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PREFACE g

This study was undertaken to analyze the complex intergegional
flow of grain and flour and to determine the flows associated with the
optimum utilization of storage and processing facilities, The over~all
objective of the study was to determine simultaneously the geographical
fldws of wheat, feed grain, soybeans, and wheat flour that minimize the
total cost of storage, assembly, milling, and distributien for the
grain marketing industry.  The results were obtained by formulating
mathematical models of the industry and generating solutibns to these
models by the use of linear programming procedures. The models include
several, but by no means all, important spatial interrelationships
involved in grain marketing, and one model incorporates the time dimen-
sion of the marketing process.
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CHAPTER I
INTRODUCTION

The geographic distribution of production and consumption of‘food
and feed grains in the United States creates complex interregional
flows of grains and grain products. This flow is not simply a physical
movement of grain from surplus regions to deficit regions. Between the
points of production and consumption,“the activities of storing,
processing, handling and transportation are neéessary so that the grain
will arrive at the various destinations in the form and at the time
needed.

Knowledge concerning the optimum interregional flow and the com-
petitive position of varioﬁs regions of the United States is of prime
importance to decision makers of the‘grain industry. These decision
makers may be producers, elevator operators,; grain processors, grain
merchandisers, or others associated with the marketing of grains and
grain-broducts. Such knowledge can prove useful in determining the
optimum location of stocks to minimize storage and distribution césts,
and it could be useful to new firms entering the industry in suggesting
which markets should be investigated first or where facilities should
be located.

The transportation industry prévides.the dynamic link between the
various producing and consuming regions as well as the link‘bétweén fhe

many firms and agencies in the marketing system. The importance of the.



transportation system to the grain industry can be illustrated by con-
sidering transportation's contribution to the value of grain. Transf
portation charges accounted for an average of 10 percent of the value
of wheat received by rail at Minneapolis, Kansas City, Portland and
St. Louis during 1959.1 The comparable figure for corn received by
rail at Chicago was 12 percent. In view of these data, it becomes
apparent that a non-optimal shipment pattern can result in a sizable
increase in the total charge for mérketing grain.

A goal of minimizing the total charges involved in handling,
storing, processing and transporting grain between the producer and
consumer is very desirable. These charges determine the price spread
between the producer and user, and a reduction in these éharges can

benefit the producer and/or consumer in a competitive situation.
The Problem

Adjustment to changing market conditions is a continuous process
for grain processing and marketing firms., The efficiency with which
theseiadjustments are made often determines-the profitability of par-
ticular activities and the future of the industry affected. In the
past, relatively inflexible institutiﬁnal arrangements and constraints
have permitted few adjustments to be made in the overall grain
marketing.system.l‘

There are two industries of the grain marketing system that have
been faced with serious adjustment problems during the last decadg.
They are the grain storage industry and the wheat flour milling in&us—
try. The factors giving rise to the adjustment problems faced by

these industries will be discussed below.



The central problem of the st;rage industry is one of over-
expansion in some sections of the United States., The carryover of al;
major grains increased rapidly in fhe late 1950's until stocks of wheaf
and four major feed grains reached an all-time high of 4.6 billion
bushels at the end of the marketing year for the 1960 crop (Table I).
Wheat and corn stocks reached levels of>1.4 and 2.0 billion bushels,
respectively, and these levels represented about a 200 percent increase
over the guantities carried over in 1951. Most of this accumulation
was in the form of stocks owned or controlled by the Commodity Credit
Corporation (CCC). To obtain storage space for these stocks, an
attractive storage rate was offered by CCC in the late 1950's, and this
encouraged the building of many elevators, Subsequent to 1961,
aggressive export programs by the government and larger commercial
exports were effective in reducing the carryover to more desirable
levels. 1In 1966, the stocks pf wheat and the four feed grains had been
reduced to 2.2 billion'buShels (Table I)1 a reduction of 52 percént
since 1961. The reduétion left the storage industry in an over-
expanded position, and the loss ofystorage revenue put many elevators
in an unprofitablebposition and set the sfage for some to exit the
industry. Thus, there is a need to study regioﬁal storage requirements
and determine the regions in which excess capacityvis a problem.

The other industry involved in grain marketing that faces serious
adjustment problems is that of the wheat.fldur milling industry.
Transportation is unavoidably a key element in the milling industry,
and the transportation rate structure (the relationship between the
transportation cost of wheat and of flour) determines to a large extent

whether milling is carried on near wheat production areas or near flour



TABLE I

CARRYOVER STOCKS OF WHEAT AND THE FOUR MAJOR FEED GRAINS
IN SELECTED YEARS, UNITED STATES

Type of Marketing Year Ending in

Grain ¢ 1954 1956 1961 1966
' million bushels
Wheat® 400 1,033 1,411 535
Corn® 740 1,165 2,016 8L0
Sorghum® 38 81 2702 392
Oats® 286 346 324 316
Barley™ 9k 117 152 105
Total 1,558 2,742 4,605 2,188

aStocks as reported on July 1.

bStocks as reported on October 1.

Sources: U, S. Department of Agriculture, Food
Grain Statistics Through 1967, Economic Research Service
Stat. Bul. No. 423 (Washingten, April, 1968), p, 10, and
Feed Statistics Through 1966, Economic Research Service
Stat. Bul, No. 410 (Washington, September, 1967),
pp. 26-29,




consuming centers., For man& vears the flour milling industry depended
to a great extenf on railroads for transportation services., These
transport services for wheat and flour have been priced at the same
rate per hundredweight (parity.ratés) or at the same rate from wheat
origin to flour destination regardless of mill location (transit rates).
The former rate system favored milling away .from the consuming market
in favor of a wheat supply oriéntation and the latter effectively
limited the market area of mills located at flour destination points
(see Chapter II). Thus, the milling industry of the Eastern and South-
eastern states was limited to small, localized mills while mills in
the mid-western and plains states flourished. There were some excep+
tions such as Buffalo where the lake rates on wheat were low enough to
make this milling location competitive.

In recent years several developments have altered the relationship
between wheat and flour rates. The mbst important factors are:
(a) increased barging and trucking of 'wheat to market oriented mills,
(b) sub-parity hopper-car wheat rates (Big John rates), and (c) sub-
parity export wheat rafes. A final factor that actﬁally is a combina~-
tion of (a) and (b) above is a court ruling in the famous '"Barge Case"
of 1958 (Docket No. 308L4L) which determined that shipments moving to
points on the Tennessee River by barge were entitled to continuation
by rail to destination at rates proportionate to the all rail rates
from Mississippi River crossings. In other words, if the barge move--:
ment covered two-thirds of the distance of an all rail movement then
the ex-~barge rail rate would be one;third of the all rail rate. This
ruling extended the benefits of low cost barge transportation to off-

river destinations in the Southeastern states and permitted mills at



locations in the South Atlantic region to be competitive. These trans-
portation factors will be more fully discussed in Chapter II.

The factors stated above related to rates and technological
advances such as the "Big John' hopper-cars have tended to reduce
point=to-point bulk rates for transporting wheat over the years. On
the other hand, flour rates have not declined or have declined less
proportionately. Such changes in the transportation rate structure
affect the least-cost location of flour milling from a transportation
standpoint as well as the competitive position of mills in various
regions. Thus a study of interregional competition is needed to guide
locational adjustment and depict optimum flow patterns for wheat and
flour given existing transportation rates.

Ordinarily, constructed transportation costs rather than actual
charges are employed in spatial analyses and intermodal competition
is ignored. Consequently, the effects of factors other than distance
on transfer costs usually are neglected. In this study published
point-to-point rail and barge rates were employed in an attempt to more
realistically depict the existing spatial relationships involved in
marketing grain and grain products. Published truck rates were not
readily available so mathematical equations were employed to estimate

truck transportation rates.
Objectives of the Study

The purpose of this study is to evaluate the interregional aspects
and competitive structure of the grain marketing industry. This will
provide information and planning data for marketing, transportation and

P

processing firms, and policy makers. These firms should find this
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information useful in guiding decisions concerning market operations
and firm expansion. The specific objectives of the study are to:

(1) Develop an operational model capable of analyzing a multi-
factor, multiproduct, multiregion, andbmultistage transhipment problem
of the United States grain marketing system. .

(2) Determine efficient distribution patterns which will minimize
total cost of storage, acquisition, processing and distribution for the
grain marketing system, with existing structure and competitive
conditions.

(3) Determine intermarket and shipping point price relationships
for grain by computing equilibrium price differentials between major.
markets and shipping points and evaluate the'competitive position of
various production and consumption regions.

(4) Determine the competitive position of flour mills in various
regions and estimate the savings that would result from a relocation
of mills consistent with the low bulk rates on wheat to many
destinations.

(5) Analyze the effects upon the efficient distribution patterns
determined above when minimum inventory levels are maintained ét the
various grain destinations. |

(6) Study the optimum utilization of storage capacity and deter-
mine quarterly interreéional flows of grains consistent with the avail-
able regional storage capacity.

The remainder of this study is divided into six chapters. Chapter
I1 includes a review of early developments in the theory of location
and a discussion of the transportation rate structure as it relates

to industrial location.



In Chapter III, the general transportation and transhipment models
are discussed and previous applications of these models are reviewed.

A transhipment model which incorporates the activities of storage and
processing into a multifactor, multiproduct, multiperiod framework is
developed,andhypothetical problems involving single and multiple
time periods are formulated and solved. The mathematical definition -
‘and selected assumptions of the national model are presented.

Chapter IV contains a specification of the fegional demarcation
employed in the study. Once the regional demarcation and regional
basing points are established, the necessary regional data for imple-
menting the model developed in Chapter III are presented. The necéssary
data relate to estimates of supplies, demands, capacities and marketing
costs and/or charges.

Chapter V containé the results obtained from three annual analyses,
These analyses are related to the satisfaction of Objectives 2-5,

The results of the time-staged model are presented in Chapter VI and
regional storage cépacity requirements are determined.

Finally, Chapter VII contains a summary of the study and a dis-
cussion of the conclusions and implications of the analyses. The
limitations of the study are also cénsidered as well as some suggestions
for future research with models similar to the model developed for this

study.



FOOTNOTES

1Bruce H. Wright, "Transportation and the Grain Industry,"
Marketing Grain, Proceedings of the NCM-30 Grain Marketing Symp051um,
North Central Regional Research Publication No. 176 (Lafayette,
January, 1968), p. 109.




CHAPTER II
LOCATION THEORY

Location theory is important to this study because it provides a
theoretical framework for problem formulation énd analysis. In addi-
tion it aids one in understanding whyﬁparticulér patterns of location
have developed in many industries that are involved in marketing grains
and grain products in the United States. Location literature is large
and growing, and even a brief mention of all notable contributors
exceeds the available space that may be devoted to the subject in this
study. Therefore, this discussion will be limited to the classical
- contributions in the '"fixed market!" approach and the ''market area
approach to location.

The approaches listed above suggest the two‘principal types of
problems with which traditional location theory has been concerned.
First, where does economic activity locate in order to maximizebits
profits assuming that markets are fixed? Secondly, where is it most
profitable for the firm or industry to market its pfoducts assuming
a given or existing locational pattern? Both typesvof problems have
been approached from a least-cost viewpoint.

The pioneering works of J. H. von Thunen aﬁd Alfred Weber are
considered classical in the '"fixed market" approach to location.

Frank A. Fetter and August Loéch have made significant contributiqns in

the '"market area' approach to location. Other theorists have elaborated

10
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upon and/or refined much of the work of these men; however, this

discussion will be restricted mainly to the work of the above pioneers.
The Fixed Market Approach

The theoretical work of von Thunen was one of the earliest efforts
to specify locational patterns as they are related to transportation
costs.1 His theory assumed an "isolated state!" consisting of a central
city surrounded by a homogeneous plain of farm land. The city repre-
sented the only available market for the agricultural products produced
on the plain, and the farmers on the plain represented the only‘source
. of supply for the city. The farm sector was purely competitive, and
farmers were free to engage in whatever type of agriculture they chose,
This theory assumed tﬁat only one form of transportation was available.
and was equally accessible to all farmers for moving produce to the
city. Freight rates were assumed to be set on a straight ton mileage
basis regardless of the kind of product hauled. The theory was
directed to the problem of what kind of agricultural production would
occur in what parts of the plain. Transportation costs were the key
variable in von Thunen's analysis.

The main assumptions of von Thunen'’s model may be stated explicitly
aég (1) the farmers are profit-maximizers, (2) market prices are given
and are the same to all farmers for products delivered to the city,

(3) profit equals market price minus production costs and transportation
costs, and (4) transportation costs vary directly with distance from the
~city,

The fourth assumption implies that all farmers equi-distant

from the city pay the same transport costs for the same product. Thus,
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any crop which is most profitable at any given location with a particu-~
lar method of production is\also most profitable at all other locations
an equal distance from the market. The outward boundary for any crop
wouid be where profits equal zero. In cases where two or more crops

at the same distance from the city would yiéld profits, the most pro-
fitable alternative was chosen. Thus cropé are grouped into a series
of distinct concentric circular zones. (

The results of von Thunen's analysis indicated that perishabie
products and products heavy in relation to their value will be produced
near the market, while items which arealéss‘perishable and .are more
valuable per unit of weight will be produced farther away.

Marginal analysis and factor-producf felationships were incorpor-
ated into this analysis with an intensity of cultivation factor. Since-
net farm prices were gross city prices minus transport costs, the net
price for a"given-unituof;a~%grticular product decreases the further
a given farm is from the market. Thus, land near the city could be
made much more profitable with intensive applications of variable
resources (labor and capital), and extensive agriculture is more profit-
able as distance from the market increases. The above principle simply
states that maximum net earnings are attained when the intensity of
cultivation is propprtionate to the net price to farmers (city price
minus transportation costs).

Although von Thunen's theory was a notable contribution, changing
conditions have greatly reduced its usefulness as an operational model.
In addition, the assumptions concerning a central "isoclated city" and
the existence of a uniformly fertile plain are never duplicated in the

real world. Nevertheless, his interest was in changes in crops and in
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methods of cultivation which occurred as distance from the central city
increased, and his model was very useful in studying the effects of
transportation. costs on economic rent and land use patterns. Friedrich
states that "Thunen's theory of agricultural location was a by-product
of his effort to determine which kind of production would best be
carried on at a given place."2

While Thunen was interested in location of agricultural production,
Alfred Weber addressed his analysis to the location of manufacturing
and processing industries and the factors determining location.3

Weber identifies several types of factors that influence indus-
trial locafion. These factors may be general, affecting all industries;
or they may be special, affecting only certain industries. According
to Weber, all locational factors (whether generalvor special ) may be
classified into (1) regional factors and (2) agglomerative factors.

The regional factors determine the regional distribution of industry
while the agglomerative factors determine concentration of industry
at certain points within the region.

The regional factors which Weber identifies as being important in
determining industrial location are factors of cost: the costs of
transportation and geographical differences in labor costs. The
agglomerated factors are quite -independent of geography and may aperate
to concentrate industry at certain points within a region or disperse
it over a wide area. He suggests that agglome{ating tendencies are
simply an alternating force within each region once the regional distri-
bution has been determined by costs of transportation and labor. Those
variables reflecting natural and social conditions in location are

assumed fixed. In Weber's methodology, he first assumes labor costs
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constant at all locations and studies the influence of transportation
costs alone and then relaxes the constant labor costs assumption to
determine the effects of fhese, once the: optimum location pattern has
been established with transporfation costs as the oniy variable. He
felt that industrial location was primarily related to transportation
costs, but that differing labor costs between regions could be important
in many cases where transportation cost differences for two locations
were small.

In order to keep the variables to a manageable number, Weber
assumed that the prices of fuel and raw materials were equal at all
locations. To accomplish this, the differences in the prices of
materials at different deposits were expressed as differences in costs
of transporta‘tion.5

Like von Thunen, Weber assumed equal transport accessibility and
straight ton-mile rates with no distinction for type of product, He
also assumed, as stated above, that prices of fuel and raw materials
were equal at all deposits. Labor was assumed to be geographically
fixed and the supply at a particular location perfectly elastic. The
location of markets, the ISéé{iqn of raw material deposits, and the
requirements at various consuming centérs were fixed and known. With
fixed supply points and market locations, Weber sought to determine
where processing enterprises should be located in order to minimize
total transfer costs of materials and finished products plus labor
costs involved in processing.

' Weber used several terms to describe raw materials as to avail--
ability and processing characteristics.‘ In terms of availability,

materials that were available in all locations were called "ubiquities'"
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while materials found only in certain localities were said to be
"localized.!" Materials that do not lose wéight during processing were
referred to as '"pure'" while those iosing weight during processing were
referred to as ''gross" materials. Many different situations may be for~-
mulated under Weber's theory depending upon what one assumes regarding
the number of raw ﬁaterials involved and their characteristics.

To illustrate Weber's model, consider a situation involving one
market and two raw materials. Also, assume that both raw materials
are gross and localized at different sources away from the market.
Thisvsituation is depicted in Figure 1 where M; and My represent raw
material sources one and two, respectively, and C is the market where
the product is consumed. Except in exceptional cases where one material
happens to be so important as to offset the increased transport distarice
of the other material, ton-mileage will be miﬁimized if processing takes
place somewhere within the triangle such as location P. Just where
within this triangle the least-cost location will fall will be deter-
mined by a combination of the relative quantities of each of the
materials used and by their relative weight-losing characteristics.
If weight losses are the same for both materials, processing will be
;ocated nearer the material used in greatest qﬁantity,»and it will be
nearer the source of the greatest wéight losef when the materials are)
combined in equal quantities. Also, the greater the weight‘loss9 the
farther from the market processing will locate.

Thus, weight-losing materials draw industries toward the raw
material sources. In order for processing to be located at a raw
material source, the weight of the material must be greater than the

sum of the other materials plus the wéight of the product.6 Weber 'is
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Figure 1, Weber's Locational Triangle6
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generally given credit as being the first writer to fully understand
and systematically incorporate into a locational theqry the concept of
weight-losing raw materials.

The "Locational Triangle!" presented above is applicable only to
situations where the combinhed number of raw materials and markets ié
three. When more than three points are involved, the problem of
finding the point whére_total ton-mileage of raw materials and finished
product is minimized is identical with finding the equiliBrium position
or center of gravity resuitingifrom the relative weight pulls of
sources and markets. These weight pulls are proportional to the
quantities to be moved.

After fully investigating the effects of transportation on loca-
tion, Weber then relaxed the assumption of equal labor costs in all
regions and analyzed the effects of locational differences in labor
costs upon the optimum location determined by minimiiing transport
costs. He concluded that:

" A location can be moved from the point of minimum trans-

portation costs to a more favorable labor location only

if the savings in the cost of labor which his new place

makes possible are larger than the addltlonal costs of

transportation which it involves,

Weber's analysis of thése factors affecting the 1océtion of manu-
facturing was a partial equilibrium approach. Like von Thunen, his
assumptions were restrictive and his variables few in number. His
major contribution was that of showing the importance of transportation
costs in determining the location of economic activity. ‘His methodology

also represented a sound foundation upon which later writers could

expand, refine, and build in developing location theory.



The Market Area Approach

The other major branch of location theory is known as the 'market
area' approach, This approach, in contrast to the,vfixed market"
approach of von Thunen and Weber, takes the location of production as
given. The most notable contributors in thisvarea are Frank Fetter?9
an American economist, and August Losch,,10 a German economist. This
branch of the theory considers the situation where several producers
compete in a marketing area, and if attempts to determine the particu-
lar sub-region within the marketing area that each serves, assuming
that the entire output of all producers is consumed in the area.

The "laws of market areas" as set forth by Fetter in 1924 permit
useful insights into some of the ways in which the structure of trans-
port rates influences the location of producers in relation to their
markets. Consideration was also given to the effects of a reduction
in either productiO@ cost or transport cost to enlarge .the market that
can be economically served by a producer .at a particular location.

Losch is generally credited as being the first writer to present
a general equilibrium system describing the interrelationship of all
locations. The system is too abstract to be applicable, but his
theoretical framework was a great contribution in the development of
location theory. He was critical of the cost orientation to location
expressed bj earlier writers. He maintaineq that cost alone could not
be used to determine actual location and that net profit is the final
and sole determining factor in location.11 He considered the assumption
of an inelastic demand as the major weakness of Weber's theory.lz He
relaxed this assumption and studied industrial location as it is

affected by costs and demand. He realized that his system of equations
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was . too all-inclusive to be applied to particular plant location
problems, "He suggested that in practice the determination of pptimum
plant location could only be approached on a trial and error basis.,
This involves evaluating alternative locations and selecting the one
yielding the greatest net return. The one selectéd may not be the’
optimal but only the best of the alternatives considered.

Stolper asserts that '"Losch's discussion of the nature of econo=
mic regions is.probably his most original contribution."13 In develop~
ing his theory of ""the market area' he assumes that raw materials are
evenly distributed throughout a wide plain ahd that the plain is homo-
geneous_in all other respects (including the distribution of popu~ "
lation).14 Each producer in the plain has a natural market area within
which he has a delivered cosf or price advantage over all competitors
when all costs of production and transportation are included. The
problem is to determine the size and shape of each producer's natural
marketing area.

To illustrate marketing area determination, consider a case of two
sellers, X and Y, of the same product. For simplicity, it will be
assumed that transport is equally available between any producer and
all potential buyers on a straight ton-mileage basis and that all
buyers have identical demand curves for the product under consideration,
If production costs are equal, each seller has an advanﬁage at all
buying points closer to his location than to his competitor's location,
In this situation the boundary between the two marketing areas would be
a straight line of equal cost midway between the two sellers, This is
depicted as line a,a' in Figure 2. General freight rate increases or

decreases will have no effect on the boundary as long as production
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costs are equal. Now relax the assumption of equal production cost by
supposing that X's production costs are lower than Y's. The line of
equal total cost will be closer to Y and take the form of a hyperbola
bent around the location with higher production cost. Such a line is
illustrated by b,b'.in Figure 2. Thus the manufacturing cost disad-
vantage is offset by savings in transportation costs. Under this
situation, a géneral decrease in transportation rates per mile will
tend to further restrict Y's market area, and the boundary line will
move closer to Y. This is illustrated by line c,c' (Figure 2). 1In
general, a disadvantage in production costs increases in a relative
sense as the per-mile cost of transportation decréases.

In the case of many sellers having equal production cost, Losch
demonstrated that hexaggnal economic regions would develop? each

15

having one seller located at the center, This form of market area
enables each seller to maximize his profits over a given geographié
area, and by selling more at lower transportation costs, total sales
by all sellers in the plain are maximized. However, differences in
production cost among producers will alter such a locational pattern.
Hoover points out that this approach can also he applied to the
determination of a firm's supply area.16 Hence, the boundary lines
deciding the supply area among competing firms are determined by trans-
portation costs and the delivered price at the processing plants.
Location theory, transportation costs and manufacturing césts are
inseparable. Traditional locational theory assumes given transporta-
tion facilities equally accessible to all locations, and straight ton-
mileage rates were used by all writers. In addition, blanket rates,

transit privilegeés, existing carrier route patterns, intermodal cost



22

differences, and many other transport factors that affect location were
not considered. Even though many of these real world factors were
omitted from these analyses, these writers made great contributions in
developing the theory of location. Perhaps their greatest contribution
was in calling attention to the influence of transportation costs

upon the location of economic activity.

Further Elaboration of Transﬁbrtation

and Location

The works of location theorists discussed above are quite useful
in setting forth the relationships between transportation costs and the
location of economic activity. Hdwever, many transport factors such as
graduated rate structures, transit rates, value of service pricing,
existing carrier route patterns and intermodel competition can signifi-
cantly alter the nice transportation rate structure assumed by these
writers. Consequently these factors may become important in
influencing location.

Perhaps the factor of more general importance in an industrial
society is that of a graduated rate structure. Isard states that '"one
of the most devastating shortcomings of Weber's model has been its
inability to encompass realistic transport fate structures less than

17

proportional to distance.! Weber's assumption of a straight ton-
mileage rate structure was probably realistic at the time of his -
writing, so he should not be criticized too severely. Nevertheless,
such an assumption is very unrealistic in modern times.

Isard's concept of transport inputs is a means of combining

Weber's transport-orientation and firm production theory to handle the
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graduated rate structures of modern time. The "transport input!" is
the movement of a unit of weight over a unit of distance and is treated
as any other input in the production process. Thus a spatial dimension
is added to production theory when these inputs are included in the
firm's transformation function. Since transport inputs for each raw
material and product are viewed as any other factor of production, the
~analysis is essentially the traditional factorffactor model. He states
the equilibrium condition as follows:

At the point of minimum transport cost, the marginal rate

of substitution between any two transport inputs, the other

held constant, must equal the reciprocal of the ratio of
their prices, namely, the corresponding transport rates.

18
In this framework, production theory is capable of accounting for the
locational factor. Isard graphically demonstrates his technique for
determining the spatial equilibrium of the firm in a situation in-
volving two raw materials by constructing transformation lines and iso-
outlay lines for particular rate situations.19

Isard's analysis offers an additional advantage in that terminal
and loading charges may be incorporated. Further, ﬁhe application of
different transport fates to thelmovement of raw materials and finished
products can be incorporated into the problem. This consideration is
extremely important for many industries such as the flour milling
industry where the rate structure is evolving into one based on cost-
of-service, These common rate considerations were essentially ignored
by earlier writers.v Isard's objective was to synthesize, extend and
refine those partial locational theories already formulated into a more
general theory of location., His synthesis provides greater insights

into the location of economic activity in a real world setting. Isard

admits in his preface that his general theory is not very useful in
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handling real world problems, butthi$ﬁas ﬁot his objective.20

Another transport factor of importance in grain marketing and one
ignored by location theorists is the transit rate system of American
railroads. This system has been extremely important in influencing
the development of locational patterns present in the American flour
milling industry today.

In the early days of milling, a general practice developed of
hauling flour and wheat at the s;me rates. Since there is approximatélyv
a 27 percent weight loss in milling wheat into flour, this rate strﬁc-
ture provided a tremendous locational advantage for mills located in
the wheat growing regions of the country. The parity rate policy on
wheat and flour amounted to a 27 percent freight cost advantage for a
mill at St. Louis in shipping flour to eastern markets as compared with
mills located near the consumption centers. This locational pattern is
one that would be expected ffom the Weberign model.,

In the early 1900's, the railroads introduced the "transit!" rate
system, The transit rate system was designed to neutralize any advan-
téQes or disadvantages which accrued to any mill solely by virtue of
its particular location along a line between whéat field and flouyr
market. Under this system, the to£a1 freight cost from wheat origin to
flour destination would be identical regardless of whether the flour
mill was located in the wheat supply area, neér‘the flour market, or
anywhere in between. The transit "privilege;" applied to storages as
well as milling. Transit was based on the theory that the transpor-
tation service tovand from the trangit point is in reality a continuous
shipment from point of-origin to‘final destination of the same commodity

or its product. This rate system permitted millers in various locations
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to compete on equal terms regarding transport cost.

Although the rate system neutralized transportation cost ad- -
vantages, with respect to rail shipments, it did not make all mills
equally competitive in a given market. In fact, it had a suffocating
effect on the eastern milling industry by limiting its market area.21
To illustrate, consider a situation involving a mill at Kansas City and
one at Pittsburgh (Figure 3). Transit privileges operate only on sub-
stantially straight lines between wheat supply points and flour markets.
The Kansas City mill draws wheat supplies within its transit arc to the
west and can obtain the transit rate on flour shipments within its
corresponding market arc to the east. The supply arc and market arc
for the Pittsburgh location are determined in a similar manner.
Pittsburgh has access to a much larger sypply région than Kansas City,
but its transit arc to the east -- its market area -~ is extremely
limited compared with Kansas City's., Thus the Kansas City mill enjoys
competitive market immunity from the Pittsburgh mill throughout most
of the Eastern United States, because transit rates do not apply to
east-west or off-line shipments. If the Kansas City mill enjoyed
economies of size or other processing cost advantages, it might even
be able to sell flour at a lower price than the Pittsburgh mill in the
latter's marketing area.

‘Deviations from the Weberian model are alsb produced by the
availability of barge transportation. In the Southeast, for example,
mills located at barge points along the Tennessee River have a signifi-
cant competitive advantage because of the low cost of barging wheat
into the region. The availability of barge transportation may also

keep transportation rates via other modes of transportation below what
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they might otherwise be in the absence of barge competition. The
benefits of barge transportation are not>restricted to river-point
locations, but can and do accrue to other locations through barge/rail
or barge/truck combination movements.

This discussion does not exhaust the list of transport factors
that result in deviations from the locational patterﬁs deﬁicted by the
locational models. Many other factors could be mentioned but these are
some of the more important from the standpoint of grain marketing.

It is obvious that in the case of the flour ﬁilling industry, no
general locational pattern exists. In situations where parity rates
exist on wheat and flour, the industry tends to be located near wheat
supplies. In situations where low rates exist for wheat (when barge
and barge/rail combinations are possible) the locational pattern will
reflect a harket orientation. Lastly, in situations where the transit
rate system is effective, a mill may locate at wheat origin, flour
_destination, or somewhere in between. In the latter situation the
optimum location will be determined by factors other than transporté-

tion cost.



FOOTNOTES

1 .
J. H. von Thunen, The Isolated State (Chicago, 1960),

2C. J. Friedrich, in his introduction to the translation of
Alfred Weber, Theory of the Location of Industries (Chicago, 1929),
p. XXII, ‘

3
1929).

Alfred Weber, Theory of the Location of Industries (Chicago,

Albid., pp. 20-21.
5Ibid., p. 3k.
6Ibid,, pP. 57.
7Ibid- L] p& 55-
8., .

Ibid., p. 103.

9Frank A, Fetter, "The Economic Law of Market Areas," Quarterly
Journal of Economics, XXXVIII (1924).

1 . .
OAugust Losch, The Economics of Location (New Haven, 1954).

11_ .
Ibid., p. 27.
121bid., p. 28.

1 . . . .
3W'olfgang F. Stolper, in his introduction to the translation of
August Losch, The Economics of Location (New Haven, 1954), p. X.

14Losch, p. 105.

B1bia., p. 110.

16

E, M. Hoover, The Location of Economic Activity (New York, 1948),
p. 48. ! '

17Walter Isard, Location and Space Economy (New York, 1956),
pp. 108-109. :

18

Ibid., p. 22k,

Y1bid., pp. 105-112.

28



29

2O1pid., p. VIII. |

1Jeff Mailee and Dale Solum, An Analysis and Evaluatlon of
Factors Which are Deleterious to the Competitive Interest of The
Mid-American Wheat Flour M1111ng Industry (Kansas City, 1968), pp. 5-8.




CHAPTER III
THE MODEL

The model employed in this study is usually referred to as the
transhipment model, Basically, this model is an outgrowth of the two-
dimensional transportation model which was designed to minimize trans~
portation charges incurred in shipping a product from each of several
origins to fulfill the requirements at each of several destinations,
The model involved a single product with quantities supplied and de~
manded in each region known, and shipments were direct between origins
and déstinations,

The transhipment‘variaht of the transportation model is formulated
such that shipments of a product by a sequence of points is allowed
rather than just from "m'" surplus regions to "n'" deficit regions as is
the case of thé basic transportation model. For example, in the model
employed in this study, the formulation is such that grain may movek
through éommercial storage and/of processing facilities before being
shipped to satisfy the various demands for grain and grain products.
This model was chosen primarily because it is reasonably flexible in
solving spatial equilibrium problems, and the cost and other data proc-
essing advantages of solving problems that can be formulated within the
framework of the transportation model are very significant.

The transportation model is a special case of the general linear

programming model and may be solved by linear programming techniques
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~ other than transportation algorithms when desirable, The transporta-
tion model has numerous business and economic applications which have
nothing to do with transportation. Nevertheless, it was developed for
problems in which spatial considerations play a significant role, and

this is the type of problem that is of interest in this study.
The General Transportation Model

The objective of the model is to minimize a linear function sub~
ject to certain linear restraints., The conventional mathematical

definition of the problem may be stated as follows:

i = 1, 2, (XXX} m,
-

Minimize C=27% c,inj, (1)
tJ :

j = 1, 29 eeey I

subject to the constraints

z X5 = Ry )
TS, = %R (5)
LSy = 2R

where m is the number of supply points, n is the number of demand points,
S; is the supply of a commodity at the ith location, R; is the demand
fo? the commodity at the jth location, CIJ is the cost of transferring
a unit of the commodity frsm location i to location j, and ng is the

number of units of the commodity shipped from Si to Ry in order to
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minimize the total cost of the operation,

"A generalized matrix format of the transportationvmodel is pre~
sented in Figure 4, The location of various elements of costs, sup-
pliés, and demands are. depicted in Section A. The format consists of
"m! supplies, "n" demands, and "mXn" cost elements (Cli)g The format
of the corresponding matrix of shipments (X;J) is presented in Section
B, .

As’is h1dicated by Equation (5), total supply must‘equal total
demand. If total real supply exceeds total real demand, a dummy demand
must be included. Shipmeﬁts to the dummy demand from any supply loca-
tion incur no costs and merely represent inventory at‘points of ship~
ment after real demands have been satisfied., Likewise, if total real
supply is less than total real demand, a dummy supply must be included.
Shipments from this supply incur no costs and represent unfilled -

demands.

Basic Assumptions

There are four basic assumptions associated with the’transportaw
tion model:
(1) There is an objective to be maximized or minimized
(Eq, 1).
(2) The supplies at various origins ﬁnd the demands at
various destinations are known.
(3) The per unit cost of converting resources to prodﬁcts
or moving the commodity from origins to destinations
is known and is independenf of the number of units

converted or moved.,
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(4) The commodity under consideration is homogeneous.
Thus, quality differences that exist at different

localities are not accounted for.

Development and Application

The transportation model was originated by Hitchcock in 1§41.2

His problem was to establish the least costly manner of distributing a
product supplied by several factories to a finite number of cities, His
method involved introducing and eliminating parameters to obtain an
optimal solution. Later, Koopmans further refined and applied the
model as statistician with the Combined Shipping Adjustment Board during
World War II.3 The theory of optimum allocation of resources was ap-
plied to world shipping to promote an efficient utilization of movable
transportation equipment.

Samuelson extended the Hitchcock-Koopmans formulation into a more
general spatial equilibrium problema.l1 This formulation incorporated the
demand and supply curves of two or more localities and converted the
standard transportation problem into a maximization problem of equilib=
rium analysis. The model was designed to determine equilibrium prices
as well as interregional commodity flows given constant per unit trans-
port cost.

Numerous applications of the transportation model have been made
since these early works. Some of these will‘be briefly discussed to
illustrate the types of applications that have been made in agricultural
economics,

One of the first important appiications in the field of agricul-

tural economics was made by Henry and Bishop°5 A transportation-model
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was employed to determine the best possible adjustment of national
broiler markets in 1954 and 1955. The price differences between mar~
kets and the broiler shipping pattern between supply areas and consum-
ing centers were determined. The optimum shipping patterns were
obtained for 57 regions by minimizing transportation costse.

Shortly after the above study, a transportation model was formu-
lated to find the best markets for North Carolina eggs and the loca-
tional advantages enjoyed by North Carolina egg marketing agencies
relative to their counterparts in competing areas.6 Optimum inter=
market flows among 88 regions were determined. Regional production
and consumption as well as interregional transfer costs were
predetermined.

Koch and Snodgrass used a transportation model to find inter=
regional product flows, price equilibriums, and optimum resource allo=-
cation for the tomato processing industry.7

Judge et al., have applied similar models to the feed grain econ~
omy., In an analysis of the corn sector, the impact of alternative
actions by loan-eligible producers and Commodity Credit Corporation
adﬁinistrators on the marketing and distribution of corn in the 196i=
62 marketing year was measured,8 Estimates of regional price differ~
entials, demands, supplies, and interregional flows for corn under
alternative time periods and assumptions were determined. In a
follow=-up analysis of the feed grain economy, optimum flow patterns and
price differentials for each of the four feed grains were de'terminedo9
Attention was also directed to the optimum storage location of each
feed grain under conditions of equilibrium. However, a storage sector

was not included in the model, and estimated storage requirements were
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simply quantities remaining in production regions after all real
demands had'beén satisfied from least=cost sources,

As evident from the above applications, the model was most widely
used during’ the 1950's, and its popularity declined somewhat during the
1960's. In recent years, researchers have turned their attention to
the development of models with greater flexibility and applicability.

The transhipment model was a product of these efforts.
The Transhipment Medel

As stated above, the transhipment model is an outgrowth of the
old transportation model, The concept of transhipment was first intro-=
duced into the transportation problem by Orden in 1956.10 His formula=
tion allowed any origin or destination to act as an intermediate point
in a series of optimum=linked points; The approach focused on the role
of nodes in the transportation network, and he used the technique to
find the optimum route from one point in a network to another,

A transhipment model was formulated by Kriebel in 1961 that was an
extension of the warehouse planning model.11 He introduced tranship-
ment of a seasonal product where production is maintained at a constant
level throughout the year, but demand is seasonal. His problem allowed
the shipment of a good from a Producing center(s) to consuming centers
directly in a given time period or by shipment to a warehouse for tran-
shipment immediately, or for étorage for one or more periods before
shipment. |

King and Logan made the first major application of the model in

12

the field of agricultural economics in 1964, They used an iterative

procedure to incorporate economies of scale in processing in a
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transhipment model to detefmine the optimum location of processing
plants and thg shipping patterns of raw material and final product.
Using a given set of costs, the authors applied the model to California
slaughtering piants to determine whether costs are minimized by proc=r
essing cattle locally or by sending the livestock to regions with lower
processing costs., The processing capacity in any one region was unre=
stricted in the model,

The King and Logan formulation was a single product model involvs:
ing inelastic raw product supply and product demand functions, This
formulation required subtraction of artificial variables from the
optimum shipments once the minimum cost solution was found in order to
determine the actual level of shipments., The need for this must be
considered an’ inconvenience when compared with alternative formulations.

In 1965, Hurt and Tramel reformulated the King and Logan problem
such that the subtraction of artificial variables was not necessar’ya13
They also extended this single product model to include a multiproduct
commodity space and multiproduct pfocessing plants processing both
final and intermediate products. According to Judge et al., the model
proposed by King and Logan is too restrictive for such.consideratibnsm1

The model presented by Hurt and Tramel was modified and extended
by Leath and Martin in"_1966o15 A more general transhipment model was
formulated that was capable of solving multifactor, multiproduct,
multiregion and multistaged problems of a spatial nature; Multiproduct
storage was introduced into the model in addition to the multiproduct
processing previously introduced by Hurt and Tramel, and the model
considered demands for intermediate as well as final products. Optimum

solutions to the Leath-Martin formulation specify least~cost =
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locations for processing and storage. Thus, the efficient location of
economic activity is determined rather than assumed. In this multi=
product model, all products compete for the limited storage space and
processing facilities of each region, yet product identity is main-
tained throughout the system. The formulation and solution of a two-
product, two-region, five-stage problem was presented. The existence
of multiple solutions for transportation problems was also considered,
and alternative solutions to the above problem were presented. Methods
of incorporating maximum and minimum capacity restraints on supplies,
demands, and transportation modes were also presented.

A very important extension of the transhipment model came in 1967
when time=-staging was introduced. Leath and Martin extended the multi-
factor, multiproduct, multiregion, multistaged model discussed above
into a time-staged transhipment model capable of considering several
time periods simultaneously@16 This model is particularly useful in
studying the flow of a commodity that is produced seasonally but con~-
sumed or processed throughout the year. In this framework, a new
emphasis is placed on the primary product storage stage of the model
since storage provides the link between time periods.

A recent application of a transhipment model was made by Wr‘ighta17
Wright's model involved the stages of acquisition, processing and dis-
tribution for one product, and was used to study the impacts of alter-
nate transportation policies on flour mill locations. The model
considered 71 wheat supply regions, 28 flour mill locations, 10 ports,
and 57 flour markets, and minimum-cost geographical flows were
determined,

The above discourse covers the major works in development and
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application of the transhipment model in agricultural economics.
Attention is now directed to the formulation of a model capable of
analyzing a multifactor, multiproduct, multiregion, multistaged, and
multiperiod problem of the United States grain marketing system

(Objective 1),

The Formulation of a Multifactor, Multiproduct,

Multiplant Transhipment Model

Many problems in interregional competition are such that consid-
eration of a multicommodity eﬁvironment in a single model is desirable.
This is particularly true in the problem under consideration where
grain storage facilities are involved and several grains compete for
the limited storage space. The model formulated for this study is
basically the Leath and Martin formulation discussed above under tran-
shipment models. However, modifications have: been necessary to meet
the needs of this study as well as meet the demands of available
computing software. This model will be illustrated using examples in
the following section. Once the formulation of a single period model

has been presented, a multiple period model will be introduced.

A Formulation Invelving One Time Period

To illustrate the transhipment model developed for this study, a
hypothetical two-product spatial equilibrium problem related to grain
marketing and distribution will be presented. The stages of assembly,
inventories, acquisition, processing, and distribution are considered
for each product in a two=region problem. As products flow through the

system, each competes for the limited capacities in storage and
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processing yet product identity is maintained throughout the various
stages. Considered in the hypothetical example are:

(1) two primary production regions,

(2) two primary products -~ hard wheat and soft wheat,

(3) two storage facilities (regions) with total capacity

available to each grain,

(&) +two processing facilities (regions) with hard wheat

and soft wheat milling capacity,

(5) two regions demanding quantities of each grain, and

(6) two regions demanding particular proportions of the

processed products of each grain (flour demands).

The general matrix format for this example is presented in Figure
5. To facilitate the discussion, the large matrix is subdivided into
submatrices, and the relevant ones have been given letter designations.
The problem is formulated such that each grain moves from farm to stor=
age facilities (Submatrix A). Once the grain is received at storage
facilities, it may be shipped to the milling sector (Submatrix D), may
be shipped out to satisfy the wheat demands (Submatrix E), or may enter
storage (Submatrix C) if not needed to satisfy whole grain or milling
demands., Storage charges are incurred by quantities entering storage.
Grain that enters the milling sector is milled and the flour shipped
oﬁt to satisfy flour demands (Submatrix I).

The processing capacity of each area is allocated to processing of
each grain in the same ratio as exists in the total final demands for
flour, Allocating the capacity in this manner insures that processing
capacity is not exceeded in each milling area and permits flexibility

in the actual quantity of each grain processed in each area since the



Activity .. Grain ~ Grain ‘Grain Flour |Carry-
. o Storage Processing Demands- - Demands - over
Product | HW HW.SW SW |-~ —~ | HW HW SW SW | HW HW SW SW | HW HW SW SW | -~ S
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(Production) - 1 ' - , : N
Product = - Region Whole
HW - 1 “Grain- | Quantities . Grain
HW . 2 Shipments , ~ Entering | Production
SW 1 to Storage l Storage "By Region
SW 2 - g : -
. (Storage) _ B! D A E
Product - Region Excess l Whole - Whole
R -1 A . Receiving Grain Grain Storage
:HW . 2 Capacity _l Shipments - Shipments _ Capacity
sW 1 in Storage to Flour - | to Deficit Ending , By Region
SW- 2 Regions SR Mills Regions ;
e o e e e ___l___“_____________"B$¥ER&:§__ ______
- 1 !' F G
— 2 7\ |
(Processing) -I " H | 1
Product - Region Excess "Flour - '
W 1 Storage | . !, Excess Shipments - Milling
" HW 2 " Capacity o , Milling from Flour Capacity
" SW 1 By Region) |  Capacity’ L Mills By Region
SW 2 : " . , | .
R Storage Milling Quantities | Quantities |Carry-
3 Capacity Capacity Demanded . Demanded over

Figure 5. Matrix Format of a Two—Prodict Transhipment Problem
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restriction does not require the volume processed to be exactly equal
tdi tHer total processing capacity.

The matrix of costs, :supplies, capacities and demands are pre-
sented in Figure 6. Costs used in the problem may be interpreted as
follows: |

Submatrix A: Costs include transit to storage facilities

from areas of production plus in-handling costs at ele-
vators by type of grain.

Submatrices B, F, and H; Zeros are entered on the main

diagonal. Shipments over these "routes" represent
unused capacities in receiving, stoerage, and milling,
respectively, and it is assumed that no tharges are
incurred whén capacity goes unused,

Submatrix C: Costs are storage charges per unit by area
and type of grain for quantities carried in inventory
for a full period.

Submatrix D: Costs include out=handling charges at stor=
age facilities plus transit charges 2135 in=handling
charges at flour mills,

Submatrix E: Costs include out-handling charges at stor-
age facilities plus transit to wheat démand centers
by type of grain.

Submatrix G: Zeros are entered in both cells., Shipments
over these routes are dummy shipments to the dummy
demand and are equal to the total grain»in?entories
by area. These inventories incur storage chérges in

Submatrix C.



" Grain

, Grain Grain Flour Carry-
Activity Storage Processing “Demands Demands over
Product | HW HW SW SW | —- —- |HW HW SW SW | HW HW SW SW | W HW SW SW |- — | o [ |
Region 1 2 1 2, 1 211 2 1 211 2131 21 12 1 2] - i
(Production) Al ' ' ’
Product Region _ - , T i
HW 1 4 8 * k| k. k| Kk k x % * k k % x k Kk % * 4! 1
HW 2 9 5 % % | k k| Kk % k * x k k & * k Kk % * 60| 2
SW 1 ok 4 8k K|k %k k% * k * & * k k % * 701 3
SW 2 * k9 5| Kk k| %k k k % X kx k k]| *x % k % * 20] 4
v (Storage) 1 ‘ » v
Product  Region B ¢ D - E
HW 1 0 * * x1 12 %1821 * x| 4 7 * x| *x x x x| x ls}| 5
HW 2 * 0 % x| % 1012219 * =% 8 5 % % k * x % * 60| 6
SW 1 * x* 0 x1 12 x| % %1821 | * % 4 -7 % % % % * |4 7
SW 2 * % % ( 1. * 10 | * * 2219 * % 8 5 * % Kk & * 60} 8
————————————————— I — — -F— — e s M MR MEs (e GHD WED s QIR GOb WOF Gl GED QUL CER SME oW ons o - E o Dump b ey e
- 1 k % k k| 0 k| ok k k & * k k % x %k k % 0 40| 9
_— 2 Xk % kx kg % 0| % x x % * k ok * x % %k % 0 60| 10
~(Processing) i H 1
Product - Region I : ,
HW 1 x x x x| % x {0 % % * *x % % % | 1216 * x * 40111
HW 2 *x * x* x| x x| x g % % * % % % | 17 13 * * * 30112
SW 1 *x x* * * 1 % x| %k x 0 x] x % x = * % 12 16 * 201 13
. SW 2 *ox KX : x k| k. kx k 0| *x x % % | % %1713 * 15|14
Ry 40 60 40 60 } 40 60 40 30 20 15 | 1510 525 | 30 20 15 10 | 60
1 T 2 3 43 5 617 8 910 | 1112 13 14 | 15 16 17 18 | 19

'Denotes_that cost

Figure 6.

Matrix of

Problem

coefficients are sufficiehtly high to prevent entry in an optimal solution.,

FCosts, Supplies, Capacities, and Demands for a Two=Product Transhipment

Cy,
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Submatrix I: Costs include milling costs plus out~-
handling charges for flour at mills plus transit
to flour demand centers. The results would be
the same if milling cests were included in
Submatrix D.

The routes containing *'s are infeasible routes and have an asso-
ciated cost coefficient sufficiently high to preclude entry in' the
minimum~-cost solutien, |

The capacities, supplies, and requirements are given in. the S%
column and R; row at the lower and right-hand margins of Figure 6.
Storage capacities for regions (plants) 1 and 2 are 40 and 60 units,
respectively. The total éapacity of each region is made available to
each grain with respect to grain receiving activities. Thus, the grain
receiving capacity of each storage region is twice the actual storage
capacity, However, both grains compete for the limited storage space,
and the volume stored in each region cannot exceed capacity. Milling
" capacity is'specified by type of grain in each region. Note that
capacities are introduced into the model as supplies and demands.

A requirement of this model is that total supply must equal total
demand (Equation 4). In the problem under consideration, supply
exceeds requirements by 60 units; therefore, the réquirements at the
dummy demand (Rig) is set at 60 units. This is the actual carryover of
wheat in this example. The unit of measure must be standardiéed
throughout the problem. Hence, the flour demands are expressed in
wheat equivalents.

Given the information in Figure 6, the next step is to find a com=-

bination of shipments (set of X;;'s) that will minimize total cost
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(Equation 1) and satisfy the four restrictions specified in Equations
(2) through (5), At least one solﬁtion can be found, and several solu~
tions satisfying these equations may exist.

The shipment matrix for a minimum-cost solution is presented in
Figure 7. No other shipment pattern exists that will result in a lower
total cost, but there may be other solutions yielding the same total
cost, 1In this discussion, a letter followed by subscripts will be used
when reference is made to a particular cell of a particular Submatrix.
For example, Azs; refers to the cell in the second row arnd third column
of Submatrix A.

Entries in Submatrix A represent: the: initial movement of grain
from production regions to storage facilities; This is the optimal
assembly pattern for this problem. For example, the volume of wheét
received by Storage region 1 is 80 units -~ 40 units of hard wheat
(Ay1 + Az1) and 40 units of soft wheat (Azs + Azz). Excess receiving
capacity by region and type of wheat at storage plants is represented
by entries in Submatrix B, assuming that receiving capacity for each
wheat is equal to storage capacity. In region i, receiving capacity
for both grains is completely utilized (By1 = O and Bsz = 0).

Once the grains are received in the storage facilities, there are
three possible dispositions for this grain: (1) it may move to flour
mills for milling through Submatrix D; (2) it may be shipped to satisfy
wheat demands through Submatrix E; or (3) if not needed to satisfy
milling and wheat demarids, it moves into storage through Submatrix C
and incurs storage charges. To demonstrate the logic of this, consider
what happens to the 40 units of hard wheat received in storage region

1, Twenty-five units are shipped to hard wheat mills in region 1 (D;1),



Figure 7. Matrix of shipments for a Two-Product Transhipment Problem

Grain Grain Grain Fiour : - Carry-
Activity _ Storage Processing Demands Demands over
Product HW HW SW SW = - HW HW SW SW | HW HW SW SW. ] HW HW SW SW - s i
‘Region 1 2 1 2, 1 2 1.2 1 2 1 2 1 2 11 2 1 2 - i
(Production) . A | ' .
Product Region I _ ‘
HW v 1 40 0 ° o l L3 [ ] a o L] . e . 2 ] o 3 o . o 40 1
HW 2 0 60 e e I . . 3 3 L3 . - . ° ° Q Ll * . ° 60 2
SW - 1 - - 40 30 ' . [ . . ] . ° . . ° ° ° ° . ° 70 3
SW . 2 * . 0 20 | . [ . . . - . . . . . . . . . 20 4
(Storage) ' o1 ~ -
Product Region By c D - E
W1 0 . « .0 0o .}250 . .15 0. . e e e e . |40} 5
HW 2 . 0. oV L 25 520 ... } 010 . . o o o e . ]60] 6
SW 1 e « 0 120 . 15 0 s+ 50 o o o o . 40 | 7
SW 2 e « <101 . 15 .« . 010 . « 025 6 o o e . 60 | 8
———————————————— J.—__———-———-—-— —a——-—,———.-—_..__—_-b_——-'————-
| .
—— 1 Y . Y I 20 . ° * . ° Y ° q. ° o ° ° ° i 20 . 40 9
—— 2 - o . . I . 20 ° . Y ° a . . . . ° ° - 40 60 10
~ (Processing) ! H 1
" Product Region o :
HW 1 A I IS (o e e o o 130 0 . . . 40 |11
HW - 2 T T [ DT B T R . {30 [12
SW 1 S .« < .5 . A . <15 0 . 20 {13
SW 2 ° L] . . : . . ° . 5 ° o L] L) 3 ° . e 0 10 E - 15 14
Rj 40 60 40 60 : 40 60 | 40 30 20 15 1510 525 {30 20 15 10 60
i 1 2 3 4, 5 6 7 8 910 11 12 13 14 |15 16 17 18 19
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15 units are shipped.to satisfy hard wvheat fequirements in region i
(E11), and O units are stored (Cyi).

The grain inventories in storage at the ehd of the period may be
found in Submatrix C by fegion and.type ovaheat; ‘Thé.volpmerstored in
region 1 is 20:units == 0 units of hard wheat (Cy;) and 20 uﬁits of"
soft wheat (Csy). Likewise, the voiume stored in regioﬁ 2 is 40juhits
(ng + Cag = 25 + 15), The total excess storage capacity by region is
represented by entries in Submatrix F, and shipments to the dummy
demand (Submatrix G) are eqﬁivalent to the total ending inventories by
regionAbut not by‘type of wheat, Eor_example, the 40 units ending in-
ventory in region 2 (Gz1) is composed of 25 units of hard wheét (Cz2)
and 15bunits of soft wheat (Caz)o

One stage ‘of the'ﬁqdel remains to be consideréde This is the
processing (flour millipg) stage. As noted above; shipménfs of wheat
to flour mills are represented by entifes in Submatrii’Dg_ Once wheatb
is receivgd at mills,'it is processéd and.shipped.bﬁt to satisfy flour
demands. _Entrieélin Submafrix.I represent flour shipments from the
milling sector by region and type ofzf1§ufol To see the logic of this,'
consider thé 25 uhité of hard wheat éhippéd from storage region 1 to
the hard=wheatlmill'in region 1 (D119 'Thé distribution of flour
milled from this‘2S units. of hard wheétﬂaléng with;éﬁy hard wheat‘pro=
cured from‘étorage region 2 by milling feéion i (5 units=in this
example) is found in row dne_of Submatrix I, Flour consuming regions ?
and 2 receive 30 and O units of this flour, respectively, Sirice the
hard-wheat milling capacity of region 1 is 40 units and 30 units were
milled, 10 units of excess capacity éxisfi and this is represented by

entry Hyy of Submatrix H. The activities of procurement; distribution,
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and capacity utilization for soft-wheat milling in region 1 may be
determined in a similar fashion,

It should be noted that in the above formulati¢n,’pfoduct identity
is maintained throughout the network. This is a Vernggsirable feature
in that many research problems in interregional competition involve

more than one product at the assembly and/or distribution:stages.

The Existence of Multiple Solutions

The attainment of an optimum solution to a specific transportation
problem does not necessarily iﬁply that the solution is unique, As
stated before, more than one optimal solution may exist for a given
problem. In multistage transhipment problems, the frequency of multi=
ple solutions generally incfeases as the number of stages under consid-
eration increases. For a discussion of the number of alternate
solutions that may be derived once the existence of two or more optimai
solutions has been established, see Loombaa1

Alternate optimal solutions exist for the above problem. The same
total cost would result if the shipment‘pattern of Figure 7 were
altered to allow the hard=wheat milling facility of region 1 to pro=
" cure all 30 units of the hard wheat milled from storage region i, Now
only 10 units of hard wheat would be available at the storage facility
in region 1 to satisfy the demand for hard wheat in region 1-(R;1), and
5 units of the 15 units required would have to be shipped in from stor-
age region 2 (route Ezqy).

The above alteration in the least=cost shipping pattern will not
change the total cost for the system; however, it does affect the dis-

tribution of the total coSt among segments or stages. The change will
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result in a decrease of 20 units: in the transportation costs associated
with shipments between storage facilities and processing facilities,
and the transportation costs associated with satisfying the whole grain
demands will be increased by 20 units, Assuming that the problem rep-
resents the grain marketing system, the fact that multiple sclutiens deo
exist means that the minimum-~cost shipment pattern for the system will
not, in general, yield a minimum~cost shipping pattern for each indi~
vidual segment or industry making up the system. Thus, various seg-
ments may have very real preferences for a particular solution among
that set of selutions which are optimal for the entire system. The
bargaining power of individual segments in computing for available
supplies may be important in determining which shipment pattern is mest

likely to exist in the real world.

A Formulatien Involving Multiple Time Periods

Many research problems can be more accurately analyzed if a multi-
peried model is employed. This is certainly true in studying the grain
marketing system because production is highly seasonal and requirements
for commercial storage are net uniferm throughout the marketing year.

To illustrate a method of simultaneously considering seYeral time
periods with fhe transhipment model, the problem considéred above will
be extended to include two successive periods of time,

The matrix of costs, supplies, capacities, and demands which are
used in this simplified, hypothetical problem is presented in Figure %a
It should be neted that costs, demands, and capacities are identical for
both time perieds. Hewever, production was reduced in . both areas during

the second time period. Costs used in the problem may be interpreted
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I II
Activity Grain Grain Grain Flour Grain Grain Grain Carry-
] Storage Processing Demands Demands Storage Processing Demands I . over
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1 P Y Y e e e e s W0 . 0. o . Jf1216 . . . 40 {25
T L AN DS DAY | E Ot HT S N EE 2T SR B e
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3cells containing dots

have cost coefficients sufficiently high to prevent entry in

an optimal solution.

‘Figure 8. Matrix of Costs, Supplies, Capacities, and Demands for é Two-=Product9
Time=Staged Transhipment Problem



as follows:

Submatrices A and K: Costs include transit to storage areas
from area of production plus "in=handling" costs by
type of grain,

Submatrices B, G, H, I, L, P, and T: Zeros are entered on

main diagonals. Shipments made over routes in B, I, L,
and T represent unused capacities in storage and
processing and it is assumed that no costs are incurred
when capacity goes unused, A cost could be assigned to
excess capacity if desired. Shipments made over routes
in G, H, and P are dummy shipments and serve only as
accounting entries in thé model, Hence, no costs are
incurredé

Submatrix C: Costs include all storage charges for two
full time periods by area and type of grain.

Submatrices F and M: Costs include all storage charges

for one full time period by area and type of grain.

Submatrices D and N: Costs include "out-=-handling" costs

at storage facility plus transit charges from storage
to milling facility plus "in=handling" costs at mill-

ing facility plus processing costs by type of wheat

and area.

Submatrices E and O: Costs include out=handling costs at

storage facility plus transit to feeding demand
areas by type of grain.
Submatrix Q: Zeros are entered in both cells.

Submatrices J and U: Costs include out-handling costs at
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milling facility plus transit to flour demand centers.

The C;J cells containing dots (.) represent an infinite cost\to
prevent entry of these 'routes'" into the optimal shipment pattern.

The shipment matrix for a minimum cost solution is presented in
Figure 9. The initial movement of whole grain from the production
regions is to storage facilities. Entries in submatrices A and K rep-
resent these shipments by type of grain.* For example, 60 units of
hard wheat moved from production region 2 to storage region 2 in time
period I; this movement is depicted by the entry in cell Azz of Figure
9. Note that the total storage capacities of 40 and 60 units in stor-
age regions I and II, respectively, are made available to each grain.
Consequently, the maximum quantity that a storage region may receive
in one time period is twice the capacity. Excess receiving capacity by
type of grain for each storage area is represented by entries in sub=
matrices E and L, These entries are dummy shipments and no costs are
incurred.

Entries in submatrices E and O represent quantities of each grain
shipped to satisfy whole grain demands for feeding. Once the demands
for whole grain have been satisfied, the remaining quantities of grain
may remain in storage or may be shipped out to flour mills for process=
ing. Grain moving through storage facilities to milling facilities in
period I does not incur storage costs. These shipments by area and
type of grain are represented by entries in submatrix D. Grain moving
from storage facilities to milling facilities in period II is repre-

sented by entries in submatrix N. If these quantities are produced in

*When reference is made to two submatrices together, the two sub=
matrices will refer to time periods I and II, respectively.
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Figure 9. Matrix of Shipments for a Two=Product, Time-Staged Transhipment Problem
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period II, no storage charges are incurred as the grain only moves
through the storage facilities., However, should this Be grain pro=
duced in period I, storage costs will be incurred for one time period.
The method in which the storage costs are incurred is discussed later.
Excess processing capacity is repfesented by entries in submatrices I
and T by area and type of grain. These are dummy shipments and no
costs are incurred. For example, excess capacity in period I is deter-
mined for each area by summing alternate entries on the main diagonal
in I, Thus, the excess capacity is 15 unité in both milling areas.
Entries in submatrices J and U represent shipments of the processed
products from flour mills to flour demand areas. In this formulation,
no provisions are made for flour storage, Consequently, the quantities
of grain received in each processing region through submatrices D and N
are identical to the quantities of flour shipped from each ﬁrocessing
region through submatrices J and U,

Quantities of grain that are produced in excess of whole grain and
flour demands remain in storage, and storage charges are incurred, The
quantities of grain moving into storage are represented by entries in
submatrices C, F, and Mo Entries in submatrix C incur storage costs
for two time periods. Thus, the 25 units of hard wheat (the shipment
through route Cza) enter storage for two complete time periods, and
these units are not available for shipment in the second time period.
Alternatively, quantities produced in period I may move into storage
through routes located on the main diagonal of submatrix F; in this
case, storage charges are incurred for the first time period only.
Consequently, these quantities as well as quantities shipped in from

areas of production in the second time period (submatrix K) are
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available to meet various demands in period II, Thus, the quantities
available at the storage facilities for shipment in period II are as

follows: hard wheat in storage area 1 is 30 units (Ky1 +Kz1 +F11 =

1

30+0+0 = 30 units); hard wheat in storage area 2 is 50 units (Kiz +
Koz +Fap = 0+50+0 = 50 units); soft wheat available in storage area
1 is 30 units (K33-+K43jtF33 = 30+0+0 = 30 units); and soft wheat in
storage area 2 is 35 units (Kss +Kga +Fggq = 20+0+ 15 = 35 units).

After the feeding and processing demands for grain have been sat-
isfied in period II, the remaining quantities of grain located at the
storage facility move into storage'anq incur storage charges during the
second time period. These quantities are represented by entries in
submatrix M. Thus, 5 units of hard wheat (Mzz) move into storage in
area 2, and 10 units of soft wheat (M31) move into storage in area 1.
These entries do not repreSent total storage in period II since entries
in submatrix C remain in storage for two complete time periods.

The quantities of grain stored by area and type of grain for each
time period are determined from fhe shipment matrix presented in Figure
9. During period I, the volume stored in area 1 is O units of hard
wheat (C;q +F11) plus 20 units of soft wheat (Cg; +Fz3) or 20 units.
The volume stored in area 2 is 25 units of hard wheat (Cps + Fzz) plus
15 units of soft wheat (Csp +F4s) or 40 units. Thus, total volume
moving into storage and incurring storage costs in the first time
period is 60 units. This quantity may be verified by subtracting total
final demands in period I from total production during this period.
Likewise, for period II, volume stored in area 1 is O units of hard
wheat (C11 +M;y) plus 30 units of soft wheat (Czy +Mzq) or 30 units,

and volume stored in area 2 is 30 units of hard wheat (Czz +Msz) plus O
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units of soft wheat (C42-+M42) or 30 units. Thus, total volume stored
in period II is 60 units, These ending inventories also appear in sub-
matrix Q By area but not by type of grain (area 1 = Q;; = 30 units and
area 2 = Qo7 = 30 units).

Entries in submatrices G, H, and P are dummy shipments, and no
costs are incurred. Even though these entries are only accounting
entries in the model, interpretation reveals useful information related
to the storage facilities., Since entries in submatrix C represent
gquantities of grain produced in period I and stored for two full time
periods, entries in submatrix G represent the excess storage space
available in period I by érea, after the space used by quantities in
C has been accounted for. Entries in submatrix H represent the quanti=
ties of grain moving into storage for two full periods through routes
in C at the beginning of the first period. Consequently, this storage
capacity is no longer available for~$torage of grain produced in period
II. These quantities in H appear by area but not by type of grain;
hence, Hy1 = Cy1 + Cs; and ng = Cop + Cyao Since shipments over routes
in submatrix Q to the slack or dummy demand represent the ending ianna
tories in storage during thé last period, the entries in submatrix P
represent the unused storage capacity in each storage area_during this
period. |

In this formulation, it is possible for the volume stored to
exceed storage capacity in any area during the first time period. This
will happen if a storage area is filled by entries in submatrix C
(these quantities incur storage césts for two full periods) and addi-
tional quantities, which incur storage costs for the first period, are

shipped to the area through submatrix F. Should this happen, it will
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be corrected in period II because storage’in a particular region will
not exceed capacity unless Ry, is greater than total storage-capacity,
and the quantities stored in excess of capacity will be forced out of
storage. In this situation where the maximum restraint on storage is
violated, the accounting of the model is still correct because all
units in excess of capacity incur storage costs.

This may apbear at first tb be a major weakness of the model
since it is possible to violate storage capacity restraints, butﬂfhis
can actually be a ver& realistic feature.- Many elevator operators ‘may
actually store excess grain on the ground or in temporary facilities
during the peak harvest season until storage space becomes available in
the regular facilities or until the grain can be sold, In one respect,
this is a useful feature of the model because it is possible to deter=
mine what areas need additional storage facilities and the amount
needed, Likewise, if the storage capacity of any area is consistently
underutilized, this might suggest a need to reduce the available stor=-
age capacity in the area.

The problem of degeneracy is: much morellikely to occur in mglti—
stage transportation models involving multiple periods of timenthan
in the conventional single-stage model. Multistage problems must be
formulated with care to insure that the supplies available for shipment
over permitted routes are adequate to satisfy the given demands, since
shipments over non-~permissible routes (routes containing an infinite

cost coefficient) will yield an infeasible solution.

Modifications of the Model

The researcher..can make several modifications in the model
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presented in Figure 8. A few of these modifications are mentioned in
the hope of stimulating further thought in this area,

A very useful modification is that of a minimum capacity restraint
to insure that a minimum percentage of storage capacity will be uti-
lized.in each storage region. This type of restraint might be desir-

"able when government policy is aimed at maintaining grain storage at a
specified minimum percentage of capacity in the respective regions. A
technique of introducing such a restraint is illustrated elsewhereol?

Other restraints which may be included in the time-staged trans-
portation model are: (1) ‘restrictions on the total quantity that may
be shipped from a sbecified group of supply points, (2) minimum and
maximum restraints on a particular supply or demand area, and (3)
restrictions on the quantity of a commodity that can be shipped at a
given transportation rate where alternative modes Qf transportation are
available, The third restriction is useful where only a limited quan~
tity may be shipped at a particular rate.

If transit rateé are a characteristic of the problem, restrictions
on quantities received at demand areas by various modes of transporta-
tion may be imposed in the formulation of a problem. The introduction
of transit rates into the transportation model is illustrated in a
sfﬁdy by Uhrige20

Additional time periods can be included in the model presented in
Figures 8 and 9. Expansion to four time periods, for example, would
involve duplicating the supplies and demands with the appropriate S1
and Ry quantities, and a change in the cost coefficients in the sub-
matrix corresponding to submatrix C (Figure 8) to include all storage

charges for four time periods. Likewise, the submatrix corresponding
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to submatrix M would represent storage charges for three periods, and
cost coefficients in the corresponding submatrices for periods III and

IV would be for two periods and one period of storage.
The National Model

The two formulations of the transhipment model presented in
Figures 6 and 8 were expanded to a national scale to analyze the
United States grain marketing industry. Due to data processing consid=-
erations, the revised simplex technique of linear programming was used
rather than a transportation algorithm to generate solutions to spe~
cific problems. The two basic weaknesses of the transportation formu-
lation were eliminated by using linear programming techniques. First,
in the hypothetical problems ﬁresented, flour milling capacity had to
be allocated between hard wheat and soft wheat in some manner.
Formulated in a linear programming framework, total regional processing
capacity can be made available to each grain, and the type of grain
processed is determined within the model. Second, it was possible for
the volume stored in a given region to exceed storage capacity in all
periods except the last one in a multiproduct, multiperiod transporta=
tion problem. The storage capacity restraints cannot be violated when
such a problem is solved as a linear programming problem.

The linear programming formulation of the transhipment model em~
ployed in this study included the following:

(1) five primary products == hard wheat, soft wheat,

durum wheat, feed grain and soybeans,
(2) forty-two domestic regions with associated produc-

tion, commercial storage, and flour milling activities,
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(3) thirteen export regions, and
(4) flour and grain demands associated with each domestic

and export region,

Mathematical Definition of the Model

The mathematical definition of the LP transhipment model may be

stated as follows:

Minimize 2 = 2L 2 T Cyyy T4y + T T T T Cyyqy XGyy (6)
ko400t k13t

subject to the constraints,

Shes T - DT - DT+ TXGhy « XMy 4 T (D)
DG, = %XGQ:J (8)

SCAP, ?.Zkafte (9)

MCAP} 3}31‘(QM§,3 (10)

Wy = TR = B (11)

(DR}, = 'ZJ‘XF;g“ (12)

where:
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is the cost of the industry,

is the time period (t = 1, 2, 3, 4),

is the cost of transferring a unit of product
from location i to location j,

is the cost of milling a unit of product k

in region j,

is the cost of storing a unit of product k in
region i,

is the quantity of product k transhipped from
supply region i to region j,

is the quantity of product k shipped from supply
region i to satisfy grain demands in region j,
is the quantity of product k shipped from supply
region i to milling facilities in region j,

is the quantity of the kth type of flour shipped
from processing facilities of region j to satisfy
flour demands in region i,

is the quantity of product k milled in region j,
is the quantity of product k stored in region i,
is the off-farm sales of product k in region i,
is the demand for product k in region j,

is the storage capacity in region i,

is the milling capacity in region j, and

th

is the demand for the k type of flour in region 1i.

Equation (6) is the total cost function for the grain marketing

industry and the objective 1is to m