M with
A* and Q* is difficult to obtain, because this set of equations is
complex and cumbersome toc work with. However, as equation (3.15)
is a quadratic formula, the relation between M and Q* and/or A¥*
will have to be of at least power two, that is, non-linear. Therefore,
the variable transit-time is one of those higher order variables which
cause total cost (profit) curves to have a "bell" shape in bimodal dis-
tribution, leading to singularity in the behavior space and to a cusp
and bifurcation in the control space.

Since the effects of M in the demand function are due to the
sum of a linear and a non-linear relationship, the resulting effect
must necessarily be non-linear, and this variable may consequently
be characterized as the splitting factor. After the logarithmic trans-
formation to assure asymptoticity of the curve and allow for the Delay
Rule, when the absolute value of AM is larger than zero,

Figure 3.7(b) must be modified as in Figure 3.8 on the following

page. The range of overlapping behavior sheets will be determined
by the Delay Rule and, more importantly, by the absolute value of
AM and the extent by which the non-linear component of transit-
time-induced cost (consignee's inventory cost) overpowers the linear

component (cost of inventory in-transit).
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1.0- Mode IT "

P(x) = f(ACs, AM)

AM#£0

+ACs

rigure 3.8 -- Probability of Modal Choice with the Inclusion of Transit
Time in the Objective Function

Global Overview and Canonical Formulation

A global overview of the model is described in Figure 3.9 ahead.
In analogy with the canomnical formulation of the general transportation
demand model discussed in earlier sections of this paper, a mathe-
matical formulation for the choice model, then, may be specified:

a) Normal Factor (a):
a = K,ACs (3.16)
b) Splitting Factor (b):

b = KZ(AM)2+K (3.17)

3

where K. , K, , K3 are constants to be estimated statistically.

1 2



P(x)
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P(x)

_ 1.0
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P(x) = f(ACs, AM,A.Eici x;)
|:

Figure 3.9 -- Global Overview of a Modal Choice Model Specified
Through Catastrophe Theory
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c) Probability of Choice Surface [P(x]]g,r :

[P(x)]g.r = [KlACS] + [KZ(AM)2 +K3][P(x)] (3.18)

d) Fold Curve in [P(x)]

2 _ 2
3[P(x)lgp = K, (AM)®+K (3.19)

3
e) Bifurcation set in the control space (CP to KD1 , and KD2)

is defined by the solutions to equation:
2 _ 2 3
27(K1ACs) = 4[K2[AM) + K3] (3.20)

As before, this equation is independent of the quantitative properties
of the model, except for the constants K1 , K2 , K3 .

Since most of the practical conclusions and implications of the
present model must be drawn by comparing some of its characteristics

with those of the logit model, a brief review of the latter is provided

in the next section.

The Logit Model in Freight Demand Estimations

Logit models take advantage of some properties of odds ratio in
favor of a certain event occurring, and its logarithm. This type of
model had been originally proposed and used in the transportation
field to define a function relating components of passenger utility

function to observed modal choice so as to estimate a function for
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travel demand 1:1'anspor’l:a’r.ion.5 From estimating passenger travel
demand, the same method has been subsequently addpted to estimate
a function akin to freight demand for 1:1'ansporta1:ion.6 A formal dis-
cussion of a modified version of the logit mcdel to handle choices
among unranked alternatives may be seen in McFadden (1968).7

In short, this model may be described as follows: assume, for
example, that an objective function (Total Cost, Net Price, etc.) to

be optimized for a certain problem may be defined in terms of modal

5 See for example:

Charles Rivers Associates, Inc., A Disaggregated Behavioral
Model of Urban Travel Demand. Prepared under contract for the
Federal Highway Administration, Final Report, March 1972.

Stopher, D.R.; and T.E. Lisco. Modelling Travel Demand: A
Disaggregate Behavioral Approach. Proceedings, Eleventh Annual
Meeting, T.R.F., Indiana, 1970.

Quarmby, D.A. "Choice of Travel Mode for the Journey to
Work: Some Findings." J.T.E.P., Vol. 1, No. 3, September 1967,
Pp. 273-314.

Some examples are:

Watson, P.L.; Hartwig, J.C.; and Linton, W.E. "Factors
Influencing Shipping Mode Choice for Intercity Freight: A Disaggre-
gate Approach." In: Proceedings, Fifth Annual Meeting, T.R.F.,
Vol. XV, No. 1, October 1974, pp. 137/144.

Daughety, A.F.; and Inaba, F.S. "Estimation of Service-
Differentiated Transport Demand Functions." Working Paper #601-77-
16, The Transportation Center, Northwestern University, 1977.

Miklius, W.; Casavant, K.L.; and Garrod, P.V. "Estimation of
Demand for Transportation of Agricultural Commodities." A.J.A.E.,
Vol. 58, No. 2, May 1978.

7 McFadden, D. "Conditional Logit Analysis of Qualitative Choice
Behavior," in Frontiers in Econometrics, ed. Paul Zarembka, pp. 105/
42. New York: Academic Press, 1974.
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characteristics:

n n

(OF)1 = fl Z xileil | and (OF)2 f2 inzsiz (3.21)
i=1 i=1

where xi]. are modal characteristics, and Bii their coefficients.
These functions may be combined into a single objective function in

terms of modal differences:

n n

OF = [(OF)1 - (OF)Z] = w E xileil - E xi26i2 (3.22)
i =1 i=1
In the case of modal choice, considering that not only modal
characteristics but also shipment, buyer or seller characteristics
affect choice decisions, this overall objective function {3.22) may

be rewritten:

n n
OF = g(XB) = a + in18i1 - z:xizeiz
i=1 i=1
n
+ E skyk (3.23)
k= 1

where sk stands for non-modal characteristics affecting choice, and
Y their coefficients. The probability that one of the modes will be

chosen may be written:

1
P(M;) =, 9(XB) (3.24)
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and, consequently, the probability [1 - P(Ml)] that the other mode

will be chosen is:

[1- P(M,)] Caklinad (3.25)
- —_—— 3.25
1 1+ eg(XB)
then, by properties of logarithms:
P(Ml)
P(x); = log ———— = -g(XB) (3.26)
1- P(Ml)

where P(ac)L is, by definition, the log of positive odds favoring the
first mode, which has a value of 0 to 1. At P(x) higher than 0.5,
the first mode will be chosen, while at P(x) values of < 0.5 the
second mode is chosen.

The two major assumptions in studies applying the logit model

1) The probability function P(ac)L = -g(XB) is linear; and

2) The function g(XB) contains stochastic terms g; and e].
which are assumed to be statistically independent and jointly distrib-
uted with an identical reciprocal distribu’cion.8

Under these circumstances, the function P(x)L = -g(XB)

may be plotted in a graph against one of the components of g(XB)

such as, say, Cs , as described in Figure 3.10 on the following

page.

8 See Charles Rivers Associates, Inc., op. cit., pp. 5/18.
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Plx) P{x)=-g(XB)
1.0
Mode 1T
0.5
-ACs +ACs
ModeTI
Od

Figure 3.10 -- Choice Function of a Logit Model

Analytical Comparison of the Two Models

At this point it is important to call attention to the similarity
between Figure 3.10 (logit model) and our formulation of the trans-

portation problem in Figure 3.7(b) (inventory-theoretic/catastrophe

theory). This similarity is not coincidental: in both models the
variables have been defined in the same way, and they purport to

describe the same underlying phenomena. However, in Figure 3.7(b)

P(ac)CT was defined as a function of the single (linear) variable
ACs , while the logit P(ac)L is a function of all variables in the

objective function (which are assumed linear).
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Basic principles of the theory of the firm, and of inventory
theory assert that the profit function is non-linear, and that mean
transit time (M) is one of the non-linear variables of that function.
As a consequence of this fact, plus the Delay Rule in catastrophe
theory, whenever AM is included as an explanatory variable of
P(x) , the P(x) function must resemble that of Figure 3.8. An
immediate implication is that the inclusion of AM will systematically
cause the logit model to misrepresent the probability function P(x) ,
and that this misrepresentation will be more pronounced the more the
value of AM in the objective function (profit) departs from a linear
relationship with quantity shipped (A*, Q*) and, consequently, with
P(x)* .

Conclusions and implications of the foregoing discussion may be
easily drawn by comparing the catastrophe theory formulation of the
inventory-theoretic model with that of the logit model. This may be

accomplished visually by superimposing Figures 3.8 and 3.10, as in

Figure 3.11 on the following page.

Once the inventory-theoretic model is accepted to be a reason-
ably complete structural representation- of the shipper's true objective
function, the function P(.x)CT must be accepted as a reasonably
accurate description of the true probability function, and P(ac)L its
linear approximation. That is to say that principles of economic
rationality require the choice of Mode II, even in presence of negative
ACs , up to point A, (or Mode I up to 2, ), and that the logit

model will most likely misclassify observations in the range of Ay

to }\2.
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-ACs 0.5/ N +ACs

Mode I /

Figure 3.11 -- Comparison Between Logit and Catastrophe Theory
Choice Functions with Relation to Transportation
Costs

The consequences of such a result in demand studies are mani-
fold, as may be seen by the conclusions reached by Fleiss (1373)
about the effects of misclassification errors in statistical estimations:

"The facts of the matter are that such errors can
turn a truly positive association into one that is less
strongly positive or even apparently negative; one that
is truly strongly negative into one that is less strongly
negative or even apparently positive; and one that is
nil into one that is apparently strong. These facts
contradict the long standing, but erroneous impression
that errors of misclassification tend only to reduce the
magnitude of association (Newell, 1962)."9

These facts indicate that in freight demand estimations by logit

models, in at least some of the cases, it must be expected some

9 Joseph L. Fleiss. Statistical Methods for Rates and Propor-
tions. New York: John Wiley, 1973, pp. 134/5.
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inconsistent results: misclassification errors caused by improper
specification of the probability function may very well provide wrong
sign and/or insignificant coefficients for some variables, even in
presence of a strong (apparent) explanatory power of the model.

And furthermore, eventual inconsistencies should be expected in
connection with non-linear variables, notably "transit-time." Further
implications as well as a search for empirical evidence about these

conclusions shall be explored in the next chapter.

Summary, Conclusions and Implications

In summary, this chapter has shown:

1) That the transportation problem may be globally described by
catastrophe theory in a qualitative but accurate manner, and that this
description encompasses a rigorous theoretic treatment of transporta-
tion demand, including inventory variables and basic dynamics of the
decision process behind modal choice.

2) That this model may be redefined using the same variables,
in the same scale, as those in the logit model without loss of gener-
ality or accuracy.

3) That the comparison of the resulting (catastrophe theory)
model and the logit model results in new insights about the usefulness
and limitations of the latter in a wide number of circumstances.

4) That the logit model systematically misrepresents the
probability function when non-linear variables such as transit-time
are included in the objective function, and the conditions under which

the logit approaches or departs from the true probability function
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were described; and that the accuracy of logit estimations depends on
how close the logit distribution is to the true probability function,
because the proportion of misclassified observations will be conditioned
by the degree of this approximation.

5} That eventual inconsistent estimated coefficients should be
associated with non-linear variables such as transit-time.

6) That the catastrophe theory formulation of the inventory-
theoretic model provides the elements for analysis of the above implica-

tions.



CHAPTER IV
APPLICATION OF THE MODEL--

CONCLUSIONS, IMPLICATIONS AND SUPPORTING EVIDENCE

An Observable Implication of the Model and Expected Results

If the preceding analysis advances an explanation as to why
apparently inconsistent results are to be expected in some logit
freight demand estimations in connection with transit time, now it is
necessary to address the question of under what circwnstances are-
inconsistent results more likely to appear. Specific answers to this
question may be found by returning to parts of the general model
developed in the last chapter. There it has been shown that the
logit probability function better approximates the itrue probability
function when the values of A, and A, (Figure 3.11) tend to
zero. This will happen when:

a) The absolute value of AM tends to zero, as seen in
Figure 3.9; and/or

b) The linear components of "transit-time-induced-costs" sub-
stantially exceed their non-linear components in value.

It also has been shown that the basic influence of transit time
on demand is due to its effect on inventory carrying cost; and that
linear cost components are concentrated in "cost of inventory in-

transit,” while non-linear components are basic determinants of

74
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"consignee's inventory cost." Cost of inventory in-transit is given

by:
= zM (3.10)

%

and consignee's inventory cost by:

}‘ = 1/b[-K/Q* - £5%/Q%*] (3.12)

where Q* is:

Q* = [2A%(K + £5%) /H]? (3.15)

The impact of transit time on inventory costs depends directly
on product characteristics such as perishability and value/weight.
The only variables describing these product characteristics in the
inventory-theoretic model are z (equation (3.10)) and H (equation
(3.15)), which stand for inventory holding cost (in-transit and con-
signee's, respectively). These variables may be expanded [Equations

(15), (16), Appendix A] as:

H = [Cr(v+r)] and z = [Ct(v+r-)] (4.1)
where:
Cr' = inventory holding cost per dollar-year
= purchase price of merchandise
r = transportation rate
C, = in-transit inventory carrying cost per dollar

of merchandise per day in transit.
Apart from the transformation of annual cost into cost per day,

the only major difference between C r and C ; are due to the
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inclusion of direct stecrage cost in the former, and eventual damages
(or loss) in the transit in the latter. However, the three most over-
whelmingly important determinants of Cr and Ct are depreciation,
interest and obsolesceznce.1 Depreciation and obsolescence are more
intense the shorter the life of the product. The relation between
C_. , C, and product perishability, then, may be written:

r t

1
c.,,C, = (4.2)
life-time of the product

That is, the shorter the life-span of the product, the higher will be
the value of C r and C ¢ in the model. Consequently, the more
perishable the product, the higher will be the value of H and z ,
and vice-versa. And H and 2z will also be higher (lower), the
higher (lower) is the value of the product, because interest expendi-
tures are determined by this variable.

From equations (3.10), (3.15) and (3.14) in Chapter III, it may
be seen that a high value of H and =z will have the following
simultaneous effects on demand:

1) Increase the influence of the linear components of "transit-
time induced costs," because C;:" = zM ; and

2) Decrease the influence of non-linear cost components, because
as the expression for Q* (3.15) is divided by H , the larger the
value of the denominator the smaller will be the value of the resulting
gxpression.

The opposite is also true.

1 See section on Inventory-Holding cost in Appendix A.
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Because AM is only an approximation for both types of cost,
it may be generalized, as a consequence of this discussion, that the
logit model will provide a better approximation of the true probability
function when the product is highly perishable than when it is not,
and that a high product value will add to this effect. In other
words, the more durable the product, the more relevant will be con-
signee's inventory considerations to modal choice, the worse will be
the violation of the logit's assumption of linearity and, consequently,
the less accurate estimations obtained through the use of this model.

As a result of this conclusion and following Fleiss' argument
(Chapter III), it is possible to advance two propositions whose
validity may be verified by a review of previous empirical works deal-
ing with transport demand estimation through the logit ﬁludel. In

short, it is expected that obtained resuilts should demonstrate that:

Proposition 1:
Perishable products should provide consistently better
estimates than non-perishable (durable) goods. The
(rare) exception is to be expected when the absolute
value of AM is close to zero, that is, when there is
not much difference between modal iransit times.
Therefore,

Eventual inconsistencies in estimated coefficients
(insignificant and/or wrong sign) should be obvious
more frequently in estimations involving durable goods

as compared to non-durables.
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Proposition 2:
Eventual inconsistencies should be connected with non-

linear variables, especially transit-time.

In the next section, a review of empirical studies is undertaken

in order to verify the wvalidity of these assertions.

Review of Empirical Evidence

Demand estimations using the logit model on disaggregated data
are not plentiful. The following review includes some of the most

significant published works in this area.

Miklius, Casavant and Garrod (1976)

The authors have used a logit model to estimate elasticiiies and
cross—-elasticities of freight transport demand for apples and cherries

2

shipments in three Northwestern states of the U.S.A.” The general

specification of the logit model in the study was as follows:

log [p/(1-p)] = o + By;Cp = BC + By T - By T

t
+ 83iVTi - B3fVTf + E Yksk
k=1

where log [p/(1 - p)] is the log of the odds-ratio in favor of

2 Walter Miklius; Kenneth L. Casavant; and Peter V. Garrod,
"Estimation of Demand for Transportation of Agricultural Commodities,"
in A.J.A.E., Vol. 58, No. 2, May 1976, pp. 218-223.
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Mode i being chosen; Ci , C]. : direct transportation costs of modes

i and j , respectively; Ti , Tf : their transit-times; VTi , VTj :
t
their transit-time variances; and Z Yksk : shipment characteris-
k=1
tics considered of importance for modal choice.

Variables included in the cherries estimation were: freight
charges, transit-time, age of pack, and gross value of the merchan-
dise. For apples, these variables were: freight charges, transit-
time and a proxy for variance in transit-time. For the latter, two
alternative formulations were used: expected delay and expected
cost of delay. Both provided equivalent results.

Overall performance of the models, for both products, was con-
sidered highly satisfactory. In order to assess the overall explana-
tory power of the model, the likelihood test was used to test the
hypothesis that all coefficients were equal to zero. This hypothesis
was rejected in both runs, with xz values that were way above the
critical value of 18.55 for six degrees of freedom. The x2 for
cherries was 301.42 and, for apples, 290.19. Estimated coefficients
and elasticities obtained in this study are reported in Tables 4.1 and
4.2 ahead.

A summary of the results reveal that:

1) In the cherries example, all coefficients had 'a priori"
expected signs and were significant at the 1 percent level using the
normal approximation; and

2) Results for apples shipments were not as uniformly consis-

tent: freight charge coefficients had expected signs and were highly
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Table 4.1 -- Elasticities and Cross-Elasticities of Demand for Rail and Truck Transportation
of Cherries

Elasticity or Elasticity or
Cross-Elasticity Cross-Elasticity

Variable Cosfficient t-Ratio for Rail Service for Truck Service
Rail Freight

Charges -0.0161 5.6701 -2.8696 4.1466
Truck Freight

Charges 0.0040 2.8060 1.1484 -1.6594
Rail Transit

Time -2.3438 8.6594 —5.5678 8.0454
Truck Transit

Time 2,7822 4.9945 4.1194 -5.9524
Age of Pack -0.3775 5.5102 —=0.4669 0.68732
Gross Value ~0.0006 5.0270 ~-1.3133 1.9008

Constant 6.4788 6.6264 - -—

Source: Walter Miklius; K.L. Casavant; and P. Garrod, "Estimztion of Demand for Transporta-
tion of Agricuitural Commodoties,” A.J.A.E., Vol. 58, No. 2, May 1976. Table 1, p. 220.

Takle 4.2 -- Elasticities and Cross-Elasticities of Demand for Rail and Truck Transportation

of Apples
Elasticity or Elasticity or
Cross-Elasticity Cross-Elasticity

Variable Coefficient t-Ratio for Rail. Service for Truck Service
Rail Freight

Charges -5.9088 6.7364 -12.5702 3.5455
Truck Freight .

Charges 4,7388 6.7960 10.0454 -6.4396
Rail Transit

Time 0.7108 2.1924 2.7252 -0.7686
Truck Transit

Time -0. 4670 0.7559 -1.1759 0.3317
Expected

Delay-Rail -0.7682 2.7636 -0.5272 0.1811
Expected

Delay-Truck 9.9354 1.6899 0.1778 -0.0501
Constant 0. 4460 0.2627 - -

Source: Ibid., p. 221.
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significant; variability of transit time had expected sign and were (less)
significant at the 5 percent level; but rail transit time had a positive
(unexpected) sign and was significant at 5 percent level, and truck
transit time was insignificant statistically.

The authors concluded that:

"The results for cherry shipments are rather encouraging.

All estimated coefficients had a priori expected signs and

were highly significant. Overall, performance of the model

in explaining modal choices was highly satisfactory. The

results for apple shipments are less satisfactory. It is dif-

ficult to provide a satisfactory explanation for the positive

sign of the rail transit time coefficient and statistically in-

significant truck transit time coefficient. Incomplete speci-

fication of the model is one possible explanation. The miss-

ing interrelationship between inventory and transport mode

decisions is another. Inventory considerations as well as

the decision where to buy may be célosely interrelated with

the choice of the transport mode."

With regard to the propositions advanced in the last section, the
results obtained in this study are exactly as expected. The only
major differences between cherries and apples as "abstract commodities"
are perishability and value/weight, and it was shown that:

1) Highly perishable cherry shipments did provide better
estimates than the more durable apple shipments (Proposition 1).
Although both products resulted in medels with high overall explana-
tory power, in the cherries example, all variables under study were
significant at the 1 percent level, while apple shipments produced
inconsistent and insignificant coefficients in theoretically important
variables.

2) The inconsisient coefficients were found in connection with

the variable transit-time (Proposition 2).

3 Ibid., p. 221.
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Watson, Hartwig and Linton (1974)

The authors also used a logit model to estimate freight demand of
a large household appliance for truck and rail shipments on inter-city
movements.4 Their objectives in this study were: a) estimation,
through logit models, of the most influential factors in shippers' modal
choice decisions; b) evaluation of the predictive ability of these
models; and c) definition of coefficient values and elasticities con-
nected with major factors. Their data were obtained from copies of
freight bills, and the total sample included 485 rail and 134 truck
shipments. Their general model was specified exactly as in the study
of Miklius, Casavant and Garrod described in the preceding section.
Three alternative formulations (hypotheses) of the model were used:
the first, including only direct cost differences (AC) and transit-time
differences (AT); the second, including AC , AT , and relative
mode reliability (AR); and finally, including all three variables plus
vaiue of the commodity (V). Estimated coefficients and measures of
association obtained from the three formulations are reported in
Table 4.3 ahead.

These results indicate that the best model was the one including
all variables (Hypothesis 3), but that transit-time was never statisti-
cally significant in any of the model formulations, while all other vari-

ables were significant at the 99 percent level. In order to verify the

4 P.L. Watson; J.C. Hartwig; and W.E. Linton, "Factors Influ-
encing Shipping Mode Choice for Intercity Freight: A Disaggregate
Approach," Proceedings, Fifth Annual Meeting, T.R.F., Vol. XV,
No. 1, October 1974, pp. 138-144.



Table 4.3 -- Estimated Coefficients and Measures of Association Between Different Variables and the

Odds—-Ratio in Favor of Rail Choice

Likelihood
Hypotheses Constant AC AT AR \Y% Ratio
HYEOthQSiS 1 -(.7156 -0.010 -0.053 169.10
(Standard (0.232) (0.001) (0.032)
Error)
ugn [-3.08] [-7.86] [-1.68]
Hzgothesis g -0.808 -0.010 -0.025 ~-0.47 181.473
(Standard
Error) (0.236) (0.001) (0.033) (0.128)
ngn [-3.42] [-8.03] [-0.75]
Hzgothesis 3 -8.571 -0.013 -0.020 ~-0. 446 0.065 334.744
(Standard
Error) (0.894) (0.002) (0.040) (0.168) (0.007)
ngn [-9.59] {-6.10] {-0.497] [-2.65] {9.146]

Source: P.L. Watson; J.C. Hartwig; and W.E. Linton, "Factors Influencing Shipping Mode Choicse

for Intercity Freight:
Vol. XV, No.

1, October 1974.

A Disaggregate Approach," in Proceedings, Fifth Annual Meeting, T.R.F.,
Table 3.1.1, p. 141.

€8
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impact of the correlation between AT and AR {-0.40) in the model,
additional runs were made in which alternatively either variable was
deleted. The results indicate that:

"the equations with either AT or AR deleted are indistin-
guishable from the equation including both of these vari-
ables. Comparing the formulations with either AT or AR
deleted, AT is still statistically insignificant and has a

large standard error term while AR remains significant."

A test designed to verify the accuracy of the "best" model (Hypoth-
esis 3) as internal predictor revealed an excellent internal predictor.
The expected number of truck shipments predicted in the test was:
Actual: 67.0
Predicted: 66.91
Error: -0.09
About the insignificance of transit time in the decision process
for modal choice, the authors revealed that:
"The statistical insignificance of AT is peculiar inasmuch
as we had hypothesized it to be important and also since
other researchers have found it to be important. The
reason for its lack of significance would appear to be due
to the activities of the firm from which we obtained our
data and to the commodity types under our examination."
and, about the effects of commodity type on AT (considered an
important reason):
"The relatively low commodity value per hundred weight
as compared to other consumer durables, e.g., electronic
products, makes the inventory carrying costs low enough
to make extensive regional warehousing practical when
weighted against the alternative of the high transportation

costs which would have to be incurred in order to facili-
tate the frequent shipping of small orders which would be

% Ibid., p. 142.

% Ibid., pp. 140-141.
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necessary to maintain a small inventory at the manufac-
turing plant site."”

While this argument is certainly true, it is unlikely that it would
amount to a major factor in reducing the significance of transit time
in the demand equation. Although interest rate (the major value-
related cost in inventory holding) is indeed an important cost of
inventory holding, the major portion of expenses in an average
inventory are related to combined cost of obsolescence, depreciation,
handling and distribution, insurance and storage faci.li’r:ies.8 All these
factors tend to increase, not decrease, the value of transit time.
Besides, the usually high cost associated with shortages (loss of
business opportunities, of customer's goodwill towards the firm,
etc.), especially with wholesalers, would tend to reinforce this
effect.

In essence, for our particular interest, this study has shown
that:

1) Unexpected results were found in freight demand estimation
of a durable gcod through the logit model (Proposition 1); and

2) The insignificant coefficient was connected with transit-time

(Proposition 2).

7 Ibid., p. 141.

8 Within reports average interest expenditures in typical inven-
tories in the U.S.A. to be approximately 24 percent of total carrying
costs. The bulk of the remaining expenses are due to the remaining
(mentioned) factors. Thomas M. Whitin, The Theory of Inventory
Management, Princeton University Press, Princeton, N.J., 1957,

p. 221.
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Johnson (1976)

The author estimated freight demand for grain shipments with
data accumulated from grain elevators in Michigan during the year
of 1973 in an attempt to associate service quality characteristics with
modal demand for transport services.9 His objective was to identify
the most important service characteristics affecting levels of modal
(rail) utilization, and infer usage implications from changes in these
factors. In the study, transportation demand was treated as a
derived (product) demand and two alternative regression models
were formulated: 1) an ordinary derived demand model relating
quantity of services demanded to explanatory variables; and,

2) a logit formulation of the same function aiming at defining the
probability in favor of using rail services. Ordinary least squares
were used, then, to estimate regression coefficients under an index

(log-linear) and logit formulations. These formulations were:

Pr _
S 1n (1—_1,7) = dr(S,T,R,D,Spr,Ar,Am,Vr,Vm,Lr,Lm,B)

where:

X, = quantity of rail service demanded (tons)

Pr = proportion of grain shipped by railroad during

the year
S = an indicator of firm size (1,000 bushels storage
9

Marc A. Johnson, "Estimating the Influence of Service Quality
on Transportation Demand," A.J.A.E., Vol. 58, No. 3, August 1978,
pp. 496-503.
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units)
T = 1 if the firm owns a truck, and = 0 if not
R = 1 if the firm owns or leases a rail car, and = 0
if not
D = average distance of rail shipments (miles)
Spr = average railroad speed (miles per day)
A = availability of rail cars (average days of equip-
ment delay)
A = availability of motor equipment (average days of

equipment delay)

\Y% = number of promotional visits by railroad firms
m = number of promotional visits by trucking firms
Lr' = average value of damage in rail transit per
$1,000 value
Lm = average value of damage in truck tramsit per
$1,000 value

B = proportion of total shipments intended for rail-
road but diverted to trucks for lack of railroad

cars.

Estimated results of the two models are summarized in Table 4.4
ahead.

An analysis of the results depicted in Table 4.4 demonstrates
that just like with the two previously mentioned works, some of the
variables' estimated coefficients were inconsistent with what should

be expected from the theoretical formulation of both models. In the
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Table 4.4 -- Regression Results for Railroad Demand and Railroad
Selection Probability Estimators

Railroad Railroad Selection
Demand Determinant Demand Probability
Constant %} ggg;za) a (g gggg)
Market Distance (0. 0033) (0, 0014
Storage Capacity (gggég) Eggggg)
Truck Ownership Egggﬁg) E;gggg)
Rail Car Leasing (g;g%) Egiggg;
Tonnage Diverted to Truck (%) (ggggg) (ggg};g)
Truck Equipment Delay Egﬁég)
Rail Equipment Delay Eggggg) EggggZ)
Damage by Truck Egiggg)
Damage by Railroad 288322) (33%25)
Truck Promotional Effort Egg%;)
Railroad Promotional Effort : Eggégg) (gigig)
Railroad Speed Eg: gggg) 2313333)
Standard_Error 0.9751 0.4664
R 2 0.451 0.744
F Fg 19 = 3.163 Fip 7 =6.628

a Standard Errors of coefficients are given in parenthesis.

Source: Marc A. Johnson, "Estimating the Influence of Service
Quality on Transportation Demand, A.J.A.E., Vol. 58, No. 3,
August 1976. Table 1, p. 501.
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author's words:

"Other service quality results are less intuitively appeal-
ing. The faster is railroad service or the less reliable is
delivery of trucking equipment, the smaller the relative
amount of railroad service used, ceteris paribus. The
relative preference for slower service may indicate that
the value of railroad cars as storage containers for ship-
ments of undetermined destination exceeds the loss of
inventory charges on grain owned during transit. Reasons
for inverse relationship between delay in motor equipment
delivery awad the ratio of rail to motor carriage used are
unclear but may be related to multicollinearity." 10

Without entering the merit of the advanced explanation for the
inverse relationship between delay in motor equipment and rail usage,
again it must be insisted that because direct storage costs are such a
small proportion of inventory holding costs it is unlikely that the
"inventory-in-transit" argument would justify the wrong sign in the

11 On the other hand, transit time is, by

variable "railroad speed."
definition, equal to (distance/speed), and estimated coefficients for
these two variables were (Table 4.4) 0.0029 and -0.06294, respectively.
As the denominator of the fraction is negative, it follows that if the
variable transit-time had been estimated directly in the model it would
present also an (inconsistent) negative sign. Thus the expected

results enunciated in our Propositions 1 and 2 are once more obtained

in an applied study.

10 mig., p. soz.

11 Whitin, op. cit., p. 221.
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Daughety and Inaba (1977)

Two very interesting recent works directed at estimating freight
demand by logit models on disaggregated data were prepared by
Daughety and Inaba (1977) in order to evaluate grain movements

12,13 These studies are result

(corn) to markets in Midwest U.S.A.
of an (still ongoing) intense effort in the area by the authors as
members of The Transportation Center at Northwestern University,
which introduced a number of interesting conceptual and methodolog-

14 The authors developed a model

ical approaches to demand models.
based on the theory of the firm which places freight demand as a
derived demand for goods and as function of spatial distribution of
production centers and markets. Therefore, this model aims at
explaining "not only the interrelationship among goods prices in geo-
graphically separated markets, but also to explain the interdependence
between spatially separated markets and the transport sector" (p. 1).

The general model is specified in terms of a "typical" shipper's
profit function:

T(dygs oo Q) = ZZ [P Gy = tim Gy ™ Hym ()1 = C@)
] m

12
~® A.F. Daughety and F.S. Inaba, "Empirical Aspects of Service-

Differentiated Transport Demand," Working Paper No. 601-77-11, The

Transportation Center, Northwestern University, Evanston, Ill., 1977.

13 A.F. Daughety and F.S. Inaba, "Estimation of Service-Differen-
tiated Transport Demand Functions," Working Paper No. 601-77-16, The
Transportation Center, Northwestern University, Evanston, Ill., 1877.

14 For other (previous) studies by the authors, consult the
Bibliography and the literature reviewed in Chapter I.
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where:
I[(qll. cens qjm) = profit associated with guantities shipped by

market-mode pairs

P]. = price of the product in market j=1, ..., J
ti m - transport rate to market ] by mode m ,
iji=1, ..., J;and m=1, ..., M
q].m = quantity shipped to market | by mode m
Hjm (qjm) = service-induced transport co<t of shipping q].m

C(q) = cost of producing q = E Zq}.m
] m

As the shipper is expected to choose non-negative q}. m 's so as

to maximize I[(qll, qjm) , the profit function is maximized:

P.-t. - H'. . - C! = 0
i hm T Him ) = C1)

where:

Although recognizing that the service-induced cost function
(Hj m) is in general strictly convex (because it includes a strictly
convex risk function), the authors argue that because elevators under
study typically ship only a fraction of their holdings at a time, to
assume a linear approximation for the risk function is a reasonable
assumption. This assumption, therefore, in their contention, makes

demand-estimation through the logit model adequate for the particular
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case under study. After this justification, two alternative formula-
tions of the logit model (net-price and revenue) were estimated

through the general specification:
P {y = (jm)/P(n), t(n), A(n)} =

eaijj(n)+o¢] (n) a 3A (n)

ZZ oc P (n]+am2t].m(n)+am3Am(n)

where:

P {y = (j.m}/P(n), t(n), A(n)} = the odds-ratio in favor of
choosing the (j,m) market-mode pair;

Pj(n) = price or revenue (i.e., price x quantity) at the j-th
market;

tjm(n) = transport rate or cost (i.e., rate x quantity) of ship-
ping to the j-th market by the m-th mode; and,

Am(n) = perceived availability cost per bushel or per shipment

(i.e., per bushel cost x quantity) of shipping by the

m-th mode.

A summary of results obtained from estimating the logit model in
the first study (Footnote 12) is reported in Table 4.5 ahead. In this
study, two altermative specifications of the model were used in inde-
pendent runs: the first computed only data from truck and single-
car-rail (SCR) users, while the second run computed data from the

users of these two altermatives, plus of multiple-car-rail (MCR)



Table 4.5 -- Bstimated Logit (Probability)

Coefficlents and Summary Statistics for Corn Shipmente to Markets in Midwest U.S.A.--
(First Paper)

PRICE TRUCK _ SCR . MCR
Run, Summary
Statistics River Local River Local River Local River Local Availability
0.0007764857 -0.00860727 -0.005135358 —_— -0.07392352
(2.35)% (-4.3) (-3.45) (-2.52)
RUN #1 :
0.0006306472 ~0.008930596 -0.0006564478 —_—-
(1.79) (-2.62) (-1.81)
LRI: 0.29
DF: 227
%: 78.27
0.0006865327 -0.01052284 -~0.005925606 -0.01332688  ____ -0.06042358
(2.41) (-4.67) (-3.89) (-4.21) (-2.29)
RUN #2
0.000438601 -0.008076278 -0.0005457262 -1
(1.49) (-2.39) (-1.73) (-0.001)
LRI: 0.41
DF;: 418
%: 80

LRI: Likelihood Ratio Index

DF: Degrees of Freedom

%: Percentage of Right Cholce

* t-values for the coefficients are shown in parentheses

Source: A.F. Daughety and F.S. Inaba, "Empirical Aspects of Service-Differentiated Transport Demand." Working Paper No.
601-77-11, The Transportation Center, Northwestern University, Evanston, Ill.: 1977, Table 2, p. 20.

€6
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service. Asymptotic t values for the variables are placed between
parentheses, and summary statistics are reported in the first column.

These results show that all variables had expected signs as long
as a type I error of 0.07 (t =~ 1.79) is acceptable. The first model
provided the right choice 78% of the time, while the second model
predicted the right choice 80% of the time.

In the second paper (Footnote 13), both net-price and net-
profit formulations were estimated, allowing for two modes (truck and
single-car-rail) and two markets (River and Local). Estimated co-
efficients and measures of association are described in Table 4.6
ahead.

Results reported in this study are noticeably better than those
described in the preceding table. Run #1 (net-price formulation)
predicted the correct choice in 90% of the cases, while Run #2 (net-
profit formulation) predicted the right choice 82% of the time. The
Likelihood Ratio Index for both runs were 0.6865 and 0.4028, respec-
tively. In spite of an apparently higher overall explanatory power
for the first run, by comparing the t values of the variable
"product price" in both runs the authors have detected an extensive
market imperfection in terms of bid negotiation, which invalidated the
use cf results reperted in Run #1. Therefore, the analysis presented
in the rest of the paper was based in the results of Run #2.

A closer look at these results reveals that all variables had the
right sign and were highly significant. This fact by its~lf indicates
their relevance to the modal choice decision process. Two facts, how-

ever, must be pointed out:



Table 4.6 -- Estimated Logit (Probability) Coefficients and Summary Statistics for Corn Shipments to
Markets in the Midwest U.S.A.--(Second Paper)

PRICE TRUCK RAIL
Run, Summary
Statistics River Local River Local River Local Availability
Run #1 2.626 3.176 -33.21 -64.63 -16.74 -25.29 -457.5
NET-PRICE (1.046)* (1.193) (-3.889) (-4.491) (-3.547) (-3.410) (-2.394)
% 90
LRI: 0.6865
Run #2 0.00141 0.00131 -0.009604 -0.01282 -0.004848 -0.001574 -0.06695
NET-PROFIT (3,412) (2.945) (-3.925) (-3.297) (-3.635) (-3.060) (-1.951)
%: 82
LRI: 0.4028

%: Percentage of Right Choice
LRI: Likelihood Ratio Index

* t-values for the coefficients are shown in parentheses

Source: A.F. Daughety and F.S. Inaba, "Estimation of Service-Differentiated Transport Demand
Functions." Working Paper No. 66-77-16, The Transportation Center, Northwestern University,

Evanston, Ill.: 1977. Table 2, p. 19.

G6
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a) While all variables related with product price and direct cost
of transportntion were significant at at least the 99.5% level, the sole
representative of service quality (cost of equipment availability) fared
less well: it is significant at 95% but insignificant at the 97.5% level;
and

b) the relatively high proportion of misclassifications (18%) of
the model suggests that specification of additional service-quality
variables could improve significantly the explanatory power of the
model, and consequently, its predictive ability.

The authors then proceed to estimate demand functions and
approximate equilibrium quantities of grain which were expected to
move by different market-mode alternatives. For this, an ingenious
technique involving the generation of a posterior on shipment size
conditioned on alternative choice from a prior shipment size and the
estimated choice model was developed and used. The resulting
expected posterior combined with industry supply functions provided
demand equations. This methodology and results, while interesting
as a procedure of potential value for future estimations, exceed our
present analytical needs, and therefore will not be further reproduced
here.15

Among the valuable contributions of these working papers are:

1) The general model is firmly anchored in spatial equilibrium

and the theory of the firm, a fact which permits introducing specific

15 A.F. Daughety and F.S. Inaba, "Estimation of Service-Differen-
tiated Transport Demand Functions,” Working Paper No. 601-77-16, The
Transportation Center, Northwestern University, Evanston, Ill., 1977,
pp. 20-27.
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variable modifications (or additions) without re-thinking the whole
model;

2) The proposed technique for obtaining demand estimations
from probability coefficients may prove very useful in studies con-
cerned with the prediction of the flow of goods to various markets
through different modes;

3) Although justifying the use of the logit model for this par-
ticular application, the authors recognize the potentially serious
effects which convexity in service-induced transport costs would have
in freight demand estimations through techniques such as the logit

16 and

model;

4) Estimated results confirm the importance of commodity price,
transport cost, and equipment availability as factors which deeply
influence market-modal choice decisions.

In terms of collecting evidence regarding our propositions about
expected inconsistencies in transit-time, unfortunately the absence of
this variable in the model's specification results in inconclusive evi-
dence in either direction. Tiis exclusion is particularly unsettling
when the authors recognize early in the paper that transit-time-
induced costs are "central to the theory of transport demand as a
derived demand" and also that ccllected data "contained information
on quantity shipped, mode, contract price, transit time, transport

rate, who paid the transport, destination, expected travel time, date

16 Inid., pp. 6-11.



98
of contract commitment and shipment due date," among others.”
This, however, may be due to their apparent (primary) interest in
estimating the equilibrium grain quantities shipped to different mar-
kets, by different modes, rather than to address the more specific
question of the influence of service characteristics in modal choice
and demand.

In any case, the possibility that inclusion of expected transit-
time-induced costs (of which equipment availability cost is a compo-
nent) into the model's specification under a linear form would provide
inconsistent results cannot be dismissed at this point, in spite of the
justification for the risk linearity assumption made by the authors,

especially in face of the results obtained in other studies described

previously in this section.
Conclusions and Implications from the Evidence

Considering the relative paucity of published empirical works
employing the logit model to estimate freight demand using disaggre-
gate data, the studies reviewed in the preceding section might well
constitute not only the most significant works in this area but a good
part of the literature available on the subject as well. The products
involved were cherries (seasonal, perishable), apples (seasonal, semi-
perishable), grains (seasonal, semi-durable), and large household
appliances (durable). As far as one can tell, these studies were

conducted carefully and made use of the best data available for this

17 Ibid., pp. 4 and 16, respectively.
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type of work. Their results, as should be expected, are not strictly
comparable since their data referred to different products, were
collected in different parts of the United States at different times,
and different model specifications were followed according to individual
researchers' priority objectives. However, with respect to expected
results enunciated in Propositions 1 and 2, the preceding review
clearly suggests a pattern in the findings connecting inconsistent
logit coefficients (insignificant and/or wrong sign) with product
perishability and that, also as expected, these inconsistencies were
found associated with the variable transit-time.

The best evidence in support of the advanced propositions were
found in Miklius, Casavant, and Garrod (1976), because these authors
worked simultaneously with a perishable (cherries) and semi-perishable
(apples) product. As predicted, the "cherries" estimation produced
a model with high explanatory power and all variables presented
correct sign and were significant, while the "apples" example, although
displaving good explanatory power, resulted in wrong sign (rail) and
insignificant (truck) coefficients for the variable transit-time.

Estimating freight demand for a durable (manufactured) good,
Watson, Hartwig, and Linton (1874) confirm these results. In spite
of being an excellent internal predictor, their model resulted in
insignificant coefficients for transit time in three different formula-
tions, in spite of the authors having hypothesized "a priori" this
variable to be important.

Further evidence in support of the advanced propositions were

obtained in the work of Johnson (1976), who estimated freight demand
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for a semi-durable (grain) commodity in Michigan. Using a model
specification which was different from that of the two preceding works,
the author found the coefficient for railroad speed to be negative,
which led to the conclusion that transit time also would present the
wrong sign had it been estimated directly.

Finally, Daughety and Inaba (1977) estimated freight demand for
corn shipments to markets in the Midwest U.S.A. Because the vari-
able transit-time was not included in their model's specification, no
conclusion could be made with respect to either of the two proposi-
tions. However, the possibility that inconsistent results would be
obtained in case of the inclusion of transit time also could not be
discarded "a priori."

In summary, of the five productis studied in the four reviewed
articles, evidence was found in four of them supporting the argument
that the logit function misrepresents systematically the true probabil-
ity function in case of non-perishable products, and that this mis-
representation is relevant to transportation demand estimations. No
evidence against this argument was found in any of them. The one
inconclusive result might have been due to non-specification of
transit time in the model.

Although such a pattern does not constitute proof of correctness
of the advanced propositions, it certainly raises reasonably credible
(albeit circumstantial) evidence in their favor. This fact may justify
careful acceptance of the model which led.to their formulation, at
least until further studies are conducted to verify these findings.

In any case, acceptance of these conclusions implies that
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estimating transport demand through the present (linear) formulation
of the logit model will probabily produce theoretically inconsistent
coefficients, which may give origin to wrong or misleading policy

recommendations.

Suggested Model Improvement and Ideas for Testing

A number of different approaches are open for improving cur-
rently used models of transportation demand and/or developing new
ones. Conclusions of the preceding analysis suggest that the catas-
trophe theory-inventory theoretic approach may be of substantial help
in defining and testing some of these possibilities, some of the most
intuitively appealing of which, in our opinion, will briefly be explored
in this section.

While pursuing more extensively any of these possibilities clearly
exceeds stated goals of this analysis, the suggestions are offered in
the expectation of their being useful for future works dealing with
the subject. Some of them imply in improving the logit model by
introducing modifications in its specification and/or general formula-
tion, whiie others purport to use the properties of catastrophe theory
to simplify complex (but structurally complete) theoretical demand
models to be estimated by other statistical techniques.

A note of caution is in order at this point: because these sug-
gestions have not as yet been developed to the point where they
could be applied to practical estimations, it is not possible to foretell
whether or not they would encounter conceptual and/or estimation

problems further along the line.
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Pre-Classification of Observations

One of the most interesting possibi'ities for improving the logit
model stems from the precise delimitation of the singularity in the
behavior space (the probability function) provided by the catastrophe
theory-inventiory theoretic approach. This fact may be inferred by

observing again Figures 3.9 and 3.11 in Chapter III. Figure 3.9

shows that as the absolute value of AM increases, so will the cost
divergence increase between the modes (curve KD1/CP/KD2 in the
graph) with a consequent increase in the overlapping sheets of P(x) ,
that is, of the area where either mode could be chosen rationally in
the economic sense.

Figure 3.11 which may be considered as a two-dimensional cut
parallel to the ACS axis in Figure 3.9, demonstrates the manner by
which the logit probability function [P(x)L] approximates the "true"
probability function [P(x)CT] . As may be seen in this figure, for
any AM different than zero, points A 1 and >‘2 delimit the range
of ACs within which the logit model is most likely to misclassify the
observations, while outside this range’ the logit probability curve
approximates reasonably well [P(x)CT] . As it has been advanced
in previous sections that this logit misclassification of observations is
the most likely source for inconsistent coefficients found in previous
estimations, it is possible, at least conceptually, that a pre-classifica-
tion of cases according to this criterion might be used to eliminate
the inconsistencies and obtain more reliable coefficients for the non-

linear variables without modifying the logit model "per se."
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Points >‘1 and >‘2 may be defined through the formula for the

bifurcation set (curve KD1/CP/KD2 in Fig. 3.9), which is indepen-
dent of quantitative properties of the model, and thus provides the

boundaries for the pre-classification of observations. The bifurcation

set is defined by Equation (3.23), Chapter III:

3

2 _ 2
27(K1ACS) = 4[K2(AM) + K, 1 (3.23)

3

where K1 , K2 , and K3 are constants defined statistically from
the sample for any observed value of AM . Therefore, >\1 and >‘2

will be the roots of the quadratic expression (AM is given):

2 3
A[K,(AM)® + Kg]

(Acs)2 = . (4.3)
27K
1
or,
4[K2(AM)2 + K3]3
ACs, = A, = . (4.4)
27K >
4[K2(AM)2 + K3]3
ACs, = A, = - . (4.5)
27K 2

An implication of this definition of A, and X, is that the mere

1 2
elimination of observations falling between the two boundaries should
provide a better approximation of actual variable coefficients than
those estimated with the available observations. Depending on the

objectives of the study, it is conceivable that this approach may offer
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an opporturiity to test specific hypotheses about freight demand,
including some aiming to test the validity of some of the catastrophe
theory-inventory theoretic model's assertions.

However, as an operational model, the shortcomings of this
approach are obvious: 1) all thusly estimated coeifficients will refer
only to the part of the cases outside of All >‘2 . Although it is
expected that in general those will be the majority of cases, estimated
coefficients will not be applicable to the universe of observations,
because those located within this range should present dramatically
different coefficients, and 2) in a sense, the efiect of this short-
coming is more severe in the case of predictions, since observations
within this range are supposedly more sensitive to parameter changes
in terms of modal shift than the remaining cases.

Therefore, before this pre-classification criterion may be used
in actual estimations, a system must be devised for the treatment of
observations with the )\1/ }\2 range, if the major interest of the

study is to provide policy recommendations.

Pre-Treatment of Variables

Another possibility open to improve logit model's estimations lies
on weighting observed variables according to their functional form in
structural models (such as the inventory-theoretic model) prior to
their processing. In this case, the functional definition of the logit
model would better approximate that of a more precise theoretical
model, with a likely improvement in both global explanatory power and

significance of estimated coefficients. Although this modification still
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would not account for the effects of the Delay Rule the results might
be considerably better than using the variables without previous
treatment.

In practice, what could be done is to trace the approximate
functional form of the variables under consideration with respect to
the dependent variable in a theoretically complete model, and then
multiply observed variables by a factor which approximates this
relationship. After this step, proceed with the logit analysis as

usual.

Direct Modification of the Logit Model

One of the more promising angles for improving the logit model
would be to explore the possibility of relaxing its assumptions to
allow for modifications demanded by economic theory. In essence,
these modifications would comprise:

1) Alowing for non-linear variables; and

2) Modifying the classification criteria so as to allow, as correct
choice, alternative model selection up to kl or Az whichever is
the mode actually selected by the shipper in that case.

1f these modifications are proven to be feasible, it would be
poscible to specify the logit model according to the formulation of
more complex models, such as the inventory-theoretic, a fact which
would most likely improve the estimation accuracy of the model.
Although conceptually possible, this expansion of the logit model

might take considerable effort to develop, particularly because the

assumptions about the stochastic error terms would have to be
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re-examined, in order to verify if some bias would be introduced in

the model through the proposed modifications.

Catastrophe Theory Model

A possibly more rewarding, but also more challenging, alternative
would be to estimate freight demand directly through a model such as
the ones described in Chapter III. The concept of qualitative equiva-
lence derived from deep mathematical theorems of catastrophe theory
asserts that locally the phenomena described in this analysis must be
equivalent to the general description of Figure 3.9, and therefore the
canonical formulation of the cusp catastrophe may be fitted to actual
data for analysis and prediction purposes with appropriate statistical
techniques.

A major advantage of this type of approach is that because such
a model would be equivalent to more complex structural models, anal-
yses and conclusions based on them would be automatically backed by
fundamental tenets of economic theory as well as by statistical evi-
dence. This fact should provide a firmer ground for policy recom-
mendations in the transportation field, especially those dealing with
service characteristics' modifications. In a more practical sense,
because of the generic nature of the model, its formulation may be
defined so as to provide specific answers to the particular problem at
hand. Behavior, for example, may be identified by the (observable)
decision variable of major interest for the study--such as annual
demand, order quantity, or probability of modal choice, while control

parameters may be defined as prescribed by theory according to
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particular policy questions to be answered. In any formulation, this
model is expected to provide more information than alternatives now
in use, because it estimates nict only association between variables,
but also the points where modal shifts are bound to occur.

The most straightforward application of the model is probably to
use 2 (non-linear) regression technique to estimate the behavior space
equation. The coefficients thus estimated would then be used to
calculate all other borderline values through additional formulas pro-
vided in the models of Chapter III.

The behavior surface is determined by a cubic equation on the
behavior variable, and therefore will have in this problem, by the
theory of equations, either one or three real roots, depending on
parameter values. As a consequence, the behavior sheet will have
one value outside of Kl and >\2 and three values within that
range.18 The middle-valued root represents the irrational economic
option for the shipper, as a point in middle sheet of the behavior
space.

One of the most demanding estimation problems that may be
anticipated by use of this model is how -to define exactly a methodology
to estimate a non-explicit cubic equation. However, this should not
amount to a very serious obstacle once there is evidence in the
literature of existing computer routines to tackle this type of problem,

such as the one prepared by R.E. Quandt and others at Mathematica,

18 For proof and general discussion of this statement, see A.G.
Wilson, "Catastrophe Theory and Urban Modelling: An Application
to Model Choice," in Environment and Planning A, Vol. 8, 1976.
Appendix, pp. 355-356.
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reported by Baumol and Vinod.19

19 W.J. Baumol and H.D. Vinod, "An Inventory-Theoretic Model
of Freight Transport Demand," Management Sciences, Vol. 16, No. 7,
March 1870, Footnote 10, p. 421.
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CHAPTER V
GENERAL SUMMARY, CONCLUSIONS, AND

NEW RESEARCH DIRECTIONS

Summary of the Study and Conclusions

This analysis was undertaken in the expectation that catastrophe
theory could be used to describe globally the transportation problem
and to explore the possibility that a simultaneous treatment of freight
demand and modal choice would provide new insights leading to a more
comprehensive understanding of the dynamic forces behind transporta-
tion decisions. An additional goal of this study was to evaluate what
contributions (if any) this new approach could provide to better
understand the shortcomings of, and improvement possibilities for,
currently used practices of freight demand estimations.

Considering that catastrophe theory is only a mathematical set
of concepts devoid of any economic meaning, the first part of the
analysis concentrated in laying down the micro-economic foundations
of transportation demand as derived product demand. This effort
culminated with the development of a theoretically sound and reason-
ably complete inventory-theoretic model of transportation demand,
based on the works of Baumol and Vinod (1970), Das (1974, 1975),
and Constable (1972), which is described in Appendix A of this dis-

sertation. This model incorporates all essential demand determinants
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in a structural manner, including inventory-policy-related variables
which are important to transportation decisions.

Taking advantage of the economic assumptions and postulates of
the inventory-theoretic model, the transportation problem, then, was
reinterpreted through catastrophe theory, resulting in a simplified
model permitting simultaneous analysis of modal choice and freight
demand in a generic way. Because of the properties of catastrophe
theory, this model is expected to be rigorously equivalent (qualita-
tively) to more complex structural models.

As the logit model has been considered in earlier chapters to be
one of the most promising new approaches to estimating freight demand
with disaggregated data, the general catastrophe theory model was
redefined into a choice model which could be compared analytically
with the logit model in the same terms. This comparison resulted in
a number of theoretical conclusions and implications about the suit-
ability of the logit model for freight demand estimations, such as:

1) The logit function systematically misrepresents the true
probability function for modal choice;

2) The reason for this misrepresentation lies mainly (but not
only) on the logit's inability, because of its fundamental assumptions,
to describe properly non-linear variables affecting inventory policy of
the shipper;

3) The major non-linear variable affecting inventory policy in
the model is transit time, and therefore the inclusion of this variable
in model specification was a cause for this misrepresentation of the

probability function.



111

A review of the consequences of an improper specification of the
objective function of choice models in statistical estimations revealed
that:

1) The model would be likely to classify erroneously some of
the observations; and

2) Misclassification of a significant number of observations would
introduce a number of inconsistencies in estimated coefficients and
their measures of association, even in presence of a strong (apparent)
overall explanatory power estimated for the model.

In view of these results, the next step of the analysis was to
determine under which conditions the logit function would better
approximate or depart from the "true" probability function. From
the preceding analysis it was made clear that those conditions would
depend mostly on whether the variable transit time could be described
functionally as a linear variable or not. By tracing back the role of
this variable in the profit function of the inventory-theoretic medel in
Appendix A it was shown that transit time affects the profit function
mainly through its influence on inventory-related costs; and that this
influence manifested itself through two independent (but simultaneous)
components:

1) Cost of inventory in-transit, which is essentially a linear
component of total transportation ccst in the profit function; and

2) Consignee's inventory cost, which was shown to be a non-
linear component of transportaticn cost, therefore representing a non-
linear influence in the profit-function.

A natural conclusion is that the logit function will get closer to
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the true probability function the more the value of transit-time-
induced costs in inventory in-transit exceeds the value of these costs
on total consignee's inventory cost, and vice versa. As a result of
this conclusion, an effort was undertaken to verify what are the
major factors influencing the actual value of transit-time-induced
costs in both types of inventory. The result of this query indicated
that the most important variables in this sense were product charac-
teristics, particularly product perishability, and that product value
magnifies the effect of product perishability in the equation. With
the help of the inventory-theoretic model it was shown that a high
product perishability (and value) has two simultaneous effects in the
demand equation:

1) It increases the influence of the linear component of transit-
time-induced cost; and

2) Decreases the influence of non-linear components of these
costs in the equation.

An implication of these findings is that logit estimations of non-
perishable products' transportation demand should provide less
reliable (and consistent) estimates when compared with estimations
regarding perishable products. In order to corroborate this implica-
tion in actual circumstances, two verifiable propositions concerning
expected results from actual empirical estimations using the logit
model were advanced:

1) "Eventual inconsistencies in estimated coefficients (insignifi-
cant or wrong sign) should be more frequently obvious in estimations

involving durable goods as compared to non-durables;" and



113

2) "Eventual inconsistencies should be connected with non-
linear variables, especially transit-time."

A review of available literature on empirical studies involving
the application of the logit model on disaggregated data was then
undertaken, and the results of each study checked against the two
propositions. Although none of the results of the studies were
strictly comparable, they largely confirmed the predictions contained
in the propositions. Of the four studies rocviswed, three displayed
inconsistent coefficients connected with the variable transit time for
semi-perishable and durable goods. One study presented inconclu-
sive results regarding the propositions because of exclusion of this
variable; and the only estimation concerning a perishable commodity
resulted in consistent and highly significant coefficients for all vari-
ables, including transit time.

Considering the results of the present analysis, several explora-
tory suggestions oriented towards future improvement of transporta-
tion demand estimation models were briefly described. These included
perfecting the logit model through a pre-classification of observations,
model estimation using pre~treated variables, and/or direct modifica-
tion of the logit's formulation. A fourth suggestion dealt with directly
estimating demand functions through the use of a model developed
using catastrophe theory.

Among the major general conclusions which may be abstracted
from this study are:

1) The transportation problem may be described through

catastrophe theory, and this approach promises great potential for
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future works in this area. Most of the advantages of this approach
stem from its being able to describe simultaneously modal choice and
demand for transportation, and from its ability to represent simplified
versions of structural models where cause and effect between vari-
ables are clearly explicit.

2) Inventory considerations do play an important role in trans-
portation decisions, and transportatin.- demand models must take into
account this factor in empirical estimations. In particular, applying
the common specification of the logit model to freight demand estima-
tions for non-perishable products will most likely result in unreliable
(and probabl ' conspicuously inconsistent) coefficients, which must be

used in policy recommendations with utmost caution.

New Research Directions

Crucial decisions in the transportation area must be continuously
made by users and policy-makers alike in order to insure fast, cheap,
and reliable delivery of merchandise to their intended markets. Con-
scientious decision-making in this field, as in any other, depends
heavily on reasonably complete understanding of the underlying
dynamics responsible for transportation service operations.

Policy information needs are not limited, in this area, to the des-
cription of short-term interrelationships between modal choice (or
transportation demand) and a score of variables intervening in the
process. Instead, modeling efforts should be able, in addition, to
predict flows of merchandise to different markets by individual modes,

allow for discontinuous changes in modal use, permit analysis at the
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level of aggregation required by the particular need and, perhaps
above all, describe the dynamics of the decision process so as to
predict (and mold) structural changes in transportation services cver
time. Despite an impressive volume of work in this area, no single
model developed so far provides answers to all these questions as
interdependent aspects of the same general problem in a practical
manner. Although a number of approaches have been met with con-
siderable success in describing specific situations, the global picture
is still to be completed, and policy recommendations based on some of
the previous models have been incomplete, unreliable or even frankly
erroneous.

Although it is not possible to claim, at this point, that a trans-
portation demand model based on catastrophe theory would be able to
answer all the necessary questions, or even to surpass the perform-
ance of some of the existing models in practical applications, there
are clear indications that some of its characteristics are indeed encour-
aging in terms of potential development and use. First, this type of
model is a global model, and therefore considers simultaneously the
concomitant problems of demand estimation and model choice, which by
necessity are treated only partially or in a step-by-step fashion by
other models. The advantages of the former over the latter types of
models are that the study of only one side of the problem yields in-
complete information, and the step-by-step approach requires compli-
cated lexiographic solution methods which are not only cumbersome to
work with but also generally imply in a degree of loss of estimation

accuracy.
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In the second place, a catastrophe theory model may be defined
as a qualitatively accurate simplified version of a structural model,
that is, it may have its variables specified as cause and effect in a
functional form prescribed by basic elements of economic theory. This
quality should provide for relatively simple statistical manipulation of
actual data while still counting with full theoretical backing from
alrecady proven principles governing economic decision-making by
entrepreneurs in general. And finally, a transportation demand model
based on catastrophe theory is essentially a dynamic model, that is,
it tries to emulate shippers' decision-making as a process in continu-
ous evolution over time as a function of changing parameters. In
this sense, catastrophe theory may provide the elements for analyzing
transportation demand not only as a result of one optimizing set of
decisions but also offer an explanation about the adjustment process
between such optimum points. This property not only facilitates
aggregate studies in this area but also may be used to explain the
process of structural change through which the transportation indus-
try evolves as a whole, which at times occurs with sudden abruptness
even though in response to a smooth change in causal variables. It
is a certainty that this sort of information would be of great value for
policy-makers, especially regulatory agencies in the field.

In conclusion, it is apparent that further studies on application
of catastrophe theory to transportation economics merits serious con-
sideration by researchers dedicated to this area. The prospective
payoff in terms of benefits from better analyses and forecasts neces-

sary for sound policy decisions seems at this point to be very
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attractive in view of the amount of research effort needed for con-
structing and testing an operational model.

As for application of catastrophe theory to other areas of the
economic science, the possibilities appear endless. Existing difficul-
ties in adequately describing many types of economic problems could
benefit from a modeling technique capable of describing discontinuous
behavior caused by continuous factors. Two outstanding examples
are the modeling of utilization of natural renewable (but limited)
resources and of the path of adoption of new techniques by producers

as part of technological change in economic development.
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APPENDIX A
AN INVENTORY-THEORETIC MODEL OF

TRANSPORTATION DEMAND

Formulation and solution of this model was made in order to pro-
vide formal theoretical backing for describing transportation demand
under catastrophe theory--the main objective of this dissertation.
Advanced justification for selecting this type of model for this purpose
stems from their close adherence to principles of micro-economic as
well as of inventory theory. Basic conceptual elements for this
approach were outlined in Chapter I, and revolve around the argu-
ment that businessmen typically make shipping and inventory decisions
simultaneously, as parts of a single overall problem.

Model formulation follows closely the theoretical construct of
Baumol and Vinod (1970) and later works of Constable (1972) and
Das (1974, 1975) in an expanded and somewhat modified version, and
allows for stochastic lead-time demand.. Inventory control technique
is assumed to be of the "fixed order quantity--variahle order point"
variety, commonly referred to as the (Q, R) model. This assumption
adds to model complexity because it requires optimization of three
variables endogenously: total demand (A), order quantity (Q), and
reorder point (R) as a function of exogenous variables. However,

this formulation has the advantage of being frequently encountered
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in practice and of being relatively simple to manipulate ma’chematica]ly.1

The (Q, R) system assumes that a certain quantity Q is ordered
as soon as inventory level falls to the point R . The convenient (but
unnecessary) assumption of continuous reviewing policy was also made

in model construction.

Definition of Components

Variable List

Labeling of the variables was made according to the following

conventions:
D = demand per day; a strictly positive random variable
4 = mean value of D
¢ = standard deviation of D
A = expected annual demand
K = set-up cost per order
H = inventory holding cost per year
M = mean lead-time, in days
V = wvariance in lead-time
L = total demand during lead-time (lead-time demand)
Ap = product price difference between import and export markets
r = freight rate

Q = order quantity

R = reorder point (quantity)

1 This and other inventory control techniques may be found in
D.A. Barrett. Automatic Inventory Control Techniques. Business
Books: London, 1972. pp. 114/132.
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shortage cost per unit
in-transit inventory carrying cost
shipper's profit

expected shortage level

addition, the following definitions were used:

mean value of L = My

variance of L = Mg~ + Vu

cumulative density function of the standardized variable
x = (L - uL)/oL , which is assumed independent of
other parameters

F'{x)

probability density function of L

F i)

Profit Function ()

The profit function is equal to net revenue minus the costs of

inventory and transportation incurred in transporting merchandise

between two places (TC). Net revenue is egqual to the price differen-

tial between the two markets (Ap) times total demand (A); that is,

times the total quantity transported. Correct interpretation of this

price differential indicates that relevant prices for the model are pur-

chase price at the source of supply and final price charged to



121
consumers of the shippers, because it is from this margin that the
shipper will pay for transportation and inventory expenses, in addition
to his profit. Therefore, in the case of a local retailer buying from a
wholesaler in another area, Ap will be defined as the difference
between local retail price minus wholesale price on the original market.
Therefore:

T = ApA - TC (1)

Transportation and Inventory Cost (TC)

Total transportation and inventory cost is composed of: direct
shipping cost, plus in-transit inventory carrying cost, plus the con-

signee's inventory carrying cost. Or:

TC = Cs-*-Ct+CI

where:
C, = total direct shipping cost
C ¢ = total in-transit carrying cost
CI = total consignee's inventory carrying cost

Direct Shipping Cost

Direct shipping cost is equal to the freight rate times total quan-
tity transported:

C., = raA (2)
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In-Transit Inventory Carrying Cost

In-transit inventory carrying cost is equal to in-transit inventory
cost per unit/day times total quantity transported times mean transit
time (days):

C, = zAM (3)

Inventory Cost

The inventory carrying cost has four components: ordering cost,
working inventory cost, safety inventory cost, and costs associated
with eventual shortages. The first component is defined as set-up
cost per order times the number of orders per year (A/Q). There-
fore:

C0 = KA/Q

The average working inventory is Q/2 , and safety inventory
can be defined in terms of the reorder point, which is equal to the

mean lead-time demand plus safety stock. Or:

Thus, safety inventory is equal to (R - uL] , and joint costs of

working and safety inventories will be:
H.[(Q/2) + R - uL]

Annual cost of shortage is equal to the cost of shortage per unit (£)
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times the expected shortage per order times number of orders (A/Q):

ES A/Q where S = / (L - R)¢LdL
L=R

Therefore, total inventory carrying cost is:

C, = AK/Q + H({Q/2) + R - u;) + EAS/Q (4)

i

Model Solution

Profit Function

From (1), (2), (3), (4), the complete profit function is formu-
lated:

m = ApA - rA - zAM - AK/Q - HI(Q/2) + R - u;] - €AS/Q (5)

where S = /‘°° (L - R)¢o(L)dL (6)
J L=R

The expression for the freight demand function is obtained by
determining the values of A , Q , and R for which profit is
maximized (A*, Q* and R*) and then p'reparing an expression for A*
as a function of the choice variables and external parameters. In
order to find the extreme values of the choice variables which maxi-
mize (or minimize) the objective function (profit), first order condi-
tions require that the partial differentials of the profit function with
respect to each of the choice variables be equated to zero. Then the

demand function may be determined by simultaneous solution of the
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partially differentiated equations. Evaluation of the second order
conditions, however, is necessary to determine whether the extreme
values represent a maximum or a minimuim.

Determinantal criteria for profit-maximization are verified by
examining the second derivatives originating from the profit function.
Sufficient condition for a maximum is attained if d21r proves itself to
be a negative definite for any (in this case, permissible} variations
in dA, dQ , dR (but not all zero). Complete specification of
second order conditions for profit maximization with three choice vari-
ables may be found in most standard textbooks of quantitative methods

]
in Economics and will not be reproduced here.“

The Demand Equation

Differentiating profit (w) with respect to quantity demanded (A),

and equating to zero, we have:

am . dhp _ . _ M - -
5 = Ap~l-AdA r-2zM - K/Q - £S/Q

|
o

(7)

In order to define the optimum quantity to be transported it is
necessary to determine the price coefﬁéient of demand for the final
product. This is necessary to indicate that shippers would stop
transporting commodities if price of transportation becomes higher
than revenues they would obtain by moving these commodities. If

it iz assumed that demand for the product is linear (that is,

2 See, for example, Alpha C. Chiang, Fundamental Methods of
Mathematical Economics (Second Editior). New York: McGraw-Hill,
1974, pp. 346-355.
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Ap = a' - bA), then dAp/dA = -b . This value, then, is sub-

stituted in (7):

3

Sx = AP -DA-r-zM-K/Q-£S8/Q = 0
bA = Ap -r-2zM - K/Q - £S/Q
A = 1/b(Ap - r - zM - K/Q - £S/Q
therefore,
A*(Q*, R¥*) = 1/b(Ap - r - zM - K/Q* - £5*/Q%*) (8)

This is our demand equation determined for profit maximizing
choice variables, and dependent on all externally determined param-
eters. However, this equation is not explicit for A* , because both

Q and R depend on A in turn. Q* is determined by:

T

5= AK/Q% - H/2 + £AS/Q% = 0

AK/Q? + £as/Q® = H/2

(AK + EAS) /Qz = H/2

2(AK + EAS) = HQ?

Q*® = 2a(K + £S)/H
Q = =+{2A(K + £S)/H}®

but as the model does not accept a negative order quantity, the

expression for Q becomes:



126
Q = {2A(K + ES)/H}%
so that

Q*(A*, R¥) = {2A%(K + £S*)/H}? (9)

Similarly, S* may be found by:

g—“ -H+EA/Q/ $(LYAL = 0
L=R

EA/Q / ¢(L)dL = H
L=R

/ ¢(L)dL = HQ/EA (10)
L=R

This equation provides an opportunity to determine S* , Q* , and
and A* independently of R . It is possible to make q = 1 - (HQ/EA)

and obtaining from (10):

R = 1y +Glqlg (11)

Substituting this expression in (6), the shortage expression

becomes:
o
s = / (L - R)¢(L)dL
L=R
s = [L - w - G(q)o, 16(L)dL
/u.L+G(q)dL L L
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©

S = [L - -G L)dL
o, LG(q)dL u; - G(q)1¢(L)
s
s = o [x - G(q)1f(x)dx .. (12)
G(q)
s = xf(xydx - o (1 - q)G(q)
T Jo L
$* = g xf(x)dx - o HQ*G(q) /EA* (13)
G(q)

By substituting (12) into (9), the final formula for order quan-

tity becomes:

{2A*(K + £S*)/H }%

- 3
{ZA*/H [K + g [cL/ = G(q)]f(x)dx]]l (14)
G(q

Then (14) and (13) may be substituted back into (8) in order

Q*(A*, R¥)

Q*(A*, R¥)

to obtain the demand function. Unfortunately, the resulting function
cannot be made explicit for A , and therefore it will be very diffi-
cult (if not impossible) to find an analytical solution for the problem.
Also, obtaining a solution will be impossible before specifying the

probability distribution of lead-time de,mand.3

3 The probability distribution of lead-time demand is result of
the joint distribution of both lead-time and demand. Although for the
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Satisfaction of Second-Order Conditions

Evaluation of second-order conditions for a maximum profit cannot
be made until values of A* , Q* , and R* are specified. However,
mild conditions of regularity suggest that a maximum exists and that
it is a global maximum. Constable argues that, for the cost function,
"there is evidence that a minimum exists, and that it is a global
minimum rather than a local minimum for solution vectors in the area
of interest."4 As the profit function is 2 result of a linear function
(ApA) minus a strict downward convex funciion (implied from the
existence of a global minimum in the cost curve), the result must be
a strict downward concave profit function--therefore implying the
existence of a global maximum profit point. Thus second-order condi-

tions are satisfied for the area of interest in the study.
Model Extensions

Several important extensions could be incorporated to the pre-
viously described model in order to take into account peculiarities of
operational situations to be analyzed. Some of these extensions are

as follows.

particular purposes of this study such distribution specification is not
required, it is interesting to note that Constable has cited empirical
evidence about the adequacy of the gamma distribution to represent
both factors' distributions. Constable, op. cit., pp. 87/8 and 90.
. Constable, op. cit., pp. 60-61. For a more formal treat-

ment, see Hadley and Whitin, op. cit., p. 188.



129

Inventory-Holding Cost (H)

In the model thus far, inventory-holding cost (H) has been des-
cribed as a constant. However, in reality, this cost depends on
several factors, the most important of which are obsolescence,
interest, and de;:u'eciation.5 All of these factors are closely dependent
on the value of the product. and therefores this variable should be
represented in the model. In addition, transportation rate should
rightfully be considered an investment on the value of the commodity.

Both problems may be circumvented as follows:

The variable H may be expressed as:

H = [Cr(v + r)l (15)
where:
Cr = inventory holding cost per dollar/year
v = purchase price of the merchandise, and
r = transportation rate.

Similarly, the in-transit inventory carrying cost (z) may be con-

sidered as:
z = [Ct(v + r)l (16)
where:
C ¢ = in-transit inventory carrying cost per dollar of
merchandise per day in transit.
5

Thomas M. Whitin. The Theory of Inventory Management.
Princeton University Press, Princeton, N.J.: 1868. p. 221.
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Freight Rate Structure

Another constant in the model, freight rate (r), also depends on
many factors in real-life situations, such as weight, density, value,
type of commodity, distance between the two markets, and quantity
discounts. Therefore r should be a function of these variables in
the model. However, as freight rates are mostly government-regulated
and subject to many discontinuities, it would be difficult to approximate
a function for it. As a result, in the model, r is determined exoge-
nously by criteria which approximate real-life values placed in each of

these influencing factors.

Quantity Discounts in Purchase Price

Another relatively frequent occurrence in business transactions
is quantity discounts in purchase price, by which suppliers offer
lower unit prices to buyers who purchase larger volumes. In this
case, Ap in the model may be made a function of, among other
things, these quantity discounts related to the order quantity. Once
the structure of these discounts is known, it is possible to find a
mathematical expression for it. However, in order not to overburden
the already complicated solution process of the model, no attempt was

made to define and use any such expression.

Speculative Inventories

Basically, the size of speculative stock depends on how business-

men perceive the combined probabilities of, first, materialization of a



131
strike (or any other disruption), and second, of how long this disrup-
tion will last. It is very difficult to estimate these probabilities, and
further studies are necessary for clarifying the pocint before a satisfac-
tory mathematical expression can be formulated.

In any event, there are at least two ways of incorporating specu-
lative motives in the model. One of them is to formulate a separate
term for speculative inventory (derived from the joint probabilities
mentioned in the previous paragraph) and then adding this term to
the total cost equation. The second is to treat speculative motives as
a factor of safety inventories. In this case, expected lead-time mean
and variance should be considered as including perspective stoppages
in delivery schedules, so that the size of safety inventory would
increase to accommodate the irregularity, for the same level of expected

shortage cost.

Inventory Review Policy

One of the model's assumptions is that inventories would be con-
tinuously reviewed and a certain quantity (Q) would be ordered as
soon as inventory level reaches a certain quantity: the reorder point

(R). Thus, reorder point was defined as:

R = F, + 88

L L
where:
FL = forecast of lead-time demand
SSL = size of safety stock as a function of variations in

lead-time demand.
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If the continuous review assumption would have to be abandoned
because of its inaccuracy in describing inventory conirol techniques in
use, then both reorder point and safety stock would have to take into

consideration this fact. In this case, the reorder point formula will be:

R = FL +FR+SSL+R

where the new variables are:

Fr

SSL R - size of safety stock as a function of variations both

forecast of review intervals

in lead-time demand and in review intervals.

Review intervals may be, under certain conditions, a very impor-
tant determinant of the size of inventory holdings, since large periods
between inventory reviews may cause reorder point to be considerably
surpassed at each time of review. However, in absence of more pre-
cise information about policy in use, continuous review is assumed in

this model's formulation.

Model Assumptions

Assumptions made during model specification include:

1) An order quantity-reorder point system of inventory control
(Q, R model) must be representative of business behavior in inven-
tory management. Similarly, continuous review must be acceptable
indication of the reviewing policy in use.

2) Profit-maximization must be acceptable as an objective crite-

rion for transportation decisions.
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3) Orders are placed and received in the same order.

4) Demand in one period does not depend on previous or subse-
quent period demands.

5) Lead-times must be independent from one another and from
the demands.

8) Demand and lead-time can be described as a relatively stable
probability distribution over time.

7) Product demand must be susceptible to a satisfactory linear

approximation.

Theoretical Relations Among Variables in the Model

A preliminary check on model validity may be made by observing
if the interrelationships among its variables have intuitive or theoret-
ically correct backing. In the present case, all these relationships
adhere to expected results:

1) Expected shortage (S) increases with increases in mean and
variance of product demand and lead-time (u, M, ¢ and V).

2) Reorder point increases with an increase in the mean and
variance of lead-time demand (uL and oL] and decreases with an
increase allowable shortages (S).

3) Order quantity will be larger, the larger the total demand
(A), the set-up cost per order (K), the unit cost of shortage (&),
and the size of expected shortage per order (S); and wili be smaller,
the larger the freight rate (r), the value of the product (v), the
inventory holding cost (C r)' and the reorder point (R).

4) Total demand for transportation increases with an increase in



134
shippers' revenues (Ap) and in order quantity (Q), and will diminish
with increases in freight rates (r), in-transit inventory carrying cost
(z), ordering cost (K), costs associated with shortages (&), and size

of expected shortages (S).
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APPENDIX B
IMPLICATIONS OF THIS ANALYSIS FOR FREIGHT DEMAND

ESTIMATIONS IN THE STATE OF HAWAII

The unique geographical location of Hawail suggests that local
implications of the problems discussed in this dissertation may be
substantially more severe than elsewhere in the Mainland, both in
terms of management and policy-making recommendations.

Geographical isolation logically induces higher levels of overall
inventories, and Hawaii is no exception to this rule. First, long
lead times imply necessarily in larger working inventories. The
same factor usually is connected with higher variance in demand
during lead time, requiring more safety stock to avoid stock-out
situations. In addition, transportation systems to isolated areas tend
to provide a more tenuous link with sources of supply, and the
perspective of disruption in this system encourages maintenance of
still higher levels of safety and speculative inventories.

The interrelationship between transportation demand and inven-
tory policy, albeit complex, is not in general a negligible one, as
previous conclusions of this study indicate. It is only logical that
implications of inventory decisions in transportation demand should
carry substantially more weight in places, like Hawaiji, where inven-
tory keeping must receive central consideration of businessmen in
almost every area. An additional complication arises from Hawaii's

being served basically by only two transporiation modes (airplanes
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and ships) and one navigation company (Matson) being responsible for
around 90% of the cargo originating in the West Caas’c.1

This general inventory situation may be substantiated by a brief
review of available data on the subject, such as the one in the next

section.
Inventory Situation in Hawaii

All information on actual levels of inventories held in Hawaii
indicate local firms maintaining substantially more inventory than the
national average.

A comparison of the wholesale/inventory situation prevailing in
the United States, the Pacific Division of its Western Region and
Hawaii is presented in Table B.1l ahead. From this table, it is pos-
sible to verify that Hawaiian wholesalers reported an inventory-sales
ratio of 11.23% in 1972, as compared with 6.58% for the U.S. and
6.97% for the Pacific Division; that is, almost double that prevailing
in other regions. As a consequence, local firms keep enough stock
to last them almost six weeks (5.84), as comparcc with a national
average of about 3.5 weeks (3.42 (U.S.) and 3.62 (P.D.), respec-
tively).

On a historical perspective, the same picture may be obtained
by comparing U.S. and Hawaiian wholesale inventory stock-turn with

data from the three latest Censuses of Business (1963, 1967, and 1972)

LE.g. McCarthy. Stockpiling as a Solution to Shortages from
Maritime Strikes Affecting Hawail. Economic Research Center,
University of Hawaii: February 1964. p. 39.




Table B.1 -- Comparison Between Wholesale Trade Inventories Held in the United States, Pacific
Division States, and Hawaii (Census of Business, 1972)

Inventories
Sales Inventories Sales Stockturn Stockturn
($1,000) ($1,000) (%) (times/year) (weeks)
United States
Wholesale trade 695, 223,644 45,724,605 6.58 15.20 3.42
Durable goods 341,829,504 27,837,362 8.14 12.28 4.23
Non-durable goods 353,394,140 17,887,243 5.06 19.76 2.63
Pacific Division
Wholesale trade . 90,024,301 6,271,835 6.97 14,35 3.62
Durable goods 47,847,682 4,160,967 8.70 11.50 4.52
Non-durable goods 42,176,619 2,110,868 5.00 19.98 2.60
Hawaii
Wholesale trade 1,561,654 175,370 11.23 8.90 5.84
Durable goods 617,375 96,644 15.65 6.39 8.14
Non-durable goods 944,279 78,726 8.34 11.99 4.34

Source: Census of Business, 1972 (U.S.A.).

LET
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as shown in Figure B.1l. This figure shows that Hawaiian inventories
have largely maintained current relative proportions with the U.S.

during the period covered by the Census years.

[J vu.s.A.

Hawaii

70000000000
i,

1958 1963 1967 1972

Figure B.1 -- Comparison of Average Wholesale Trade Stockturn
(Weeks) Between the U.S. and Hawaii. All Categories,
by Census Year.

Source: Department of Commerce, Bureau of Census, U.S. Census of
Business--1958, 1963, 1967, 1972.
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Wholesale trade comparisons, however, cannoti clarify the whole
inventory picture because both manufacturers and retailers keep a
substantial amount of inventory as well. Although strictly comparable
data about these categories are not immediately available for Hawaii,
national ihventory proportions of the three trading stages may give
an idea of the dimensions involved, and are provided in Table B.2
below.

It is clear from this table that both manufacturing and retailing
companies hold proportionally more inventories than wholesalers in the
country as a whole. There is no evidence that this situation should

be the reverse in Hawaii. Rather, when one considers the need for

Table B.2 -- Inventory Turnover in the United States, 1960

Inventory
Sales Inventories Turnover
($10%) ($105) (weeks)
Manufacturing
durable goods 176.2 30.9 8.1
non-durable goods 188.7 22.9 6.3
Wholesale Trade
durable goods 53.3 6.8 6.6
non-durable goods 94.7 6.4 3.5
Retail Trade
durable good 70.7 12.3 9.0
non-durable goods 148.8 14.9 5.2

Source: Statistical Abstract of the United States, 1962. p. 501.
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imported raw materials in manufacturing, and that many large retailers
in Hawaii typically purchase merchandise directly from Mainland whole-
salers, it is very likely that these proportions are even more accen-
tuated in the Islands. Results of a study involving direct interviews
with the three types of local businessmen largely confirm this asser-
tion: McCarthy concluded that Hawaiian firms, on the whole, main-
tain a supply of "one or two months above mainland inventr.)ries."2

Another important characteristic of local firms' behavior with
regard to inventory-holding has to do with perceived emergency
ordering. Any perspective of disruption of supply lines induces
local managers to increase substantially the quantity ordersd. From
direct interviews with 160 retailers, wholesalers, and manufacturers
in Hawaii, McCarthy reported that 90% of those who responded
indicated that they build up inventories before imminent strikes,
some of them by as much as two or three times for certain items, in
what one firm labeled "strike insurance." One advanced explanation
for this type of behavior was that local firms tended to define their
safety stock levels from the "extremes of their past experiences” with

relation to shipping dependabﬂity."3’4~

2 McCarthy, op. cit., p. 70.

3 Ibid., pp. 3, 16.

? bid., p. 41.
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Conclusions and Implications

A number of economic effects naturally derive from such a high
level of inventories in Hawaii, notably higher prices for imported
goods in general, and a stronger dependence of freight demand on
prevailing inventory policies. Any attempt to estimate demand for
transportation, therefore, must take into account inventory-related
variables in a formulation which properiy represents management
behavior on the subject, including speculatory motives behind emer-
gency ordering, when such a situation occurs. In this sense, special
attention must be paid to the specification of non-linear variables,
such as transit time, which are essentially inventory cost determi-
nants.

Consequently, the use of linear choice models which include
transit-time in Hawaii may well result in highly inconsistent coeffi-
cients because of the higher relative weight of inventory cost in
total cost of transportation, as compared with the Mainland. The
implications of such an event in terms of faulty policy recommenda-
tions are particularly serious in view of the high degree of dependence
which the State's economy has with relation to its transportation modes.

Support for this argument might well be found in the flagrantly
inconsistent results obtained by Sam Hsrrick (1975) in his attempt at
estimating modal choice in Hawaii with a linear logit model applied to

disaggregated data of overseas shipments.
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