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OR CHRONICLE

THE PLANT LOCATION PROBLEM:
NEW MODELS AND RESEARCH PROSPECTS

CHARLES S. REVELLE
The Johns Hopkins Unwersity, Baltimore, Maryland

GILBERT LAPORTE

Université de Montréal, Montréal, Canada
(Received August 1993; revisions received June 1995, April 1996; accepted April 1996)

The plant location problem has been studied for many years. Yet, a number of important real world issues and variants have not
been investigated or resolved and merit further attention and research. This paper describes new statements of the problem (1) with
new and different objectives, (2) with multiple products and multiple machines in which new models of production are considered,

and (3) with spatial interactions.

The classic plant location problem has been very well
studied over the years. The plant location problem is
rooted in the seminal work of Weber (1909), but workable
and realistic models and algorithms began to emerge only
in the mid-1960s with the arrival of automatic computation
capabilities. Significant results have been achieved by a
variety of researchers in recent years. Some of this work
has been reported and reviewed in books and surveys
(Hansen et al. 1987, Brandeau and Chiu 1989, Mirchan-
dani and Francis 1990, Francis et al. 1992, Labbé et al.
1995). Both the uncapacitated and the capacitated versions
of the problem have received lavish attention, especially
algorithmic attention. Nonetheless, a number of meaning-
ful and practical issues in plant location remain unat-
tended and unstudied. This article describes in detail the
modelling issues associated with these outstanding prob-
lems and suggests new and realistic problem statements
that have, to the authors’ best knowledge, apparently never
been considered in the literature. Problems are drawn
from a recognition that certain features of existing models
are not fully realistic, and from encounters with practical
problems in industry. Realism seems to be achieved only
with reformulation and complications in problem state-
ment. As a result, existing solution methods are not likely
to be adequate for the problems described here.

The contribution of this article is to suggest new prob-
lems and models, all having practical relevance. Although
no concrete steps are taken here to resolve these unstud-
ied issues, they are raised, lest someone think the field
barren of challenges or ideas. In other words, our goal in
this article is to describe new challenging problems, not
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solution techniques. We hope our work will stimulate
needed research in the field of plant location. In recent
years, powerful algorithms such as polyhedral branch and
cut methods, genetic algorithms and tabu search have been
suggested for a variety of hard combinatorial optimization
problems. These methodologies are among those which
could potentially be applied to the new problems described
below.

The paper is organized as follows. In the immediately
following section, we describe versions of the plant loca-
tion problem in which the objectives differ significantly
from those that have been explored in the past. We then
develop and describe problems with multiple products and
multiple machines. In the concluding section, we treat
plant location problems with spatial interactions.

1. NEW OBJECTIVES IN PLANT LOCATION

1.1. The Capacitated Plant Fixed-charge Transport
Location Problem

The tight formulation of the uncapacitated plant location
problem due to Balinski (1965), forms the basis of several
solution methods including the equivalent approaches of
Bilde and Krarup (1977) and Erlenkotter (1978), as well as
the LP approach of Morris (1978), and the algorithms of
Galvao (1989), Korkel (1989), and Barceld et al. (1991).
That formulation possesses a modelling advantage per-
taining to shipment cost that is generally unrecognized, a
modelling advantage that disappears when the uncapaci-
tated version of the plant location problem gives way
to the capacitated version. In the process of proceeding to
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the capacitated plant location problem, a more restrictive
assumption on shipment costs becomes necessary. To see
how this occurs and the modelling issue it creates, we need
to review the Balinski formulation, modifying it to include
linear processing or manufacturing costs:

Minimizez = 3 X (¢, + e, d,)x, + > f.y,
el

€1 et

subjectto X x, =1, Vj€EJ,

el
V. =x,, viel,jelT,
x,;,y, €40, 1}, Vi€l je&J, where

i, I = the index and set of eligible plant sites;
J,J = index and set of demand points or customers;
f, = opening cost for a plant at i;
e, = expansion cost per unit of manufacture at i;
¢, = cost to deliver j's full demand from i;
d, = demand for product at j;
¥, =0, 1;it is 1 if a plant opens at { and 0 otherwise;
and
x, =0, 1; it is 1 if i delivers j's full demand, and 0
otherwise.

As is usual in such models, all parameters are scaled so
that they relate to the same planning horizon, e.g., a one-
year period. The definition of the parameters is fairly stan-
dard, but one of them, c,, has an ambiguous origin. Its
meaning is clear: it is the cost to transport all of j's de-
mand, d,, from the site i, but we are uncertain as to how o
was obtained. It could have been obtained by assuming the
same transport cost for each additional unit transported
from / to j, no matter the number of units; this is the
linearity assumption. This assumption, however, is not nec-
essary to arrive at a value of c,.

One assumption could be of a general concave function
in quantity transported. Another assumption might be a
fixed-charge cost function—a function that begins with an
initial loading charge that occurs as soon as the first unit is
loaded on board a transport container/vehicle. The fixed
charge might be the cost to bring the transport container
and loading equipment to the site of embarkation. The
actual transport cost then might thereafter be linear in the
amount of the item transported. The underlying function,
however, does not matter in the uncapacitated plant loca-
tion problem. All that matters is the cost to transport j's
demand from i. This is because flows will probably never
be split in an uncapacitated problem; only one plant will
supply each demand point’s need for goods.

In the capacitated plant location problem, though, the
issue of the shape of the transport cost function takes on
importance in the calculation of the actual tranpsort cost.
The shape of the cost function becomes important be-
cause, if the capacity limits bind, flows from plants to de-
mand points can be less than the full values of demand,
resulting in some demand points receiving their supplies
from more than one source. The transport cost of supply-
ing demand point j in equal shares from two sources i and

REVELLE AND LAPORTE / 865

k would be represented as (c, + c;,)/2 using the conven-
tion established in the uncapacitated plant location prob-
lem. If the transport cost function were concave or a fixed
charge function, however, the actual cost would be higher
than the linear estimate because all the economies have
not been captured with flows at half demand.

Thus, when plants are capacitated at levels that bind,
i.e., they cause split flows, and when the transport cost
function is not linear, a new and more difficult problem
arises. If the transport cost has a fixed charge component,
the new problem might be called the capacitated plant
fixed-charge transport location problem. Its formulation
might be represented using as a platform the structure
suggested by Davis and Ray (1969).

Minimize z = 2, f.y, + > 2 (¢, + e)x,

el €1 jel

+ 2 2 91,24 ’

1€l jel

subjectto X x, =d, VjEJ,

11
2x,<a, Vi€l
JEJ
x, =< Min(a,,d,)) y, VieljeJ,
x, <Min(a,, d;) -z, Vi€l jelJ,
x, =0 Viel jel,
yi,zy €40, 1} Vi€, j€EJ, where
x, = the amount supplied by i to j;
a, = the limit of supply from a plant at ;
z, =0, L;itis 1if x, > 0 and 0 otherwise;
g, = the fixed charge component of the transport cost
function; and
¢, = unit delivery cost (in this model).

i

All other parameters are as defined earlier. How this
formulation might be exploited to yield a practical algo-
rithm remains to be investigated. One possible approach
would be to work along the lines suggested by Cabot and
Erenguc (1984) for the fixed charge transportation
problem.

1.2. The Maximum Return-on-Investment Plant
Location Problem

As recently shown by Eiselt and Laporte (1995), a wide
variety of objective functions have been used in location
problems. However, the objective frequently used by in-
dustrial decision makers, has apparently not been ex-
plored. That is, no reference to any investigation that seeks
plant locations and market area delineation under an ob-
jective of maximum return on investment has yet been
found.

Meyer (1974) did explore the maximum return on in-
vestment (ROI) objective in the context of decisions on
when to open plants that served predelineated regions.
Meyer’s problem statement did select which facilities to
open and when to open them under the ROI objective, but
the geographic regions that each plant would serve were
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provided in advance by management judgement and expe-
rience. As a consequence, his was not a complete location
problem in the sense that most analysts would define one.

In this article, we will formulate a location problem
statement under the ROI objective. As expected, a demand
area need not be served if the ROI is to be maximized.
Return on investment is the annual return divided by the
initial investment where annual return is the revenue mi-
nus cost of manufacturing and distribution. The return on
investment criterion is equivalent to the objective of an
individual who is choosing a bank or financial instrument
into which to put his/her money, i.e., the individual would
choose the bank or instrument with the highest effective
interest rate (assuming equal risk of all the choices).

To make the structuring of the problem easier, we as-
sume that the fixed and expansion costs of manufacturing
(f, and e,) are financed from company reserves and that
there is no resort to debt/amortization. The cost terms are
only current manufacturing and distribution costs, and the
investment shows only in the denominator of the ROIL The
notation of the simple plant location problem structured
earlier will be used again here, except, that we need also to
define and redefine

x, = fraction of j’s demand supplied by plant ;

p, = price a unit is sold for at demand area j (a price-
taker situation), and we need to distinguish the
current cost of manufacture from the cost to
expand the plant to build one more unit. That is,
we now define

e, = cost of expanding the physical plant per unit
manufactured, and

g, = current cost of producing a unit (including labor,
materials, maintenance, repair).

The conventional assumption on ¢;, is made as well.
The ROI plant location problem can now be structured

as the optimization of a linear fractional functional subject
to linear constraints (see Charnes and Cooper 1962):

L. Z;EI E]EJ (P]d; —Cy —gld])xlj
Maximize z = ,

2161 fzyz + zlel Z;EJ eld]xlj

subjectto X x, <1 Vj€J,
1€l

y,=x, Vi€lj€l,
x, =0 Vi€l jel,
y. €{0,1} Viel.

Note that a market need not be fully supplied, indeed,
need not be supplied at all. As observed by Hansen (1993),
there always exists an optimal solution to this model in
which only the plant offering the highest return on invest-
ment is opened. It is thus meaningful to consider a second
criterion and produce efficient solution sets. In this con-
text, it makes sense to limit the size of the budget or to
impose that a given proportion of the demand should be
covered.

1.3. A Multiobjective Plant Location Problem

Several multiobjective plant location problems arise in
practice. Here is one, practically structured, and appar-
ently practical. A manufacturing company will be locating
plants (without capacity limits) to serve a set of demands.
The problem is one of locating plants to serve the demand
efficiently. Efficient service, in the company president’s
mind, is reflected by two objectives. One is the minimum
cost of transportation and manufacturing. The other is that
the maximum demand be reachable by shipment within 24
hours. Such a problem arises in a number of mail or parcel
delivery operations when both operating costs and service
quality determine the shape of the solution. (Delorme et
al. 1988). Another application recently arose in the siting
of collection centers for household hazardous waste (Anex
1995). The goals are to minimize the sum of operating and
disposal costs, and to maximize the population within a
given time of the drop-off sites in order to increase partic-
ipation in the collection program.

There are at least two ways to set this problem up. One
way introduces only new sets, but no new variables or
constraints. Another way, the more complicated, utilizes
the notion of the maximal covering location problem and
its special constraints and coverage variables (see Church
and ReVelle 1974).

The problem can be cast as a bi-criterion problem, using
the same notation as in the Balinski model, and some new
notation:

= time in hours of between i and j;
i, =< 24}.

That is, N, is the set of demand points j which can be
served by i within 24 hours. The two objectives are:

Z -~
i1

Minimize z; = 2, 2, (c, +ed)x, + 2y
€]

€1 jej

zz=—z > dx, .

1€l JEN,

The first objective is the usual minimum cost criterion.
The second is the new objective, the maximum demand
assigned to a plant capable of shipment within 24 hours.
The constraint set remains the same as in the Balinski
formulation shown earlier.

The second formulation, the more complicated, uses the
notion of the maximal covering location problem. New sets
and variables are:

Q, = {i : t, < 24} = the set of plants i that can serve
demand node j within 24 hours;
u, = 0, 1; it is 1 if demand j is covered by an open plant
within Q,.
The objectives are now:

Minimize z; = the transport and manufacturing

cost objective ,
Z; = — E d]u] .

JEJ
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The first objective is the same as earlier. The second
objective is the maximization of covered demand. Addi-
tional constraints are needed for this formulation:

uj< >y VjeE.
1EQ;

While a superficial reading of these two formulations
suggests that they both accomplish the same ends, a closer
analysis reveals that they are, in fact, different and may
even give different answers. The difference is subtle. The
first formulation operates on an objective of maximizing
demand assigned to a plant within the 24-hour coverage
distance. The second formulation maximizes demand that
is covered by an open plant anywhere within the 24-hour
time standard; it does not require assignment for regular
purposes to such a plant, only that a plant exists within
that time standard for purposes of emergency shipments.
It is possible for a demand node to be served on a regular
basis by a plant outside the 24-hour time standard and be
covered for the purpose of emergency shipment by a plant
within the time standard. This could occur because the
expansion costs, e,, differ across plants, making it possible
for a demand node to be assigned to a plant which is not
its closest from a time or distance standpoint. Because of
these circumstances, it may occur that the tradeoff curve
for the first bi- objective formulation differs from the
tradeoff curve for the second. The tradeoff curve for both
formulations would be usefully traced out by application of
the weighting method of multiobjective programming
rather than the constraint method, because the weighting
method leaves the integer friendly constraint set intact
(ReVelle 1993).

As to the methodology for actual solution of the first
formulation when approached by the weighting method,
any of the now standard approaches to the plant location
problem (Erlenkotter, Kérkel) could probably be utilized
because the objective and constraints will have precisely
the same form as in the original Balinski formulation
shown earlier in this paper. Note that since the underlying
optimization problem is nonconvex, the weighting method
may not identify all of the efficient points. However, each
weighted solution is efficient (see Geoffrion 1968). For the
second formulation, since this problem has a relatively in-
teger friendly structure, linear programming plus branch
and bound might prove a useful first step, but one cannot
predict with confidence that such an approach would be
useful in all cases.

2. MULTIPLE PRODUCT/MULTIPLE MACHINE
PLANT LOCATION PROBLEMS

The following models arise from a practical problem inves-
tigated by the first author in the mid-eighties for a com-
pany producing checks. The company printed checks on
one of several machines located in various plants scattered
throughout the United States. Machines have different
costs, specifications and capabilities, and the demand for
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checks varies across the country. This situation inspired
the models described in this section. Here, we not only
address the question of locating machines within plants,
but we also ask where the plants should be located. We
believe this family of problems covers fundamental issues
that arise in the industrial sector, but which have not spe-
cifically been addressed in the plant location literature.

2.1. The Multiproduct Colocation Problem

The colocation problem is strongly related to the multi-
commodity or multiproduct plant location problem that
was originally formulated by Warszawski (1973), and fur-
ther analyzed by Karkazis and Boffey (1981). The original
multicommodity location problem seeks the least cost sites
for manufacture and distribution of a number of different
products, where each site can accomodate the manufac-
ture of at most one product. The multiproduct colocation
problem also seeks the least cost sites for manufacture and
distribution of many products, but allows, with additional
costs, the manufacture of any number of these products at
any site. A convenient way to think about the problem is
that of siting dedicated machines in each of a number of
plants, where neither plants nor machines have yet been
positioned. The problem statement, notation and formula-
tion follow.

A manufacturing firm makes a number of products in-
dexed by r. Each product requires a different machine.
That is, a particular product cannot be made on any but its
particular machine. No two products require the same ma-
chine. Each machine requires a certain amount of
floorspace. The machines can be located at different geo-
graphical locations or can be colocated at the same geograph-
ical position. In order for product r to be manufactured at
site i, a plant must open at site i at a cost of f.. Only
then can an additional investment be made at i to pro-
duce each product. The plant opening cost includes the
cost to purchase and prepare the site, install electricity,
bring in water, provide parking, etc. The product open-
ing cost is the cost to purchase, transport and install the
machine or process to produce the item. Demands are

located across the map; and each demand must be served.
Let

i, I = the index and set of potential plant sites;

r, R = the index and set of products;

J, J = the index and set of demands;

d; = demand for product r at location j;

¢, = cost to ship all of the demand for product r at
demand site j from plant i;

X, =0, 1; it is 1 if plant i supplies j's demand for
product 7, and 0 otherwise;

f, = cost to open a plant at i;

=0, 1; it is 1 if a plant is established at i, 0
otherwise;

g, = cost to buy, transport and install a machine to
make product r at site i;

Copyright © 2001 All Rights Reserved
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v’ =0, 1; it is 1 if product r is manufactured at i and 0
otherwise; and

cost per additional unit manufactured of product
r at site i.

[
I

We need to structure a problem which sites plants and
machines/processes to meet demands at the least possible
cost. A “tight” formulation in the tradition of the Balisnki
formulation of the plant location problem is suggested; i.e.,

Minimize z = 2. f.y, + 2 > glvl

el 1€ rER
+ 2 2 Deppt 2 2l X dxy,
reR €l el rERi1€] JEJ

subjectto > x, =1 Vj€J,r€R,

el

v=zx, Vieljel,reR,
y,=zv, Viel,reR,
x;, v,y €{0,1} Viel,jel, reR.

The terms of the objective are in order (1) the total fixed
costs of opening plants without regard to the products
made at the plants, (2) the total fixed costs of providing
machines/processes at the factories for the manufacture of
specific products, (3) the cost of distribution of products,
and (4) the cost of manufacture of the products at the
factories. The first constraints type merely says that each
demand area must receive its demand for each product.
The second constraint type says that if any j received its
demand for product r from site / that product r must be
produced at site i. Both of these constraints correspond to
constraints of the formulations of Warszawski and of
Karkazis and Boffey. The third constraint says that the
establishment of a factory at i must precede the manufac-
ture of any product at i. As a consequence, a fixed opening
cost for the factory itself must be incurred.

The problem could be approached as a relaxed LP be-
cause of the tight constraints utilized, but the problem
could be exceptionally large making the approach prob-
lematic. The decomposition approach of Swain (1974),
might also be utilized. Another possibility would be to use
an approach such as that recently suggested by Holmberg
(1994) to exploit the staircase cost structure of the prob-
lem. Two features of the problem could be realistically
modified: the assumption of unlimited capacity of the ma-
chines, and the assumption that only one product can be
manufactured on each machine. We first eliminate the as-
sumption of unlimited capacity of a machine. However, as
a step in the evolution of the problem, we reduce the
problem to consider only a single product. We will then
expand the problem once again to multiple products, first
in a situation where no more than one machine for each
product r can be installed at a site and then in a situation
where multiple machines for product r can be installed at a
site. Finally, we allow products to be made on more than
one kind of machine.

2.2. The Single Product Capacitated Machine
Siting Problem

The simple plant location problem presumes that the size
of the plant in terms of its capability to manufacture prod-
uct is unlimited. The machine siting problem, in contrast,
places limited capacity machines for the manufacture of a
single item type. Even though each machine has a finite
capacity, there is no limit on the number of machines that
can be placed at a site. Each machine placed, however,
incurs a new fixed charge. Thus, the cost function for man-
ufacture at site i is “lumpy.” A manufacturing cost is still
present because of the labor and materials needed for
each additional unit of product. Here we offer a tentative
formulation of the single product machine siting problem.
New notation needed for the problem is:

k, K = index and set of the machines at a site;
y, = 0, 1; it is 1 if a plant opens at i and 0 otherwise;
f, = fixed charge opening cost at site /;

w,, = 0, 1; it is 1 if k& machines are placed at { and 0
otherwise;
g, = the cost of purchasing, obtaining and installing

each machine at site i;
Q = the capacity (units/month) of a single machine;

x, = the units of product delivered each month at j
from i;

d, = the monthly demand at j;

s, = the cost of delivering a single unit per month
from i to j; and

e, = the manufacturing cost at i per unit of product.

Also, x,, is defined for this model as the amount shipped
from i to j.
The objective is
Minimize z = 2, > ¢.kwi + 2 fiy,
el

keK 1€l

+ 2 2 (slj + el)xl] s

el jel
subjectto 2 x, =d, Vj€J,
1€l
S we=<1 Viel,

kek
y.=w, Viel, keK,

Dx,<Q 2 kwy, VIiEI

= kEK

The first set of constraints stipulates that demand must
be met at each site. The second set indicates that only one
number of machines can be set up at site i, and the third
set requires that plant i opens if any number of machines is
sited at ;. The fourth set limits production at i to Q times
the number of machines installed at i.

Note that the opening cost differs from the cost of the
machine and is incurred just once. Of course, if the ma-
chines are small enough, the problem essentially becomes
the Simple Plant Location Problem because the cost func-
tion can be well approximated by a straight line. We have
no experience with any algorithm for this problem.

Copyngnt © 20071 All Rights Reserved
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2.3. The Multiple Product Machine Siting Problem
(One Machine per Product per Site)

We will assume here that a machine is dedicated to the
production of a single product and that only one machine
for each product can be sited at the ith position and utilize
the notation in Section 2.1. If the capacity of the machine
installed to produce product 7 is limited to Q,, we have a
problem with capacities at each site. That is,
2x<Q,u Viel,reRr.
JeJ

The constraint says that the total of product r made at
site i is less than the capacity of the machine which pro-
duces item r if the machine is installed at i(+] = 1) and
zero if the machine is not installed at i(+] = 0). If it were
argued that more than one machine could be installed at i,
the limit Q, could either be assumed away or a new vari-
able would need to be introduced: a zero-one variable,
equal to one if kX machines capable of producing item r are
installed at site i, where kK = 1, 2,..., p and p is the
largest conceivable number of such machines. The latter
course is pursued here; muiltiple machines for product r
are allowed at each site.

2.4. The Multiple Product Machine Siting Problem
(Multiple Machines per Product per Site)

Again, we continue to assume that a machine is dedicated
to the production of a single item. Since multiple products
are being made we need to introduce:

Q, = the capacity of a machine installed to produce
item r;
wi, = 0, 1; it is 1 if & machines producing item r are
placed at site i, and 0 otherwise; and
s, = cost to supply one unit of product r from i to j.

Note that x], is still a flow variable rather than a zero-one
variable. Except for these new variables and parameters,
the problem can be structured using the notation of the
previous multi-product model. The constraint on produc-
tion 7 at site i becomes
2xi<Q, X kwj, Vi€l,reRr.
JEJ keEK

The remainder of the problem follows the structure of the
multiproduct colocation problem. In summary, this problem
is

Minimize >, > > glkwi + 2, fuy,

réR k€KX 1€l 1e17
+2 2 Ysixp+ 2 2 el X ox),
reR (€l j€J reRi1€l JEJ
subjectto > wi,=1 Vi€Il,rER,
kek
X xp=d Vjel, reR,
€7
2xh<Q, X kwj Vi€l reRr,
JEJ kekK

yvw=wp Viel,keK,reR,
anICtE{Oal} ViEI,kEK,rER.
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Notation is defined in 2.1. except that x, is a flow variable.
More challenging yet is relaxing the assumption that only a
single product can be made on a particular machine.

2.5. The Multiple Product Machine Siting Plant
Location Problem with Versatile Machines

2.5.1. The Activity-analysis Machine Purchasing Prob-
lem. This problem is a derivative of both the classic activity
analysis problem and the classic machine loading problem
of Charnes and Cooper (1963). It presumes that a num-
ber of different products can be made on each of a variety
of different machines, but that the time for manufacture of
a particular item is machine dependent. Time to adjust
machines for the manufacture of different products is as-
sumed to be negligible. Furthermore, a unit is assumed not
to require more than one machine for its manufacture, and
the item can be completed, if time is available, on at least
one of the machines and possibly more. Finally, more
than one of each machine type can be purchased. Clearly,
this is a mixed integer programming problem because of
machine purchase and installation, as well as an activity
analysis problem.

We define

r, R = the index and set of different products;
k, K = the index and set of different machines;
X, = the monthly amount of product r made on
machine type k;
t, = the time in hours to make one unit of product r
on machine type k;
T, = the hours in a month that machine type k is
available for manufacture;
m; = the number of machines of type k to be
purchased;
gr = the cost to purchase and install a single machine
of type k amortized on a monthly basis;
¢, = labor and energy cost to make a unit of product r
on machine type k; and
d, = the monthly demand for product r.

r

The time constraints are written as:

E tuxu <Tim, VkEK.
rER

The demand constraints are:

> xx=d, VreR.
keK

The objective of minimum cost to meet the required
amounts of product is:

Minimize z = 2, >, cpXp + grMmy .
r€R kEK keK

This formulation has no spatial component; it presumes
that all manufacture takes place at a single site. The lack
of a spatial component can be relaxed in two steps. In the
first step, manufacturing plants have already been estab-
lished, and it remains to allocate machines to plants and
production to the machines at specific sites. This is, in fact,
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a problem that the first author encountered in a consulting
situation. In the second step, plants have not been estab-
lished, and the decisions to be made include plant location,
machine siting and production allocation by machine and
site.

2.5.2.  The Activity Analysis Machine Siting Problem. The
new variables, parameters and indices for this problem are:

Iz = the set of established plants, indexed by i;
J = the set of demand points, indexed by j;
my, = the number of type & machines purchased for site
i
X, = the monthly amount of product r to be made on a
machine of type k at site /;
d, = the monthly requirement for product » at demand
node j;
Pry; = the monthly amount of product r shipped from
site { to demand node j;
sy, = the cost to transport one unit of product r from
site i to node j;
gr, = the cost to purchase/install a new machine of type
k at site i; and
Cn, = the energy and labor cost to manufacture one unit
of product r on machine k at site i.

The constraints are now:

E trerktsTkmkz ViEIE’kEKa
reRrR
where the above constraint limits the time utilized in mak-

ing all products on machine type k to the time available on
machines of type & at site i; and

Exrktzzpn] ViEIE,rER:

keK ey

where the above constraint equates the total amount of prod-
uct 7 made on all machines at site i to the amount of product
r shipped from i to all demand nodes j; and

2 py=d, VjEIrenr,

1€l

where the above constraint requires that the amount of
product r shipped from all plants i to demand node j
equals or exceeds the requirement for product 7 at j. The
minimum cost objective takes the form:

Minimize z = >, >, > SeyPrj t+ 2 2 Gumi

reR 1€ j] keK €lg

+ 2 E 2 CriaXrks »

rER keK 1€lg

where the first term is transport costs, the second is the
purchase/installation of machines, and the third is the cost
of manufacture exclusive of machine costs.

2.5.3. The Activity Analysis Machine Siting Plant Loca-
tion Problem. In this final version of the problem both
machines and plants need to be sited; manufacture needs
to be allocated by product to machines and plants; and

product distributed to the demand nodes. The only new
notation needed is:

1,i = the set and index of eligible plant locations;
y: =0, 1; it is 1 if a plant is established at node i and 0
otherwise; and
f, = the fixed charge of opening a plant at i.

All constraints in the previous formulation are needed
again, and the set I is replaced by I. In addition, a ma-
chine cannot be sited at i unless a plant is opened at i and
the upper limit of machines of type k at i is g. This con-
straint is written as

> my, <gqy,.
keK

As well, an additional term is needed in the objective,
namely:

2 fy. -

17

This completes our formulation of the problem of siting
machines by type, siting manufacturing plants, allocating
product by machine and plant site, and distributing prod-
uct to demand nodes.

3. PLANT LOCATION PROBLEMS WITH SPATIAL
INTERACTION

In the classical plant location problem, we are given a set /
of potential plant sites, and a set J of customers or demand
points. The problem is to locate plants or facilities at some
of the sites and to allocate customers to these in order to
minimize a function consisting of plant opening costs and
of transportation costs between plants and customers. In
this model, there are no interactions between plants, and
all customers are served via single back and forth routes.
There exist, however, several practical situations when ei-
ther or both of these assumptions do not hold. These usu-
ally give rise to relatively complex problems, some of
which have already been addressed in the Operations Re-
search literature. Our aim is to describe three of these
problems within a unified framework and to open up new
avenues of research. These problems all belong to the class
of two-layer Location Routing Problems described in La-
porte (1988). These problems consist of simultaneously

locating facilities and designing delivery or collection
routes.

3.1. The Median Tour and Covering Tour Problems

We first describe the Generalized Traveling Salesman Prob-
lem (GTSP), a problem introduced in the late sixties.
Here, the set of sites is partitioned into m subsets I 1o s
I,,,. The distance between two sites i and j is denoted byc,
and the aim is to locate one facility in each subset in order
to minimize the length of the Hamiltonian tour through
the facilities (Figure 1). This problem has applications
in the areas of vehicle routing, postal operations and com-
puter file sequencing, for example (Laporte et al. 1987).
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Figure 1. GTSP with n = 15 and m = 5. The Hamiltonian Tour is indicated by dotted lines.

Formulations and exact algorithms are described in Laporte
and Nobert (1983) and Fischetti et al. (1992) for the case
where the distance matrix (c,) is symmetric, and in Laporte
et al. and Noon and Bean (1991) for the asymmetric case.

A natural extension of the GTSP is the Median Tour
Problem (MTP), so called by Current and Schilling (1993).
Here, the objective is to minimize the length of the Ham-
iltonian tour through the m facilities, plus the sum of
radial distances from the remaining sites to their closest

facility (Figure 2). This problem is sometimes referred to
as the Traveling Circus Problem. Here, the sites may be
thought of as villages. Over a given period, a circus will
tour some of the villages, while people from the remaining
villages will travel to the circus. It is assumed the circus
will incur traveling and settling costs, while the profit
derived from any village is a decreasing function of its
distance from the tour. In some contexts, the MTP is truly
a two-objective problem as the cost of the tour and that of

Figure 2. Median Tour problem with n = 15 and m = 5. The Median Tour is indicated by dotted lines and and the radial

distances by dashed lines.

Copyright © 2001 All Rights Reserved



Downloaded from informs.org by [216.73.217.74] on 14 July 2026, at 17:44 . For personal use only, al rights reserved.

872 |/ REVELLE AND LAPORTE

e ~"
’4

*

7

¢
‘l
&=-"""

!

*
]
.
®

»
1

! -]
@==="

Figure 3. Primary route (full line) and secondary routes (dashed lines) in the NDP.

the radial distances are not borne by the same users.
Current and Schilling (1992) propose a heuristic procedure
to identify undominated solutions to the MTP. The MTP
is also encountered in mailbox location. Here one wishes
to locate mailboxes at potential sites in order to reduce
the distance traveled by users, and the cost of emptying the
mail boxes on a regular basis. The objective is a linear
combination of the sum of radial distances between users
and their closest mail box, and the length of a Hamiltonian
tour through all mailboxes. This problem is formulated in
Labbé and Laporte (1986). Finally, the MTP may be
viewed as a hierarchical design problem in which the
aim is to locate a main road (e.g., an expressway) through
certain locations, and feeder routes to link it with the re-
maining locations (see Current et al. 1986).

A variant of the MTP is the Covering Tour Problem
(CTP) in which one must design a tour through a subset of
the sites, while ensuring that the distance between the tour
and the the remaining sites does not exceed a given thresh-
old (Current and Schilling 1994, Gendreau et al. 1996).
This problem occurs, for example, in the planning of mo-
bile health care facilities in developing countries (Oppong
and Hodgson 1994). A variant of the mailbox location
problem described above can also be modeled as a CTP.
Here the distance between population centers and mail-
boxes is not explicitly taken into account in the objective
function. Instead, this distance is controlled through a cov-
erage constraint.

3.2. The Newspaper Delivery Problem

The Newspaper Delivery Problem (NDP) is derived from a
study by Jacobsen and Madsen (1980). This problem is to
design a primary tour through a subset of sites, and sec-
ondary tours linking the remaining sites to the primary

tours (Figure 3). The total length of all tours is to be
minimized. The primary tour may correspond to a newspa-
per delivery route comprising the printing plant and a
number of transfer points (coinciding with customers, and
also used as the anchor points for secondary delivery
routes). The reason for this setup is that it enables all custom-
ers to be reached within a reasonable time limit. It is there-
fore natural to impose a maximum length constraint on the
length of each route or a time window on the arrival time
at each location. In the Jacobsen and Madsen study, the
problem is even more complicated as there are 21 primary
routes corresponding to as many printing plants.

Location-routing problems are often viewed as hierar-
chical decision problems in which location is a costly and
often irreversible strategic decision, while routing is an
operational problem. This need not always be the case.
For example, in the NDP, facilities are inexpensive—all
that is required is a parking space. Watson-Gandy and
Dohrn (1973) describe a similar situation with “depots
which effectively consisted of a parking lot with a tele-
phone attached” (p. 324).

3.3. Multiple Tour Plant Location Problem

The Multiple Tour Plant Location Problem (MTPLP) is the
final problem we present in the category of plant location
with spatial interactions. It has aspects in common to the
NDP discussed above—in the sense that tours originate
from each of the facilities that are sited (Figure 4). It
differs from the NDP in the sense that no tour links the
facilities and the establishment of each facility incurs a
fixed charge.

This is the plant location problem as it has been studied
by Balinski, Korkel, and others, with the important excep-
tion that the demands are fulfilled by a multi-stop tour

e e S M
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Figure 4. MTPLP with two depots.

rather than direct shipment. Kroll (1988), has studied
many of the aspects of this challenging problem in the
context of the delivery of medical services in a developing
nation. Although a number of special cases of the MTPLP
have been studied (see, e.g., Laporte 1988, and Laporte et
al. 1988), there is still scope for research for this difficult
problem.

3.4. Summary of Spatial Interaction Plant Location

We have considered four classes of location problems with
interactions between the plants. These problems arise in a
variety of practical situations and have so far received little
or no attention. As a rule, these problems are more diffi-
cult than Traveling Salesman Problems of the same size,
and even finding compact and workable formulations is
sometimes in itself difficult. It is therefore doubtful
whether exact algorithms capable of handling large size
problems can be developed. Promising research avenues
include the study of special structures such as tree net-
works, for example. Another potentially rich research area
is the development of powerful heuristics. For example,
recent results obtained by Gendreau et al. (1994) using
tabu search methods for the Vehicle Routing Problem in-
dicate that such methods may hold potential for the prob-
lems just described.

4. CONCLUSION

Lest some consider the field of plant location narrowing to
algorithms only, we have presented a number of challeng-
ing plant location problems of different characters that
have been little attempted or never before posited in the
literature. The exercise is aimed at enriching the spectrum
of problems for researchers to consider and creating new
and more realistic decision tools for plant location.
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