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Abstract: In this paper, we model the supply chain network design problem with oligopolis-
tic firms who are involved in the competitive production, storage, and distribution of a homo-
geneous product to multiple demand markets. The profit-maximizing firms select both the
capacities associated with the various supply chain network activities as well as the product
quantities. We formulate the governing Nash-Cournot equilibrium conditions as a variational
inequality problem and identify several special cases of the model, notably, a generalization
of a spatial oligopoly and a classical oligopoly problem to include design capacity variables.
The proposed computational approach, which is based on projected dynamical systems, fully
exploits the network structure of the problems and yields closed form solutions at each it-
eration. In order to illustrate the modeling framework and the algorithm, we also provide

solutions to a spectrum of numerical supply chain network oligopoly design examples.

This paper makes a contribution to game theoretic modeling of competitive supply chain

network design problems in an oligopolistic setting.

Keywords: profit-maximizing supply chains, supply chain design, network oligopolies, game

theory, Nash equilibria, variational inequalities, projected dynamical systems



1. Introduction

Oligopolies are a fundamental economic organizational structure and capture numerous
industries and their associated products and services ranging from airlines to particular re-
tailers as well as high technology manufacturers, telecommunication companies, and specific
energy providers. Hence, the formulation, analysis, and solution of oligopoly problems are all
of wide theoretical and application-based interest in both economics and operations research
(cf. Gabay and Moulin (1980), Murphy, Sherali, and Soyster (1982), Dafermos and Nagur-
ney (1987), Tirole (1988), Flam and Ben-Israel (1990), Okuguchi and Szidarovsky (1990),
Nagurney (1993, 2006a), Nagurney, Dupuis, and Zhang (1994), and the references therein).
In addition, there has been growing interest in the modeling of oligopolies in a supply chain
network context, derived, in part, from the recent, notable mergers and acquisitions of firms
in such industries as: beverage, airline, financial services, and oil (cf. Nagurney (2009a),
Nagurney and Qiang (2009), and the references therein), and the associated need to be able
to identify and quantify potential synergies.

In particular, in this paper, we consider the modeling of the explicit supply chain net-
work design problem in the context of oligopolies consisting of firms who compete in a Nash
(1950, 1951)-Cournot (1838) framework. As noted in Brown et al. (2001), more firms now
understand the potential benefits of controlling the supply chain as a whole. In this paper,
we assume that the firms produce a homogeneous good and compete in a noncooperative
manner. As in Nagurney (2009a,b), we depict each firm as a network of its economic activ-
ities of production, storage, and distribution to demand markets. Of course, the modeling
of mergers and acquisitions in a supply chain network context (cf. Nagurney (2009a,b),
Nagurney, Woolley, and Qiang (2009), and Nagurney and Woolley (2009)) may be viewed
as a supply chain network design problem, broadly classified. However, in this paper, we
make explicit the design variables associated with profit-maximizing, competing firms and

their supply chains.

The supply chain network design model developed in this paper extends the aforemen-
tioned supply chain network models in several significant ways. First, here we explicitly
consider oligopolistic behavior and associate demand market price functions with the de-

mand markets, whereas Nagurney (2009b) assumed known demands and assumed that the



link capacities were fixed and assigned a priori. In addition, we extend the (pre-merger)
oligopolistic supply chain network model of Nagurney (2009a), substantively, by allowing
for competition on the production side, in distribution and storage, and, finally, across the
demand markets. Moreover, the capacities are now strategic decision variables. Finally, we
also extend the original supply chain network design model of Nagurney (2009¢), in which
there is a single, cost-minimizing firm faced with known demands at the markets for its prod-
uct and, hence, there is no competition. For flexibility, clarity, and continuity, the multifirm,
multimarket, supply chain network design model developed in this paper is formulated as
a variational inequality problem (cf. the book by Nagurney (1993), which also contains
some of the history of the evolution of network models of firms and numerous network-based

economic models).

Supply chain network equilibrium models, initiated by Nagurney, Dong, and Zhang (2002)
have been developed, which focus on competition among decision-makers (such as manufac-
turers, distributors, and retailers) at a tier of the supply chain but cooperation between tiers.
The relationships of such supply chain network equilibrium problems to transportation net-
work equilibrium problems, which are characterized by user-optimizing behavior have also
been established (cf. Nagurney (2006a,b)). Zhang, Dong, and Nagurney (2003) and Zhang
(2006), on the other hand, modeled competition among supply chains in a supply chain
economy context, but did not consider explicit firms. See the book by Nagurney (2006a) for

a spectrum of supply chain network equilibrium models and applications.

The supply chain network design model developed in this paper, in contrast to the ones
immediately above, is more detailed, since it is at the level of the firms. In addition, the
model in this paper is the first to capture the design aspects of profit-maximizing oligopolistic
firms, who compete in multiple functions of production, distribution, and storage, and who
seek to determine not only the quantities of the product but also the capacities of the
various manufacturing plants, distribution centers, etc. In addition, in this paper, we identify
special cases of the proposed model. Furthermore, unlike much of the classical supply chain
network literature (cf. Beamon (1998), Min and Zhou (2002), Handfield and Nichols Jr.
(2002), and Meixell and Gargeya (2005) for surveys and Geunes and Pardalos (2003) for
an annotated bibliography) in our framework we do not need discrete variables and we use

continuous variables exclusively in our model formulations. In addition, we are not limited



to linear costs; but, rather, the model can handle nonlinear costs, which can capture the
reality of today’s networks from transportation to telecommunication ones, which may be
congested (cf. Nagurney and Qiang (2009)), and upon which supply chains depend for their
functionality. The solution of our oligopolistic supply chain network design model yields the
optimal supply chain network topology since those links with zero optimal capacities can, in

effect, be eliminated.

This paper is organized as follows. In Section 2, we develop the supply chain network
design model in which the firms seek to determine the capacities associated with manufac-
turing plants, distribution centers, and shipment links, as well as the production quantities
so as to maximize their profits and to satisfy the associated demand at the multiple de-
mand markets. We consider competition in production, distribution, and storage, in that
we allow the underlying functions to depend on the flows not only of the particular firm
but, in general, on the product flows of all the firms. In addition, we assume that the de-
mand price of the product at any given demand market may, in general, depend upon the
demand for the product at every market. Hence, we also assume the general situation that
there is competition on the demand side. We provide the game theoretic formulation of the
problem, state the governing Nash-Cournot equilibrium conditions, and provide alternative
variational inequality formulations. In addition, we identify several oligopoly models that
are special cases of the new model and that also enhance (since they include capacities as
strategic decision variables) more classical models, be they spatial (see, e.g., Dafermos and
Nagurney (1987)) or aspatial (cf. Cournot (1838) and Nagurney (1993) and the references

therein).

In Section 3, we consider the solution of the supply chain network design model. We
propose the Euler method, which is a special case of the general iterative scheme introduced
by Dupuis and Nagurney (1993) for the determination of stationary points of projected dy-
namical systems; equivalently, solutions of variational inequality problems. We demonstrate
that, in the context of the model, the Euler method resolves the supply chain network de-
sign problem into subproblems that can be solved, at each iteration, explicitly and in closed
form. We provide the associated formulae. A variety of network economic equilibrium
problems (and the associated tatonnement/adjustment processes) have been modeled and

solved to-date as projected dynamical systems, including dynamic spatial price problems



Figure 1: The Initial Supply Chain Network Topology of the Oligopoly

(see Nagurney, Takayama, and Zhang (1995) and Nagurney and Zhang (1996a)), dynamic
network oligopolies (cf. Nagurney, Dupuis, and Zhang (1994)), and dynamic traffic network
equilibrium problems (see, e.g., Zhang and Nagurney (1997) and Yang and Zhang (2009)).

In Section 4, we provide numerical examples. In Section 5, we summarize the results in

this paper and give suggestions for future research.

2. The Supply Chain Network Design Model

In this Section, we develop the supply chain network design model with profit-maximizing
firms and identify several special cases. We consider a finite number of [ firms, with a
typical firm denoted by ¢, who are involved in the production, storage, and distribution of a

homogeneous product and who compete noncooperatively in an oligopolistic manner.

We assume that each firm is represented as an initial network of its economic activities
(cf. Figure 1). Each firm seeks to determine its optimal link capacities and product quan-
tities by using Figure 1 as a schematic. Each firm 7; ¢ = 1,...,1, hence, is considering

n%,; manufacturing facilities/plants; n%, distribution centers, and serves the same ngy retail



outlets/demand markets. Let LY denote the set of directed links representing the economic
activities associated with firm é; ¢ = 1,...,1 and let n o denote the number of links in LY
with nro denoting the total number of links in the initial network L%, where L° = U;—; ;LY.
Let G° = [N, L°] denote the graph consisting of the set of nodes N° and the set of links L°
in Figure 1. Once the supply chain design problem is solved, those links with zero optimal
capacities (and, hence, also zero product flows) can, in effect, be eliminated from the final

supply chain network design topology.

The links from the top-tiered nodes i; ¢ = 1,..., I, representing the respective firm, in
Figure 1 are connected to the manufacturing nodes of the respective firm ¢, which are denoted,
respectively, by: Mj, ... ’Méﬁu’ and these links represent the manufacturing links. The links
from the manufacturing nodes, in turn, are connected to the distribution center nodes of
each firm ¢; ¢+ = 1,..., I, which are denoted by Di,l,...,Di

npi1- Lhese links correspond

to the shipment links between the manufacturing plants and the distribution centers where

the product is stored. The links joining nodes D} ,, ..., D?, | with nodes Di,,...,D’; , for
’ D> ) D
1 =1,...,1 correspond to the storage links. Finally, there are possible shipment links joining

the nodes D! ,, ... ,Dﬁf» , fori=1,... I with the demand market nodes: Ri,..., R,,.
’ D> 3

We emphasize that the network topology in Figure 1, which corresponds to G is given
here for descriptive purposes and, for definiteness. In fact, the model, described fully below,
can handle any prospective supply chain network topology provided that there is a top-tiered
node to represent each firm and bottom-tiered nodes to represent the demand markets with
a sequence of directed links, corresponding to at least one path, joining each top-tiered node
with each bottom-tiered node. The solution of the complete model will identify which links
have positive capacities and, hence, should be retained in the final supply chain network

design.

We assume that associated with each link (cf. Figure 1) of the network corresponding
to each firm 4; ¢ = 1,..., 1 is a total cost associated with operating the link over the time
horizon under consideration. We also assume that there is a total design cost associated
with each link. We denote, without any loss in generality, the links by a, b, etc., the total

operational cost on a link a by ¢, and the total design cost by 7,, for all links a € L°.

Let dpg, denote the demand for the product at demand market Ry; k =1,...,ng. Let z,



denote the nonnegative flow of the product on path p joining (origin) node i; i = 1,...,1
with a (destination) demand market node. Then the following conservation of flow equations
must hold:

Z Ip:de, k’:l,...,TLR, (1)
pGPI%k
where P,%k denotes the set of paths connecting the (origin) nodes i;¢ = 1,..., I with (des-

tination) demand market Ry. In particular, we have that P}%k = Ui:L_._JPI%i,
k

denotes the set of paths from origin node ¢ to demand market k as in Figure 1.

where P}%i
k

According to (1), the demand at each demand market must be equal to the sum of the

product flows from all firms to that demand market.

We assume that there is a demand price function associated with the product at each
demand market. We denote the demand price at demand market R by pr, and we assume,

as given, the demand price functions:

PR, = ka(d)v k= ]-7 ..., R, (2)

where d is the nz-dimensional vector of demands at the demand markets. We assume that all
vectors in this paper are column vectors. Note that we consider the general situation where
the price for the product at a particular demand market may, in general, depend upon
the demand for the product at the other demand markets. We assume that the demand
price functions are continuous, continuously differentiable, and monotone decreasing. Note
that the consumers at each demand market are indifferent as to which firm produced the

homogeneous product.

In addition, we let f, denote the flow of the product on link a. Hence, we must also have

the following conservation of flow equations satisfied:

fa = Z m105apa Va € LO’ (3)
pePO
where 6,, = 1 if link a is contained in path p and d,, = 0, otherwise. Here P° denotes the

set of all paths in Figure 1, that is, P° = Up—; Pp. . There are npo paths in the network

MR

in Figure 1. We use P? to denote the set of all paths from firm 7 to all the demand markets

for i =1,...,I. There are npo paths from the firm ¢ node to the demand markets.



Of course, we also have that the path flows must be nonnegative, that is,

z, >0, Vpe P (4)

Let u,,a € L°, denote the design capacity of link a, where we must have that
fa < e, Vae L, (5)

or, in view of (3)
> Tplap < uq, Va e L (6)
pePo
In other words, the product flow on each link is bounded by the capacity (which is a

strategic decision variable) on the link.

The total operational cost on a link, be it a manufacturing/production link, a ship-
ment /distribution link, or a storage link is assumed, in general, to be a function of the flows
of the product on all the links, that is,

o =Co(f), Vae L’ (7)
where f is the vector of all the link flows.

In addition, we assume that the total design cost associated with each link is a function

of the design capacity on the link, that is,

o = Ta(uy), Va € L. (8)

Let X; denote the vector of strategy variables associated with firm ¢; ¢ = 1,... I, where
X, is the vector of path flows associated with firm ¢, and the vector of link capacities, that
is, X; = {{{zp}p € P’}; {{ua}a € LV}} € RZP?ML?. X is then the vector of all the firms’
strategies, that is, X = {{X;}|li=1,...,I}}.

The profit function U; of firm ¢; ¢ = 1,..., 1, is the difference between the firm’s revenue

and its total costs, that is,

Ui — f:pm(d) S - Y el = Y Aulu). (9)

0 0 0
pGPRz a€Ly a€Ly



In view of (1) — (9), we may write:

U =U(X), (10)

where U is the I-dimensional vector of the firms’ profits.

We now consider the oligopolistic market mechanism in which the I firms select their
supply chain network link capacities and product path flows in a noncooperative manner,
each one trying to maximize its own profit. We seek to determine a path flow and capacity

pattern X for which the I firms will be in a state of equilibrium as defined below.

Definition 1: Supply Chain Network Design Cournot-Nash Equilibrium

A path flow and design capacity pattern X* € K° = [I1_, KY is said to constitute a supply

chain network design Cournot-Nash equilibrium if for each firmi; i =1,...,1:
Ui(X7, X7) > U(X;, X7), VX e K, (11)

N n,0+n
where X; = (X7, ..., X, X/, .., X)) and KY = {X;|X; € Rfio L?, and (6) is satisfied}.

Note that, according to (11), a supply chain network design Cournot-Nash equilibrium

has been established if no firm can increase its profits unilaterally.

The variational inequality formulation of the Cournot-Nash (Cournot (1838), Nash (1950,
1951)) supply chain network design problem satisfying Definition 1 is given in the following

theorem.

Theorem 1

Assume that for each firm i; i = 1,...,1, the profit function U;(X) is concave with respect
to the variables in X;, and is continuously differentiable. Then X* € K° is a supply chain
network design Cournot-Nash equilibrium according to Definition 1 if and only if it satisfies
the variational inequality:

I
IV U(XH X — X)) >0, VX €K, (12)

i=1
where (-,-) denotes the inner product in the corresponding Euclidean space and V x,U;(X)

denotes the gradient of U;(X) with respect to X;. The solution of variational inequality (12)



is equivalent to the solution of variational inequality: determine (x*,u*, \*) € K satisfying:

L 9C,(x)

>3 3 [P S Ny - *>—iap;;§”2wz <l - 3

i=1 k=1 pepgi a€L0 =1 pep}gi
k k
o7, (
+ o — A | X [ug — g,
> [0 ] =i
+ 3 [u: - > x;‘)&ap] X [Aa — Ni] >0, V(z,u,)\) €K, (13)
acLl pePO
where K' = {(z,u, )|z € R\ ;u € Ri*; X € RI*} and 80’” = Yher0 PCacr? aéab—g)éap for

pathspe P2;i=1,... 1.

Proof: Variational inequality (12) follows directly from Gabay and Moulin (1980); see also
Dafermos and Nagurney (1987). Here we have also utilized the fact that the demand price
functions (2) can be reexpressed in light of (1) directly as a function of path flows as can
the total operational cost functions (7). Variational inequality (13) follows, in turn, from
Bertsekas and Tsitsiklis (1989) with notice that A\* corresponds to the vector of optimal

Lagrange multipliers associated with constraints (6).

Variational inequality (13) can be put into standard form as below: determine X* € K
such that
(FIXHT, X —X*) >0, VXK, (14)

where K is closed and convex and F(X) is a continuous function from K to R™. Indeed,
we can define K = K! and let F'(X) be the vector with npo + 2n70 components given by
the specific terms preceding the first multiplication sign in (13), the second in (13), and the
third in (13).

It is interesting to relate this supply chain network design oligopoly model to the spatial
oligopoly model proposed by Dafermos and Nagurney (1987), which is done in the following

corollary.

10



Corollary 1

Assume that there are I firms in the supply chain network design oligopoly model and that
each firm is considering a single manufacturing plant and a single distribution center. As-
sume also that the distribution costs from each manufacturing plant to the distribution center
and the storage costs are all equal to zero. Then the resulting model is a generalization of
the spatial oligopoly model of Dafermos and Nagurney (1987) with the inclusion of design
capacities as strategic variables and whose underlying initial network structure is given in

Figure 2.
Proof: Follows from Dafermos and Nagurney (1987) and Nagurney (1993).

Hence, the above supply chain network design oligopoly model, as a spcial case, provides
us with an extension to the spatial oligopoly model of Dafermos and Nagurney (1987). It
is also interesting to note that in the new supply chain network design oligopoly model
there is competition on the supply and distribution sides as well as on the demand side,
since the cost functions associated with production, with distribution, and with storage
may, in general, depend upon not only the flows of the particular firm but, rather, on
the flows of all the firms. In Dafermos and Nagurney (1987) and in Nagurney (1993) the
network structure of the spatial oligopoly problem is depicted as a bipartite graph with
the manufacturing assumed to take place at the manufacturing/production nodes. In the
supply chain network design formalism here, we associate the production with links, and
the outputs are, hence, the link flows, and, thus, Figure 2 makes this explicit. Dafermos
and Nagurney (1987) also establish the relationships between spatial Cournot oligopolies
and perfectly competitive spatial price equilibrium problems (cf. Dafermos and Nagurney
(1987)). Nagurney, Dupuis, and Zhang (1994), in turn, developed a dynamic version of
the model of Dafermos and Nagurney (1987) using projected dynamical systems theory (see
also Nagurney and Zhang (1996b)). Of course, those models, unlike the ones proposed in
this paper, did not have the capacity design variables in their formulations. Our framework
allows for such a generalization and, as we will see in the following sections, without much

additional cost in terms of computations and problem solution.

It is also interesting to relate the supply chain network oligopoly model to the classi-

11



Figure 2: The Initial Network Topology of the Spatial Oligopoly Design Problem

cal Cournot (1838) oligopoly model in quantity variables, which has been formulated as a
variational inequality problem by Gabay and Moulin (1980) and has been studied by both
economists and operations researchers (cf. Murphy, Sherali, and Soyster (1982), Flam and
Ben-Israel (1990), Nagurney (1993), and the references therein). Indeed, we have the follow-

ing corollary, the proof of which is immediate.

Corollary 2

Assume that there is a single manufacturing plant associated with each firm in the above
supply chain network design model and a single distribution center. Assume also that there
is a single demand market. Assume that the manufacturing cost of each firm depends only
upon its own output. Then, if the storage and distribution cost functions are all identically
equal to zero the above design model collapses to an extension of the classical oligopoly model
in quantity variables and with capacity design variables. Furthermore, if I = 2, one then

obtains a generalization of the classical duopoly model.

The initial network structure for the classical oligopoly problem (see also Nagurney (1993,
2009a)) is depicted in Figure 3. The classical model is an aspatial model since there are no

explicit transportation/transaction costs between the firms/manufacturers and the demand

12



Firm 1 Firm [

Figure 3: The Initial Network Topology of the “Classical” Oligopoly Design Problem

market.

Existence results for both spatial and aspatial oligopoly problems can be found in Nagur-
ney and Zhang (1996b) and the references therein. Typically, either strong monotonicity or
coercivity conditions are imposed on the relevant functions in order to guarantee existence

of a Cournot-Nash equilibrium in such applications.

We emphasize that with the variational inequality formulation of the competitive supply

chain network design problem, as given above, we can now:

1. consider problems in which there are nonlinearities as well as asymmetries in the under-

lying functions, for which an optimization formulation would no longer suffice and

2. obtain further insights into competitive oligopolistic equilibrium problems that character-

ize a variety of industries with the generalization of the inclusion of explicit design variables.

Moreover, as is well-known, intuition in the case of equilibrium problems, as opposed
to optimization problems, may be easily confounded (as in the Braess paradox; see Braess

(1968) and Braess, Nagurney, and Wakolbinger (2005)). Hence, an oligopolistic supply chain

13



network design framework, which allows for the computation of solutions, can allow firms to

investigate their optimal strategies in the presence of competition.

3. The Algorithm

In this Section, we recall the Euler method, which is induced by the general iterative
scheme of Dupuis and Nagurney (1993). Its realization for the solution of supply chain
network design problems governed by variational inequality (13) yields subproblems that

can be solved explicitly and in closed form.

Specifically, recall that at an iteration 7 of the Euler method (see also Nagurney and
Zhang (1996b)) one computes:

X = Pe(XT —a, F(XT)), (15)

where Py is the projection on the feasible set I and F' is the function that enters the

variational inequality problem: determine X* € K such that
(FIXHT, X —X*) >0, VX ek, (16)

where (-, -) is the inner product in n-dimensional Euclidean space, X € R", and F(X) is an

n-dimensional function from K to R", with F'(X) being continuous (see also (14)).

As shown in Dupuis and Nagurney (1993); see also Nagurney and Zhang (1996b), for
convergence of the general iterative scheme, which induces the Euler method, among other
methods, the sequence {a,} must satisfy: >, a, = o0, a; > 0, a, — 0, as 7 — 0.
Specific conditions for convergence of this scheme can be found for a variety of network-
based problems, similar to those constructed here, in Nagurney and Zhang (1996b) and the

references therein.

Explicit Formulae for the Euler Method Applied to the Supply Chain Network
Design Variational Inequality (13)

The elegance of this procedure for the computation of solutions to the supply chain network
design problem modeled in Section 2 can be seen in the following explicit formulae. Indeed,

(15) for the supply chain design network oligopoly problem governed by variational inequality

14



problem (13) yields the following closed form expressions for the product path flows, the

design capacities, and the Lagrange multipliers, respectively:

SR Qo (xT oC, (z™ .

a7t = max{0, 2] +a-(pr, (z7) = g;l( ) > x;—ap()— > Albap)}, Vi, VE,Vp € P%%
=1 Ry, peP?, Tp a€Ld
'k
(17)
T+1 T T aﬁ-a(u;) 0

ul ™ = max{0,u] + a,(\] — 5 )}, Vae L7 (18)
/\;——’—1 = maX{O, /\; + CLT( Z 17;5(11) - u;)}a Va € LO' (19)

pePO

In the next Section, we solve supply chain network oligopoly design problems using this

algorithmic scheme.

4. Numerical Examples

In this Section, we present numerical supply chain network design oligopoly examples of
increasing complexity. We implemented the Euler method, as discussed in Section 3. The
algorithm code were implemented in FORTRAN and the system used for the computations
was a Unix system at the University of Massachusetts Amherst. The convergence tolerance
was: | X7 — X7| < 1079 for all the examples. The sequence {a,} used (cf. (15)) was:
1{1,3,%,%.5,3,..., }. We initialized the Euler method as follows. We set the demand for
the product at 100 for each demand market and equally distributed the demand among all
the paths. The initial link design capacities as well as the initial Lagrange multipliers were

all set to zero.

Example 1

Example 1 consisted of four firms with the prospective supply chain network topology as
in Figure 4. Each firm was considering a single manufacturing plant, a single distribution

center, and a single demand market.

For simplicity, we let all the total operational cost functions on the links be equal and
given by:
ealf) =212+ fo, VaeLl;i=1,234. (20)
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The Firms

Figure 4: The Initial Network Topology for Examples 1 and 2

The total design cost functions on all the links were:

7a(ue) = 5u2 +u,, Vae Ld;i=1,2,3,4. (21)

The demand price function at the single demand market was:

pi,(d) = —d, +200. (22)

We denoted the paths by pi1, po, p3, and ps corresponding to firm 1 through firm 4,
respectively, with each path originating in its top-most firm node and ending in the demand

market node (cf. Figure 4).

The Euler method converged to the equilibrium solution:

* * * *
T, =T, =T, =T, =3.15,
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uw'=3.15Va € L°, fr=3.15Vac L°,
A\ =32.46,Va € L°.

Hence, the supply chain network design, since all links had positive capacities (as well as

positive flows), had the topology as in Figure 4.

The demand was 12.60 and the demand market price was pr, = 187.40. Each firm earned
a profit of 287.88.

Example 2

Example 2 was constructed from Example 1 and had the same data except that the demand

price at the demand market was greatly reduced to:

PRy (d) = _de + 9. (23)

The Euler method converged to the solution with all path flows, link flows, and design
capacities equal to 0.00 with the Lagrange multipliers all equal to 1.05. Hence, not one of
the firms enters into this market and none of these firms produces the product. Therefore,

the final supply chain network design is essentially the null set.

Example 3

Example 3 had the initial supply chain network topology as in Figure 5, where we also define
the links. Specifically, there were two firms considering two manufacturing plants each, two

distribution centers each, and considering serving a single demand market.

The total cost data, along with the computed link flows, capacities, and Lagrange multi-
pliers, are reported in Table 1. This example represents the following scenario. Let the first
firm be located in the US, for example, where there are higher manufacturing costs and also
higher costs associated with both constructing the manufacturing plants and the distribution
centers; see: ¢1, ¢5, and 7y, m5. The second firm, on the other hand, is located outside the
US where there are lower manufacturing costs and storage costs as well as associated design

costs for the facilities; see ¢q11, ¢15, and 71, m15. However, the demand market is in the US

17



Ry

Figure 5: The Initial Supply Chain Network Topology for Examples 3 and 4
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Table 1: Total Cost Functions and Solution for Example 3

Link a ¢a(f) a(ta) fo | ua Aa
1 2f2 +2f 5uf +uy; | 7.28 | 7.28 | 74.05
2 24 2f, SuZtuy | 3.98[398] 4.98
3 252+ f3 | bul+2uz | 7.54|7.54 | 76.23
4 2+ fa Su?+uy | 754754 854
5 3f2+2fs | 6uZ+wus |5.73]573] 70.05
6 SfE+ fo Bui +ug | 217 [ 217 | 3.17
7 152+ fr | 10u2+wu; | 5.47|5.47 | 110.07
8 fé+fs Suf +us | 5.47 | 547 | 6.48
9 Sfe+fo | Bud+ue [3.30]330] 4.30
10 A+ fio | Budy+ui | 3.56 | 3.56 | 4.56
11 S+ fu | 4wl +uyg | 715 7.15 | 58.23
12 I+ fi2 | Budy+upp | 298298 3.98
13 | 5f3+ fiz | 25ud; +uys | 7.14 | 714 | 36.72
14 AfE 4 fia | DU, +Buyy | 714 [ 714 | 76.19
15 fE+fis | 3uds+us | 812812 49.76
16 fi+ fie | buls+us | 3.96 3.96 | 4.96
17 SfE+ fir | 2.5uf; 4wy | 8.13 [ 8.13 | 41.66
18 [ 35f%+ fis | 4udg +2uig | 8.13 [ 8.13 | 66.89
19 fo+ fio | Buly+uye | 417 | 417 | 517
20 BSfa+ fao | Hudg+ug | 4.16 | 416 | 5.16

pP1 = <1a 27374)7

The demand price function was:

pr,(d) = —dg, + 300.

P2 = (1797 7a 8)a

19

pP3s = (5a 6a 77 8)7

and, hence, the second firm faces higher transportation costs to deliver the product to the

demand market, as can be seen from the function data in Table 1; see ¢4 and ¢z versus ¢4

For completeness, we also provide the computed equilibrium path flows. There were four

paths for each firm and we label the paths as follows (please refer to Figure 5): for firm 1:

Pa = (57 1()’ 37 4)7



for firm 2:

ps = (11,12,13,14), pe = (11,19,17,18), p; = (15,16,17,18), ps = (15,20,13,14).

The computed equilibrium path flow pattern was:
r, =398, =z, =330, z, =217, =z, =3.56,

T, =298, wz, =417, z, =396, =z, =4.16.

Example 4

Example 4 also had the initial supply chain network topology as in Figure 5. Example 4 had
the same data as Example 3 except we reduced the capacity design costs associated with the

shipment links from the second firm to the demand market as in Table 2; see 74 and 7y35.

The total cost data, along with the computed link flows, capacities, and Lagrange multi-

pliers, are reported in Table 2.
The demand price was: 267.47 and the total profit earned by both firms was: 4,493.29.

For completeness, we also provide the computed equilibrium path flows, which were:

T, =392, wz,, =325 1z, =213, =z, =3.51,

r, =404, z;, =519, z, =489, =z, =5.60.

One can see that the second firm manufactured a greater volume of the product than
the first firm and provided more of the product to the consumers at the demand market.
Hence, in this example the firm that had lower overseas costs was more competitive once the

shipment costs were further reduced.

Note that the final supply chain network topology under the optimal design for Example

4 remained as in Figure 5.
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Table 2: Total Cost Functions and Solution for Example 4

Link a [ ¢ (f) 7o (Ua) fo | ug Aa
1 2f2+2f1 Su? +uy | 717 | 717 | 72.87
2 f3+2f Sul+uy | 3.92 | 3.92 | 4.92
3 25f5 4+ f3 | buj+2u3 | 742 | 742 | 75.01
4 2+ f4 Sultug | 742 | 742 | 8.42
5 3f2+2fs 6uZ +us | 5.64 | 5.64 | 68.93
6 5fE+ fe Su+ug | 213 | 213 | 3.14
7 152+ fr | 10u2+u; | 539 | 5.39 | 108.30
8 2+ fs Sui+ug | 539 | 5.39 | 6.39
9 513+ fo Su+ug | 325 | 325 | 4.25
10 A+ fio | budy+up | 351 | 351 | 4.50
12 o+ fiz | bud,+up | 404 | 404 | 5.04
13 SfL+ fiz | 2.5u, +uiz | 9.64 | 9.64 | 49.24
14 A4f2 + fia | Bul +ug | 9.64 | 9.64 | 10.64
15 e+ fis | 3uds+us | 10491049 | 63.90
16 o4 fis | bulg+ue | 489 | 489 | 5.89
17 SfE+ fir | 2.5u2, +uyr | 10.08 | 10.08 | 51.44
18 | 3.5f%+ fis | Hudg +wg | 10.08 [ 10.08 | 11.08
19 i+ fio | Dulg+u | 5.19 | 519 | 6.19
20 Bfa + fao | Hudy+us | 5.60 | 5.60 | 6.60
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Example 5

Example 5 had the same data as Example 4 but now we added a second demand market
with the initial supply chain network topology being as depicted in Figure 6. The links are
labeled on that figure. We assumed that the second demand market was located in the US
with the shipment costs set to reflect this scenario. The demand price function for the first
demand market remained as in Examples 3 and 4. The demand price function for the new

demand market was:
Pr,(d) = —2dg, + 500. (25)

The remainder of the input data and the computed solution are given in Table 3.

For completeness, we also provide the computed path flows. We retained the numbering
and the definitions of the first eight paths for the first demand market as in Examples 3 and
4 (but associated now with Figure 6). The new paths for the first firm to the second demand

market are defined as:
Po = (17273721)7 Pio = (1797 77 22)7 P11 = (5767 77 22)7 P12 = (571073a21)7
and for the second firm to the second demand market as:

prs = (11,12,13,23), pu = (11,19,17,24), pi5 = (15,16,17,24), pis = (15,20, 13,23).

The computed path flow solution follows:
r, =0.00, =z, =000, z, =0.00, =z, =0.00,
T, =049, z; =072, z, =079, =z, =184
xy, =575, x, =454, x, =3.04, x, =508,

P10 P11 P12

x, . =649, . =815, . =755 x =7.84.

p13 P14 p1s P16

It is very interesting to note that the first firm no longer provides any of the product to
the first demand market and, in fact, all its associated path flows to the first demand market
are now equal to zero as are the link flows on links 4 and 8. In addition, the associated
design capacities on links 4 and 8 are also equal to zero. Thus, for Example 5, the optimal

supply chain network design is as given in Figure 7.
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Table 3: Total Cost Functions and Solution for Example 5

Link a Ca(f) Ta(Ua) fa U, Aa
1 2fF +2f Suf +uy | 10.29 | 10.29 | 104.12
2 f2+2f Sus+uy | 5.75 | 5.75 | 6.75
3 2.5f2+ f3 | buZ+2uz | 10.83 | 10.83 | 109.09
4 fi+fa Sut+wug | 0.00 | 0.00 | 0.04
5 3f3+2fs 6us +us | 812 | 8.12 | 98.65
6 SfE+ fo Sui+ug | 3.04 | 3.04 | 4.04
7 L5f2+ fr | 10u?+wu; | 7.58 | 7.58 | 151.81
8 e+ fs SuZ+ug | 0.00 | 0.00 | 0.56
9 5f8+ fo Dul+ug | 454 | 4.54 | 5.54
10 2+ fio | buly+u | 5.08 | 5.08 | 6.08
11 SFA+ fun | 4ud, +upp | 15.84 | 15.84 | 127.61
12 2+ fia | Bu,+uip | 698 | 698 | 7.98
13 SfE+ fiz | 2.5u2, + w3 | 16.66 | 16.66 | 84.34
15 fE+ fis | 3uds+ugs | 18.02 ] 18.02 | 109.00
16 [+ fie | Buls+uy | 834 | 834 | 9.34
17 Sfi+ fir | 2.5ud, +wuyr | 17.20 | 17.20 | 87.04
18 | 3.5f%+ fis | Budg+wg | 1.51 | 1.51 | 251
19 5+ fio | DuZy+u | 8.86 | 8.86 | 9.86
20 BfE 4 fao | Budy +ugp | 9.68 | 9.68 | 10.68
21 Sf5+ for | 2.5u3) + for | 10.83 | 10.83 | 23.66
22 f3+ faz | Budy+ fao | 758 | 758 | 17.16
23 2f55 + fos | Duds + fos | 14.33 | 14.33 | 15.33
24 | 15f5, + foo | Duzy + foa | 15.70 | 15.70 | 16.69
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Figure 6: The Initial Supply Chain Network Topology for Example 5
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Figure 7: The Optimal Supply Chain Network Design for Example 5
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5. Summary and Conclusions

In this paper, we developed a multimarket supply chain network design model in an
oligopolistic setting. The firms select not only their optimal product flows but also the
capacities associated with the various supply chain activities of production/manufacturing,
storage, and distribution/shipment. We formulated the supply chain network design problem
as a variational inequality problem and then proposed an algorithm, which fully exploits the
underlying structure of these network problems, and yields closed form expressions at each

iterative step.

The network formalism proposed here, which captures competition on the production,
distribution, as well as demand market dimensions, enables the investigation of economic
issues surrounding supply chain network design. In addition, it allows for the identification
(and generalization) of special cases of oligopolistic market equilibrium problems, spatial,
as well as aspatial, through the underlying network structure, that have appeared in the
literature. Furthermore, the network structure allows one to visualize graphically the pro-
posed supply chain network topology and the final optimal/equilibrium design. Importantly,
this paper illustrates the power of computational methodologies to explore issues regarding
competing firms and network design. Moreover, we demonstrate that such problems can be

formulated and solved without using discrete variables but, rather only continuous variables.

The research in this paper can be extended in several directions. Omne can construct
multiproduct versions of the oligopolistic supply chain network design model developed here,
and one can also consider more explicitly international/global issues with the incorporation
of exchange rates and risk. It would also be worthwhile to formulate supply chain network
redesign oligopolistic models. Obviously, further computational experimentation as well as
theoretical developments and empirical applications would also be of value, but we leave

such research questions/problems for the future.

Acknowledgments

This research was supported by the John F. Smith Memorial Fund at the Isenberg School
of Management. This support is gratefully acknowledged.

26



The author also acknowledges the helpful comments and suggestions of two anonymous

reviewers and the Editor on an earlier version of this paper.

References

Beamon, B. M., 1998. Supply chain design and analysis: Models and methods. International
Journal of Production Economics 55, 281-294.

Bertsekas, D. P., Tsitsiklis, J. N., 1989. Parallel and Distributed Computation. Prentice-
Hall, Englewood Cliffs, New Jersey.

Braess, D., 1968. Uber ein paradoxon aus der verkehrsplanung. Unternehmenforschung 12,
258-268.

Braess, D., Nagurney, A., Wakolbinger, T., 2005. On a paradox of traffic planning, transla-
tion of the 1968 article by Braess. Transportation Science 39, 446-450.

Brown, G., Keegan, J., Vigus, B., Wood, K., 2001. The Kellogg company optimizes produc-

tion, inventory and distribution. Interfaces 31, 1-15.

Cournot, A. A., 1838. Researches into the Mathematical Principles of the Theory of Wealth,
English translation, MacMillan, London, England, 1897.

Dafermos, S., Nagurney, A. 1987. Oligopolistic and competitive behavior of spatially sepa-

rated markets. Regional Science and Urban Economics 17, 245-254.

Dupuis, P., Nagurney, A., 1993. Dynamical systems and variational inequalities. Annals of
Operations Research 44, 9-42.

Flam, S. P., Ben-Israel, A., 1990. A continuous approach to oligopolistic market equilibrium
Operations Research 38, 1045-1051.

Gabay, D., Moulin, H., 1980. On the uniqueness and stability of Nash equilibria in noncoop-
erative games. In: Bensoussan, A., Kleindorfer, P., Tapiero, C. S. (Eds), Applied Stochastic
Control of Econometrics and Management Science, North-Holland, Amsterdam, The Nether-
lands, pp. 271-294.

27



Geunes, J., Pardalos, P. M., 2003. Network optimization in supply chain management and

financial engineering: An annotated bibliography. Networks, 42, 66-84.

Handfield, R. B., Nichols Jr., E. L., 2002. Supply Chain Redesign: Transforming Supply
Chains into Integrated Value Systems. Financial Times Prentice Hall, Upper Saddle River,

New Jersey.

Meixell, M. J., Gargeya, V. B., 2005. Global supply chain design: A literature review and
critique. Transportation Research E, 41, 531-550.

Min, H., Zhou, G., 2002. Supply chain modeling: past, present, future. Computers and
Industrial Engineering 43, 231-249.

Murphy, F. H., Sherali, H. D., Soyster, A. L., 1982. A mathematical programming approach

for determining oligopolistic market equilibrium. Mathematical Programming 24, 92-106.

Nagurney, A., 1993. Network Economics: A Variational Inequality Approach. Kluwer Aca-
demic Publishers, Dordrecht, The Netherlands.

Nagurney, A. 2006a. Supply Chain Network Economics: Dynamics of Prices, Flows and
Profits. Edward Elgar Publishing, Cheltenham, England.

Nagurney, A. 2006b. On the relationship between supply chain and transportation network
equilibria: A supernetwork equivalence with computations. Transportation Research E 42,
293-316.

Nagurney, A., 2009a. Formulation and analysis of horizontal mergers among oligopolistic
firms with insights into the merger paradox: A supply chain network perspective. Compu-

tational Management Science, in press.

Nagurney, A., 2009b. A system-optimization perspective for supply chain network integra-

tion: The horizontal merger case. Transportation Research E 45, 1-15.

Nagurney, A., 2009c. Optimal supply chain network design at minimal total cost and de-

mand satisfaction. Isenberg School of Management, University of Massachusetts, Amherst,

28



Massachusetts.

Nagurney, A., Dong, J., Zhang, D., 2002. A supply chain network equilibrium model. Trans-
portation Research E 38, 281-303.

Nagurney, A., Dupuis, P., Zhang, D., 1994, A dynamical systems approach for network

oligopolies and variational inequalities. Annals of Operations Research 28, 263-293.

Nagurney, A., Qiang, Q., 2009. Fragile Networks: Identifying Vulnerabilities and Synergies
in an Uncertain World. John Wiley & Sons, Hoboken, New Jersey.

Nagurney, A., Takayama, T., Zhang, D., 1995. Massively parallel computation of spatial
price equilibrium problems as dynamical systems. Journal of Economic Dynamics and Con-

trol 18, 3-37.

Nagurney, A., Woolley, T., 2009. Environmental and cost synergy in supply chain net-
work integration in mergers and acquisitions. In: Ehrgott, M., Naujoks, B., Stewart, T. J.,
Wallenius, J. (Eds), Multiple Criteria Decision Making for Sustainable Energy and Trans-
portation Systems, Proceedings of the 19th International Conference on Multiple Criteria
Decision Making, Auckland, New Zealand, January 7-12, 2008. Springer, Berlin, Germany,

in press.

Nagurney, A., Woolley, T., Qiang, Q., 2009. Multiproduct supply chain horizontal network
integration: Models, theory, and computational results. International Journal of Operational

Research, in press.

Nagurney, A., Zhang, D., 1996a. Stability of spatial price equilibrium modeled as a projected

dynamical system. Journal of Economic Dynamics and Control 20, 43-63.

Nagurney, A., Zhang, D., 1996b. Projected Dynamical Systems and Variational Inequalities

with Applications, Kluwer Academic Publishers, Boston, Massachusetts.

Nash, J. F.; 1950. Equilibrium points in n-person games. Proceedings of the National
Academy of Sciences, USA 36, 48-49.

29



Nash, J. F., 1951. Noncooperative games. Annals of Mathematics 54, 286-298.

Okuguchi, K., Szidarovsky, F., 1990. The Theory of Oligopoly with Multi-Product Firms,
Lecture Notes in Economics and Mathematical Systems, volume 342, Springer-Verlag, Berlin,

Germany.

Tirole, J., 1988. The Theory of Industrial Organization. MIT Press, Cambridge, Mas-

sachusetts.

Yang, F., Zhang, D., 2009. Day-to-day stationary link flow pattern. Transportation Research
B 43, 119-126.

Zhang, D., 2006. A network economic model for supply chain vs. supply chain competition.

Omega 34, 283-295.

Zhang, D.; Dong, J., Nagurney, A., 2003. A supply chain network economy: modeling and
qualitative analysis. In Innovations in Financial and Economic Networks, A. Nagurney,
editor, Edward Elgar Publishing, Cheltenham, England, pp. 197-213.

Zhang, D., Nagurney, A., 1997. Formulation, stability, and computation of traffic network
equilibria as projected dynamical systems. Jounral of Optimization Theory and its Appli-
cations 93, 417-444.

30





