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ABSTRACT
A FINITE SET APPROACH TO
THE TANZANIA CASHEWNUT PROCESSING INDUSTRY
FACILITY LOCATION-ALLOCATION PLANNING
By

Hamisi Omari Dihenga

The state of the art in cashewnut handling and process-
ing in Tanzania was reviewed, and, where appropriate, com-
pared to other cashew producing countries.

A finite set approach was used in the development of the
cashew industry facility model. Subroutines were developed
to interface with a LINDO code. Sensitivity analysis
designed to answer some "adaptive if" issues—namely, possi-
bilities of changes in cashew production levels, forcing
facilities into solutions, and processing facility capacity
changes—were explored.

A 15% increase in predicted cashew production in the
1983-84 season resulted in no changes in facility locations,
despite slight changes in routing configurations and a 7%
increase in total system cost. Processing capacity utiliza-
tions—50%, 75%, and 100% of rated capacity—resulted in 9,
5, and 5 open plants, respectively, for the 1982-83 season
cashew production level (32,500 metric tons). A plant
capacity utilization increase from 75% to 100% resulted in a
5% increase in system costs compared with 24% and 28%,

respectively, for 50% to 75% and 50% to 100 percent.
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The model solutions provide for locations and reloca-
tions of facilities, indicating open plants in optimal
solution. The model highlights some planning alternatives
that may be more attractive with respect to unmodeled
issues. Facility configurations, location robustness index,
shipment routes, and system costs are used as criteria for
facility system evaluation and elaboration. The philosophy
inferred is "insight" and "not numbers."
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CHAPTER 1
INTRODUCTION

1.1. Purpose of Study
Estimates of the Food and Agriculture Organization

(FAO) of the United Nations (1980) rank Tanzania fourth
after India, Mozambique, and Brazil in terms of volume of
cashewnut export trade. The world market price for the
whole cashewnut kernel has been remarkably buoyant, with
prices tending to remain firm even with increases in pro-
duction (Menninger, 1977). The general trend, however, of
the aggregate world cashewnut production is on the decline
in all producer countries except Brazil (Figures 1.1-1.3).
Reasons for the decline include droughts, poor transport and
storage facilities, and, in the case of Tanzania, the
destabilizing effects of the "villagization program" under
which most individual producers were relocated to distances
great enough that they could not effectively attend to their
cashewnut plantations (Daily News, 1982).

Cashewnut production in Tanzania is predominantly a
smallholder enterprise. Effective the 1984-85 season, the
Cashewnut Authority of Tanzania (CATA)—which until the
1983-84 season was responsible for promoting cashewnut pro-

duction, collection, processing, and marketing—will only
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Source: FAO Production Yearbooks, Yols. 33, 34, 36.
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Figure 1.2. Cashewnut Production: Brazil and Tanzania.

Source: FAO Production Yearbooks, Vols. 33, 34, 36.
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act as a marketing-processing board (Makota, 1983). CATA
currently operates thirteen processing plants scattered
all over the cashewnut-producing region (Figure 1.4). The
decline in production in Tanzania resulted in closure of
several processing plants necessitating transshipment of
raw cashews to other processing centers. It is anticipated,
however, that with the government drive to encourage devel-
opment of new plantations (Mwenkalley, 1983), there is a
need to develop a plan for phasing in and phasing out
cashewnut processing facilities and locating facilities
within the region. When dealing with the location of more
than one facility, there frequently exists an associated
allocation problem. The term "location-allocation" as used

in this study is then usually employed.

1.2. Scope of Study

As Geoffrion and Powers (1980) put it, "the question:
How many warehouses should we have? is deceptively simple
because a proper answer requires answering, at the same
time, a host of interdependent questions." A comprehensive
planning model with optimization capability should be a
managerial tool that can be used to deal not only with
facility location but also with a variety of additional
management questions. So often the preoccupation with just
locating facilities tends to distract from the wider range

of issues that needs to be considered.
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It was therefore believed in this study that optimiza-
tion models may be more effective and more useful to
decision makers if these models were also used to generate
planning alternatives that are good with respect to the
modeled objective(s) and different with respect to the deci-
sions they specify. The assumption here was that some of
these alternatives may be better than others with respect to
the unmodeled issues and, in this way, extend the utility of
the optimization models.

The location-allocation problem in the cashew industry
in Tanzania, like many resource planning problems in Third
World countries, may be regarded as a public sector problem.
A prominent strategy in public sector location problems is
the selection of an optimal set of locations out of a candi-
date set which seeks to provide service for the maximum pos-
sible population. Each community to be served has an
eligible set of facility sites which are within its maximum
service distance or time. The objectives of this study were

to address such requirements.

1.3. Study Objectives
This study addressed the following objectives:

(1) Review the state of the art in cashewnut production,
handling, and processing in Tanzania.

(2) Develop a location-allocation model for planning opti-
mal (or near optimal) plant locations and relocations

for the cashewnut industry in Tanzania.




(3)

(4)

8

Generate planning alternatives and formulate evaluation
and elaboration criteria.

Demonstrate the model's capability in planning a facil-
ity location system by answering the adaptive "what if"
questions focusing on:

(a) changes in demand* (production center production
level) structure;

(b) facility capacity changes; and,

(c) forcing facilities into solution.

*All production level figures in the text specified as

"tonnes" or "tons" refer to metric tons (equivalent to
1000 kg).



CHAPTER 2
LITERATURE REVIEW

2.1. Cashew Studies and Cashew Growing

2.1.1. Distribution and Ecology

The cashewnut (Anarcadium occidentale Linn.) is native

to tropical Central and South America (mainly Brazil) and
the West Indies, but cultivation has spread to other tropi-
cal countries, notably Tanzania, Mozambique, Kenya, and
India. Although it may be found growing at elevations up
to 1200 m (4000 ft), it is best suited to lower elevations.
Cashews have become naturalized in regions with average
annual rainfalls ranging from 3800 mm (150 in) to as low as
500 mm (20 in). In parts of southern Tanzania, where
cashews are grown on a substantial commercial scale, the
average annual rainfall is commonly 760-1016 mm (30-40 in).
Cashews are often grown in soils that are considered
too poor or stony for most other crops, but the trees prefer
loams or sandy loams to very sandy soils. Whatever the
nature of the topsoil, free drainage and the absence of
brackish conditions are considered to be essential (Argles,
1975). Given soils with suitable textures, the cashew

trees appear to tolerate a fairly wide range of pH values.
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Little appears to be known about the reactions of
cashews to temperature apart from the fact that they are
sensitive to frost (Morton, 1962) and to excessively hot,
dry weather such as occurs in parts of northern India. Nor
has any information been encountered on their response to

variations in day length.

2.1.2. Propagation by Seed
The large part of the cashewnuts that figure in expand-

ing world trade are harvested from wild, self-sown seedlings
or from plantations in which the trees have been raised in
situ from seeds planted at stake. The preference for plant-
ing seeds at stake instead of growing them in nurseries
arises from difficulties experienced in transplanting young
seedlings (Garner, et al., 1975).

Cashew seeds vary markedly in size and weight, but only
the latter is closely correlated with the kernel content
because the larger nuts commonly contain air pockets between
the kernel and shell or between the cotyledons and their
kernels are sometimes defective. A more useful criterion
of seed quality is its specific gravity. Sorting out seed
on the basis of specific gravity has been done by using a
sugar solution. In trials in Tanzania, four sugar solu-
tions were used to separate cashewnuts into four categories
with specific gravities ranging from below 1.000 to about
1.075. The speed of germination, the percentage germina-

tion, and yields in the first three harvest years rose
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progressively with each rise in the specific gravity of the
seeds. This led to the general advice that only seeds which
sink in a solution composed of .068 kg (1% 1b) sugar to
4.5 1 (1 gal) water should be used for planting. The work
on seed selection reported above is related to nuts col-
lected at one time when they are fully mature. Studies in
India and Tanzania suggest, however, that neither the time
when the mature nuts are collected nor their stage of
maturity are likely to affect germination appreciably
(Turner, 1956; Rao and Hassan, 1956; Rao, et al., 1957;
Morton, 1960; Mutter and Bigger, 1961; Northwood, 1967).
Although there is no experimental evidence reported, it
is in fact often recommended that sun drying of cashewnuts
intended for seed, sometimes as long as 12 to 14 days,
should be conducted. On the other hand, chilling (exposure
to 4°C for 15 minutes) has accelerated the germination of
cashew seeds. In India, seed treatment with growth promoter
gibberellic acid improved seed germination. Nuts that had
been stored for 8 to 10 months, then soaked in water for 24
to 48 hours before planting, gave slightly improved germina-
tion percentage, and germination was hastened by one to four
days. The overnight soaking of all cashew seeds, whether
fresh or stored, is a generally recommended practice in
Mysore, India. On trials in Italy, however, it was found
that the viability of the nuts altered very little for two

years after picking, provided they were kept dry (Rao and
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Hassan, 1957; Rao, et al., 1957; Ibanez, 1968;
Shanmugavelu, 1970).

The planting of seed at stake is normally done as early
as possible during the rainy season. The usual practice is
to prepare planting pits (46x46x46 cm in size) a month or
more before the date of planting. The pits are left open
until about two weeks before planting, after which they are
filled with topsoil to which farm yard manure or compost
may be added. Burned earth and ashes may also be added.
Artificial fertilizers are not normally applied, although
the application of rock phosphate is sometimes advocated,
particularly when transplanting seedlings.

Recommendations for spacing vary widely among regions,
ranging from 6x6 m (20x20 ft) to 12x12 m (40x40 ft) and up
to 15x15 (50x50 ft) for windy sites. Dagg and Tadey (1967)
reported that rainfall, rather than soil fertility, should
be the factor given greatest attention when deciding on the
spacing to adopt. As a partial insurance against pest
predation and failure of some seeds to germinate, it is com-
mon practice to plant two or three seeds at each pit, indi-
vidual seeds per hill being about 23 cm (9 in) apart. Where
seeds are planted at stake, it is preferable to place the
seed with stalk end upwards but inclined at an angle (Figure
2.1). An incorrect way of planting is shown in Figure 2.2.
Figure 2.3, on the other hand, shows the effect of depth of

planting on the average germination (Albuquerque, et al.,
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1958; Ahmed, 1959; Saville and Bennison, 1959; Mutter and

Bigger, 1961; Viswanathan, 1961; Garner, et al., 1975).

2.1.3. Shoot, Root, Flowering, and Fruiting

The cashew is a spreading evergreen tree that may
reach 12 m in height. The pattern of growth presented by
bearing trees may perhaps be defined as one of indetermin-
ate flushing, with individual shoots emerging at different
times over comparatively long periods. This suggests that
pronounced physiological differences may exist between indi-
vidual branches of a tree throughout the periods when the
growth is occurring. The nature of these physiological dif-
ferences is unknown, although in the flower flush they seem
to be reflected in differences in the sturdiness and total
leaf area of bearing and nonbearing shoots (Bigger, 1960;
Ohler, 1967).

Even in very young trees only 1% to 2% years old, a
very extensive lateral root system may be found, extending
to almost twice the diameter of the canopy. Inasmuch as
some top growth may occur throughout the year, it is proba-
bly safe to assume that some root .growth is also taking
place during the greater part of the year (Tsakiris and
Northwood, 1967). Cashew trees usually start bearing appre-
ciable crops in their third to fifth year, although some
fruits may be borne on trees that are younger and sometimes

little more than one year old (Ekrement, 1965; Northwood,

N
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1966). Table 2.1 shows the estimates of yield from a
cashew tree by age (CATA estimates).

The cashew inflorescence is a lax, terminal, many-
flowered panicle in which male flowers outnumber hermaphro-
dite flowers, usually about six to one. Inflorescences
are usually borne on only one of the main growth flushes,
although, occasionally, some flowers and fruits are borne on
one of the other growth flushes. In India, wind is thought
to be the main pollinating agent, but elsewhere (East
Africa and Brazil), various insects appear to play an
important role. Following pollination, there may be a sub-
stantial fall of fruitlets, which is generally attributed to
physiological causes but may also be accentuated by insect
attack.

A period of two to three months elapses between fruit
set and fruit maturity. The true fruit, or nut, reaches its
maximum size during the first half of this period, whereas
the fleshy cashew apple, consisting of an enlarged pedicel,
receptacle, and disc, makes most of its growth during the
second half of the period. The harvesting period lasts from
1% to 3-4 months, depending on the region. In Tanzania, the
harvesting period starts in October and extends to February.

Although light showers of rain during flowering may not
be harmful and may even sometimes be beneficial, heavy rain
during this period or during fruit development may result in

crop loss. Cashews are also subject to attack in many areas
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by various species of thrips and by cuspid bugs (Helopeltis

spp) as well as by fungal mildew (Bigger, 1960; Ohler, 1967).

2.2. Cashew Harvesting, Handling, and Processing

2.2.1. Cashew Harvesting, Handling, and Cashew Products

Ripe cashew fruits are not plucked from trees but are
left to fall to the ground and collected by hand. The
fruit (Figure 2.4) varies in size from 5 to 10 cm in length
and 3.8 to 5 cm in width. It is yellowish-red in color and
possesses a thin, waxy skin. It is broadly conical or
pear-like in shape and is usually referred to as cashew
"apple." The whole nuts are removed from the apples by hand
with only a small percentage of "apples" spared for local
consumption.

After the nuts have been gathered, they are sun dried
for two to three days. During this time, the moisture con-
tent is reduced from 16% to 7% so that the nuts can be
safely stored. The nuts are now either bagged and held
for future processing or immediately processed.

The quality of cashew apple products (juicy, astrin-
gent, and nutritious, with a characteristic pleasant flavor
rich in ascorbic acid, sugars, and vitamins) is largely
influenced by the amount of astringency. Pantastico (1975)
reports that there is a wide variation in the tannin content
of juice extracted from fruits of different selections.
Further, the major polyphenolic constituent in cashew apple

juice has been found to be leuco-delphinidin. The juice
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can yield satisfactory blends with lime juice (1.5%) and
pineapple juice (50%). This is then pasteurized in bottles
or cans and, if stored at 26.7°C (80°F), may have a shelf
life of about 32 weeks. The juice of the cashew apple may
also be fermented and made into wine. Cashew apple wine
distilled into a spirit or liqueur is highly potent. The
fruit and wine, rich in vitamin C, possess antiscorbutic
properties. Years ago, the liqueur was valued for its diu-
retic properties; it was believed to have a healthful
effect on the kidneys and was prescribed in advanced cases
of cholera. Other studies on biochemical and storage
aspects of the cashew apple are reported by other authors;
namely, Singh and Mathur (1953), Baile and Barcus (1970),
Lopes (1972), and Maia, et al. (1975). Table 2.2 shows a
typical composition of cashew apple.

Figure 2.5 shows a section of a cashew nut. The shell
of the nut is hard, about 2.8 cm thick, and is of a honey-
comb like structure on the inside. It consists of two
layers with an oily liquid between them. The outer layer,
which is smooth surfaced, is thin and hard. The inner layer
is hard. Between the two layers is the difficult-to-handle
cashew liquid (called cashewnut shell liquid, usually abbre-
viated as CNSL), which has a growing commercial importance.

The CNSL is comprised of aracardic acid, C22H32021, a
brown crystalline substance, and cardol, C21H32021, a dark
brown phenolic oil. Both are very toxic and irritating,

producing blisters on the skin. CNSL has many industrial
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Nut
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Figure 2.4. The Cashew Fruit: Nut and Apple.

Endocarp (Hard)

) Testa Membrane of

Kernel

Epicarp (corlaceous)

Mesocarp (spongy)

—— Kernel

Figure 2.5. Section of a Cashew Nut.
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Table 2.2. Composition of Cashew Apple.

Minerals

Component %
Moisture 87.8
Proteins 0.2
Fats 0.1
Carbohydrates (90% of fermentable sugars) 156
Calcium 0.01
Phosphorus 0.01
Iron 0.2 mg/100 g
Vitamin C 261.5 mg/100 g

0.2
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uses; it is used in making resins for the manufacture of
varnishes, disinfectants, special inks, brake linings, and
even lubricants. Several patents have been filed for the
product (Menninger, 1977).

Cashews yield a number of commercial products, as sum-
marized in Figure 2.6. These products are derivatives of
the cashew apple and the nut. Table 2.3 shows the typical

nutritive value of roasted cashew nuts (After Kuzio, 1977).

2.2.2. Nut Processing
Cashewnut processing procedures in East Africa are more

mechanized than those in India and Brazil. The basic proc-

essing stages in all three regions, however, are the same.

Figure 2.7 shows the steps involved in processing shelled

nuts.

Six stages can be broadly categorized in terms of the
functions to be accomplished. These include:

(a) Cleaning and First Calibration: This involves the
removal of impurities from the outer shell. 1In
Tanzania, this is accomplished by putting the nuts in a
large tank which has jets of water and rotating
brushes. As the nuts come out, they are then classi-
fied into two size grades (large and small) providing
the first calibration. In India and Brazil, most
cleansing of nuts is done by hand.

(b) Cashewnut Shell Liquid Extraction and Nut Preparation:

This stage serves two purposes—the removal of CNSL and
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Table 2.3. Nutritive Value of Cashew Nuts (28.37 g)
Roasted in 0il.

Content Amount
Moisture 52K
Food Energy 159.0 cal
Protein* 4.9 79
Fat 13500 ¢
Carbohydrates 8430
Calcium 11.0 mg
Phosphorus 106.0 mg
Iron 1.1 mg
Sodium 4.0 mg
Potassium 132.0 mg
Vitamins

A 30 1U

Thiamin 0.12 mg

Riboflavin 0.07 mg

Ascorbic acid —

Source: Kuzio (1977).

*Notice the protein content (up to 18% of dry matter).



26

CLEANING

SIZE GRADING

CONDITIONING

CRACKING

SIZE SCREENING

DRYING

INSPECTION

COLOR GRADING

PACKAGING

STORAGE

Figure 2.7. Twelve Steps in Processing Shelled
Nuts.
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contraction of the nut shell so that a space is

created between the shell and the skin in order to
facilitate shelling. 1In traditional processing units,
the nuts are put into a metal drum and roasted over an
open fire which is usually fed with spent shells. This
traditional processing prevents any extraction of CNSL
from the shell as most of it is burned off. 1In
Tanzania, commercial factories employ another method of
extraction called "CNSL Bath Extraction." In this
method, nuts are put into a CNSL bath heated at about
195°-200°C for two hours. This creates explosive pres-
sures within the nut and causes the "oil cells" of the
pericarp to rupture, releasing CNSL into the bath for
distilling. Another alternative involves putting the
nuts in an autoclave which produces very hot steam
under pressure and therefore producing the same effect
as heating in a CNSL bath. This step extracts about
85% to 90% of the CNSL. The nuts are then allowed to
cool for about 24 hours before shelling.

Second Calibration and Shelling: The nuts are normally
sorted into three size grades (small, medium, large) by
using sieves (3/16", 5/16", and 5/8" sieve sizes) into
separate bins. Manual shelling, which is only done in
India, is accomplished by hand mostly by women workers
seated on the floor using wooden sticks and carefully
striking along the cleavage line of each nut, taking

care not to break the kernel. As a protection, the
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workers dip their hands in vegetable o0il in order to
reduce the blistering effect of CNSL. They extract the
kernel and put the shell in a basket of sawdust which
will absorb extra CNSL. Using the hand-shelling
method, an average of 14 kg per person can be cracked
in an eight-hour day, and about 90% of the kernels are
whole (Anon, 1966). In Brazil, pedal-powered shellers
are used. About 80% of the kernels remain whole, and
in an eight-hour day, about 25 kg are shelled per per-
son. The drawback of the pedal-powered shelling
method is the fact that broken kernels come into con-
tact with CNSL and adhere to sheller blades and
shells. Such contact discolors the kernels, affects
the taste, and thus decreases the market value of the
nuts. In Tanzania, this step is fully automated. In
one kind of shelling machine used in Tanzania, the nut
is mechanically directed into a gripper which moves
against a circular saw. The blade cuts a groove into
the shell; then a "scooping" device is inserted into
the groove to remove the kernel in a manner similar to
the "shucking" method used to open an oyster. Preci-
sion impact shellers are also used, where the nuts are
spun at a certain angle and brought against a sharp
position on the knife table for the shell to split.
Once the nut has bgen split and separated, the prod-
ucts enter the shakers (in the case of the precision

impact shellers) to separate kernels from shells or (in



(d)

29

the case of circular saw type shellers) kernels drop
through the screen into a picking belt to be examined
for shells. The kernels then enter a flat platform
belt for sorting and hence through the cylindrical
grader, which classifies the kernels into different
size grades. The circular saw type sheller (the most
modern sheller) can crack up to 96 nuts per minute.
Mechanical shellers have three serious drawbacks:

(1) the machines can only produce about 60% whole ker-
nels, (2) they are sophisticated pieces of equipment
and susceptible to failures, and (3) they are
expensive.

Peeling: In manual systems, the kernels are dried
after shelling and then placed between finger and
thumb to rub off the skin (testa). Mechanical systems
include steaming the kernels until the skin is very
wet, then shooting steam jets to remove the skin by
impact and friction. Usually steam jets tend to over-
heat and therefore scorching of kernels may occur
resulting in yellow coloration of the kernels which
places them in an undesirable classification. In
Tanzania, the most preferred peeling method makes use
of compressed air instead of steam (i.e., pneumatic
peelers). After this step, the kernels are moved by
conveyor belt across brushes to loosen and remove the

remaining bits of skin which are picked up as the
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kernels pass through a slight vacuum induced at the

end of the belt.

Sorting and Classification: As yet, no machine can
remove 100% of the skin. All systems must have some
means, usually conveyor belts, whereby the kernels are
checked manually for skin. Although optic selectors
are in use in most factories in Tanzania, in most
cases, manual sorting is also utilized. With optic
selectors, the kernels are fed into the machine, and
those kernels having dark spots or yellow coloration on
passing through a beam of light will reflect relatively
more light than spotless kernels. This triggers the
sensor to induce an air jet which sorts out the colored
kernels. Classification of cashew kernels is now
standard throughout the world. Table 2.4 shows this
classification. In mechanized systems, the sheller
provides some preliminary classification.

Packaging: Cashew kernels have historically been
packed in 5-gallon tins holding approximately 11.3 kg
of kernels. Currently, the tins are vacuum packed with
carbon dioxide. The vacuum packers used in 10,000-ton
capacity plants in Tanzania have a packing capacity of
400-450 tins per day. The use of aluminum-foiled
polyethylene packages is being contemplated as an
alternative to tins (Makota, 1983). Cashew kernels are
normally sold raw, mainly to avoid the duties levied on

finished products by the major importing countries.
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Table 2.4. Cashew Kernel Classification: Grade
Designations.
Descriptions
Grade
Kernels/lb Kernels/kg

Whole

W210 200-210 440-462

W240 220-240 484-528

w280 260-280 572-616

w320 300-320 660-704

W400 350-400 770-880

W450 400-450 881-990

w500 450-500 991-1100
Pieces

DW 1 Dessert White I

DW I1 Dessert White II

LWP Large White Pieces

SWP Small White Pieces

DP Dessert Pieces

ScP Scorched Pieces

Source: Woodroof (1978) and CATA.
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2.3. Distribution Planning Systems

The question of how many warehouses or plants should
there be arises periodically at almost every company or
institution offering or processing goods in the market
place. This has led to numerous methods for determining
facility location and has given rise to numerous computer
programs addressing this problem for individual companies.
The bulky and perishable nature of many agricultural
products necessitates reviewing the degree of material
handling to be employed, size of facility, and balancing
advantages of nearness to customers against nearness to
plants from a transportation viewpoint. 1In the instance of
the cashewnut industry, issues of proper assignment of pro-
duction centers to plants, proper use of cross-docking and
plant direct supply, and proper pattern of inbound supply
are important.

Distribution planning issues should, if possible, be
dealt with simultaneously since they are interdependent.
Ignoring some of the interactions or dealing with issues
sequentially may yield misleading conclusions and result in
poor decisions. It follows that a comprehensive distribu-
tion planning system along the lines of Figure 2.8 would be
useful (Geoffrion and Powers, 1980). Such a model would
enable calculation of performance measures (covering costs
and agricultural product producers' service) for any consis-
tent set of assumptions, collection of data, and design of

the agricultural product handling system. Also incorporated
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PRODUCTION CENTERS PROCESSING PLANTS EXPORT OR CONSUMERS
«Minimum and maximum <Plant capacities -Customer demands for
annual production level «Operating and fixed commodities

for each center costs <Local and export
-Buying center costs -Commodities (products) markets

(fixed and variable) -Delivery policy

FREIGHT RATES: Inbound, Direct, Interwarehouse, Outbound

MAIN FUNCTION OF THE SOLVER:
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*Number, location and size
of plants

*Plant serving zones

*All transportation flows

*Source loadings to minimize total cost

-Processing, transportation,

warehousing

*Inventory and system

reconfiguration subject to appropriate
‘ constraints

-Processing capacity
-Producer service

-Single sourcing of
Figure 2.8. Sketch of a Comprehensive - plants

Distribution System:
Agricultural Product Handling.
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as part of Figure 2.8 is the function of the solver (solu-

tion algorithm) needed to find the best (cost minimization)

design for the system for any consistent set of assumptions.

Geoffrion and Powers (1980) suggest that models of the
type sketched in Figure 2.8 are most commonly run with non-
optimizing algorithms (heuristics of one type or another).
The reason is that true optimization has, until recently,
been technically difficult to achieve due to the highly com-
plex nature of the problems. Geoffrion and VanRoy (1979)
discuss in depth the risks of using heuristics in distribu-
tion planning. The importance of solution comparisons
necessitates solvers that have optimization capability as
opposed to error-prone solutions of heuristic solvers.

A comprehensive distribution planning system along the
lines of Figure 2.8 has a wide variety of potential uses.
These uses may be grouped as follows:

(a) Network Rationalization Issues: These are designed to
answer the basic question of what is the most appropri-
ate structure for the agricultural product handling
system and how should products flow through the struc-
ture to minimize total system operating costs given a
certain required level of agricultural product producer
service.

(b) Adaptive "What if . . .?" Issues: These allow model
assumptions or data to be changed and reoptimization
carried out in order to observe the change by compari-

son with "base case" or "reference" run. Several
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"What if . . .?" situations from environmental changes
(e.g., impact of changes in demand structure, impact of
higher fuel and other energy costs, impact of strikes,
natural disaster, weather closure, energy shortages)
and business decisions and policies (e.g., production
—plant capacity expansion proposals, plant location
studies, impact of introducing new product line or dis-
continuing one; marketing—pricing policy analysis,
split delivery policy analysis, expanding into new mar-
ket; transportation—transportation policies, buying
center capacity expansion or mechanization proposals,
inventory policy comparisons; and others, including
impact of combining autonomous institutional buying
centers, evaluation of alternative distribution echelon
structures, and implementation of priority analysis)
may be incorporated.

Parametric Studies: These involve systematic variation
of single factors with optimization performed for sev-
eral different values. The aim is to obtain a curve
representing the essence of the influence of the factor
being varied. These studies may help (Geoffrion,

1979) to quantify trade-offs between least system
operating cost and agricultural product producers'
service or the number of buying centers or plants.
System sensitivity analysis with respect to any factor

(e.g., inflation by cost category) as well as
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influence of demand change over time may also be
investigated.
Indeed, a comprehensive optimizing distribution planning
system has a surprisingly rich variety of uses beyond
facility location, a must, particularly in public sector

location analysis.

2.4. Optimization Techniques and
Facility Location Analysis

2.4.1. Optimal Solution: An Aid to Analysts' Intuition

Optimization techniques have been used successfully to
obtain "optimal" solutions to mathematical models. In con-
junction with parametric or sensitivity analysis and a set
of noninferior solutions using multiobjective methods,
optimization techniques may also be used to derive a few
"second best" solutions.

The last two decades have seen rapid advances in loca-
tional analysis. New methods of analysis, such as optimiza-
tion techniques and mathematical models, are the roots of |
this expansion in capability. 1In spite of the vastly
expanded spectrum of alternatives that one can use, the real
world, with its immense complexity, tends to defy exact
analogs. As Revelle, et al. (1970) observes, these methods
of analysis are panacea for pouring out "optimal solu-
tions." Indeed, models should be used as aids to provide
insight into the sensitivity of solutions to changes in

parameters, constraints, and criteria. Optimal results
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should be regarded as an aid to the analyst's intuition and
not as a replacement for it.

Brill (1979), on the use of optimization models in
public sector planning, concludes that both contemporary
multiobjective programming formulations and the early least-
cost optimization models were developed under the optimistic
philosophy of obtaining "answers." But since most public
sector planning problems are characterized by a multitude of
local optima (which result from wavy indifference functions
due to some of the important planning elements not being
captured in the formulations), extensive parametric analysis
is necessary to guarantee obtaining the best solution. In
fact, omitted issues may imply that an optimal planning
solution lies within the inferior region of a multiobjec-
tive analysis instead of along the noninferior frontier.
Figures 2.9 and 2.10, adapted from Brill (1979) illustrate
such limitations.

Differences inherent in using optimization models and
in implementing solutions have been reported in many
studies. Savas (1971), focusing on problems that are
inherently political in nature, discusses the limitation of
formal analysis techniques. Liebman (1976) observes that
different members of society may not even be able to agree
on a public goal, and, even when a common goal has been
accepted, there is often disagreement over how the goal
might be achieved. Liebman concludes that optimization

methods "cannot and should not be used to resolve these
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39

Indifference
Curves

OBJECTIVE TWO

Noninferior Set

B A
OBJECTIVE ONE

Figure 2.10. An Optimal Solution Within the Inferior Region
of a Multiobjective Analysis: A Case for an
Incomplete Multiobjective Model.

A = Best solution point if only Objective One
is considered.
B = Best solution if Objectives One and Two
are considered.
B' = Projection of B which lies in inferior
region of Objective One.
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conflicts" but should be used instead to provide "intuition,
insight, and understanding which supplements that of the
decision makers." Brill (1979) further suggests the joint
use of models, analytical and optimization, and tailoring

an available algorithm to provide information and insights.
Brill, et al. (1982) illustrate such an approach (The Hop
Skip Jump Method) in which a model is tailored to generate
alternatives using a land use planning problem as an

example.

2.4.2. Facility Location Problems: Scope

Due to philosophical and some other pragmatic differ-
ences, location problems may be divided into two sector
location problems. Although both problems share the objec-
tive of maximization of some measure of utility while at
the same time satisfying constraints on demands and other
conditions, they differ in the way the objectives and con-
straints are formulated. Broadly speaking, however, they
differ because of the ownership difference.

Revelle, et al. (1970) defines public sector models as
those that are characterized by a criterion function involv-
ing a surrogate for social utility and constraint on invest-
ment in facilities or in the number of facilities. Private
sector models, on the other hand, are distinguished as those
in which the total cost of transport and facilities is iso-
lated as the objective to be minimized. Although decisions

on private sector location involve a host of issues, some of
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which are noneconomic in nature, minimization of cost or
maximization of profit to the private owners is a reasonably
accurate statement of the objective of the location deci-
sion. Public sector decisions, however, are made in
response to a different set of owners—society as a whole
—and, here, the objective is to minimize cost or maximize
benefit, which is not easily quantifiable in monetary

terms. As expected, a large portion of the analytical work
for location analysis has been carried out on private sector
problems.

Private sector location analysis poses the basic deci-
sion choice between the cost of investment and operation of
facilities to meet the product demand and the cost of trans-
portation. The trade-offs implied are centralization and
decentralization of facilities. Revelle, et al. (1970)
discusses additional factors that influence private sector
location as including the stochastic nature of problems
(such as variations in economic and weather conditions as
well as seasonal variations that influence the demand of
product) and time staging of construction, opening, expan-
sion, relocation, or abandonment of facilities. Other fac-
tors include changes in competition, product acceptability
and technology, and what has been referred to as "external
effects," such as laws limiting environmental exploitation
(i.e., pollution control, preservation of ecology).

Location decisions in public sector models involve all

the private sector problems outlined above as well as having
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an additional dilemma that the goals, objectives, and con-

straints are neither easily quantifiable nor are they easily

defined. The public sector problem may be thought to fall
into two classes—ordinary services (e.g., post offices,
schools, highways, water supplies, and waste disposal) and
emergency services (e.g., hospitals, fire stations, and
police).

There are two ways in which public sector problems may
be handled. The first utilizes the objective function
method normally used in private sector models where an
attempt is made to identify and quantify factors affecting
the social cost. This approach is difficult and has rarely
been successful. The second analytical approach makes use
of some surrogate for social utility. The attempt, here, is
to try gaining some insight about the system under analysis
rather than defining exact solutions. Examples of surro-
gates that can be used in public sector formulations as out-
lined by Revelle, et al. (1970) include:

(a) Average distance or time traveled to facilities by the
user population. The smaller this quantity, the more
accessible the system is to its users. The problem
becomes one of minimizing total average distance
traveled subject to a constraint on the number of
facilities to be established.

(b) Creation of demand. Here, the user population is not
considered fixed but is determined by the location,

size, and number of central facilities. The greater
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the demand created, the more efficient the system is

in fulfilling the needs of the region.

(c) Maximum distance or time between any facility in the
set of the population area it is intended to serve.
These surrogates are then optimized subject to con-

straints on investment (in monetary terms or otherwise).

It should be noted, here, that it is possible that the num-

ber of facilities may be set in the political arena and may

not reflect budgetary restrictions. Once first solutions
have been obtained, using such objectives and constraints
outlined above, one can start to evaluate sensitivity of

the solutions to parameter variations. If these parametric

changes do not seriously influence the solution, then one

examines the trade-offs between investment and utility.

After considering other complexities which beset the analy-

sis, such as user population characteristics and length of

planning horizon, final choice might be made from among the
alternatives generated at different levels of funding.

Savas (1978) discusses three measures of performance of
public service; namely, efficiency, effectiveness, and
equity. Efficiency measures the ratio of service outputs to
service inputs (usually measured in monetary terms or in
manpower). The service outputs are more difficult to define
and measure adequately. Examples of service outputs may
include the numbers of households serviced and throughput
per year. These lead to efficiency measures such as cost

per ton, cost per household per year, and tons collected per
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manhour. Among the ways of improving efficiency, research
has focused on changes ranging from institutional arrange-
ments for providing services (Savas, 1977) to changes in
vehicle routing (Betrami and Bodin, 1973; Bodner, et al.,
1970), man scheduling (Altman, et al., 1971; Ignall, et al.
1972), and siting of transfer stations or disposal points
(Marks and Liebman, 1971) citing examples from refuse col-
lection areas. For stationary service centers, a measure
of travel time or travel distance for service recipients has
been found adequate (Elshafei, 1975; Abernathy and Hershey,
1972).

Effectiveness measures the adequacy of service relative
to need and incorporates the notion of service quality. It
is difficult to measure effectiveness in public sector serv-
ices; one of the ways used includes surveys of the level of
citizen satisfaction. Equity refers to the fairness, impar-
tiality, or equality of service. Equity is usually a con-
cern of political scientists and economists. A number of
different formulas, each equitable in a meaningful way, can
be and are used to allocate or distribute public services.
They can be subsumed under four general principles: equal
payments, equal outputs, equal inputs, and equal satisfac-

tion of demand (Savas, 1978).
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2.4.3. Morphology of Location Systems

Location analysis problems may be classified into two
major structural categories (Revelle, et al., 1970; Eilon,
et al., 1971; Robers, 1971; Scott, 1971):

(1) Location on a Network: Characterized by a solution
space consisting of points on the network (both nodes
and points on the arc which joins the nodes) and dis-
tance measurement or time measurement (e.g., dij
defined as the length or time of the shortest path
from node i to node j ) along the network.

(2) Location on a Plane: Characterized by an infinite
solution space where facilities may be located any-
where on the plane and distance measured (dij) accord-

ing to a specified metric. For example:

(a) Euclidean metric, such that:

dijz = (xi - xJ.)z + (yi - yj)' [2.1]

where d is the distance between i and j and

ij
(xi, yi) are coordinates of the ith point in a
rectangular system;

(b) Metropolitan metric, such that:

dj; = |x; - le + lyy - le [2.2]
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2.4.4. Location Analysis

The field of location theory is a large and topical
one, as evidenced by the lengthy bibliographies of Francis
and Goldstein (1974) and Lea (1973). Historically, loca-
tion analysis began with Alfred Weber, who considered loca-
tion on a plane of a factory between two sources and a
single market. But it was the works of Kuhn and Kuenne
(1962) and Cooper (1963) that stimulated interest in loca-
tion analysis. Their works described an iterative procedure
for solving the generalized Weber problem. The formulations
were designed to find a single point which minimized the sum
of the weighted Euclidean distances to that point. Thus,

the objective was:

- N ) ) ,1/2
Maximize z = z;_, wi[(xi xp)z + (yi yp) ] [2.3]
and thus:
- 2 : 1/2
djp = [(xi-xp) + (yi-yp)’] [2.4]
where:
dip = the Euclidean distance from point i to central
point P

n = number of points which are served
w. = the weight attached to the ith point (goods
demanded, resources spent, population served,

etc.)
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the location of the ith point relative to some

x
n

fixed cartesian coordinate system

X , ¥ the unknown coordinate of the central point P

P P

Partial differentiation with respect to x_ and yp yields a

Y
pair of equations, below, which have no direct solution to

these variables:

w.(x. - x_.)
g = I —g—2- =0 [2.5]
P 1p
w.(y: - y.)
aaTz- = zi 1 é. p = 0 [2.6]
P 1p

The iterative procedure suggested involves solving Equations

2.5 and 2.6 for xp and yp in terms of Wis Xis ¥i» and dip’
i.e.:
WX, W, ]
Xy = I g— /T, [2.7
P 1 ip 1 d:;
iYi i
yp = 21 W /Zl a—l-; [2.8]

The value of d is then recalculated using Equation 2.4 and

ip
the procedure repeated until successive differences between

values of xp and yp

Eucledian problems may find applications in both pri-

are negligible.

vate and public sectors such as in warehouse locations

where goods are distributed from central points and where
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demands emanate from outlying points to the central supply
point, respectively. Problems of locating central points
on a network have also received a lot of attention in both
public and private sector analysis. The problem of plant
or warehouse location has the following general character-
istics: given a number of demand areas for a certain
product, each with specified demand and a number of alterna-
tive sites where facilities may be built to satisfy these
demands, determine where the facilities may be placed and
which demand areas are to be served by a given facility.
The general mathematical formulation of the warehouse or

plant location problem applicable to the private sector is:

L. _ N m m
Minimize z = zj=1 I dij(xij) + Iy Fi(yi) [2.9]
subject to:
" X =y ¥ [2.10]
j=1 7ij i i :
T L x.. =D ¥ [2.11]
i=1 7ij j A :
xij >0 ¥i,j [2.12]
y; 20 ¥ [2.13]
where:
Dj = the demand at area j
dij(xij) = cost of shipping quantity xij from i to j
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Fi(yi) cost of establishing and operating a
facility at site i, where Y is being
shipped from i
m = number of proposed warehouse facility sites
n = number of demand areas
X.. = amount shipped from facility i to demand
area j
Yi = total amount shipped from facility i

The function Fi(yi) is, unfortunately, frequently non-
linear and generally exhibits a large fixed charge on
investment. The function is therefore usually concave and
not amenable to linear programming. The method of treating
the concave cost function has been the key element of most
procedures in past research. Haldi and Whitcomb (1967), on
economies of scale in production, have conveniently assumed
taking the form of a concave cost function which is approxi-
mated by a piecewise linear function. The differences
between solution procedures are then influenced by the shape
of the approximation adopted (Elshafei, 1975). Examples of
such approximations are shown in Figures 2.11 to 2.13.

Sa (1969) and Ellwein and Gray (1971) adopted the
approximation shown in Figure 2.11 and both developed branch
and bound algorithms to solve the problem. Kuehn and
Hamburger (1963), in their heuristic approach for locating
warehouses, assumed an approximation that transport costs

are linear in the amount shipped and that facility costs are

of the following form:
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Two Piecewise Linear Fixed Variable Cost

Approximations.

Figure 2.12.



52

COST

—
L

Ccecr m ee mewcemcemecne om cme ece coeccecse

B !
| :
£! :
1 E i
{ l E : :
1 2
Q Q QUANTITY
Ui Ui

Figure 2.13. Three Linear Seqments in the Piecewise
Linear Approximation.

fi = fixed annual charge at location

A = facility i's variable cost per unit
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Fi(yi) a; + biyi if facility exists [2.14]

=0 otherwise [2.15]

That is, Fi(yi) consists of a fixed charge (ai), which is
independent of the storage or production, and a linear cost,
which depends on storage or production (in case of plants)

if a facility exists. The expansion cost, b is assumed

i®
constant for each facility. The solution algorithm begins
with a single facility, and one additional facility is added
every time until it appears that another facility cannot be
added without increasing total cost. The assumption is that
the best N facilities are contained in the set of the best
N+1 facilities.

On the other hand, Feldman, et al. (1966) assumed a
more general form for facility cost—that of a continuous
concave cost function. They also assumed that the transpor-
tations costs were linear in the amount shipped between
points. Since Fi(yi) did not have an expansion cost compon-
ent in this case, the assignment of demand areas to existing
facilities was much more difficult to accomplish. The
authors resorted to an approximation method. Hence, the
algorithm by Feldman, et al., started with all facilities
and dropped out individual facilities one at a time. Solu-
tion was achieved when no further savings were realized by

further facility elimination.
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Two other approaches to incorporating economies of
scale of facility systems have been the tangent line approx-
imation reported by Khumawala (1974) and the chord approxi-
mation method used by Soland (1974). An obvious shortcoming
of tangent line approximation is that using tangents only
focuses on the variable costs so that fixed costs do not
influence the ensuing facility assignments. Soland's
approach overcomes this drawback by use of the chord (convex
envelope) cost approximations. The drawback with the chord
approximation approach, however, is that resulting lower
bounds are generally weak and a very large solution tree
must be generated (due to typically large numbers of nodes).
A combined tangent-chord approximation of costs as shown in
Figure 2.14 (Kelly and Khumawala, 1982) combines the advan-
tages of the two approaches.

Efroymson and Ray (1966) presented a solution procedure
to a related but more constrained problem than that of
Feldman, et al. (1966) utilizing an implicit enumeration
technique—the branch-and-bound algorithm. This selective
enumeration (Figure 2.15) was guided at each stage by a
bound on the value of the objective function obtained at
that stage. Computational experience on problems with 50
possible facility locations and 200 demand areas up to 100
facilities and 150 demand areas have been reported by
Efroymson and Ray and by Spielburg (1969), respectively.

The branch-and-bound algorithm used by Spielburg had some

added features to speed up computation.
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Figure 2.14. Tangent-Chord Approximation to Facility Costs
for Potential Facility i.

+Marginal increases in facility throughput cause movement upward to the right along the
tangent. :

*Marginal decreases in facility throughput cause movement downward to the left along
the chord.

3Chords pass through the origin when there is no unused facility capacity.
Changes in throughput changes the cost reference point.
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A General Branch-and-Bound Solution Procedure for All
Integer Linear Programs (after Anderson, et al., 1982).
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Revelle, et al. (1970), on work by Marks (1969),
reported a formulation for a fixed charge, transshipment,
facility location problem. The model allowed the facilities
to be constrained in their capacity, and the warehouses were
considered as intermediate points between sources of product
and demand centers. If either the sources or the demand
areas of product were dropped, the problem reduced to a gen-
eral warehouse problem, as outlined previously. The problem
was then to determine which facilities should be established
and which supply and demand areas each facility should serve
in order to minimize the total costs of facilities and
transshipment. The mathematical formulation of the problem

was:

Minimize z =1 Fi Vi * z -1 1 C*. X*. + z =1 zk 1 CE; X** [2.16]

J‘ ij "1

subject to:

o XET <S¢ ¥ [2.17]
2?=1 Sty = 2R XEY ¥ [2.18]
Zea XRT 2 Yy ¥ [2.19]

0j 2 1.y Xfy 2 0 ¥ [2.20]
Xf30 Xkf 2 0 and ¥, = (0, 1) [2.21]



where:

Cx*

1]

n

[o]
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Cij+Rj = unit cost associated with a transfer of
material from facility i to sink j

unit shipping cost from facility i to sink j
unit variable cost associated with sink j

1, if the ith facility is built; = 0 otherwise
flow of material from facility i to sink j

flow of material from source k to intermediate
point i

C';i+Tk+vi = unit cost associated with the trans-
fer of material from source k to facility i

unit shipping cost from source k to facility i
unit variable cost associated with using source k
unit variable cost associated with using
facility i

fixed charge for establishing facility i

amount supplied at source k

upper bound on amount demanded at sink j

lower bound on amount demanded at sink j
capacity of the ith facility

number of proposed facility sites

number of demand areas

number of supply points

solution technique was based on a network algorithm.

Figures 2.16 and 2.17 show the network representation and

the fixed charge cost function and its approximation,

respectively. A capacitated node for each facility was
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Linear Approximation
of Cost Function

Flow

Figure 2.17.

Through Facility

The Fixed Charge Cost Function
and Its Approximation.
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added so that capacity constraints and a linear cost func-
tion could be defined for each facility location. It should
be noted that the approximate cost function underestimated
the true cost function except when the flow through the
facility was zero or equal to Qi’ the capacity of the facil-
ity. It was this approximation that formed the basis for
the branch-and-bound solution scheme. Assuming that all
facilities were open and had an approximate cost function,
the initial problem was solved using an out-of-kilter algo-
rithm. The optimal solution to the fixed charge problem
was found if the resulting solution was such that the flow
through each facility was zero or the capacity of the
facility. If not, branching took place, and a facility
with its fixed charge was included or excluded from the
solution until optimal solution was realized and verified.
Hakimi (1964, 1965) proved for the case of a specified
number of facilities that there was an optimal solution to
such problems which consisted of all facilities located at
nodes. Levy (1967) extended these by reporting his
theorems to cases of concave transportation and facility
establishment costs. Maranzana (1964) utilized an heuristic
method to locate a specified number of warehouses to serve a
region of specified demands. The solution criterion was a
minimization of transportation costs. Although the work was
directed toward the private sector problem, it fit, however,

in public sector models, since the criterion was isolated



62

and distinct from the constraint on the number of facilities
which normally characterized the private sector location
problems.

A number of facility location and location-allocation
problems can be formulated and solved as generalized assign-
ment problems (GAPs). The GAP is a 0-1 programming model in
which it is desired to minimize the cost of assigning n
"tasks" to a subset of m "agents." Each task must be
assigned to one agent, but each agent is limited only by the
amount of resource, e.g., available time (Ross and Soland,
1977). Ross and Soland (1975) outlined an efficient algo-
rithm (branch-and-bound) for GAPs. A mathematical formula-

tion of the GAP is:

L. T z
Minimize iel jed Cijxij [2.22]
subject to:
z
Ay < jed rijxij < b, ¥ [2.23]
Zox., =1 ¥ [2.24]
iel “ij j .
xij =0 or 1 41’3. [2.25]
where:
I = (1,2,...,m) is a set of agent indices
J = (1,2,...,n) is a set of task indices
C = cost incurred if task j is assigned agent i

ij
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rij > 0 is amount of resource required by agent i to
perform task j

A; > 0 and b, > 0 are the minimum and maximum amounts
of the resources that may be expected by agent i

X 1 or 0 decision variable if task j is assigned to

i3
: agent i or otherwise

In facility location problems, the "task" generally
represents centers of demand for a good or service and the
"agents" represent the supply centers which supplies the
goods or services. However, it should be noted, here, that
goods or services may actually move from the supply centers
to demand centers (Toregas, et al., 1971; Geoffrion and
Graves, 1974) or vice versa (Maier and Vander Weide, 1974).
The objective function should therefore provide the appro-
priate measure of total cost of the supply system. Figure
2.18 shows a convenient way of utilizing a tableau represen-
tation of the data and special features of a GAP (Ross and
Soland, 1977). Figure 2.19 and Figure 2.20 give summaries
in tableau form of a p-median problem and a median problem
with capacity and investment constraints, respectively.

When capacity restrictions are included in the p-median
problem, prohibition of the assignment of an arbitrary num-
ber of demand centers to a given supply center is implied.
For example, if b; is the maximum demand (total population
to be served or facility capacity) that a supply center
located at demand center i can serve, then the following

constraint must be included:
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Figure 2.19. GAP Tableau Representation of a
p- Median Problem.

(N=3’ P=2)

NOTES:
(i) Each demand center is a potential location for a supply center.

(i) Requirement: Choose p of N demand center locations (0O<p<N) to be
supply centers.

(1i1)  a;=0; b,=N; 121,2,..0,N
R R
Cij = ci‘j = 'jtij; rij = 1; i, = 1,2,c..,N
i Nei = 0; ri,N*i = N; i=12,...,N
c§.1,n.i =0 SRR =20
C..=r,. = ootherwise

ij 1]
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Figure 2.20. GAP Tableau Representation of a
Median Problem with Capacity and
Investment Constraints.

(N=3, biEb;)
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. z .
i.e., jed iXij < b [2.26]

This is then incorporated into the GAP formulation by

changing the GAP parameters as follows:

bi = b; ¥i [2.27]

rij = wj ¥i,j [2.28]
and:

ri,N+i = b; i=1,2,...,N [2.29]

When investment restrictions are included in the p-
median problem, the assumption then is that the fixed
investment expense is incurred only if the demand center is
designated a supply center. As pointed out by Revelle and
Swain (1970) and Rojeski and Revelle (1970), restriction on
the number of supply centers to p amounts to an investment
constraint that all supply centers require the same level of
investment. The investment constraint that the sum of the
fixed investment expenses (fi) does not exceed a budgetary
level B is easily incorporated into the GAP formulation by

changing GAP parameter specifications as follows:
A N+1

"N+1,N+i T T i =
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For location of emergency facilities, it is often
desirable to limit the maximum travel time or distance
between a demand center and its assigned supply center
(Khumawala, 1973; Toregas, et al., 1971). This is usually

accomplished by defining Ci = = o for all (i,j)

TR ¥
combinations for which tij exceeds the allowable maximum.
Most private sector models involve distribution systems
in which either the demand centers represent customers and
the supply centers represent facilities or else the demand
centers represent warehouses and the supply centers repre-
sent plants. In all cases, the objective is to select sup-
ply center locations and/or a distribution schedule in order
to minimize a total cost. For N demand centers (j=1,2,...,N)
and M potential supply centers (i=1,2,...,M), let:
w. = demand level of demand center j

J

fi = fixed cost incurred to establish a supply

center at site i

Vi = cost to process one unit at supply
center i
xij = fraction of the demand of demand center j

supplied by supply center i

tlj(wixij) = transportation cost for the units sent
from supply center i to demand center j
H(Y) = 1 if Y > 0
=0if Y <0

The problem may then be formulated as:
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Minimize 2?=1[fiH(z?=1 wjxij)+viz?=1 wjxij+2?=1 tij(wjxij)] [2.30]
subject to:

By Xy = i 1,2,.000,M [2.31]
and:

Xij 20 [2.32]

Assuming that ti is concave, resulting in a concave func-

J
tion, it is observed (Langwill, 1968) that there exists an

optimal solution in which all x,. are 0 or 1, i.e., each

ij
demand center has a unique supply center associated with it.
Further, one can use the definitions:

X

1 if demand center j is assigned to supply center

ij
i
= 0 otherwise
cij = Viwj + tij(wj)

and the objective function then becomes:

Y DFHOE) ) wixgg) + 3 ] [2.33]

i3%1j

In the formulation of this as a GAP, the x.. are as defined

1j
above where i=1,2,...,M and j=1,2,...,N. As in the p-median
problem described above, an additional "task" is used to
specify whether or not each of the M sites is designated a

supply center. One additional "agent" is also required;
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therefore, the GAP is of size m = M+1 by n = N+1. For i <M,

additional variables need to be defined. Thus:

XM+1,N+i = 1 if‘site i is designated a supply center
= 0 otherwise
XioN=i = 1 7 XMet N+i
All other x..'s for j > N must be zero, and all x..'s for

i i
i = N+1 mustJbe zero. The remainder of the GAP foimulation
requires complete specification of the rij’ Ai’ Bi’ and cij'
Figure 2.21 illustrates the structural representation of the
problem.

Generalization of the above simple facility location
problem involves additional constraints usually on the
allowable supply center configurations and on the alloca-
tions. Where a maximum number of units that may be fur-
nished by supply center i is b;, in general, there will not
exist an optimal solution in which the total requirement of
each demand center is met by only one supply center. This
is often a very desirable solution property (Geoffrion,
1975).

Figure 2.22 is the representation of the capacitated
facility location problem with two configuration con-
straints formulated as GAP. The last row of the GAP tab-
leau may be used to impose configuration constraints other

than one restricting the number of supply centers. In this

example, the last row stipulates a restriction that at
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Figure 2.21.

GAP Tableau Representation of a Simple
Facility Location Problem.

NOTE: ai = 0; bi R 'H i=12,...,M
ey = 05 R
137 Gy 137V STy
A B 1 TV i=1,2,...,M
and

C. .
ij

r..= o otherwise
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Figure 2.22. GAP Tableau Representation of Capacitated

NOTES:

(a)

(b)

(c)

(d)

Facility Location Problem.

(M=N=4 and Two Confiquration Constraints)

Changes to simple facility parameter specifications are:

set r, =b,. =D

i Noi i ; i=12,...,M

forcing supply center at i to furnish at least 3 units:

set ai = a; i=12,...,M

Number of supply centers may be limited to the interval (p1.p2) by
specifying aM*1= Pq and bM¢1 =P,

Proper treatment of transportation costs requires the assumption that
function tij is linear.
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least one of the first two sites be used and that at most
one of the last two sites be used. The GAP size in this
case is m = M+2 by n = N+1 (Ross and Soland, 1977).

A number of algorithms have been developed for the
problem of locating facilities (medians) on a network so as
to minimize the sum of all the distances from each vertex
to its nearest facility. Linear programming-based
approaches have been outlined by Spielberg (1969),
Garfinkel, et al. (1974), and Schrage (1975). Heuristic
methods similar to one by Maranzana (1964) have also been
outlined by Teitz and Bart (1968). Tree search procedures,
such as those by Efroymson and Ray (1966), have also been
utilized by Khumawala (1972) and Christofides and Beasley
(1982). The latter utilizes the lagrangean relaxation in
conjunction with subgradient optimization of lower bounds
to be used in tree search procedures.

The lagrangean relaxation method for solving integer
programming problems puts into use the observation that
many hard integer programming problems can be viewed as easy
problems complicated by a relatively small set of side con-
straints. Dualizing the side constraints produces a
lagrangean problem that is easy to solve and whose optimal
value is a lower bound (for minimization problems) on the
optimal value of the original problem. The lagrangean
problem can thus be used in place of a linear programming
relaxation to provide the bounds in the branch-and-bound

algorithm (Fisher, 1981).
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Held and Karp (1970) used a lagrangean problem based on
minimum spanning trees to devise a dramatically successful
algorithm for the traveling salesman problem. Fisher (1973)
used lagrange multipliers in solving scheduling problems,
and Geoffrion (1974), who coined the name "lagrangean relax-
ation," demonstrated the use of the procedure in integer
programming and later applied the procedure to capacitated
facility location problems (Geoffrion and McBride, 1978).
For most of these problems, lagrangean relaxation has pro-
vided the best existing algorithm for the problem and has
enabled the solution of problems of practical size (Fisher,
1981). Appendix G outlines the general description and
basic structure of lagrange multiplier techniques and an
example demonstrating its use. It should be noted, however,
that it is often essentially impossible to solve the set of
nonlinear equations involved in the lagrange multiplier
method to obtain the critical (local and global minimum,
maximum, and inflection) points. Even when they can be
obtained, the number of critical points may be so large
(often infinite) that it is impractical to attempt to iden-
tify global minimum or maximum except for certain types of
small problems (Hillier and Lieberman, 1980).

Most of the work outlined above dealt with static solu-
tion to location problems. As a result of the stochastic
nature of most practical location problems, a multiperiod
focus on such problems has, in some cases, been found useful

and desirable.



75

2.5. Multiperiod Location Analysis

Several papers have dealt with multiperiod or dynamic
aspects of the discrete space location-allocation problem.
The goal has, in most cases, been to devise a plan of opti-
mal locations and relocations in response to predicted
changes in the demand volume originating at. demand points
over a planning horizon. The intention is to avoid "myopic"
relocations which, being based on current demands only, may
not be optimal.

Ballou (1968) and Wesolowsky (1973) have dealt with
single facility multiperiod location problems. Klein and
Klimpel (1967) applied dynamic programming to a fixed charge
problem under economies of scale. Scott (1971) treated a
case where facilities can enter the system one at a time
with relocations allowed. Tapiero (1971) dealt with a con-
tinuous space, capacitated problem under a continuous time
horizon. Gunawardane (1981) considered several multiperiod
public facility planning decision problems such as multi-
period se}vice coverage, multiperiod service phaseout, and
multiperiod maximum coverage. Roodman and Shwarz (1975,
1977) looked at the multiperiod facility phaseout and
phasein models.

Wesolowsky and Truscott (1975) extended the usefulness
of single period models by Revelle and Swain (1970) by
introducing dynamic considerations. Shifts in the pattern
of demand over a planning horizon may warrant a multiperiod

analysis which investigates the tradeoffs between static
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distribution costs and expenditures for relocating facili-

ties. If positive relocation costs are associated with both

the vacating of a site and the entering of a site, then the

dynamic model may be formulated as follows:

. . . K N M K M ] (] " "
Minimize 2k=1zi=12j=1 ijkxijk + zk=22j=1(cjijk + cjijk) [2.34]
subject to:
M _ . . _
zj=1xijk =1 for i = 1,2,...,N; k = 1,2,...,K [2.35]
M x. . < Nx for j = 1,2,...,M k = 1,2,...,K [2.36]
j=1 iJ‘k g jjk J- 9 9 ® e 0oy 9 - £ 9 o0 ey L)
M ox... =G for k = 1,2,....K [2.37]
J=17j]k T
zM y! <m
j=1jk ="k for k = 2,3,...,K [2.38]
ijk'xjj,k-1+ij'ij=0 for j =1,2,...,M; k = 2,3,...,K [2.39]
and:
all x5 for i # j Yik:Yjk 2 0 [2.40]
all xjjk =0 or 1 [2.41]
where:
A.. = the present value (PV) of the cost of assigning

ijk

node i to node j

in period k
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jk = the present value of the cost of removing a
facility from site j in period k

" the PV of the cost of establishing a facility at

—
=
[}

site j in period k
me = the maximum number of facility location changes
allowed in period k
N = number of demand points
G = number of facilities to be allocated among M
modes
K = planning horizon periods
X.., = 1 if node i is assigned to node j in period k
= 0 otherwise
ij = 1 if facility is removed from site j in period k
= 0 otherwise
Y;k = 1 if a facility is established a site j in
period k

0 otherwise

Note that constraints set [2.38] limits the number of sites
vacated in each of period 2 through k reflecting the toler-
able level of organizational disruption. The constraint
set [2.39] ensures that appropriate relocation charges are
charged. The mixed integer formulation of this dynamic
problem in [2.34] to [2.41] has the following size charac-
teristics:

K(N+2M+2)-M-1
K[M(N+1)]-2M

Number of constraints

Number of continuous variables

Number of binary variables KM
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In solving the multiperiod model above using a dynamic
programming approach, the stages are the planning horizon
periods, the states are the facility configurations, and
decisions are choices of location changes. Dynamic program-
ming is a particularly attractive solution technique (over
integer programming) for the model when the state space is
quite limited by the relative value of G and M and the scope
of decisions is contained by small values of m -

In both static and dynamic location problems, the
emphasis has always been to devise a single system plan for
location and relocation of facilities. Little has been done
in trying to produce alternative plans to cater to unspeci-
fied issues that may be important but difficult to include
in the formulations. Planning alternatives are useful in

the planning and decision-making process.

2.6. Generating Planning Alternatives

Creativity and inventiveness are important ingredients
for generating good alternative solutions to public prob-
lems. The total feasible space is rarely known, since the
feasible space considered in a typical mathematical model is
too limited. An optimization model does, however, offer the
potential for promoting invention within its feasible space
and provide assistance in evaluating and elaborating
selected alternatives. Brill (1979), elaborating the use of

optimization models as tools within a planning process,
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reflected on some important elements of conventional plan-
ning approaches (Figure 2.23).

Brill and Nakamura (1978) and Nakamura and Brill (1979)
developed a branch-and-bound method specifically for the
purpose of generating and comparing alternative plans for
use in locating regional wastewater treatment facilities.
Their algorithm, by making some trivial calculations, was
designed such that each node solution in the branch-and-
bound tree was used to provide alternative solutions. The
next step was to use the information contained in the
branch-and-bound tree to compare alternative solutionsﬁ
Since many issues associated with developing a plan were
related to specific facilities, their method was extended to
calculate cost savings or imputed values between the "least
cost" plan that contained a given facility (or set of
facilities) and the "least cost" plan that did not. Brill,
et al. (1976) reported the use of trade-off curves deter-
mined using optimization models as one method for obtaining
different plans.

One cannot a priori specify a path that will lead to
truly inventive solutions to complex public problems. For
such use, optimization models should be capable of generat-
ing alternative solutions that meet minimal requirements
(including minimal targets for all objective functions for-
mulated as constraints) and are different. Brill, et al.
(1982) outlined some possible approaches and their drawbacks

to modeling to generate alternatives which included:
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IDENTIFY PROBLEM

4

IDENTIFY OBJECTIVES

l

CHOOSE MEASURES

y

GENERATE PLANNING ALTERNATIVES

: [

EVALUATE AND ELABORATE
ON SELECTED ALTERMATIVES

SELECT A PLAN

1

IMPLEMENT CHOSEN PLAN

}

MONITOR AND EVALUATE RESULTS

Figure 2.23. Elements of a Planning Process.

Notice the double directed stages of generating
planning alternatives and their evaluation and

elaboration.



(a)

(b)

(c)

(d)
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Generating planning alternatives using random methods
(Brooks, 1958; 1959). Generally, if one is faced with
formulations that have many mathematical constraints,
it is difficult to randomly generate a set of values

of decision variables such that the solution is
feasible.

Changing model parameters or equations judgmentally to
examine alternative sets of conditions and generate
alternative solutions. This is an ad hoc approach and
provides no guarantee for obtaining different solutions
directly that are different.

Explicitly examining alternative feasible solutions
that are routinely generated as part of an optimization
algorithm, for example, the branch-and-bound algorithm
method by Nakamura and Brill (1979). This approach,
however, does not have specific guiding features for
producing solutions that are different in decision
space.

Obtaining near optimum in a mathematical sense. In
spite of the apparent potential use of this approach,
the limitation appears to be that within a given region
in objective space the procedure does not seem to gen-
erate anything different from the preceding solution.
Church and Huber (1979) used a measure of difference
based on one initial solution to obtain near optimum
configurations for single and multiple objective loca-

tion problems.



(e)

()

(g)
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Obtaining alternate optima, if they exist, as in linear
programming problems with degenerate dual solutions.
Searching only for alternate optima, however, restricts
the search for alternate solutions. Also, if there are
many alternate optima, then it would be cumbersome to
search them exhaustively to produce a small set of
alternatives that are different.

Generating local optima through gradient search from
different starting points generated at random. This
approach can only be followed if there are local

optima in the first place. Furthermore, other than
starting at random points, there is no guiding princi-
ple for producing final alternatives that are differ-
ent.

Using different representations and/or different algo-
rithms to solve the problem. This approach appears
interesting, relatively unexplored, and most likely
difficult to generalize.

A major limitation of the methods described above is

that they do not appear to be general purpose procedures

for handling wide classes of problems. One promising method

that may be applied to a wide range of problems and designed

to explore the full range of differences among solutions

with respect to the values of decision variables is that

developed by Brill (1979) and illustrated by Chang, et al.

(1979). The approach is called HSJ for Hop, Skip, and Jump.



83

2.6.1. The HSJ Method

Brill, et al. (1982) outlined in brief and in its
simplest form the HSJ approach. For a facility location
planning problem, viewed as a mixed integer programming
problem, the formulation for a single objective—in this

case, cost minimization—can be stated as:

Minimize C,Y + C,X [2.42]
subject to:

ALY + AX = B [2.43]
where:

Y = the vector 0,1 decision variables associated with
the existence of facilities
X = the vector of continuous variables that specify
facility capacities
C, = the vector of fixed cost coefficients for the 0,1
decision variables
> = the vector of the unit cost coefficients for the

continuous decision variables

the constraint coefficient matrix for the 0,1
decision variables
A2 = the constraint coefficient matrix for the contin-

uous decision variables

(e o]
n

the vector of right-hand-side values
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The initial solution can be obtained by solving the
formulation above directly. To obtain a second HSJ solu-
tion, the sum of the basic nonzero decision variables in the
first solution are then minimized, subject to the original
constraints. The cost is relaxed an acceptable amount rela-
tive to the best possible value and specified as an addi-
tional constraint. This formulation is then capable of
producing a solution that is adequately different from the
initial solution.

The second HSJ formulation may be obtained by solving

the following formulation:

Minimize bEKYb + bEKXb [2.44]
subject to:
CiY + CoX < T [2.45]

and constraint set defined by Equation 2.43, where:

Yy» X, = the basic variables in the initial solution
K = the set of indices of the nonzero variables
in the initial solution
C1Y+C2X = the cost objective function

—
n

the relaxed cost where T = C*+a
C* = cost obtained by solving initial solution
a = the amount the cost is relaxed from C*
To obtain succeeding alternatives, a formulation similar to

the latter is used except that the nonzero variables in the
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HSJ objective function should include all the nonzero vari-
ables in all preceding solutions. This procedure continues
until no more alternatives can be obtained or enough differ-
ent solutions have been generated.

In the case of multiobjective mixed integer programming
problem formulations, the HSJ procedure is the same as
described above except that:

(a) The initial solution may be obtained in several ways,
including:

(1) minimizing the weighted sum of all objectives sub-

ject to original constraints,

(2) minimizing one objective subject to the original
constraints as well as constraints that specify
targets for other objectives, or,

(3) minimizing one objective subject to the original
constraints without placing constraints on any
other objective.

(b) Target on some or all objectives can be relaxed an
acceptable amount and treated as additional constraints
when solving formulations defined by Equations 2.44 and

2.45,

2.6.2. Estimating Differences Among Alternatives

The measurement of differences among alternative solu-
tions is necessary in order to eliminate solutions that are
similar. The concept of differences among alternatives,

however, is vague, and there is no one perfect measure. The
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methods that have been used to calculate pairwise differ-

ences between solutions are:

(a)

(b)

(c)

(d)

Calculating the number of different nonzero variables
between two solutions. This method does not provide
one with figures that reflect the difference caused by
a change in decision variables.

Calculating the sum of absolute differences in decision
variable values between two solutions (Chang, et al.,

1981; Brill, et al., 1982), i.e., between n and n+1 as:

Zj IXjn = %3 ne1

where xjn is the jth decision variable in solution n.
Calculating the imputed values in cases where a plan
being developed is related to specific facilities such
that it is required to determine the cost savings
between the least cost plan that contains a given
facility (or a set of facilities) and the least cost
plan that does not (Nakamura and Brill, 1979).

Visual inspection is particularly useful in locational

analysis in an effort to analyze the regional configu-

ration of facilities (Chang, et al., 1981).

Since each method has its advantages and disadvantages and

none is perfect for all cases, in many situations, all

methods have been used to provide more insight into problems

being investigated.



CHAPTER 3
MODEL DEVELOPMENT

3.1. Methodological Choices in
FaciTity Location Studies

Francis and Goldstine (1974) published a selective

bibliography of location studies listing about 226 papers,

but this list is certainly not exhaustive. This creates

some difficulties for the practitioner who is trying to

discover in the published literature a way in which he

should tackle his particular problem. The most important

choices that have been considered in this work, and

indeed in many other facility location studies, are those

outlined by Rand (1976), which include:

(1)

(2)

(3)

(4)
(5)

Objective: <cost minimization or return-on-assets
criteria?

Potential Locations: anywhere (infinite set) or par-
ticular sites (feasible set)?

Search Procedure: optimizing or heuristic?

Planning Horizon: this year or sometime . . . ?
Existing Facilities: to be included or not?

In facility location studies, the aim has typically

been to minimize costs; however, a total set approach to

distribution requires that individual cost elements be

87
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considered in relation to total costs. Figure 3.1 shows
schematically the effect of changes in facility costs on
other cost elements in the distribution system using hypo-
thetical data. A similar diagram is hypothesized by
Beattie (1973). Where the firm has competing projects and
limited resources, objective function formulation based on
the return-on-investment criteria is a more useful
approach.

The choice between finite and infinite set approaches
is influenced by the main features of each approach. Eilon,
et al. (1971) list the main features of the two approaches
as follows:

(a) The Infinite Set Approach:

—does not require the locations which are selected to

be a priori attractive.

—is flexible in that it examines a monotonic function.

—alternative solutions are available in multisite

selection problems.

—a solution may involve a nonfeasible location, e.g.,

swamp.

—transport costs may be a monotonic function of

distance.
(b) The Feasible Set Approach:

—incorporates costs which are related to specific

geographical locations.

—does not require transport costs to be any function

of distance.
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—requires a set of sites which are known to be feasi-

ble and for which all cost data are available.

—the number of locations must be finite and suffi-

ciently small for computational efficiency.

—the set of feasible sites may not contain the optimum

solution.
Eilon, et al., favor the infinite set approach. However,
several criticisms can be said about this approach. It will
not guarantee finding an optimal (or near optimal) solution.
A common algorithm used in the infinite set approach neces-
sitates generation of many solutions with different starting
points in order to choose the best solution. There is no
procedure, apart from enumeration, for determining the num-
ber of facilities. And, as indicated in the main features
outlined above, it is possible to obtain a solution giving
nonfeasible sites (a factory site on top of Mount Kiliman-
jaro!).

The usual criticism of the feasible set approach is the
large number of possible locations needing to be specified
in order to ensure a solution which is reasonably close to
optimum. Fortunately, due to usually very shallow objective
functions near the optimum, the physical site can be chosen
in a reasonably large area near the solution site specified
without moving far from the theoretical optimal cost.

Coupled with the choice between finite and infinite set
approaches is the choice of the mathematical algorithm

(search procedure). In practice, there is inevitably a
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trade-off between the complexity of the search procedure and
sophistication of the cost functions. The choice can usually
be presented in diagram form as in Figure 3.2.

On the planning horizon, most early studies were con-
cerned with static situations based on one demand pattern.
In recent studies, however, some emphasis has been placed on
multiperiod analysis. 1In this study, it is believed that
to provide a plan for the entire planning horizon the data
generation for predicting the future has to be efficient
and robust. One other suggested approach is to consider the
robustness of locations to possible futures (Rosenhead, et
al., 1972).

On the need to determine whether present sites should
be included in the analysis or not, very much depends on the
arising situation. Very rarely is a management scientist
presented with an initial facility location problem (i.e.,
"greenfields" situation). Usually, the firm will already
have a number of facilities located nationally or serving a
particular region. The analyst is faced with two choices:
one is to include the present sites in the model as a fixed
base from which location and relocation are allowed. The
other possibility is to find the "greenfields" solution
(i.e., ignoring the present sites configuration) and then
consider the implementation of the greenfields solution in

relation to present locations.
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SIMULATION
WEURISTICS

INTEGER PROGRAMS
VITH FEASIBLE SET

INFINITE SET
APPROACH

COST FUNCTION COMPLEXITY—>

SEARCH COMPLEXITY—»

Figure 3.2. Search Procedure Complexity Versus
Complexity of Cost Functions.

For example, a simulation model usually has a more com-
plex cost function but with a more straight forward
search procedure.
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A cost minimization finite location set approach is sug-

gested in this study.

3.2. Model Formulation

3.2.1. Problem Definition and Objective

A finite number of potential cashewnut processing
plant sites was available. Each had associated with it
known fixed costs and known functional forms of operating
costs, should a plant be in operation at that site. A maxi-
mum capacity for a plant at each site and the production
level at each production center were known or assumed pre-
dictable, respectively. The distribution costs consisted
of the sum of the fixed costs and operating costs of all
processing plants that were actually opened and the trans-
portation costs. The objective of the model was to devise
plant location plans that minimized the system distribution

cost.

3.2.2. A General Mathematical Formulation

The mathematical formulation of the problem can be

presented as follows:

. _m n n
Minimize Z = zi=1[FiYi + fi(z. X.:) + zj=1t ] [3.1]

j=1%1j %]

subject to facility capacity restrictions (hitherto referred

to as "supply restrictions"):
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X.. < Y.a, for i = 1,2,...,m [3.2]

and subject to customer demand requirements (in this case

referring to production center levels):

z?=1 Xjj 2 by for j = 1,2,...,n [3.3]
and
Y, =0or1 for i = 1,2,...,m [3.4]
xij >0 for i = 1,2,...,m [3.5]
j = 1,2,...,n )
where:
m = number of potential facility sites
n = number of customer demand centers
tij = total linear cost per unit of shipping from
demand center j to facility i
bj = demand at customer demand center j
a; = maximum capacity of facility i
xij = amount shipped from demand center j to
facility i
Fi = fixed cost associated with operating a facility
at site i
Y. = variable denoting the establishment of a

facility at site i (Yi=1) or absence of a

facility at site i (Yi=0)
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fi(-) = nonlinear operating cost, exclusive of fixed
cost, associated with a facility at site i
Special cases of this problem (already referred to in
the literature review) have been treated extensively. Some
of the cases can be summarized as follows:

(a) If Fi = fi(-) = 0 and Yi = {1 for all i's, the above
formulation reduces to a simple transportation
problem.

(b) If fi(') = 0 and a; is infinite for all i's, the prob-
lem becomes an uncapacitated facility location problem
which has been solved using heuristics (Kuehn and
Hamburger, 1963; Feldman, et al., 1966; Khumawala,
1973) and optimizing solution techniques (Erlenkotter,
1978; Khumawala, 1972; Sd4, 1969; Soland, 1974). Small
values of a; which result in a capacitated facility
location problem have been accommodated in principle
by existing programming techniques, but such methods
are not yet computationally efficient for most practi-
cal problems (Sd, 1969; Davis and Ray, 1969; Ellwein
and Gray, 1971; Akine and Khumawala, 1977).

(c) Cases where F, = 0, a; is infinite, and fi(') is semi-
continuous, piecewise linear for all i's, have been
tackled using both optimizing and approximation solu-
tion methods (Feldman, et al., 1966).

(d) Cases where fi(') is concave and continuous or semi-

continuous or has a finite number of discontinuities

have been addressed successfully theoretically, but
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optimal solution techniques have not been demonstrated
to be practical.
(e) Heuristic approaches to the case where fi(°) has a
functional form:
n q
Ki(zj=1xij)
where 0 <q < 1 have been used to solve fairly large

problems where no capacity restrictions on facilities

are imposed (Khumawala and Kelly, 1974).

3.2.3. Mathematical Formulation:
Cashewnut Industry Problem

A mixed integer formulation of cashew processing and

handling problems with an objective of minimizing costs is:

(1) Minimize Z = TC1+TC2+TC3+TC4+CPC [3.6]

subject to:
(2) Each production center, j (j=1,2,...,n), sends its raw

nut production, RN., to one and only one processing

J
plant:
Zij = 1 if production center j is [3.7]
allocated to plant i
=0 otherwise [3.8]
and:
T, o= 1 ¥, [3.9]
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(4)

(5)
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This constraint is later relaxed in solving the
problem.
The capacity of the processing plant, i (i=1,2,...,m),

PC.

i should not exceed some maximum value,PCma

X -

n
i = gRN;Zys < PO ¥ [3.10]

The amount of rawnuts supplied to export depot, p

(p=1,2,...,k) by the processing plant i, RN. , equals

ip
the amount of rawnuts processed by the processing
plant:
k _.n
ZooaRNjp = Ty qViRNyzy ¥ [3.11]

where Vi is the proportion (decimal) of total rawnuts
procured by processing plant i that are processed to be
sold as rawnuts.

The amount of kernels supplied to each export depot, p

(p=1,2,...,k) by the processing plant i, , equals

Kip
the amount of kernels processed by that processing

plant:

k _ N _
20o1Kip = Zjo90;(1-v RN, ¥ [3.12]

p=17ip

where qj is the weight (kg) of processed kernels per

unit weight of rawnuts supplied to that processing

plant.
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(6) The total amount of CNSL supplied to export depot, p

(p=1,2,...,k) by processing plant i, SL, _, equals the

ip
amount of cashewnut shell liquid extracted from raw
cashew shells supplied to that processing plant:

- n -
SLip = Zj.q(1=v;)r RN, ¥ [3.13]

where Ty is the amount (kg) of CNSL extracted from a

unit of rawnuts supplied to that plant.

(7) RN K. , and SLi >0 -\LJ., ¥i and 'vi,p [3.14]

j* ip P -

The transportation costs in the objective function
equation can be expanded as follows:
Cost of shipping rawnuts from production centers to

processing plants:

_ n
TCy = By 4T 4RNjd 25, [3.15]
Cost of shipping processed rawnuts from processing
plants to export depot:

K RN, d. 2 [3.16]

_ m
TCop = BT  4Zp4RN;d4 5255

Cost of shipping processed kernels to export depot:

TC, = 8,z"_,zK
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Cost of shipping CNSL from processing plant to export

depot:

TC, = B,z X . sL

i=1%p=1 d

ipdipZij [3.18]

where B,, B,, B,, B, are the return journey unit cost and
1 2 3 4

d and d. _ are the respective distances from the production

1] ip

center to processing plants and processing plants to export
depot.

The cashewnut processing costs, CPC, in the objective

function equation can be expanded as follows:

CPC = zT=1[Fivi + fi(z?=1RNj)] [3.19]
where:
Fi = fixed cost incurred for operating facility at
site i
Yi = 1 if facility i is in operation at site i
= 0 otherwise
f.(-) = concave variable operating cost function for

i
facility at site i

As formulated above, the cashew industry facility
location problem is very similar to the general mathematical
formulation outlined in section 3.2.2 for the capacitated
facility location problem. Therefore, the facility cost,

capacity, and demand data in appropriate units can therefore
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be included into the cost-per-tonne-per-year matrices,

Cij's, as outlined in tableau form in Table 3.1.

3.3. Background Model Design Data Review

3.3.1. Cashew Production in Tanzania

Figure 1.4 is a map of the cashewnut production regions
in Tanzania showing the nineteen production centers, thir-
teen existing processing plants, and four ports. Only fif-
teen of the nineteen production centers are potential plant
locations. Only two of the four ports can be designated as
export depots, Tanga and Dar es salaam.

Figures for 1981-82 estimate the total area under
cashews as being about 200,000 hectares. About 400,000
families in over 2,000 villages are involved in cashew pro-
duction. During the 1981-82 season, Tanzania's processing
plants had a maximum operational annual capacity of 97,000

tonnes of raw cashewnuts (Daily News, 1982). The then

twelve established processing plants employed about 10,000
people.

Cashewnut production in Tanzania is by smallholder
enterprises for which it is mainly a cash crop. 1In the
southeast coastal zone, where cashew production is concen-
trated, cashews account for about 80% of the peasants'
incomes from the export crops and about 60% of the total
national cashew crop output. Table 3.2 shows the raw
cashewnut procurement from 1973-74 to 1982-83 by region and

by production center.
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Table 3.2. Raw Cashewnut Procurement, 1973-74 to 1982-83.

_ ——

PRODUCTION Metric Tons

ZONE 73-7%  74-75 75-76  76-77 77-78 78-79 79-80 80-81 81-82 82-83

MTWARA 70376 51445 35194 37763  3h27%h 22457 14926 29043 20946 15596
Mtwara 10032 9310 4020 5692 3466 2995 2829 4284k 2278 1767
Newala 34947 24314 18421 20834 19843 10226 6458 14753 14437 9506
Masasi 25397 17821 12753 11237 10965 9236 5639 10006 4231 4323
LINDI 38298 29880 20969 29686 15293 13121 10542 16160 7567 6859
Lindi 18783 14126 9597 14670 6448  S426 3271 3389 1312 1174
Mtama - - - - - - 3505 6931 2981 3371
Nachingwea 7916 6557 4479 5243 4072 2788 573 2558 1089 812
Liwale 6023 5079 4433 6090 3222 2792 535 1220 1235 935
Kilwa 5576 4118 2460 3683 1551 2115 2658 2062 950 567
RUVUMA 9695 8301 LYLY] 4750 7615 5459 1938 3427 3984 247
Tunduru 9094 7202 4341 4530 6946 5106 1853 3301 3811 2092
Songea 601 1099 400 220 669 353 85 126 173 55
PVANI 34251 25266 19585 23536 12099 15607 11379 9581 9631 6592
Kisarawe | 21654 15604 11324 15223 8203 11823 7022 6499 6466 4067
Kibaha - - - - - - 1729 709 669 686
Bagamoyo | 4396 3883 2043 221 685 1562 1140 588 618 469
Rufi ji 7396 5013 5497 5068 1869 1678 1260 1582 1590 1077
Mafia 805 766 721 103k 1342 Skl 228 203 288 293
DAR ES
SALAAN 5070 5304 3620 2072 1521 1247 1319 956 812 500
TANGA 3261 3083 2512 2112 844 1569 1113 1655 1033 515
MBEYA 1029 1358 927 1050 376 253 - 6 230 130
MOROGORO 970 813 508 489 334 148 234 1M1 99 116
OTHER 87 130 35 19 89 1 1 26 2% 18
TOTALS 153037 125580 88091 102588 72445 59862 41452 60965 44326 32473
Source: CATA figures.
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Generally, cashewnut production in Tanzania was on the
increase in the decade preceding the drought years of 1973
and 1974. Good husbandry; improvement in seed quality;
weeding; timely nut collection; careful drying of nuts;
pruning of old, sagging branches; and the peak economic age
(12-15 years) of the cashew trees then, accounted for the
rising trend in cashewnut production prior to the 1973-74
season. After 1974-75, there was a continuing decline in
production (see Figure 3.3). The villagization program,
under which most peasants were moved far enough distances
that they could not effectively attend to their cashew
plots, has been cited as one of the major reasons leading
to the decline in cashew production. As a result, most
cashew plots were devastated by bush fires or pests and
diseases built up with the unattended thickening of cashew
tree canopies. Other reasons included adverse weather at
the flowering stage and the negative response on the part of
farmers to relatively low and stagnant cashewnut prices (see
Figure 3.3) such that farmers paid less attention to the
cashew crop in favor of other crops. This decline necessi-
tated frequent closings of some of the processing plants
resulting in redirection of shipments to open factories for
processing.

The Cashewnut Authority of Tanzania (CATAL established
in 1973 by a loan from the World Bank, is the authority
responsible for the promotion of production, collection,

processing, and marketing of cashewnuts in Tanzania.
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Appendix A shows the CATA functional structure. At the vil-
lage level, CATA advances money to the Village Planning Com-
mittee to buy the rawnuts on behalf of the Authority. A
levy of 1¢ (about TAS 0.10) per kg purchased during the
season is paid to the village at the end of the season. The
Authority also makes arrangements for transporting the raw-
nuts to processing factories and later to port of export for
the eventual sale of nuts and cashew products to buyers
overseas.

CATA sells raw cashewnuts to India and China and
cashew kernels—the main product of cashewnut processing—
to the United States, Federal Republic of Germany, West
Germany, Israel, Japan, and the Netherlands. Table 3.3
shows the cashew exports between 1975 and 1982. Table 3.4
provides the breakdown of cashew product exports between
the same years.

Extension services and research are the responsibility
of the Directorate of Crop Development and Production, which
acts as a liaison with the Extension Services and Crop
Research Organization of the Ministry of Agriculture.
Naliendele Research Station (Mtwara) is the main research
center and conducts research on cashews in order to improve
the quality of cashewnut trees, increase their resistance to
disease, and reduce vulnerability to adverse weather
changes. The most important research in progress worth men-
tioning here is that related to development of mildew-

resistant clones (of which, so far, two out of twelve clones
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Table 3.4. Breakdown of Cashew Product Exports:
Amounts and as a Percentage of Procurement*.

= —
vear Rawnuts Kernels sﬁﬁﬁﬂhﬁﬁﬂﬂfid

Tonnes % Tonnes % Tonnes %
76-77 | 68006 66.3 5201 24.6 2231 2.2
77-78 | 48400 66.8 2722 18.4 1167 1.6
78-79 | 33019 55.2 3491 28.6 1497 2.5
79-80 | 20863 50.3 3088 36.5 1324 3.2
80-81 | 31539 51.7 5400 43.4 2316 3.8
81-82 | 15329 34.6 5621 62.2 2410 5.4

*NOTE: Percent of total procurement is based on 20.4% and
8.75% recovery rates for kernels and cashewnut shell
liquid, respectively.
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have shown some prospects) and "chemical-application-
manageable" canopies. The tall, profusely branching and
sagging branched canopies, which are typical cashew trees in
Tanzania, need considerable pruning to facilitate nut col-
lection and are cumbersome during chemical applications for
pest control.

In an effort to enhance smallholder production, CATA,
under its first Five-Year Plan effective between the 1976-77
and 1981-82 seasons, proposed a rawnut production target of
180,000 tons per year by 1982. Table 3.5 shows the produc-
tion projections and achievements under this plan. CATA was
involved in the distribution of both seed and seedlings to
farmers. In spite of the shortcomings in the first Five-
Year Plan, a second Five-Year Plan (also ambitious) has
targeted developing 25,000 hectares per year beginning in
the 1983-84 season. Table 3.5 also gives long-term produc-
tion increase estimates resulting from the first Plan, if
it had been completely successful, and estimates of produc-
tion increases based on achieved development.

It is apparent, however, that research and extension
services as agents for the promotion of cashew production
have suffered as a result of being under two institutions,
CATA and the Ministry of Agriculture. Beginning with the
1984-85 season, a re-establishment of Cooperative Unions
will take place; CATA will act only as a processing and
marketing board. Crop development and production of

cashewnuts will then fall wholly under the Ministry of
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Agriculture. The current arrangement, in which CATA pur-
chases rawnuts from individual villages, will cease, and the
Cooperative Unions will be responsible for the purchase and
transportation of rawnuts from member villages to production
centers. CATA will be responsible for the purchase and
transportation of rawnuts from the production centers to the

processing plants.

3.3.2. Tanzania Cashew Industry: Production Levels,
Costs, Plant Capacities, and Distances

Data on individual villages' rawnut production levels
were available. To a large extent, location of production
centers was determined by existing road networks and dis-
trict boundaries. It was found realistic, on the grounds of
justifying a reasonable number of truck loads and maximum
distances to the production center, to cluster villages into
groups, each group being served by one production center (a
120-mile radius was assumed). Appendix B gives the mileage
chart for distances between production centers. Table 3.6
shows the capacities of existing cashewnut processing plants
and their code numbers as used in this study.

As a result of the increase in fuel prices, transporta-
tion costs per kilometer have varied between 14¢ (TAS 1.80
per tonne per mile) per tonne in 1977 to 26¢ per tonne (TAS
3.50 per tonne per mile) in 1982 and were approximately the

same for different parts of the cashewnut production region.
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Table 3.6. Average Annual Fixed Costs and Operating Costs
and Amounts Processed for Existing Processing
Plantst.
Nggggr ﬁ;?&: Cgﬁgﬁ?iy Chagggfd(Fi) P;ggzggzd Vagéggle
(000 tonnes)| ($000) (tonnes) ($000)
5 Lindi 5 280 2226 1045.0
6 | Mtama 5 312 3348 1360.2
7 Nachingwea 5 221 277 180.9
4 Kilwa 5 250 — —
12 Mtwara 8 375 — —
" Likombe 10 390 — —
8 Masasi 10 390 1800 897.9
9 Newala 1 10 390 4320 1680.0
10 Newala II 10 390 7680 2160.0
13 Tunduru 10 430%* — —
3 Kibaha 10 430 6055 1985.9
1 Tanita 1 12 650 9120 2240.0
2 Tanita 11 12 680 10400 2300.0

+Based on 1980-81 CATA figures.
*Includes direct labor, fixed factory overhead, and administrative
expenses.
*CATA esgimates (factory under construction, to be commissioned in
1984-85).
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According to the above trends, it is reasonable to assume
that transportation costs will double every five years.
Factory production costs, on the other hand, have
varied among factories. Appendix C gives an example of a
summary of production costs for some of the factories.
Typical items included in the packing materials, variable
factory overheads, and typical depreciation rates on capi-
tal items are given in Appendix D. Due to differences in
cashew quality resulting from, among others, variable recov-
ery rates from different factories and below-capacity opera-
tion of factories, the variable costs in relation to factory
throughputs are difficult to visualize. Hence, Figure 3.4
shows the combined concave cost function depicting the vari-
able cost trend with increasing factory throughputs derived
from cost figures in Table 3.6. Table 3.7 shows examples of
factory recovery rates for the kernels and CNSL, the main
products of cashew processing, for two representative fac-
tories. Appendix E gives typical factory production figures
showing kernel grade outputs for one year (1981-82) and
regional range of kernel grade outputs that may be expected

from a factory.
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CHAPTER 4

CASHEW INDUSTRY LOCATIONAL STUDY MODEL:
MODEL DATA INPUTS ANALYSIS, ALGORITHM, AND ASSUMPTIONS

4.1. Input Data Analysis

4.1.1. Estimating Production Levels ("Demand Pattern")

Estimates of increases in production center production
levels (total and zonal) creating a processing demand based
on the Five-Year Plan figures seem very optimistic, as may
be calculated by adding estimated yearly increases
(Table 3.5) to the preceding actual production figures
(Table 3.2). For example:

Actual: Total production, 1982-83 season
(Table 3.2): 32,743 tonnes

Calculated: Actual preceding year (1981-82)
production (Table 3.2): 44,326 tonnes

Estimated yearly increase
(Table 3.5): 9,343 tonnes

Estimated Total (optimistic) 53,669 tonnes
This overestimation resulted from the overestimation of
cashew yields per tree as well as underestimating the
cashew yield decline by older trees. Figure 4.1 shows the
relation between production year (beginning in the 1982-83
season) to the production level in the next five years,
i.e., a production level prediction curve. The assumption

made in the prediction equation derivation is that increases

115



TRANSFORMED PRODUCTION

116

2.10 233.2
2.00 r © Production Year Mean 185.2
1.80 F -4 116.9
Prediction Curve
1.60 - <4 73.7
Y = 1.4245 - 0.0089x + 0.0074x°

1.40 4 46.5

<

' ﬁ

v v | Ll
0 2 4 6 8 10
CASHEW PRODUCTION YEARS
(Beginning 1981-82 as year zero)

Figure 4.1. Relationshib Between Subregions' Annual

Cashewnut Production Level (Transformed and
Real Data) and Production Year for a Ten-Year
Period.

PREDICTED PRODUCTION (000 TONNES)



117

in production levels will follow a similar pattern as the
decline between 1973-74 and 1981-82 séasons. The prediction
equation is derived by use of orthogonal polynomials.
Appendix F gives the details of the derivation procedures.
Figure 4.1 also shows the transformed production year,
production level means. Table 4.1 gives the production cen-
ter production levels derived from the use of the prediction

equation.

4.1.2. Estimating the Cost Functions

Three costs are considered in this study: an annual
fixed charge, processing plant operating cost coefficient,
and unit shipment cost. The annual fixed charge includes
both investment costs and construction of facilities and
other fixed indirect charges (administrative expenses,
direct labor, and fixed factory overheads) which are
incurred when the facility is or was constructed, regardless
of its output. Figures listed in Table 3.6 form the basis
of fixed charge estimates for each existing factory. The
operating cost coefficient estimates are based on the com-
bined concave cost function (Figure 3.4). Combined individ-
ual fixed cost and operating cost functions shown in
Figures 4.2 to 4.10 are used to determine the cost coeffi-
cients. A "pseudo" tangent-chord approximation, with one
and also two linear segments in the pseudo, piecewise-linear
approximation, are shown in Figures 4.2 to 4.10 as two

examples of finding approximations to the fixed costs (Fi*)
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and operating cost coefficients (x;) using piecewise linear
approximation methods. The word "pseudo" is used in this
case because the fixed charge is found from the extrapola-
tion of the tangent at the minimum capacity in that linear
segment rather than the extrapolation of the chord itself,
which usually tends to overestimate fixed costs. This
approximation of the fixed cost estimates is a compromise
between piecewise-linear and the tangent-chord approxima-
tion methods (see Figures 2.12 and 2.14 for detail).

In this study, however, due to financial reasons,
operating costs are based upon a fixed charge cost rather
than two segments in a piecewise linear approximation and
are included in the unit shipment cost data inputs. This
means that each unit of cashewnut sent from a production
center to a processing plant brings with it both shipment
and operating charges to the assigned processing plant site.
Conceptually, processing plants in the feasible set (free
facilities) are competing to drop their production centers
in order to avoid incurring their fixed costs and shipment
costs. On the other hand, processing plants in the feasible
set earmarked open are competing to serve production centers
in an effort to reduce the variable system's cost.

Tables 4.2 and 4.3 give the cost per tonne per year

matrix, C.., where, for the first stage (Production Center -

ij
Processing Plants):
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C(1,d) = Return Journey Distance]{ Unit Shipment
i - Between Facilities Costs
+ Unit Operating Costs Coefficient [4.1]

and for the second stage (Processing Plant - Export Depot):

_ [ Return Journey Distance Unit Shipment>
¢(1,9) = ( Between Facilities )’(( Costs [4.2]

Currently, only Dar es salaam and Tanga are designated ports
of export. A solution of two transportation problems is
preferred to the solution of a transshipment problem, mainly
because the procedure allows for decentralization of
facilities regionalwise. The export amount (%) for each
cashew product (V) is predicted using prediction equations
based on figures in Table 3.4 (derivation summary is given

in Appendix J):

Rawnuts: Y = 75.01 - 5.96x r2 = .89 [4.3]
Kernels: Y = 8.53 + 7.74x rz = .85 [4.4]
CNSL: Y = 0.78 + 0.67x r2 = .85 [4.5]

where x is the production year (x=1,2,...,10).

But since export depots can be assumed to have no
capacity restrictions, shipment of all the output of each
source to that one destination with the least associated
marginal cost results in the least-cost allocation (Ademosun
and Noble, 1982). It follows, therefore, that each process-

ing unit will be allocated to the nearest export depot.
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This excludes the necessity for solving the second trans-
shipment problem.

Where data are not complete and for new factories to be
established, average estimates for existing factories are

used to estimate costs of similar capacity facilities.

4.1.3. Facility Capacities

For the establishment of new factories, available
figures for the modern 10,000-tonne capacity factory (such as
Kibaha or Tunduru) are used. Apparently, the 10,000-tonne
capacity factories are preferred by CATA authorities, and,
as the operating cost function curve indicates, it is with
good reason. For established factories, capacities in

Table 3.6 are used.

4.2. The Algorithm

The algorithm used to solve the cashew industry
facility location-allocation problem was constructed accord- -
ing to the flow charts in Figures 4.11 and 4.12. A FORTRAN
interface was used to link the linear, interactive, and
discrete optimizer (LINDO) package. The major features of
LINDO (Schrage, 1982) are:

(a) Flexibility: Over forty commands for data input,
editing, optimization, display, file handling, and
sensitivity analysis.

(b) Power: Depends upon the size of the computer, but

current capabilities of approximately 800 rows and
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4,000 columns.

(c) Ease of Use: HELP is available interactively.

(d) Multifaceted: LINDO has interfaces for MPS (industry
standard) files, user-written FORTRAN subroutines, and
general purpose text editors.

(e) Portability: Versions of LINDO running all major com-
puter types (DEC 10, DEC 20, DEC VAX, IBM 370, Amdahl,
Honeywell-Bull, Prime, Burroughs, CDC/Cyber, HP 3000,
Harris and Sigma computers).

LINDO solves the integer programming problems by a
branch-and-bound search procedure. In order to add a new
constraint, a Bender's decomposition strategy (here
referred to as Bender's cut) is used. This captures the
advantage of the fact that each time an integer solution has
been found, LINDO calls a subroutine NEWIP (actual, bound),
but just before NEWIP is called, LINDO sets ACTUAL to the
value of the objective function. A user-supplied version
of NEWIP (Appendix I) is used to generate new constraints
on the problem. The strategy is to add a constraint after
an optimal solution has been found. This allows the incor-
poration of the hop-skip-jump routine (Section 2.6.1) for
generation of alternatives provided by budgetary relaxation

of the objective function value.
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4.3. General Procedures and Model Assumptions

The cashew industry facility location problem defined
in the previous sections naturally breaks down into two con-
nected problems: the main problem (solved by interfacing a
user-supplied subroutine USER) and the subproblem (solved
by interfacing user-supplied subroutines USER(INPROB) and
NEWIP(ACTUAL, BOUND)). The locational-allocational part
forms the main problem. A solution to the main problem is a
configuration of open facilities, at some sites, capable of
processing all cashewnuts from the production centers and an
associated allocation process in the form of a transporta-
tion problem. The subproblem is designed to answer some
other adaptive "if" questions. Several assumptions have
been made in formulating the cashew industry processing and
handling model. Table 4.4 outlines the source, descriptioﬁ,
and assumptions of model variables.

The total costs that will be derived will not reflect
the costs resulting from ¢losing of plants. Since closing
of plants rather than expansion of numbers of plants is
being contemplated, capital costs are considered irrelevant

and therefore are not part of system costs.
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Table 4.4. Model Variables: Source, Description, and
Assumptions.
. Source/ s .
Variable Equivalence Description and Assumptions
ACTUAL User-supplied The value of objective function after

APPCOL

BEN(I)

CAP(I)

C(1,J)

CIJMIN

subroutine NEWIP.
Dummy argument.

LINDO subroutine

User-supplied
subroutine NEWIP.

Subroutine USER.

User-supplied
subroutines USER,
USER(INPROB), and
NEWIP.

Subroutine NEWIP

solution has been achieved.

e.g., APPCOL (NAME, NONZ, VAL, IRO,
TRUBLE). Appends a column whose name is
stored in the vector NAME which has NONZ
coefficients stored in vector VAL with
associated row numbers stored in vector
IRO.

Bender's constraint coefficient. Initial-
ized zero. Relates to savings associated
with opening of a preferred site.

Processing plant capacities array. Rated
capacities (PCp,,) in Table 3.6 apply to
existing factories and 10,000-tonne
capacity factory is used for to-be-
established factories. Assumed expansion
is from 50% to 100% of rated capacity.

Allowed production center-processing
plant assignment costs. Assignment costs
include unit shipment cost, unit process-
ing cost (x»). Appendix B (distance
charts—djs's), transportation costs per
km ton of 26¢ for first five years of
prediction and 52¢ for second five years
are used. One linear approximation oper-
ating cost charge (fixed charge) is used.
It should be noted that use of two or
three segments in piecewise linear approx-
imations, respectively, doubles or
triples the number of processing plants
to be considered in the formulation since
segments break down to pseudo facilities.
Figures 4.2-4.10 apply.

Assignment costs defining the closest
(lowest) production center-processing
plant combination.
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D(T)

DP

FMND

FMXO0

FXD

GIANT

GLOBAL

GO

Subroutine USER

Subroutine NEWIP

Subroutine NEWIP

Subroutine NEWIP

Subroutine USER
referred also as
F(I) in subrou-
tine USER(INPROB).

Subroutine USER
(INPROB)
Subroutine NEWIP

LINDO subroutine

A1l subroutines.

. Source/ . :
Variable Equivalence Description and Assumptions
DEFROW LINDO subroutine.|e.g., DEFROW (IDIR, RHS, IDROW, TRUBLE).

Defines a row to the current formulation
where IDIR=1 if < or minimization for

row 1, 0 if =, and -1 if > or maximiza-
tion for row 1; the right-hand side value
of the row (+RHS), the row number
assigned to this row (=IDROW) and the
logical TRUBLE returned - TRUE.

Production center production level
(D(I)=b; referred in Table 3.1).
are pre&icted in Table 4.1.

Levels

Summation of dual prices on the con-
straints for open plants.

Minimum number of processing plants
allowed open. Variable.

Maximum number of processing plants
allowed open. Variable.

Fixed costs (also referred to as Fj or Fj
in the text) for the processing plants.
Table 3.6 and Figures 4.2-4.10 apply.

Control argument. Aborts solution if

limit exceeded.

Accumulates cost of current optimal
solution.

le.g., GO (LIMGO, KONDN). Command to go
and solve the problem. LIMGO defines the
limit on number of pivots (LIMGO=0 or
default specifies limits set by LINDO:
|[KONDN specifies on return solution status
(4=optimal, 5=unbounded, 2=infeasible).

Potential processing plant sites (I=1,2,
...,NP or M). Feasible set approach is
assumed and all potential production cen-
ter sites in Table 4.1 can be potential
plant sites. Processing plants are
regarded as supply points in this study

supplying their processing capacities.
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Table 4.4 (continued).

Variable Source; Description and Assumptions

Equivalence

INIT LINDO subroutine |Reinitializes storage in preparation for
new problem.

INSERT LINDO subroutine [e.g., INSERT(I, J, AMT, NOADD). Replaces
element in row I, column J of the matrix.
If NOADD=1, then AMT replaces the old
value at I,J; otherwise AMT is added to
old value.

J All subroutines |Potential production center sites
(J=1,2,...,NC or N). Refer to Table 4.1.
In this study, production centers are
regarded as demand points; their produc-
tion levels create a demand for a
processing capacity.

M All subroutines |[Number of supply points (processing
plants).

N All subroutines |[Number of demand points (production
centers).

NC Subroutine USER {Number of customers (demand points).

NDIM1 Subroutine USER |Limit on the number of processing plants

for which the subroutine is designed.

NDIM2 Subroutine USER |[Limit on the number of production centers
for which the subroutine is designed.

NP Subroutine USER |[Number of processing plants.

ouTSOoL LINDO subroutine [Prints a standard solution report.

REPVAR LINDO subroutine |e.g., REPVAR (J, PRIMAL, DUAL). Returns
the value of variable J in PRIMAL and its
reduced cost in DUAL.

SBCOST Subroutine NEWIP |[Accumulates the subproblem or transporta-
tion costs.

X(I,J) Subroutine USER |Amounts of cashewnut shipment from pro-
duction center J to processing plant I.
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Variable
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Source/
Equivalence

l Description and Assumptions

Y(I)

Subroutine USER

Subroutine
USER( INPROB)

Equal to 1 if potential plant site I has
been designated open; equal to 0
therwise.

Defines the objective function to be
inimized.




CHAPTER 5
SENSITIVITY ANALYSIS

5.1. General
In an effort to answer some of the "adaptive if" ques-
tions, the model was run for several model inputs designed
to highlight the issue under study. Table 5.1 shows the
setting of the model inputs for each run for the respective
"adaptive if" issue. The program was run on the CDC Cyber

750 under the Michigan State University Hustler System.

5.2. Effects of Changes in Demand

Table 5.2 shows in tableau form the allowed combina-
tion coefficients that were used in arriviné at the location-
allocation solutions. Routinely, the omitted coefficients,

C..'s (designating the nonpreferred production center-

1]
processing plant combinations), were assigned a very large
number, thus rendering them unacceptable routes. Table 5.3
shows the optimal or near optimal solutions to the cashew
industry in relation to changes in predicted production cen-
ter production levels (demand levels). Figures 5.1 to 5.6
show the allocation of production centers to processing
plants for six years (1982-83 to 1987-88). As summarized in

Table 5.4, based on the 1982-83 season figures, a fifteen

141
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Production Center Location

Production Center and Plant Location

Processing Plant Location

{ ¢ ®@ O F

Cashew and Products Routing

Figure 5.1. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1982-83).

. Production level - 32,473 metric tons.
2. Plants in solution: Kibaha, Nachingwea,
Lindi, Newala I, and Newala II.
3. 80% of cashew production comes from the
" southern region, 20% from the northern
region (cf., plant ratio 4:1).

-

Note:
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Figure 5.2. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1983-84).
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Production Ceqter Location

Production Center Plant Location

o
Processing Plant Location ’
(U

*.@OE’

Cashew and Products Routing ,/"'11"-\,-

Figure 5.3. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1964-85).
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O Production Center Location

@ Production Center Plant Location

@® Processing Plant Location

Cashew and Products Routing

Figure 5.4. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1985-86).
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Production Center Location
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Production Center Plant Location
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—»— Cashew and Products Routing
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Figure 5.5. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1966-97).
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O Production Center Location

@ Production Center Plant Location

® Processing Plant Location

Cashew and Products Routing

Figure 5.6. Facility Location-Allocation Plan and
Raw Cashewnut Routing Plan (1987-88).
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Table 5.4. Demand Change Summary of Effects.

~ | Increase in |  Number | 1ncrease Im |

Year Diﬂ:fd Plgzts syst?Q)Cosf+
1982-83~* - 5 _
1983-84 51 7 37
1984-85 56 7 39
1985-86 66 7 44
1986-87 83 8 61
1987-88%* 109 10 144

*Reference base (32,473 metric ton production level)
**Based on 52¢/tonne-km transportation cost
Increase in total system cost does not necessarily
reflect the resulting profits to CATA or prices the
farmers get.
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percent change in cashew production did not lead to a
change in location or number of processing plants, and
there was only a seven percent change in total system cost.
This is an indication of the robustness of the solutions
between the 1983-84 and 1985-86 seasons.

A configuration of processing plants shows preference
for the southern region in all solutions, and this is con-
sistent with the fact that 80% of the cashew production comes
from the south. Appendix K shows the shipments for each
corresponding routing plan. Routing from a production cen-
ter with a plant located at that site to another plant may
seem more a "shuffle," but this feature may be utilized to
an advantage such that the production in the domain of one
production center but close to the designated processing
plant in another center's domain can be shipped to the
assigned plant directly instead of shipping to its center
first. This may result in further reduction in transporta-
tion costs. On average, the contribution to the total sys-
tem cost is 54% assignment costs (including transportation
and processing costs—variable costs) and 46% fixed costs.
This implies that the use of either cost category alone in
solving the facility location-allocation problem may be
inadequate and probably result in misleading solutions.

Robustness of locations to possible futures may be
highlighted by calculating what is referred to in this study
as "robustness index (RI)." This index does not necessarily

have the same meaning as that used by statisticians. The RI
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of each location can be calculated by the ratio:

Number of sets in which location appears

RI = Total number of sets

The assumption is that the location with the highest robust-
ness index should be chosen as the first location to be
utilized. Where two sites are close together, they become
alternatives. For sites with similarly high RI scores, con-
sideration of short-run costs incurred by each possible
decision and the stability of the locations should be made.
Table 5.5 shows an example summary of the above procedure
based on the near optimum solutions for the 1982-83 to

1987-88 cashew production seasons (see Table 5.3).

5.3. Evaluation of Facility Capacity Changes

Three levels of capacities were assumed and incorpor-
ated into the model. Table 5.6 shows the effect of these
three capacity levels on plant location, allocation of pro-
duction centers to processing plants, and system total cost
based on the 1982-83 season demand. There is little loca-
tional difference for plants in the solution between 75%
and 100% processing capacity, but a large difference exists
between 50% and 75% capacity. This is mainly a result of a
more concentrated production in the southern part of the
cashew growing region, forcing more plants to be open in
that area due to drops in plant capacities. A shift from

50% to 75% and 100% capacity utilization resulted in,



Table 5.5.
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Robustness Index (RI) for the Six Sets of

Solutions.*

Plant Location

RI

Kibaha
Nachingwea
Newala I
Newala II

Masasi
Kilwa

Mtama
Mtwara

Lindi
Likombe
Tunduru
Tanga
Utete

0.83
0.67

0.33

0.17

*Only processing plants in the solution are reported.
A high RI location should be considered first in opening of

plants and considered last in a closing strategy.
verse is true for low RI locations.

The con-
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Table 5.6. Effects of Cashewnut Processing Plant Capacity
Changes on Plant Location, Allocation, and
Total System Cost.*

Plant Capacity Utilized (%)

Item
50 75 100
Number of
Plants 9 5 5

Plant Location| (2) Tanita II (1) Tanita I (3) Kibaha
(4) Kilwa (5) Lindi (5) Lindi
(5) Lindi (8) Masasi (7) Nachingwea
(6) Mtama (9) Newala I (9) Newala I
(7) Nachingwea | (10) Newala II (10) Newala II
(8) Masasi
(9) Newala 1

(10) Newala II
(13) Tunduru

Total System
Cost ($) 4,585,980 3,477,514 3,332,088

Allocation of

Centers Figure 5.7 Figure 5.8 Figure 5.1

*Based on 1982-83 production figures (demand).
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respectively, 24% and 27% increases in total system cost,
whereas a shift from 75% to 100% capacity utilization

resulted in only a 4% increase. Figures 5.7 and 5.8 show
facility location-allocation plans with 50% and 75% plant

capacity utilization, respectively.

5.4. Effects of Forcing Certain Facilities into Solution

Most decisions in public sector problems are made in
a political arena, probably with little bearing on budgetary
constraints. A procedure for forcing certain facilities may
therefore provide a device for analyzing such decisions. In
this study, the facility location is forced into solution by

assigning a very small Ci value (e.g., one is used in this

study), in effect, makinthhe route the least expensive.
Table 5.7 shows three examples of forced facility systems;
Figures 5.9-5.11 depict routing plans. Subsystem costs do
not reflect realistic costs of the system due to the imposed

C..'s. Actual subsystem costs are given and compared to the

i
uﬁiorced solution system. One should note that a higher
cost penalty tends to be associated with locations of low
robustness. Forcing Mtwara (RI=.33) resulted in a 30% subsys-
tem cost increase; forcing Tanita II (RI=low) alone resulted
in a 39% increase and even a larger increase (130%) if both
Tanita I and II were forced into solution. 1In this case, it
is not easy to directly assess the effect of these increases

on profits to CATA or their contribution to prices farmers

receive for their cashewnuts.
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O Production Center Location

@ ) Production Center and Plant Location

) Processing Plant Location

——  (ashew and Products Routing

Figure 5.7. Facility Location-Allocation Plan with
50% Plant Capacity Utilization.

Based on 1962-83 production figures.
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Production Center Location

Production Center and Plant Location

Processing Plant Location

}o@O

Cashew and Products Routing

Figure 5.8. Facility Location-Allocation Plan with
75% Plant Capacity Utilization.

Based on 1962-83 production figures.
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O Production Center Location

@ Production Center and Plant Location

—— Cashew and Products Routing

Figure 5.9. Facility Location-Allocation Plan:
Tanita II Forced into Solution
(1982-83 season production figures).
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O Production Center Location

@ Production Center and Plant Location

—+— (Cashew and Products Routing

Figure 5.10. Facility Location-Allocation Plan:
Mtwara Forced into Solution (1982-83 season
production figures).
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O Production Center Location

@ Production Center and Plant Locations

—=— (ashew and Products Routing

Figure 5.19. Facility Location-Allocation Plan:
Tanita I and Il Forced into Solution
(1982-83 season production figures).
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5.5. Computational Experience

User subroutines were written in FORTRAN V to implement
the interfacing with computer code LINDO. Due to a finan-
cial "squeeze," the code was only applied to solve fixed
charge capacitated problems. Because integer problems tend
to be difficult to solve, an addition of the Bender's cut
and tightening of formulations by specifying only the

allowed Ci.'s was found helpful in reducing the central

processingJunit time (CPU). Table 5.8 shows a summary of
computational requirements for solving the fixed charge
capacitated facility location problems run on CDC CYBER 750.
The computer time in this study compares favorably with

that reported in other studies (cf. Soland, 1974). All
problems were solved to optimum.

One important aspect to note is that increases in the
matrix size may lead to intolerably large amounts of com-
puter time. With such large problems, use of data files
(such as mathematical programming systems format files used
in industry (MPS files) for data input) need to be contem-
plated.

On LINDO, several observations may be made. A standard
solution report by LINDO also includes items that may be
used in sensitivity analysis, i.e., reduced costs and dual
prices. Reduced cost is interpreted as the rate at which
the objective function value will deteriorate if a variable

currently at zero is arbitrarily forced to increase a small

amount. If the units of the objective function are in
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Table 5.8. Computational Requirements for Solving the
Fixed Charge Problems.

—— ———————ter
Problem m n Time, s Time, s T e
(hours)
’ 3 4 .74 14.3 14
2 4 7 .84 16.7 .16
3 13 19 2.31 28.9 .42
4 13 19 2.08 27.9 .39
5 13 19 1.94 28.6 .47
6* 4 6 0.4 - -
7% 6 8 4.5 - _

*Compare Soland (1974) for similar fixed charge
problems with zero fixed costs.

n = supply center
m = demand center

Note: Average central memory usage for the 13x19 problem was
2.43 W-H. Cost for obtaining one solution ranged from
$3.80 (RG1) to $12.50 (RG3).
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dollars and the units of the variable are tonnes/year, then
the units of reduced costs are dollars per tonne/year. Its
value is the amount by which the variable profit contribu-
tion of the variable must be improved before the variable in
question would have a positive value in the optimal solu-
tion. A variable in optimal solution, of course, will have
a zero or negative reduced cost.

A dual price associated with each constraint is the
rate at which the objective function value will improve as
the right-hand side (RHS) or constant term of the constraint
is increased a small amount. The convention used in LINDO
is that a positive dual price means that increasing the RHS
in question will improve the objective function value while
a negative dual price means increasing the RHS will cause
the objective value to deteriorate. A zero dual price
implies that small changes in the RHS will have no effect on
the solution value.

LINDO does not provide for senstivity (range) analysis
for integer solutions due to the fact that the last integer
solution found in the branch-and-bound search is not
retained internally for further reference. This is cer-
tainly a negative on LINDO. It should also be noted that
LINDO does not do any scaling of the LP matrix. Therefore,
the user needs to scale the rows and columns to avoid numer-
ical problems. The rule of thumb is that nonzero coeffi-
cients should not be less than 0.0001 or more than 10°.

LINDO assumes that the data are accurate.



CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

The study reviewed handling and processing of cashew-
nuts in Tanzania, and, where appropriate, comparison was
made to other cashewnut-producing countries. The facility
location-allocation model was developed and solved using a
LINDO code. Bearing in mind the assumptions put forth and
accepting the fact that it is insight rather than numbers
that is important, one can say the following from the study:
(1) (a) Cashewnut processing facility capacity changes

showed a larger increase in total system costs
between 50% to 75% compared with 75% to 100%
capacity utilization. Above 75%, processing
facility utilization seemed to be a utilization
factor to aim toward under the circumstances. It
should be pointed out, however, that 75% and 100%
utilization solutions only provided five open
plants as opposed to nine open plants with 50%
utilization. Thus, a 50% utilization does answer
some public-sector criteria, such as provision of
a wider rural industrial base, income distribution
to rural areas, and avoidance of the risks that

pertain to centralization of facilities. Yet this

167



(2)

(b)

(a)

(b)
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does not rule out problems of decentralization,
such as those of communication and facility dupli-
cation (e.g., special equipment and specially
skilled labor).

The robustness index (not necessarily as defined
in statistics), based upon an optimum or near
optimum solution set in static problems, can be
used to sort out the robustness of a location in
relation to other locations. In case of initial
facility location problems, the so-called "green-
fields" situation (the RI ranking for the poten-
tial facilities based on projected demands) pro-
vides insight to the facility location-allocation
implementation strategy. 1In the case of a pres-
ence of existing facilities, RI ranking can be
used in the implementation of locational strategy,
with present sites as fixed bases from which to
move or with possibility of dropping old sites and
opening new ones over a longer planning horizon.
The model effectively provides optimal or near
optimal solutions to facility location-allocation
problems, allowing for, where necessary, split
shipments.

The "allowable" processing plant-production center
combination feature of the model for the input of
assignment costs is very helpful in providing some

answers to public sector issues, such as



(A)

(B)

(C)

(D)

(E)
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decentralization requirements and in stipulating
effects of such issues as closures due to weather.
(c) Although the interactive aspect of the model per-
mits closer scrutiny of data inputs, with large
problems, the process nevertheless tends to be
tedious. Therefore, use of data files for data
inputs may be necessary.
Based on the foregoing discussion, it is recommended:
Facility opening/closing strategies and shipment routes
found in this study should be presented to the Cashew-
nut Authority of Tanzania for consideration.
There is a need to explore the computational experience
for the factory operating costs with three piecewise
linear segments instead of the reported fixed charge
approach.
The use of similar solution techniques for agricultural
machinery management problems, such as location of farm
machinery workshops and machinery depots in large mech-
anized farms, should be explored.
There is a need to explore a dynamic approach to the
same cashew industry facility location-allocation prob-
lem for comparison with static solutions reported here.
The LINDO package needs to provide for a range test
when solving integer problems in order to provide for

sensitivity of solutions to small parameter changes.



P
=
2
S
H
s
s
s
H
H
S
H

170

INTERNAL AUDIT

(Chief Auditor)

3
:
H
3
(]

GENERAL MANAGER

(49beuey)
- NOT1V¥1SINIHOY )
Ze=~ 30N
SEE:
ssis (J9beuey)
;!Eg ININ013A30 ¥3A0NVH
£2=° (1,330 Janoduey)
= (Jabeuey) SNINNY1d/ININIVYY
SNOTIVI3¥ I1180d
(3uequnoady)
% SIUNLIONIAX3 ONY 1390n8
g.Bs
E3:¢
S 2z
(3ue3unoda)
030233 INNOJIY IVIINVNIS
(Ji llq)
(ebeuen) 2quoyT] W07 °S
NOI134SNI ONY 39V301S
g
= % (9beuey) (49beuey)
§ < 1N3N33N084 AIHSYD 290, uey) M0z “W|
s
(29beuey)
. SNIJdIHS SYIS¥I0
[&
JOHSYH0A
£
6u
e~ (2 3)
E =5 T33MIN3 AN0IIVS
=25
= 5 (J9beuey) 14430 butseyaung
S0 NOLLVAISININOY A¥01DVS JIVAQAVH T S3AVdS
2
(9bevey)
= “NINOY HO¥VIS3¥ AJHSY)
L
E eSS -é (s9beuey) (Jobeuey)
=<38% $I)1330 W02 “NINOY 3SVHOANG
s 28
]

(49beuey)
SISVHIUNG 3 NOILVINOASHYAL




171

$340¢ [ef3usjoq,

(A13603402) 5U0T3€30] Jus(¢ Du}s502014,,

(wssyes so 180) 3404 buyjesedg juesum,

2L | 260%c ] s00'L] LLs | €iy | oz 699 169 | 0y9 | 962 g2 | 261 (T 9 84 00y fos |os |02 0v9 | 085 | 265 | S65 staeny
089 | 9so't] L6 | €1y | 60f 492 SLS | ovS | ves | 26L 2 |9t 44 YL L | eeg J2zz jae 6YS | o8y | 005 | €05 +Ivn
(8 0Y9 | 48€ | o2¢ (11 %6 692 L€z | oL (1) 250 | 9e | 099 AL | ¥20'L | L06 06 | 268 Wi | so2 | 261 | cor 04060.0y
8y g2t | s (%2 L 95y 98¢ o | 9 86 Y92 | e 261 962 962 9€S 1 Siy £ly (114 149 962 60€ r{%1 ATNY
049 (118 192°L | s2L'L| y20'L | 850t | 606 L8 | 2%y 822'L | 496 | o6 9¢0'L | 260't | 2601 | 269 256 256 (1] (1] ({1} 28 14} okoqy
220°L] 269 92| L8 €99 L9¢ 226 488 | 082 9€$ 22 | 652 (114 004 004 0 192 192 26L €68 28 ({1} ({1 Ainpuny
Vet 192t oar | Lss | u29 | serr| €6y | ssy | Lgte | s 686 | €50°0 ] L16 | e00't | 800"t | v92'u | s | scLu | 690'c | o9 | 62v | 9Ly | L2y 4ebue)
20 | ve8 ] 690°t] S9S |19y | s L | 269 | 2y 1114 08 | & P14 902 |02 |21 |69 69 44 ol | ov9 | €99 | 999 isesey
6L | 28 oy |eu | 261 S9L ") 6¢ | ese | 962 09 | v29 | eey Joss Joes |28 [eoL |60l |0y [ (Y (74 S pmeqegsoeg
106 | 256 | sfi'i] w69 | 05S | w2 66L | o09L | oS | €1y 08 |9t Jrzz Jow |ow 192 | 0% 0y 69 9L | 6oL | 22 | sa efeney
0 | 096 | LS | oz oL | 602 | 29¢ | yeiti| 22 oy L6y sy Jus Jus Jese | w9 | vs9 | 99¢ 9L | otL | sz | 154 ey
98 0£6 £50°L | 64¢ 11} 82l (1Y) 9L9 | 6Ly 82 L}] (11 91 261 261 6£2 9L 9L 09 S99 429 ¥9 L£9 eanbuiyoey
(11 wo'e] L2 Jyor | L €LS 692 | 1£2 | oso‘i] L 1ot | Svy | 60¢ gLy | €y ) £S9 | ofS | ofS | L9y 0v2 | ost | 260 | <6 [2T21 ]
260 | 496 | 686 | S8y | 1e€ | 261 059 | 29 | us ¥92 19 |y 2 82l 2L |o0yz | o8 08 08 129 | o095 | €28 | 9L suely
oo | eso'L] verr] 9 | ses | ef 298 | 08 | L09 | 9% 261 | st 992 Jo2€ oz |o9cy | ez sz |Su €19 | asL | s9L | s9L s[eap)
"W W | e9f |9l Jovz | e s 8 | 0v8 | st 129 [ se9 | 6vS Jov9 Jov9 | g68 | oL | ou Lol 2 19 [} {4 eyeqly
692 | 606 | €6y | s02 | 692 | 248 ovt | ot | 596 | 98¢ 0S9 | sl | ees |699 | 699 | 226 |6l | 66L | osL L | 06 t 28 okowebeg
LE2 | 1ee | SSy | L9t | i€z | o8 9L 08 | L6 | e¥ 29 99 J0yS g9 |eg9 | ves o9 |09 | 269 ] % 6f " eaes |y
YL 254 LsL] wstti| oso'e | L09 $96 L2 | 8L 9LL 215 | 6Ly (19 0Y9 0Y9 082 10§ 10§ A 0v8 106 (1] £06 eabuog
Flgls|Z2lzs 5|51z (2sz|s|2||{s|*x|z(x|z|||°¢%
gl |||z |8 | |s |2 |s |8 |=z|2|s8|s|8|8 |8 |El2|5]|%5]:
3 s |l8!° : LI - LI I O S IS B e : t | o | | -

3 N L N 17| &

. L] . -

* 5

(S4232wOoIX) LYVHI 39VITIW ¥3ILN3ID NOILINQAOYUd




APPENDICES



APPENDIX A

CASHEWNUT AUTHORITY OF TANZANIA
FUNCTIONAL STRUCTURE



APPENDIX B
PRODUCTION CENTER MILEAGE CHART



APPENDIX C
FACTORY PRODUCTION COSTS: 1980-81
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APPENDIX D
TYPICAL COST OF PRODUCTION ITEMS



(A)

(B)

(C)

(D)
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TYPICAL COST OF PRODUCTION ITEMS

PACKING MATERIALS:

Tins and Lips

Labels

Prints and Thinners

Gas

Cartons

Strapping Coils and Pins
Soldering Sticks

DIRECT LABOR:

Machine and Manual Peeling Wages
Roasing, Shelling, and Shaker Wages
Grading Wages

Packing Wages

Production and Salaries and Wages

FIXED FACTORY OVERHEAD AND DEPRECIATION RATES

Land and Buildings

Plant and Machinery

Factory Plant and Machinery

Motor Vehicles and Motor Cycles

House, Office Furniture, and Equipment
Tarpolin and Loose Tools

VARIABLE FACTORY OVERHEAD:

Miscellaneous Packing Expenses
Charcoal '

Loading and O0ff-Loading

Housing Development Levy Expenses
Repair and Maintenance of Plant Machinery
Power and Light Expenses (Electrical)
Factory Fuel and 0Oils

Coconut 0il and Caustic Soda
Production Leave Pay

Drums

Cotton Waste

Factory Overtime Payments

Production Medical Expense

Fumigation Expense

Factory Loose Tool Consumption
Factory Welfare Expenses

Factory Personnel Traveling Expenses



APPENDIX E
MTWARA FACTORY PRODUCTION FIGURES: 1981-82
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MTWARA FACTORY PRODUCTION FIGURES: 1981-82*

Rawnuts Processed: 2,078.92 tons 100 %
Kernel Recovery: 434,37 tons 20.89%
CNSL: 158.08 tons 7.60%

Classification: Kernel Products

——— ——— — ———————————

Regional Price
Grades Tins Tons % Range
(%) ($/kg)
W210 17 0.193 0.04 0.0- 0.2 6.60
w240 509 5.772 1.33 0.0- 0.5 6.49
w320 4,686 53.139 12.23 16.6-27.9 6.16
W450 4,545 51.541 11.87 10.1-12.5 5.94
SW 3,133 35.528 8.18 6.0- 9.0 4.42
DW 1 - - - 4.2- 8.4 -
DWII 1,030 11.680 2.69 2.3-5.5 3.96
Subtotal 13,920 157.853 36.34
Pieces - - - 4,0-16.5 -
Butts 5,076 57.561 13.25 1.2-13.9 2.75
Splits 2,309 26.184 6.03 6.0-12.3 2.42
LWP 10,923 | 123.864 28.52 9.9-30.1 1.32
SWP 1,530 17 .351 3.99 3.6- 7.8 1.10
DP 3,723 42.219 9.72 0.6-13.9 1.36
SCB 823 9.334 2.15 1.5- 3.6 2.20
Subtotal 24,384 276 .515 63.66
GRAND
TOTAL 38,304 434.367| 100.00
Cashew
Waste - 62.230 2.99

*1981-82 Annual Report. Figures based on 208 working
days. Planned versus actual production was 3,120 and
2,089.921 tons, respectively.

CNSL Regional Range: 7-12%
Kernel Regional Range: 19-25%



APPENDIX F
CASHEW PRODUCTION LEVELS:

DERIVATION OF PREDICTION EQUATION USING
ANALYSIS OF VARIANCE AND ORTHOGONOL POLYNOMIALS
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(B) Test for Nonadditivity:

The data presented in the preceding table was tested
(AOV) for nonadditivity. The additivity was found to be
highly significant (P < 0.01), indicating that the data
require transformation. Since the ratio of variance to the
square of the mean (S?/Y;) was found to be relatively con-

stant, the appropriate transformation is logarithmic.
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(D) Analysis of Variance.
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__ e

Source daf SS MS F
Subregions 6 11.10
Production Year 4 1.94 0.485 28.53*
Error gﬂ 0.41 0.017
Total 34 13.45

*Significant (P<0.01)

(E) Partitioning Production Year Sum of Squares by Use of
Orthogonal Polynomials.

—_
PRODUCTION YEAR and TOTALS
2
Effect 5 A z 5 T Q rzci SS F
10.2492119.0869[11.6933|12.9615]14 .4239
Linear -2 -1 0 +1 +2 [11.2240] 7(10) | 1.80 |105.88*
Quadratic +2 -1 -2 -1 +2 |2.9112| 7(14) | 0.09 | 5.29*
Cubic -1 +2 0 -2 +1  |-1.5745] 7(10) | 0.04 2.35
Quartic +1 |6 |+ |2.6393) 7(70) | 0.0 | 1
Total 1.94
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(F) Prediction Equation.

The analysis shows significant (P<0.10) linear and
quadratic effects in the cashewnut production year. The

prediction equation is given by:

Y = Y + b1A1E1 + b2l2£2

where:
Y = 1.6976 (from section (C))
- z(xi-x)(Yi-Y) o
i~ <2 - 2
z(xi-x) rIcy
i e. p. . M.2240 _ 2.9112
*Eee W T 7710y e Y2 T O T(1EY
Xis Ay = 1, from tables of polynomials (Steel and
Torrie, 1980)
and:
- k? (n® -k?)
Ska1 = & - FTITTY k-
Thus:
X=X X=X 2 _
g, = — and g, = [(—)* - T 13
d d 12

where d is spacing between consecutive x's, k is degree of

polynomial, and n is the number of levels of a factor.
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Therefore, the prediction equation for cashew production

levels is:
¥ = 106976 + (1:220) (1) (58) o ZRLZ) )Ry - SN
Y = 1.6976 + 0.0802x - 0.4810 + 0.0297[0.25x* - 3x + 7]
Y = 1.6976 + 0.0802x - 0.4810 + 0.0074x* - 0.0891x + 0.2079
Y = 1.4245 - 0.0089x + 0.0074x?

Thus, the production center transformed production level
(Y) prediction equation for the ten-year production period

(x = production year) is:

Y = 1.4245 - 0.0089x + 0.0074x?



APPENDIX G
LAGRANGE MULTIPLIER TECHNIQUE



181

LAGRANGE MULTIPLIER TECHNIQUE

General Description
The Lagrange method of undetermined multipliers is
designed to solve problems of the form:
Optimize f(xi) i=1,2,...,n

subject to (x1,x2,...,xn) to satisfy the following equation:

n
-
N
-

.
L
3

gj(xi) = bj i

where m < n.
The general approach for the procedure begins by formu-

lating the Lagrangean function:

m

h(x;aag) = Flxg) = 0

xj[gj(xi) = bj]

where xj(j=1.2,...,m) are called Lagrange Multipliers.

The key fact should be noted that for the permissible
values of xi(i=1,2,...,n), gj(xi)-bj=0 for all i,
(j=1,2,...,m). Thus h(xi,xj) = f(si). Therefore, it can be
shown that if (xi,xj) = (Xf»lg) is a local or global mini-
mum or maximum for the unconstrainted function h(xi,xj).
then (x;) is a corresponding critical point for the original
problem. The method now reduces to analyzing h(xi,xj).

This involves setting the (n+m) partial derivatives at zero;

that is:



ag.
ah af m i
—_— = —— - I. — = 0 f k = 1,2,...,n
X X J=1A_]axk or
= =g.(x,) +b., =0 for i = 1,2,...,m

dah
e (. )
AJ jroi i

and then the critical points would be obtained by solving
these equations for (x1,xz,...,xn;x1,12,....Am). Notice
that the last m equations are equivalent to the constraints
in the original problem, so only permissible solutions are
considered. After further analysis to identify the global
minimum or maximum of h(.), the resulting value of
(x1,x2,...,xn) is the desired solution to the original
problem.

As an example, consider (Hellier and Lieberman, 1980):

n =2 and m = 1

The problem might be to:

Optimize f(x1’x2) = xﬁ + x% = 1
subject to:

g(x1,x2) = xﬁ + x% = 1

(i.e., in this case, (x1,x2) is restricted to be in circle
of radius 1 whose center is at the origin). Therefore, in

this case:

h(x1,x2) = xq + 2x2 - x[x? + x% - 1]



183

so that:

(1) §¥L = 2xq - 2xxq = 0
(2) gg% =2 - 2ax, = 0

(3) %% =[xy + x5 - 11 =0
Hence:

Equation (1) implies that a=1 or x1=0

If x=1, Equation (2) implies that x2=1, x1=0

If x1=0, then Equation (3) implies that x2=:1.
Therefore, the two critical points (x1,x2) = (0,1) and
(0,-1), providing the global maximum and minimum, respec-

tively.



APPENDIX H

PREDICTION EQUATIONS:
CASHEWNUT PRODUCTS FOR EXPORT
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(B) Example of Calculations for Regression Equation
Parameters: Rawnuts.

x|
"

Tx?

n

Therefore:

where:

<

21

3.5

91

324.9
54.15
18305.11

zY

=<|
"n

IY?

zxY = 1032.8

y - bx

IXy - x -zY/n
Ix® - (Zx)°/n

IxY - Ix -ZY/n

Y - (ZY)*/n

1032.8 - (21)(324.9)/6 _ -5.96

91 - (Z23)°/0 -

54.15 + 5.96(3-5) = 75.01

- 75.01 = 5.96x

1032.8 - (21)(423.9)/6
28305717 - (323.9)° 7%

-5.96

-0.15

r:2 = (-5.96)(-0.15)

0.89
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FORTRAN INTERFACED SUBROUTINES
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FORTRAN INTERFACED SUBROUTINES

Chrrn AANRRARARRE FOPPPY ARREE - ARR

Cx THE FOLLOWING USER SUPPLIED SUBROUTINES WERE INTERFACED "%
C* WITH THE MAIN PROGRAM IN LINDO (LINEAR INTERRACTIVE L
C* DESCRETE OPTIMIZER ) PACKAGE TO SOLVE CASHEW INDUSTRY bl
C* PROCESSING FACILITY LOCATION-ALLOCATION STUDY IN TANZANIA  #%
C* FOR THE LINKING PROCEDURE TO THE MAIN PACKAGE LINDO Lol
Cx SEE THE USERS' GUIDE SPECIFIC FOR THE COC CYBER 750 *
C& RUNNING UNDER THE MICHIGAN STATE UNIVERSITY HUSTLER SYSTER =#
C* THIS PARTICULAR SUBROUTINE 1S KEPT IN PFN-MATGENL INDO Lot

C

SUBROUT INE USER
MATRIX GENERATOR FOR FACILITY LOCATION-ALLOCATION
PLANNING ALTERNATIVES WRITTEN BY OMARI DIHENGA
AFTER KEPNER & SCHRAGE JUNE, 1984
DIMENSION 1RO (&), VAL (k)
DIMENSION CAP (50), FXD(50), D(300)
LOGICAL TRUBLE
DIMENS I1ON ALFANM (36)
INTEGER ALFANM, VNAME (8)
INTEGER BLANK
C 1/0 NUMBERS
DATA INPUT/5/,LOUT/6/
C ALPHABET
DATA ALFANM/1HO, 1H1, 1H2, 1H3, 1HL, TH5, 1H6, 1HT, THB, 1H9,
+ 1HA, 1HB, 1HC, THD, THE, THF , YHG, THH, TH1, 1HJ, THK, THL, 1HM,
+ 1HN, 1HOD, YHP, THQ, THR, 1HS, THT, THU, THV, 1HW, 1HX, 1HY, 1H2/
BLANK = » ©
C MAXIMUM NUMBER OF PROCESSING PLANTS
NDIM) = 50
C MAXIMUM NUMBER OF PRODUCTION CENTERS (CUSTOMERS)
NDIM2 = 300
TRUBLE = .FALSE.

oOMNO

50 WRITE (6,1001)
1001  FORMAT (/,' INPUT FOR PLANT AND TRANSPORTATION PROBLEM THE',/,
+ ' NO. OF PROCESSING PLANTS AND PRODUCTION CENTERS: ')
READ (5,%) NP,NC
IF (NP.GT.NDIN1)WRITE (6,2001) NDIM)
1F (NC.GT.NDIM2) WRITE (6,2002) NDIM2
IF (NP.LT.1)WRITE (6,2005) NP
IF (NC.LT.1)WRITE (6,2006) NC
IF ((NP.GT.NDIM1) .OR. (NC.GT.NDIN2))GO TO 50
1F ((NP.LT.1) .OR. (NC.LT.1))GO TO 50
WRITE (6,1002)
1002 FORMAT (' INPUT EACH PLANT CAPACITY, FIXED COST PAIR',/,
+ ' ONE PAIR PER LINE')
DO 100 | = 1,NP
WRITE (6,1003) |
1003  FORMAT (1X,1k,'s ')
READ (5,#) CAP (1) ,FXD (1)
100 CONTINUE

WRITE (6, 1004)
100k FORMAT (/,' INPUT PRODUCTION CENTER LEVELS, ONE PER LINE')
DO 200 | =1,NC
WRITE (6,1005) |
1005 FORMAT (1X,14,': ')
READ (5,%) D (1)
200 CONTINUE

C INITIALIZING ROWS
CALL INIT
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C GENERATE ROWS

C THE OBJECTIVE FUNCTION
C MIN SUMMATION C(1,J) X (1,J)+SUMMATION F (1) =Y (1)
CALL DEFROW(1,0.,1DROW, TRUBLE)

C PLANT CAPACITY ROWS

C FOR EACH |:SUMMATION OVER J:X(1,J)-Y (1)%K(1)<=0
DO 300 | = 1,NP
CALL DEFROW(1,0.,!DROW, TRUBLE)

300 CONTINUE

C THE PRODUCTION CENTER LEVEL ROWS

€ FOR EACH J:SUMMATION OVER 1:X(i,J) =D(J)
00 400 | =1,NC
CALL DEFROW(0,D (1), !DROW, TRUBLE)

400 CONTINUE

C GENERATE THE Y VARIABLES
VNAME (1) = ALFANM(35)
VNAME (5) = BLANK
VNAME (6) = BLANK
VNAME (7) = BLANK
VNAME (8) = BLANK
NONZ -2
IRO(1) =1
DO 500 | = 1,NP
VAL(1) = FXD(I)
VAL(2) = -CAP(1)
IRO(2) = I+)

C SET 11,12,13 = 3 DIGIT OF PLANT NUMBER
11 = 1/100
ITERP = |-11%100
12 = ITENP/10

13 = ITEMP-12%10
VNAME (2) = ALFANA(1141)
VNAME (3) = ALFANM(1241)
VNAME (k) = ALFANA(13+1)
CALL APPCOL (VNAME,NONZ,VAL, IR0, TRUBLE)
ITEMP = |
CALL SETSUB(ITEMP,1.)
500 CONTINUE

C GENERATE THE X VARIABLES
C X(1,J) REPRESENTING THE AMOUNTS OF SHIPMENT
C FROM THE PRODUCTION CENTER J TO THE
C PROCESSING PLANT | IF THAT PROCESSING PLANT
C IS A FEASIBLE SITE
WRITE (6,1006)
1006 FORMAT(/,' INPUT UNIT SHIPMENT COST,IN THE FORM',/,
+ ' 1,J,6(1,J), E.G. 3,6,k.5.TERMINATE WITH 0,0,0.',/,)
VNAME (1) = ALFANM(34)
NONZ = 3
IRO(Y) = 1
C FOR THE ALLOWED PLANT AND FACILITY
C PAIRS START LOOPING OVER FACILITY COMBINATIONS
INDEX = 0
600 INDEX = INDEX)
WRITE (6,1007) K
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1007 FORMAT (1X,1h,'s ')
READ (5,%) 1,J,C1J
1F(1.LE.0)GO TO 700
17 (1 .GT.NP)WRITE (6,2003) |
1F (J.GT.NC)WRITE (6,2004) J
IF(1.LT.1)WRITE (6,2007) |
1F (J.LT.1)WRITE (6,2008) J
1F{(1.GT.NP) .OR. (J.GT.NC)) GO TO 600
1F((1.LT.1).0R. (J.LT.1))GO TO 600
C SET 11,12,13=3 DIGIT OF PLANT NUMBER
11 = 1/100
ITENP = |-11%100
12 = ITEAP/10
13 = ITEAP-12%10
VNAME (2) = ALFANM(11+41)
VNAME (3) = ALFANM(1241)
VNAME (4) = ALFANM(I3+1)
C SET 11,12,13,1k = & DIGIT OF PRODUCTION CENTER NUMBER
11 = J/1000
ITENP = J-11%1000
12 = ITEAP/100
ITENP2 = ITEMP-12%100
13 = ITEMP2/10
th = |TEAP2-13%10

VNAME (5)
VNANE (6)
VNAAME (7)
VNANME (8)
VAL (1)
VAL (2)
IR0 (2)
VAL (3)
1RO (3)

ALFANA(1141)
ALFANM (1241)
ALFANM (13+1)
ALFANM (14+1)
(4F)

1.
1+)

1.
1+NP+J

CALL APPCOL (VNAME ,NONZ,VAL, IR0, TRUBLE)
G0 TO 600

700 RETURN

2001 FORMAT(/,'
2002 FORMAT(/,*
2003 FORMAT(/,'
2004 FORMAT (/,*
2005 FORMAT(/,*
2006 FORMAT (/,*
2007 FORMAT (/,'
2008 FORMAT (/,'

NUMBER OF PLANTS EXCEEDS THE MAXIMUM ALLOWED= ', 16)
NUMBER OF PROD.CENTERS EXCEEDS MAX ALLOWED= ',16)
IS TOO LARGE. (1GNORED) ')

IS TOO LARGE. (1GNORED) ')

PLANT NO. ',16,"
CENTER NO.', 16,'
NUMBER OF PLANTS °*
NUMBER OF CENTERS
NUMBER OF PLANTS,
NUMBER OF CENTERS,

SUBROUT INE NEWIP (ACTUAL , BOUND)
C GENERATE NEXT BENDERS CONSTRAINT FOR THE FACILITY LOCATION
C ALLOCATION PROBLEM
COMMON /PRIVAT/M,N,F (30) ,C (30,30)
DIMENS ION BEN (30),Y (30)
LOGICAL TRUBLE

C OUTPUT UWNIT

DATA OUT/6/
C LETS LOOK AT THE SOLUTION

CALL OUTSOL

GIANT = 10.E30
C GLOBAL WILL ACCUMULATE THE TRUE COST OF THIS SOLUTION

GLOBAL = 0.

00 100 | = 1M

O'}l.

!‘ls.l
l.ls.l
.0'30.

IS LESS THAN 1.')

1S LESS THAN 1.')

IS LESS THAN 1. (I1GNORED) ')
1S LESS THAN 1. (IGNORED) ')
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IARG = |
CALL REPVAR (1ARG,PRIMAL,DUAL)
Y(I) = PRIMAL
C ACCUMULATE THE FIXED COSTS OF OPEN PLANTS
GLOBAL = GLOBAL+F (1) #PRIMAL
C INITIALIZE THE BENDERS CONSTRAINT TO ZERO
BEN(1) = O.
100  CONTINUE
C SBCOST WILL ACCUMULATE THE SUBPROBLEM OR TRANSPORTATION COSTS
SBCOST = 0.
D0 300 J = 1,N
C FIND THE CLOSEST OPEN PLANT
CIJAIN = GIANT
DO 200 | = 1,M
IF(Y(1) .LT..9)GO TO 200
1IF(C(1,J) .LT. CIJMIN) CIJMIN = C(1,J)
200 CONTINUE
C ACCUMULATE THE SUBPROBLEM COST
SBCOST = SBCOST+CIJMIN
C NOW COMPUTEAND SUM OVER | THE DUAL PRICES ON THE CONSTRAINTS
cx@,d) >vQ)
DO 250 | = 1,M
DP = CIJAIN - C(1,J)
C IF OPENING OF SITE | WiLL HELP CUSTOMER J THEN ADD SAVINGS
IF (DP.GT.0.) BEN(I) = BEN(I)+DP
250 CONTINUE
300 CONTINUE
C GET ACTUAL TOTAL COST
ACTUAL = GLOBAL+SBCOST
WRITE (6,400) ACTUAL
400 FORMAT(/,' TRUE COST=',F12.2,/,' ADD THE CONSTRAINT:')
C GENERATE THE BENDERS CONSTRAINT
C DEFINE THE ROW TYPE THE RHS
CALL DEFROW(-1,SBCOST, IRNO, TRUBLE)
C NOW PUT IN THE COEFFICIENT FOR EACH VARIABLE
DO 500 | = 1,M
IARG = |
1F (BEN (1) .NE.O.) CALL INSERT (1RNO, |ARG,BEN (1) , TRUBLE)
IF (TRUBLE) GO TO 9000
500 CONTINUE
C INSERT THE BOUND VARIABLE
CALL INSERT (IRNO,M+1,1.,TRUBLE)
1¥ (TRUBLE) GO TO 9000
C SHOW THE NEW CONSTRAINT
CALL LOOK (1RNO, IRNO)
RETURN
9000 WRITE (6,9001)
9001 FORMAT (/,1X,' OUT OF SPACE IN NEWIP')
C ABORT SOLUTION
ACTUAL = GIANT
RETURN
END
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CRRRARRRAA RARRRARRRARRRE * RARRR kRR

C* THE FOLLOWING SUBROUTINES ARE LINKED TO LINDO PACKAGE #%
C* FOR SOLVING THE PUBLIC SECTOR ISSUES E.G. RELAXATION bid

Cx OF COSTS AS SPECIFIED BY THE RESTRICTIONS IMPOSED bodd
Cx BY THE MINIMUA AND MAXIMUM NUMBER OF FACILITIES ALLOWED &%
Cx TO BE OPEN. THE PROGRAM SOLVES THE SIMPLE FACILITY &K
C* LOCATIONAL PROBLEM USING A 'BENDERS' ALGORITHAM. b

C* THE SUBROUTINE IS LINKED TO LINDO IN PFN-BENHOPLINDO. %=
C* REQUIRED INPUTS: NO. OF FACILITIES,FIXED AND ASSIGNMENT %%
Cx COSTS, MINIMUM AND MAXIMUM OPEN FACILITIES ALLOWED. L

Chann Ly K%

SUBROUTINE USER (INPROB)
C MATRIX GENERATOR FOR FACILITY LOCATION WITH BENDERS CUT
C WRITTEN BY H O DIHENGA (FROM SCHRAGE SKEPNER) JUNE, 1984
COMMON/DESDATA/M,N,F (30) ,C (30,50)
DIMENSION 1RO (5), VAL (5)
LOGICAL TRUBLE
INTEGER ALFANM(36) , VNAME (8)
INTEGER BLANK
C 1/0 NUMBERS
DATA INPUT/5/,LOUT/6/
C ALPHABET
DATA ALFANM/1HO, YH), 1H2, TH3, 1HL, TH5, 1H6, 1HT, 1HB, 1H9,
+ 1HA, 1HB, 1HC, 1HD, THE, 1HF, THG, 1HH, TH1, 1HJ, THK, THL, 1HM,
+ 1HN, 1HO, 1HP, THQ, THR, 1HS, THT, THU, THV, 1HW, 1HX, THY, 1HZ/
BLANK = " »
C MAXIMUM NUMBER OF PROCESSING PLANTS
NDIM) = 30
C MAXIMUM NUMBER OF PRODUCTION CENTERS (CUSTOMERS)
NDIM2 = 50
TRUBLE = .FALSE.

50 WRITE (6,1001)
1001  FORMAT (/,' (INPUT FOR PLANT AND TRANSPORTATION PROBLEM THE',/,
+ ' NO. OF PROCESSING PLANTS AND PRODUCTION CENTERS: ')

READ (5,%) M, N
IF (R.GT.NDIMI)WRITE (6,2001) NDIM}
VF (N.GT.NDIM2)WRITE (6,2002) NDI M2
IF (M.LT.1)WRITE (6,2005) M
IF(N.LT.1)WRITE (6,2006) N
IF ((M.GT.NDIM)) .OR. (N.GT.NDIM2))GO TO 50
1F ((M.LT.1) .OR. (N.LT.1))GO TO 50

C ENTER THE OPENING RESTRICTIONS OF FACILITIES
WRITE (6,1000)

1000 FORMAT (/,' [INPUT MINIMUM AND MAXIMUM OPEN NO. OF PLANTS:')
READ (5,%) FANO, FAXO
WRITE (6,1002)

1002 FORMAT (* INPUT EACH FACILITY FIXED COSTS:')
DO 10 | = I,M
WRITE (6,90) |

90 FORMAT (1X,1h,'s ')
READ (5,%) F (1)
10 CONTINUE

C INITIALIZING ROWS
CALL INIT

C GENERATE ROWS
C THE OBJECTIVE FUNCTION

C AIN SUMMATION C(1,J) X (1,J)+SUNMATION F (1) =Y (1)
CALL DEFROW(1,0.,IRNO, TRUBLE)
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C GENERATE THE FACILITY OPENING RESTRICTIONS
CALL DEFROW(-1,FMNO, IRNO, TRUBLE)
CALL DEFROW (1,FMX0, IRNO, TRUBLE)

C GENERATE THE Y VARIABLES
VNAME (1) = ALFANAM(35)
VNAME (3) = BLANK
VNAME (4) = BLANK
VNAME (5) = BLANK
VNAME (6) = BLANK
VNAME (7) = BLANK
VNAME (8) = BLANK
NONZ -3
IRO()) =1
IRO(2) =2
VAL(2) = 1.

IRO(3) =3
VAL(3) =1,
D0 500 J = 1,M

VNAME (2) = ALFANM (J+1)
VAL(1) = F(J)
CALL APPCOL (VNAME ,NONZ,VAL, IR0, TRUBLE)
500 CONTINUE
WRITE (6, 100k)
1004 FORMAT (/,' INPUT ASSIGNMENTS COSTS')
DO 20 K = 1 ,MaN
WRITE (6,80) k
80 FORMAT (1X,1h,': ')
READ (5,%)CIJ
20 CONTINUE

C ADD THE Z VARIABLE
VNAME (1) = ALFANM(36)
VNAME (2) = NULL
NONZ = 1
VAL()) = 1.
CALL APPCOL (VNAME ,NONZ,VAL, IRO,TRUBLE)
RETURN
2000 FORMAT (/,' NUMBER OF PLANTS EXCEEDS THE MAXIMUM ALLOWED= ', 16)
2002 FORMAT (/,' WNUMBER OF PROD.CENTERS EXCEEDS MAX ALLOWED= ',16)
2003 FORMAT (/,' PLANT NO. ',16,' 1S TOO LARGE. (1GNORED) ')
200k FORMAT(/,' CENTER NO.', 16,' 1S TOO LARGE. (1GNORED) ')
2005 FORMAT(/,' NUMBER OF PLANTS ',13,' IS LESS THAN 1.')
2006 FORMAT(/,' NUMBER OF CENTERS ',13,' 1S LESS THAN 1.')
2007 FORMAT (/,' WNUMBER OF PLANTS, ',13,' IS LESS THAN 1. (IGNORED) ‘)
2008 FORMAT (/,' WNUMBER OF CENTERS, ',13,' IS LESS THAN 1. (1GNORED) ')
END

SUBROUT INE NEW!P (ACTUAL , BOUND)
C GENERATE NEXT BENDERS CONSTRAINT FOR THE FACILITY LOCATION
C ALLOCATION PROBLEM .
COMMON /DESDATA/M,N,F (30),C (30,50)
DIMENSION BEN (30),Y (30)
LOGICAL TRUBLE
€ OUTPUT UNIT
DATA 0UT/6/
€ LETS LOOK AT THE SOLUTION
CALL OUTSOL
GIANT = 10.£30
C GLOBAL WILL ACCUMULATE THE TRUE COST OF THIS SOLUTION



192

GLOBAL = 0.
DO 100 | = 1,MA
IARG = |

CALL REPVAR (1ARG,PRIMAL,DUAL)
Y (1) = PRIMAL
C ACCUMULATE THE FIXED COSTS OF OPEN PLANTS
GLOBAL = GLOBAL+F (1) #*PRIMAL
C INITIALIZE THE BENDERS CONSTRAINT TO ZERO
BEN(I) = 0.
100  CONTINUE
C SBCOST WILL ACCUMULATE THE SUBPROBLEM OR TRANSPORTATION COSTS
SBCOST = 0.
DO 300 J = 1,N
C FIND THE CLOSEST OPEN PLANT
CIJRIN = GIANT
D0 200 | = 1,M
IF(Y (1) .LT..9)GO TO 200
IF(C(1,J) .LT. CIJMIN) CIJMIN = C(1,J)
200  CONTINUE
€ ACCUMULATE THE SUBPROBLEM COST
SBCOST = SBCOST+CIJMIN
C NOW COMPUTE AND SUM OVER | THE DUAL PRICES ON THE CONSTRAINTS
CXx(1,J) > Y1) :
DO 250 | = 1,M
DP = CIJMIN - C(1,J)
C IF OPENING OF SITE | WILL HELP CUSTOMER J THEN ADD SAVINGS
IF(DP.GT.0.) BEN(I) = BEN(I)+DP
250  CONTINUE
300 CONTINUE
C GET ACTUAL TOTAL COST
ACTUAL = GLOBAL+SBCOST
WRITE (6,400) ACTUAL
400  FORMAT (/,' TRUE COST=',F12.2)
C GENERATE THE BENDERS CONSTRAINT
C DEFINE THE ROW TYPE THE RHS
CALL DEFROW (-1,SBCOST, IRNO, TRUBLE)
C NOW PUT IN THE COEFFICIENT FOR EACH VARIABLE
D0 500 | = 1,M
IARG = |
IF (BEN (1) .NE.O.)CALL INSERT (IRNO, | ARG,BEN (1) ,TRUBLE)
IF (TRUBLE) GO TO 9000
500 CONTINUE
C INSERT THE BOUND VARIABLE
CALL INSERT (IRNO,M+1,1.,TRUBLE)
IF (TRUBLE) GO TO 9000
C SHOW THE NEW CONSTRAINT
CALL LOOK (1RNO, IRNO)
RETURN
9000 WRITE (6,9001)
9001 FORMAT (/,1X,' OUT OF SPACE IN NEWIP')
C ABORT SOLUTION
ACTUAL = GIANT
RETURN
END
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SAMPLE MODEL OUTPUTS
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SAMPLE MODEL OUTPUTS

650 Y001 + 680 Y002 + &30 Y003 + 250 YOOL + 280 Y005

312 Y006 + 221 Y007 + 390 YOO8 + 390 Y009 + 390 Y010

390 YOIl + 375 YO12 + 430 YO13 + 5h.k X0050001 + 66.9 X0060001
25.2 X0110001 + 25.2 X0120001 + 21 X0090002 + 21 X0100002

36.1 X0080002 + 42 X0060002 + 24.8 X0070003 + 27.8 X0080003
36.1 X0090003 + 36.1 X0100003 + k2 X0060003 + 28.9 X0050004
37.8 X006000k + 5k.3 X011000k + 54.3 X0120004 + 37.8 X0050005
32.1 X0060005 + 33.7 X0070005 + &1.8 X0080005 + &1.8 X0090005
4).8 X0100005 + 33.7 X0060006 + 18.1 X0070006 + 31.k X0080006
60.5 X0090006 + 60.5 X0100006 + 10.2 X0060007 + 66.9 X0070007
91.2 X0080007 + 127.) X0090007 + 127.1 X0100007

51.3 X004L0008 + 100.2 X0050008 + 137.7 X0060008

124.7 X0070009 + 100.1 X0080009 + 26.2 X0130009

249.2 X0070010 + 22k.9 X0080010 + 125 X0130010 + 20.5 X0010011}
27.2 X0020011 + &5.5 X0030011 + 25.1 X0010012 + 31.9 X0020012
22.1 X0030012 + 0.2 X0010013 + &7 X0020013 + 65.2 X0030013
100 X001001k + 93.8 X0020014 + 125 X0030014 + 61.2 X0040O14
66.7 X0010015 + 600.5 X0020015 + 91.7 X0030015

115.3 X00L0OO15 + 12.7 X0010016 + 12.7 X0020016 + 25.2 X0030016
216.5 X0010017 + 223.3 X0020017 + 191.6 X0030017

377.4 X004k0017 + 432.8 X0010018 + 439.6 X0020018

407.9 X0030018 + 459.9 X0080018 + 100 X0010019 + 16.8 X0020019
75.)1 X0030019 + 254.1 X0040019

70

- 12 YOOl + X0010011 + X0010012 + X0010013 + X001001k
X0010015 + X0010016 + X0010017 + X0010018 + X0010019

0
- 12 YO02 + X0020011 + X0020012 + X0020013 + X0020014
X0020015 + X0020016 + X0020017 + X0020018 + X0020019
0
- 10 Y003 + X0030011 + X0030012 + X0030013 + X0030014
X0030015 + X0030016 + X0030017 + X0030018 + X0030019
(]
- 5 YOOk + XOOLOO08 + XO0OLOO14 + XOOLOOIS + XO0L0O17
X0040019 <= 0O
- 5 Y005 + X0050001 + X005000k + X0050005 + X0050008 <=
- § Y006 + X0060001 + X0060002 + X0060003 + X0060004
X0060005 + X0060006 + X0060007 + X0060008 <= 0
- 5 Y007 + X0070003 + X0070005 + X0070006 + X0070007
X0070009 + X0070010 <= 0
- 10 Y008 + X0080002 + X0080003 + X0080005 + X0080006
X0080007 + X0080009 + X0080010 + X0080018 <= 0
- 10 YO09 + X0090002 + X0090003 + X0090005 + X0090006
X0090007 <= 0
- 10 YO10 + X0100002 + XO0100003 + X0100005 + X0100006
X0100007 <= 0
- 100 YOI1 + X011000! + X011000k <= 0
- 8 Y012 + X0120001 + X012000k <= 0
- 10 YO13 + XO130009 + X0130010 <= 0
X0050001 + X0060001 + X0110001 + X0120001 = 1.767
10090002 + X0100002 + X0080002 + X0060002 = 9.506
20070003 + X0080003 + X0090003 + X0100003 + X0060003
.323
X0050004 + X006000hk + X011000k + X0120004 = 1.17%
X0050005 + X0060005 + X0070005 + X0080005 + X0090005
X0100005 = 3.3
xoo‘ooosa + X0070006 + X0080006 + X0090006 + X0100006
0.812
X0060007 + X0070007 + X0080007 + X0090007 + X0100007
0.935
X00k0008 + X0050008 + X0060008 = 0.567
X0070009 + X0080009 + X0130009 = 2.092



24)
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END
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17: = A
18: ' 'm A
19: = A
20: =T
21: ' 's T
22: -7
23: = A
2b: ' 'm U
25: s A
26: -7
27: ' ‘s T
28: = A
29: -7
30: ' 's T
3 =T
32: T
33: 1 V's T

LP OPTIMUM FOUND AT STEP 5L
NEW INTEGER SOLUTION AT BRANCH 11 PIvVOT 122

OBJECTIVE FUNCTION VALUE

1) 3324.89930
VARIABLE VALUE REDUCED COST
Y001 .000000 .000000
Y002 .000000 -19.600000
Y003 1.000000 430.000000
YOO, .000000 -69.000000
Y005 1.000000 260.000000
Y006 .000000 -28.000000
Y007 1.000000 164 . 500000
Y008 .000000 31.000000
Y009 1.000000 390.000000
Y010 1.000000 390.000000
Yo .000000 =2930.000000
Y012 .000000 .000000
Y013 .000000 =925.000000
X0050001 1.767000 .000000
X0060001 .000000 76.500000
X0110001 .000000 .000000
X0120001 .000000 13.675000
X0090002 9.506000 .000000
X0100002 .000000 .000000
X0080002 .000000 51.000000
X0060002 .000000 89.000000
X0070003 1.106000 .000000
X0080003 .000000 27.600000
X0090003 000000 .000000
X0100003 3.217000 .000000
X0060003 .000000 73.900000
X005000k 1. 174000 .000000
X006000k .000000 72.900000
X0110004 .000000 54 .600000
X0120004 000000 68.275000

X0050005 1.492000 -000000



X0060005
X0070005
X0080005
X0090005
X0100005
X0060006
X0070006
X0080006
X0090006
X0100006
X0060007
X0070007
X0080007
X0090007
X0100007
X0040008
X0050008
X0060008
X0070009
X0080009
X0130009
X0070010
X00800 10
X0130010
X0010011
X0020011
X0030011
X0010012
X0020012
X0030012
X0010013
X0020013
X0030013
X0010014
X0020014
X0030014
X00400 1k
X0010015
X0020015
X0030015
X0040015
X0010016
X0020016
X0030016
X0010017
X0020017
X0030017
X0040017
X0010018
X0020018
X0030018
X0080018
X0010019
X0020019
X0030019
X0040019

ROW
2)
3)

.000000
.000000
.000000
.000000
1.879000
.000000
.812000
.000000
.000000
.000000
.000000
.935000
.000000
.000000
.000000
.000000
.562000
.000000
2.092000
.000000
.000000
.055000
.000000
.000000
.000000
.000000
4.670000
.000000
.000000
.686000
.000000
.000000
.469000
.000000
.000000
1.077000
.000000
.000000
.000000
.293000
.000000
.000000
.000000
.500000
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58.300000
3.200000
35.900000
.000000
.000000
72.300000
.000000
37.900000
31.100000
31.100000
.000000
000000
48.900000
48.900000
48.900000
10.900000
.000000
101.500000
.000000
.000000
25.700000
.000000
.300000
.000000
29.166667
40.000000
.000000
57.166667
68.100000
.000000
29.166667
40.100000
.000000
29.166667
27.100000
.000000
.000000
29.166667
567.100000
.000000
87.400000
41.666667
45.800000
.000000
79.066667
90.000000
.000000
249.600000
79.066667
90.000000
.000000
87.900000
79.066667
.000000

.000000
2h2.800000
DUAL PRICES

54.166667
58. 300000
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4) 1.526000 .000000
5) .000000 63.800000
6) .000000 4 .000000
D .000000 68.000000
8) .000000 11.300000
9) .000000 35.900000
10) .h9L000 .000000
1) 4.904000 .000000
12) .000000 33.200000
13) .000000 46.875000
4) .000000 135.500000
15) .000000 ~58. 400000
16) .000000 -21.000000
17) .000000 -36.100000
18) .000000 =32.900000
19) .000000 ~41.800000
20) .000000 -29.400000
21) .000000 -78.200000
22) .000000 ~10k.200000
23) .000000 -136.000000
24) .000000 -260.500000
25) .000000 -45.500000
26) .000000 =22.100000
27) .000000 -65.200000
28) .000000 -125.000000
29) .000000 -91.700000
30) .000000 -25.200000
31) .000000 =191.600000
32) .000000 -407.900000
33) .000000 -75.100000

NO. ITERATIONS= 122
BRANCHES= 11 DETERM.= 96.000f ©

34) Y001 >= 0
END
INTEGER-VARIABLES= 13

BOUND ON OPTIMUM: 2454.409
ENUMERATION COMPLETE. BRANCHES= 11 PIVOTS= 122

LAST INTEGER SOLUTION 1S THE BEST FOUND
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MIN 650 YOO! + 680 Y002 + 430 YO03 + 250 YOOk + 280 Y005
: + 312 YO06 + 221 Y007 + 390 YOOB + 390 Y009 + 390 Y010
4+ 390 YOIl + 375 Y012 + A30 Y013 + X0020001 + X0020002
X0020003 + X0020004 + X0020005 + X0020006 + X0020007
X0020008 + X0020009 + X0020010 + X0020011 + X0020012
X0020013 + X0020014 + X0020015 + X0020016 + X0020017
X0020018 + X0020019 + 5k.k X0050001 + 66.9 X0060001
25.2 X0110001 + 25.2 X0120001 + 21 X0090002 + 21 X0100002
36.1 X0080002 + 42 X0060002 + 24.8 X0070003 + 27.8 X0080003
36.1 X0090003 + 36.1 X0100003 + &2 X0060003 + 28.9 X0050004
7.8 X0060004 + 54.3 X011000k + 5k.3 X012000k + 37.8 X0050005
2.1 X0060005 + 33.7 X0070005 + k1.8 X0080005 + &1.8 X0090005
1.8 X0100005 + 33.7 X0060006 + 18.1 X0070006 + 31.4 X0080006
0.5 X0090006 + 60.5 X0100006 + 100.2 X0060007 + 66.9 X0070007
1.2 X0080007 + 127.1 X0090007 + 127.1 X0100007
1.3 X0040008 + 100.2 X0050008 + 137.7 X0060008
24.7 X0070009 + 100.1 X0080009 + 26.2 X0130009
49.2 X0070010 + 22k.9 X0080010 + 125 X0130010 + 20.5 X0010011
5.5 X0030011 + 25.1 X0010012 + 22.1 X0030012 + 40.2 X0010013
5.2 X0030013 + 100 X001001k + 125 X0030014 + 61.2 X00LOO1k
0.5 X0010015 + 91.7 X0030015 + 115.3 X00L0OO15 + 12.7 X0010016
5.2 X0030016 + 216.5 X0010017 + 191.6 X0030017
377.k X00L0O17 + 432.8 X0010018 + 407.9 X0030018
+ 459.9 X0080018 + 100 X0010019 + 75.1 X0030019 + 25k.1 XO0L0O19
SUBJECT TO
2) = 12 YOO! + X0010011 + X0010012 + X0010013 + X0010014
+ X0010015 + X0010016 + X0010017 + X0010018 + X0010019
<= 0
3) - 12 Y002 + X0020001 + X0020002 + X0020003 + X0020004
+ X0020005 + X0020006 + X0020007 + X0020008 + X0020009
+ X0020010 + X0020011 + X0020012 + X0020013 + X0020014
+ X0020015 + X0020016 + X0020017 + X0020018 + X0020019
<= 0
L) - 10 Y003 + X0030011 + X0030012 + X0030013 + X0030014
+ X0030015 + X0030016 + X0030017 + X0030018 + X0030019
< 0
5) - 5 YOOL + XOO0LOOO8 + XOOLOO14 + XOOA0O15 + XO0040017
+ X00LOO19 <= 0O
6) - 5 Y005 + X0050001 + X005000k + X0050005 + X0050008 <= 0
7) - 5 Y006 + X0060001 + X0060002 + X0060003 + X006000k
+ X0060005 + X0060006 + X0060007 + X0060008 <= ©
8) - 5 Y007 + X0070003 + X0070005 + X0070006 + X0070007
+ X0070009 + X0070010 <= 0
9) - 10 YOO8 + Xx0080002 + Xx0080003 + X0080005 + X0080006
+ X0080007 + X0080009 + X0080010 + X00B0018 <= ©
10) - 10 Y009 + X0090002 + X0090003 + X0090005 + X0090006
+ X0090007 <= ©
11) - 10 YO10 + X0100002 + XO100003 + X0100005 + X0100006
+ X0100007 <= O
12) = 10 YO11 + X0110001 + X011000hk <= 0O
13) - 8 Y012 + X0120001 * X012000k <= O
14) - 10 YO13 + X0130009 + X0130010 <= 0
15) 10020001 + X0050001 + X0060001 + XO110001 + X0120001
- 1.767
16) xog:zooz + X0090002 + X0100002 + X0080002 + X0060002
- 9. :
17) X0020003 + X0070003 + X0080003 + X0090003 + X0100003
+ X0060003 = &.323
18) X0020004 + X0050004 + XO060004 + XO110004 + X0120004
- 1. 17
19) X0020005 + X0050005 + X0060005 + X0070005 + X0080005
+ X0090005 + X0100005 = 3.

LR 2K 2K 25 2K 2R JE 2K 2K K JE K JE B JE JX 2K 3K 2 J
NOREN <N O 8w
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1M

LP OPTIMUM FOUND AT STEP 53
NEW INTEGER SOLUTION AT BRANCH 12 PIVOT 149

OBJECTIVE FUNCTION VALUE

1) 2413.79650
VARIABLE VALUE REDUCED COST
Y001 .000000 68.000000
Y002 1.000000 -42.400000
Y003 .000000 39.000000
YOOh 1.000000 250.000000
Y005 .000000 235.500000
Y006 1.000000 312.000000
Y007 1.000000 164 . 500000
Y008 .000000 307.000000
Y009 1.000000 390.000000
Y010 .000000 390.000000
Y011 000000 30.000000
Y012 .000000 87.000000
Y013 .000000 80.000000
X0020001 1.767000 .000000
X0020002 .000000 40.200000
X0020003 .000000 25. 100000
X0020004 .000000 23. 400000
X0020005 .000000 29.100000
X0020006 000000 31.800000
X0020007 .935000 .000000
X0020008 . 9.900000
X0020009 2.092000 .000000
X0020010 .055000 .000000
X0020011 4.067000 .000000
X0020012 .686000 .000000



X0020013
X0020014
X0020015
X0020016
X0020017
X0020018
X0020019
X0050001
X0060001
X0110001
X0120001
X0090002
X0100002
X0080002
X0060002
X0070003
X0080003
X0090003
X0100003
X0060003
X0050004
X0060004
X0110004
X0120004
X0050005
X0060005
X0070005
X0080005
X0090005
X0100005
X0060006
X0070006
X0080006
X0090006
X0100006
X0060007
X0070007
X0080007
X0090007
X0100007
X0040008
X0050008
X0060008
X0070009
X0080009
X0130009
X0070010
X0080010
X0130010
X0010011
X0030011
X0010012
X0030012
X0010013
X0030013
X0010014
X0030014
X004k0014
X0010015
X0030015
X0040015

. 469000
-357000
.293000
.500000
.515000
. 139000
. 125000
.000000
.000000
.000000
.000000
.506000
.000000
.000000
.000000
. 188000
.000000
. 135000
.000000
.000000
.000000
. 174000
.000000
.000000
.000000
3.371000

.000000

.000000

.000000

.000000

.000000

.812000

.000000

.000000

!

-
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000000
000000
000000
000000
000000
000000
.000000
2.100000
5.700000
.000000
.000000
.000000
.000000
23.400000
21.000000
.000000
.000000
.000000
.000000
5.900000
.000000
.000000
52.500000
52.500000
14.600000
.000000
12.900000
18.000000
9.700000
9.700000
4.300000
.000000
10. 300000
31.100000
31.100000
39.000000
17.000000
38. 300000
65.900000
65.900000
.000000
57.800000
86.400000
74 .800000
47.200000
.000000
199. 300000
172.000000

7.800000
23.400000
12.400000

.000000
27 .500000
43.100000
87.300000
102.900000

.000000
47.800000
69.600000
5k . 100000



APPENDIX K
SAMPLE SHIPMENT PLANS
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X0010016 .000000 .000000
X0030016 .000000 3.100000
X0010017 000000 203.800000
%0030017 .000000 169.500000
X0040017 .000000 316.200000
%0010018 .000000 420.100000
X0030018 .000000 385.800000
X0080018 .000000 407.000000
X0010019 000000 87.300000
X0030019 .000000 53.000000
X004L0019 .000000 192.900000
ROW SLACK DUAL PRICES
2) .000000 48.500000
3) .000000 60.200000
&) .000000 39.100000
5) 3.713000 .000000
6) .000000 8.900000
7 . k55000 .000000
8) .000000 11.300000
9) .000000 8.300000
10) .359000 .000000
M) .000000 .000000
12) .000000 36.000000
13) .000000 36.000000
14) .000000 35.000000
15) .000000 -61.200000
16) .000000 -21.000000
17) .000000 -36. 100000
18) .000000 -37.800000
19) .000000 -32.100000
20) .000000 -29.400000
21) .000000 -61.200000
22) .000000 -51.300000
23) .000000 -61.200000
24) .000000 -61.200000
25) .000000 -61.200000
26) .000000 -61.200000
27) .000000 -61.200000
28) .000000 -61.200000
29) .000000 -61.200000
30) .000000 -61.200000
31) .000000 -61.200000
32) .000000 -61.200000
33) .000000 -61.200000

NO. ITERATIONS= 149
BRANCHES= 12 DETERM.= 1.000E O

34) Y00l >= 0
END
INTEGER-VARIABLES= 13

BOUND ON OPTIMUM: 1998.502
ENUMERATION COMPLETE. BRANCHES= 12 PIVOTS= 149

LAST INTEGER SOLUTION 1S THE BEST FOUND
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MIN 65 Y1 + 6800 Y2 + &3 Y3 + 25 Y& + 280 Y5 + 312 Y6 + 221 Y7
+ 390 Y8 + 390 Y9 + 390 YA + 390 YB + 375 YC + 430 YD + 2
SUBJECT TO

2) YI 4+ Y24 Y34+ Yh+ Y5+ Yo+ Y74+ YB4+ Y9+ YA+ YB
+ YC+ YD> 6
3) YI+ Y24+ Y3+ Yh+ Y54+ Yo+ Y7+ YB+ Y3+ YA+ YB
+ YC+ YD<= 13
END
YYYYYYYYYYYYY
123456789a8BCD2Z
1:BDBBCCCCCCCCC ) MIN
2:11 111111111y > 6
3:1 111 T I ‘e B
LP OPTIMUM FOUND AT STEP n
LP OPTIMUM IS IP OPTIMUM
NEW INTEGER SOLUTION AT BRANCH 0 PIVOT n
OBJECTIVE FUNCTION VALUE
1) 946 . 000000
VARIABLE VALUE REDUCED COST
Y1 1.000000 =247.000000
Y2 .000000 6488.000000
Y3 1.000000 -269.000000
Yi 1.000000 -287.000000
Y5 1.000000 -32.000000
{3 1.000000 .000000
Y? 1.000000 =91.000000
Y8 .000000 78.000000
\{) .000000 78.000000
YA .000000 78.000000
(] .000000 78.000000
YC .000000 63.000000
YD .000000 118.000000
b3 .000000 1.000000
ROW SLACK DUAL PRICES
2) .000000 -312.000000
3) 7 .000000 .000000
NO. ITERATIONS= n

BRANCHES= O DETERM.= 1.000f ©

b) 2> 0
END .
INTEGER-VAR | ABLES= 13

BOUND ON OPTIMUM: 9k6.0000
ENUMERATION COMPLETE. BRANCHES= 0 PIVOTS= 1]
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LAST INTEGER SOLUTION IS THE BEST FOUND
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APPENDIX L
FACILITY LOCATION-ALLOCATION PROGRAM

User's Guide in Brief
[Specific to CDC Cyber 750, MSU Hustler System]
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FACILITY LOCATION-ALLOCATION PROGRAM WITH LINDO

User's Guide*

The LINDO package is a system for solving linear, inte-
ger, and quadratic programming models using the Revised
Simplex Method algorithms. In this case, one is restricted
to linear programs of a distribution nature; namely,
locational problems.

The facility location-allocation program makes use of
the presence of a replaceable dummy subroutine USER in the
LINDO package. The USER-supplied subroutine, in this case,
replaces the dummy subroutine. This replacement generally
requires relinking of the entire package. Once "hooked up,"
the user can do a variety of things such as providing a
special purpose input/output procedure. Several LINDO sub-
routines can be called from user-supplied subroutines to

communicate with LINDO.*

Data Required by Program

The facility location-allocation program can analyze
the distribution system's cost and locate facilities (e.g.,
processing plants, machinery repair workshops, manufacturing

plants, etc.) and allocate the demand points (e.g.,

*For details in using LINDO, see, Linus Schrange, 1981,
User's Manual for LINDO, The Scientific Press.
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production centers, customers, depots, etc.) to supply
points and also provide shipment levels for each allocation.
Total system cost is also reported. Both optimum and near
optimum solutions can be obtained. By using the Bender's
cut algorithm, also supplied in subroutine USER, new con-
straints can be added during a solution session. This
allows for parametric analysis as well as budgetary relaxa-
tion of costs.

Input data required by the program include:

Example

Number of Facilities* Processing plants versus pro-
duction centers

Repair workshops versus farm
units

Facility Capacities Annual processing capacity
(tons) versus annual produc-
tion level (tons)

Man hours skilled job versus
man hours of repair

Facility Fixed Costs $/year versus $/year
Assignment Costs Transportation, operating

costs, etc., for each facility
combination.

Use of Program

The facility location-allocation programs are currently

stored in permanent files (Pfn) in a compiled form as

*What facilities are designated supply and which are
demand is irrelevant as long as consistency is maintained.
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MATGEN2LINDO and BENHOPLINDO. They can both be accessed by
attaching an editor work file to the permanent file and

executing the work file as follows:

(Log in)
OK - attach, new, Pfn.
OK - set core.
L? new.
EXEC BEGUN.15.36.57.
LINDO (UC 30 JUNE 81)

. user

Printing Output and/or Input Files

LINDO has a DIVERT command which, once given (typed),
all subsequent session portions linked to LINDO will be
diverted to a file until a RURT command is issued. Once out
of LINDO, a dispose command can then be used to print the
output. The following example session provides a guide (one -

only types the small letters):

EXEC BEGUN.16.31.49.

LINDO (UC 30 JUNE 81)

: divert [DIVERTS SESSION TO FILE]

FILE NUMBER:

? 2 [YOU HAVE SPECIFIED FILE # 2]
: user [YOU HAVE CALLED USER ROUTINE]
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LAST INTEGER SOLUTION IS THE BEST FOUND

:rvrt [DIVERTS SESSION TO TERMINAL]
leav [OUT OF USER ROUTINE]
: quit [UNHOOKS FROM LINDO]

OK - dispose, tape 2, pr=page, elite, 1 site.

[NOTICE RHYMING OF FILE NUMBER
WITH TAPE NUMBER]

[(OUTPUT IS PRINTED BY XEROX
9700 HIGH SPEED PAGE PRINTER]

Example Session

The following session shows input and output for
analyzing the setting up of an agricultural machinery repair
center system for a hypothetical developing country (see
Map 1). Four out of the seven agricultural centers are
potential facility centers. Relevant data have been accumu-
lated, a summary of which is given below:

Number of agricultural centers (demanding

repair jobs) = 7

Number of potential repair centers

(supply repair skills) = 4

Opening restrictions: Maximum open = 4
Minimum open = 2

Fixed costs/assignment costs Table 1
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Agricultural Center (Potential Repair Center)
Road Network

Mileage (50 km)

Regional Boundary

|| =

Map 1. Machinery Repair Center Hypothetical
Problem: Routes and Mileage.
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MIN 5§ YOO! + 3 Y002 + & YO03 + 2.5 YOOL + 5 X0010001 + 30 X0020001
180 X0030001 + 450 X004L0001 + 30 X0010002 + 30 X0020002
15 X0030002 + 420 XO004L0002 + 75 X0010003 + 105 X0020003
255 X0030003 + 525 X0040003 + 180 X0010004 + 150 X002000k
75 X0030004 + 270 XO04LOO0Ok + 24O X0010005 + 210 X0020005
60 X0030005 + 24O XO040005 + 360 X0010006 + 330 X0020006
180 X0030006 + 90 X00LOOO6 + 450 X0010007 + 420 X0020007
+ 270 X0030007 + 60 X0040007
SUBJECT TO
2) - 8 Y001 + X0010001 + X0010002 + X0010003 + X001000k
+ X0010005 + X0010006 + X0010007 <= O
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)

+4++4++4
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1) X0010006 + X0020006 + X0030006 + XOOLOOO6 = 2
12) X0010007 + X0020007 + X0030007 + XO004LO007 = 0.9
END
sus Y001 1.00
suB Y002 1.00
suB Y003 1.00
SuB Yool 1.00
XXXXXXXXXXXXXXXXXXXXXXXXX
0000000000000000000000000
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YYYY0OO000000000000000000000000
000000000000000000000000000O00
00000000000000000000000000000O0
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LP OPTIMUM FOUND AT STEP

NEW INTEGER SOLUTION AT BRANCH

1)

VARIABLE
Y00!
Y002
Y003
YOO,

X0010001
X0020001
X0030001
X00L0001
X0010002
X0020002
X0030002
X004L0002
X0010003
X0020003
X0030003
X0040003
X0010004
X0020004
X0030004
X004L0004
R0010005
X0020005
X0030005
X0040005
X0010006
X0020006
X0030006
X0040006
X0010007
X0020007
X0030007
X0040007

ROW

10

3 PIVOT

OBJECTIVE FUNCTION VALUE

606.50

v

H

0000

ALUE
1.000000
.000000
1.000000
1.000000
.800000
.000000
.000000
.000000
.000000
.000000
1.000000
.000000
1.800000
.000000
.000000
000000
000000
000000
800000
000000
000000
000000
1.200000
.000000
.000000
.000000
.000000
2.000000
000000
000000
000000
900000

-
* s e o s o

LACK

REDUCED COST
5.000000
3.000000
4.000000
2.500000

.000000
25.000000
175.000000
hk5.000000
15.000000
15.000000
.000000
405.000000
.000000
30.000000
180.000000
450.000000
105.000000
75.000000
.000000
195.000000
180.000000
150.000000
.000000
180.000000
270.000000
240.000000
90.000000
.000000
390.000000
360.000000
210.000000
.000000

DUAL PRICES

13
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2) 5.400000 .000000
3) .000000 .000000
L) & .000000 .000000
5) 5.100000 .000000
6) .000000 -5.000000
7) .000000 -15.000000
8) .000000 -75.000000
9) .000000 -75.000000
10) .000000 -60.000000
n) .000000 -90.000000
12) .000000 -60.000000

NO. ITERATIONS= 13

BRANCHES= 3 DETERM.= 1.000E O
13) Y001 >= 0

END

INTEGER-VARIABLES= b

BOUND ON OPTIMUM: 602.9063

ENUMERATION COMPLETE. BRANCHES= 3 PIVOTS= 13

LAST INTEGER SOLUTION 1S THE BEST FOUND
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KEY
O Agricultural Center

© Designated Workshop Facility
Location

&, Routing of Repair Jobs (000)

Map 2.

Machinery Unit Location Plan Showing
Repair Volume Routings
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