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Abstract: Supply chains are distributed manufacturing systems composed of various
resources belonging to different companies. The configuration of the supply chain
network, integrated with Internet and web-based electronic market places, is essential for
business to pursue a competitive advantage. This paper develops a model describing the
integrated e-supply chain network and formulates a multi-criteria integer linear
optimization problem to select the candidates and the links connecting the stages of the
e-supply chain. Hence, some multi-criteria objective functions are defined and suited
constraints are introduced on the basis of the digraph modelling the supply chain network.
The proposed methodology is illustrated by way of a case study describing a network for

desktop computer production. Copyright © 2005 IFAC
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1. INTRODUCTION

Agile manufacturing has been introduced as a
concept to satisfy the demand for low volume and
high variety products (Wu et al., 1999, Yang et al.,
2003). By integrating computer systems, hardware
and information flows, automated manufacturing
systems provide agile manufactures with flexibility
and reconfigurability (Luo ef al., 2001). Moreover, a
common and accepted issue to achieve agility in a
manufacturing system is manufacturing products in
geographically different sites connected through
communication networks (Wu et al., 1999). In other
words, the manufacturing system is composed of
various resources belonging to different companies
that rise to the formation of a Supply Chain (SC)
network. A SC network is defined as a collection of
independent companies, possessing complementary
skills and integrated with streamlined material,
information and financial flow (Viswanadham and
Gaonkar, 2003). The core of highly competitive and
efficient SC networks is collaboration: Internet and
web-based electronic market places can provide an
inexpensive, secure and pervasive medium for
information transfer between business units. Hence,
Integrated E-Supply Chain (IESC) is an emerging
business strategy that integrates the supply chain

design and the power of e-commerce in order to
obtain more flexible and agile manufacturing
processes. In the formation of an effective dynamic
IESC network, the selection of partners in each tier
of the SC for fulfillment of each and every order is
extremely important (Viswanadham and Gaonkar,
2003). Significant literature deals with the problem
of SC component selection and network design
(Gaonkar and Viswanadham, 2001, Jang et al., 2002,
Luo et al. 2001, Viswanadham and Gaonkar, 2003,
Wu et al., 1999) to achieve agility and flexibility. In
particular, Luo et al. (2001) present a novel approach
to model and optimize an IESC network that
incorporates e-commerce and electronic linkage.
Interaction and tradeoffs occurring between the
network components are analyzed and optimized
using a fuzzy multi-objective optimization approach.

This paper starts from the network model proposed
by Luo et al. (2001) and proposes a configuration
strategy for IESC network design, considering also
the e-business relationships between operators and
the network environmental impact. The structure of
the IESC is described by a digraph where nodes are
partners and edges are links. Different costs are
assigned to each link (edge) so that the performance
indices can be obtained by the digraph structure. The
considered data are transportation and information



connections among stages, costs and transport
pollution. A multi-criteria integer linear optimization
problem is formulated to configure the IESC
network. Hence, single criterion and multi-criteria
objective functions are defined and suited constraints
are introduced and determined on the basis of the
digraph structure. A case study is analyzed and
different solutions are presented and compared to
show the flexibility of the proposed decision strategy
approach.

This paper is organized as follows. Section 2 recalls
the network model employing digraphs and section 3
defines the optimization model and the constraints.
In section 4 a case study is analyzed and solved.

Finally, section 5 summarizes the conclusions.
2. THE NETWORK MODEL

2.1 The Integrated E-Supply Chain Description

An Integrated E-Supply Chain (IESC) network can
be defined as a hyper-network of material flows
overlaid with an e-business information network.
The considered IESC contains different stages: raw
material supply, intermediate supply, manufacturing,
distribution, retail, customers, and de-manufacturing
or re-cycling. For example, we consider inbound
stages in which partners are raw material suppliers or
plant stages. Moreover, the distribution stages have
partners such as manufacturers, product distributions
and warehouses. Finally, outbound stages can be
composed of retailers, customers, recyclers and de-
manufacturers. After the de-manufacturing stage,
recovered material, components or energy feedback
to suitable supply chain stages are considered. We
denote the IESC  stages by the set
ST:{PI’__.,Pk,.__’PN }, where Ny is the number of
S

stages. In particular, each stage Py is described as a
set of s partners representing different actors of the

supply chain, i.e. Px={n; ,n; ,,n0; 42,05 g 1},

where iy is the generic index such that i\ =kilsh with
h

k=2,3...,N; and i;=1. We suppose that there are N
partners in the system. Moreover, the Bill Of
Material (BOM) of stage Py is a set of material and
components required for processes in the k-th stage
and produced by upstream stages.

To describe the interactions among partners of
different stages of an IESC, two sets of links are
introduced: material flow links (m-links) and
information links (e-links). While a traditional SC
only exhibits m-links that describe the flow and
transport of materials, in an IESC also e-links are
considered. This kind of links describe the
connection among stages realized by Internet and
allow direct and fast flow of material between two
non-consecutive stages. The m-links of stage Py are
denoted by the set L,={m;}, where m; is an m-link
starting from njePy and ending in n;ePy,, with
P,P,eST and k#h. Analogously, we define the e-
link set as L.={e;}, where ¢ is an e-link starting
from n;ePy and ending to nje Py, with Py,P,eST and
k#h. The set L=L, UL, denotes the complete set of

links of the IESC. We assume that two partners can
be connected by m-links and/or by e-links. We
remark that IESC partners belonging to the same
stage are not connected by links. Indeed, in the
considered model material and information flow
through different stages. Fig. 1 depicts a generic
IESC network.

We conclude the description of the SC network by
introducing the set of performance indices
M:{Ml,Mz,...,MNM}, where each element MjeM

corresponds to a performance measure. Typical
indices include cost, cycle time, product quality,
energy consumption and environmental impact
(Beamon, 1999, Luo et al., 2001). Hence, a
performance value is assigned to each link,
considering m- and e-links: Mg(m;) (Mg(e;)) with
g=1,...,Ny denotes the value of the performance
measure M, associated with the link m;eLy, (e;€L).
These performance indices encapsulate the
characteristics and the properties of each link. At this
point an objective function has to be defined to select
the partners of the IESC network and the links
connecting the stages.
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Fig. 1. The structure of a generic IESC network.
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The case study. We consider a case study inspired by
an example proposed in Luo ef al. (2001). The target
product is a typical desktop computer system
consisting of the computer, hard disk driver, monitor,
keyboard and mouse. The SC is composed of Ng=6
stages: four suppliers, one manufacturer, two
distributors, two retailers, one consumer and four
recyclers, for a total of N=14 partners. Fig. 2 shows
the IESC structure before the IESC configuration and
optimization are performed. The network exhibits the
e-links ejs, €17 and e4 10, the m- and e-links msg, e7s,
My, €79, M7 10, €7,10, Mo 10, €910, Mg 10, and eg 1o, While
the remaining links are m-links. In particular, the
considered e-links model the information flow
associated to electronic commerce. For example, e;s,
e17 and e4 9 model the e-business practice in which a
supplier ships components or products directly to
distributors or consumers; similarly, partners n;,ng
and no run an e-store together with a traditional store,
so that their output links are characterized both by
material and information flow. The data for the case
study are reported in Table 1 (Luo ef al., 2001), that
shows the values of each performance index M, with
g=1,2 and 3 associated with the links of the
considered IESC, determined on the basis of
industrial experience. More precisely, the adopted
performance indices are total costs (M;), CO,
emission (M;) and energy (Ms). Moreover, note that
rows in Table 1 referring to e-links only exhibit low
value indices, due to the low costs associated to
electronic transactions.
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Fig. 2. The stages of the IECS network for the case study.

Table 1. Data sheet for the case study network links

Links Total costs CO2 emission Energy
(My) (M) (M3)
in US$ in kgCE in MJ
es (X1) 41.80 0.87 359.00
e (%) 46.70 0.74 332.00
mys (X3) 319.00 2.21 1479.00
mys (X4) 308.00 2.19 1776.00
mjs (Xs) 238.00 3.10 1540.00
Mys (Xe) 246.00 1.47 1409.00
eato (%) 53.90 3020 369.00
msg (Xg) 448.00 8.74 3618.00
ms 10 (Xo) 379.00 296.00  3542.00
Msg (X11) 358.00 223.00 3259.00
Mgg (X12) 20.89 0.87 13.40
Mogers (X13) 25.20 1.10 16.40
my; 10,€7.10 (X14) 22.90 2.58 35.10
my9,€79 (X15) 20.70 0.59 9.18
msg 10,€s.10 (XIG) 64.00 0.56 90.40
My 10,€9.10 (X17) 58.10 0.13 4.68
myp 11 (X]g) 0.42 0.37 4.80
myo. 12 (Xl9) 0.42 0.37 4.80
mjp 13 (Xz()) 0.42 0.37 4.80
mjo 14 (X21) 0.42 0.37 4.80
mys (Xzz) -18.00 0.74 -11.00
Mmis3 (X23) -28.00 1.10 -6.60
X2 Ty
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Fig. 3. The digraph associated with the case study.

2.2 The digraph definition

To exhibit the interactions among the stages of the
IESC, we define a direct graph D=(N,E). The node
set N represents the partner set of the network and
each node n;eN for i=1,...,N is associated with
partner n;ePy for ke{l,...,Ng} of the SC network.
For the sake of simplicity, the same symbols indicate
nodes and partners. Moreover, the edge set E is such
that an arc x, directed from n; to n; is in E if there
exists an m-link mjjeLy, and/or an e-link e;eL.. We
denote with E the number of edges in D.

The case study (continued): the associated digraph.
Fig. 3 depicts the digraph describing the IESC for the
case study. The digraph D=(N,E) has N=14 nodes

and E=23 edges. Edges x,, x,, X7 are associated with
e-links only, edges X3, X4, X5, X6 and X;; are
associated both with m- and e-links and the
remaining edges of the digraphs are associated with
m-links only (see Table 1).

3. THE OPTIMIZATION MODEL

Having defined the digraph depicting the interactions
among the stages of the IESC, it is necessary to
develop the optimization models for partner and link
selection making use of available information on
costs, CO, emission and energy. The mathematical
model is based on the combinatorial characteristics
of the IESC and an Integer Linear Programming
(ILP) problem is obtained. More precisely, the aim of
the model is to minimize a single-criterion or multi-
criteria cost function subject to a set of constraints
that we characterize as BOM, path, mutual exclusion
and structural constraints. The objective function and
constraints are obtained on the basis of the analysis
of the digraph describing the IESC structure.

Let us consider the performance index Mg(my;)
(Mg(ejj)) that is associated with link mj; (e;;) and with
the corresponding edge x,€E connecting n;ePy to
n;ePy. Let us indicate with ¢=[c?, ¢%, ... ¢%:]" the
vector of E entries where the h-th entry is ¢} =M(e;)
and/or c¢%=M,(m;) associated with edge x,<E.
Moreover, we denote by Xx=[x; X, ...xg]" an integer
vector where each element x,€{0,1} with h=1,...,E
indicates the presence (x,=1) or the absence (x,=0) of
the link x,€E connecting n;e Py to n;e P, in the IESC
structure. The optimization problem is as follows:

z=min f(x) (1

subject to
Ax>B 2)
x,€4{0,1} for h=1,...,E 3)

where A is the constraint matrix of dimension vxE
and B is a v-vector of integers, v representing the
number of constraints. Minimizing the objective
function f(x) means either to minimize only one
performance index (problem 1) or a subset of the
chosen performance indices (problem 2).

3.1. The objective function

Problem 1. The single-criterion objective function is
defined as follows:

f(x)=(c") ' “



Each solution x* of the ILP (1)-(4) for a particular
vector ¢ corresponds to a possible IESC structure.
More precisely, the optimal solution vector x* selects
a sub-digraph D*=(N*E*) of D where N*cN and
E*cE, respectively. If the h-th entry of x* is x*,=1
and xj, is an edge outgoing from n;e Py and incoming
to njePy, then the solution selects the edges x,cE*
and the nodes n;,njeN* In other words, the optimal
IESC with respect to index M, is described by sub-
digraph D* that exhibits the actors (nodes) and the
links (edges) selected in the IESC design.

Problem 2. The multi-objective function is defined as
follows:

f(x)=Cx (5)
@’

where C = is a qoxE criteria matrix and
Gl

¢ ..., ¢" are vectors associated with performance

indices My;,..,Mq, respectively.

The multi-criteria linear program solving (1)-(3) and
(5) provides the maximal Pareto face of the solutions
set (Ehrgott, 2000). More precisely, we obtain a sub-
set of solutions X*={x*;} where each x*;eX* is a
Pareto optimal solution corresponding to a sub-
digraph D*; of D and to an IESC structure.

3.2. Constraint Definition

BOM constraints. Each supplier candidate can
provide a subset of materials (or components) to each
producer. Analogously, the retailer actors provide a
subset of products to each consumer. Generally, the
BOM of each partner of the manufacturer or
consumer stage is described as a list of materials
needed by the stage. The actor of the considered
stage Py (for example, manufacturer or consumer)
has to obtain all the BOM components. For example,
let us suppose that the manufacturer requires all the
components necessary to assemble the final product.
In addition, suppose that each of these products can
be shipped by means of edges x; or x, or x;. This
condition can be written as an inequality in 0-1
variables: x;+x,tx;>1. Hence, if we suppose that
there are v; BOM constraints, then the following
inequality constraints are formulated:

Ax>1 (6)

where 1 is a vj-entry vector with all elements equal
to 1 and A, is a v;xE constraint matrix with elements
Ai(1,))€{0,1} for j=1,....Eand i=1,...,v}.

Path constraints. 1t is necessary to select in the
digraph at least a path starting from a node of the
producers and ending to the nodes of the consumers.
To impose this condition, we associate with the
digraph the NxE incidence matrix Iy, where each
element is Iy(i,j)e{-1,0,1}. More precisely:

Im(i,j)=0 if arc x; does not belong to node n;,
Im(i,j)=-1 if arc x; starts from node n;,

Im(i,j)=1 if arc x; ends at node n;.

Moreover, to define a constraint that imposes the
presence of a path starting from node n, and ending
in node ny, we introduce the N-vector by ,=[b; b, ...
by]" with by=-1, by=1 and b,=0 for pzh,w and
p=1,...,N. The constraint is written as:

Ivi x>by, . @)

Hence, the constraint sub-matrix and the left side
vector are:

Im bhiwi
and B, =| .. |. ®)

Im bhi,wi

Mutual exclusion constraints. In some cases it is
necessary to choose only one actor in a stage. In
other words, the condition “only one edge among x,,
X, and x3 can be in the solution digraph” is written
with the following inequality in 0-1 variables:
X;+X,+x3<1. On the other hand, the condition “one
and only one edge among Xi, X, and x; has to be in
the solution digraph” is expressed by x;+x,+x3=I.
Hence, v; mutual exclusion constraints can be
expressed by the following equation:

-Asx>-1 9

where 1 is a vs-entry vector with all elements equal
to 1 and matrix Aj; is a constraint matrix with
A;(i,))€{0,1} for j=1,....Eand i=1,..., vs.

Structural constraints. Some particular structural
constraints are related to the digraph. For example,
the following condition can be imposed: “if edge x,
belongs to the solution digraph then edges x, or x;
belong to the solution digraph”. This condition is
expressed by the constraint: X,+x;>x;. A second type
of structural condition is: “x, belongs to the solution
digraph if and only if (iff) x; belongs to the solution
digraph”, i.e., x,=x;. Therefore, the v, structural
constraints can be expressed as follows:

Aux>0 (10)

with Ay(i,j)e{0,1,-1} forj=1,...,Eand i=1,...,vs.

Finally, the constraints matrix and specification
vector are the following:

A, 1

A= and B = . (11)
-A, -1
A, 0

4. CASE STUDY

To illustrate the network design procedure, the case
study described in Sections 2, Table 1 and Fig. 2 and
3 is considered. Various computational experiments
are performed minimizing considering cost, CO,
emission and energy consumption, alternatively.
Furthermore, three multi-objective functions for
problem 2 are chosen. Solutions are obtained by the
well-known two-phases simplex method in the
Matlab framework (Venkataraman, 2001).



4.1 Constraint Definition

BOM  constraints. The components supplier
constraints are obtained taking into account that the
BOM of the second stages in Fig. 3, representing the
manufacturer, is as follows: computer (C), hard-disk-
driver (H), monitor (M), and keyboard/mouse (K).
We assume that C is produced by n; and n,, H is
produced by ny, n, and n;, M is produced by n,, n;
and ny, and K is produced by n; and n4 (Luo ef al.,
2001). Hence, with reference to Fig. 3 the constraints
imposed on the edges are as follows:

X3 +Xy >1

X3+X4+X521 (12)

X4 +X5+Xg21

X5+xg 21

Path constraints. Since the network of the case study
includes one manufacturer and one consumer only, a
path between node ns and njy is needed.
Consequently, we build the NxE incidence matrix Iy
associated with digraph D. Moreover, we define the
23-vector b5,10:[b1 b2 b23] with b5:-1 bl(]:l and
other by’s equal 0. The constraint that imposes the
presence of a path starting from node ns and ending
at node ny is written as follows:

Ing x=bs 10 (13)

Mutual exclusion constraints. It is assumed that the
design conditions of the SC network include the
hypothesis that one and only one partner is to be
present in the recycler stage (stage P¢ in Fig. 2).
Furthermore, only one type of commerce is present
between the second and third stages and one and
only one e-link is present among the first stage and
the others. Hence, with reference to Fig. 3, the
mutual exclusion constraints are as follows:
<
X18 + X9 +X20+X21_1 (14)

X13 +X14 +X15 <1
X]+Xp+x7 =1

Structural constraints. The constraints derived from
the digraph structure are as follows:

X3 -X1g =0

X23-X21 =0

X5—X3320 (15)

X16—X1 20

X|3+ X4 +X15—X2 20

Xj6 —X13 20

X7 =X1520

Hence, the first line of (15) means that x,, is selected
iff x5 is selected. In addition, the third line of (15)
means that if X, is selected then xs is selected.

4.2 Solution of Problem 1

Problem 1 is solved considering three different
performance indices: costs (M), energy (M,) and
CO, emission (Mj). The corresponding objective
functions are denoted f;, f, and f3, respectively. The
obtained sub-digraphs are presented in Fig. 4, 5 and

6 respectively, and the corresponding objective
functions are given in Table 2. Obviously, the
showed digraphs are equal to the solution digraphs
obtained in (Luo et al, 2001) with the fuzzy logic
optimization method. We remark that both the
solution digraphs minimizing costs and energy
include a recycler (i.e. ny4 in Fig. 4 and n;; in Fig. 5),
which is missing in the network minimizing CO,
emission in Fig. 6. Indeed, including the recycling
stage in the IESC results in a reduction of costs and
energy (notice the negative entries in the last two
rows of Table 1) but does not decrease CO, emission.

Table 2. The values of objective functions fj, f, and
f; for problem 1 of the case study.

Costs Energy CO2 emission

in USS in MJ in KeCE
min f; 946.0 6566.3 16.34
min f, 1030.9 6112.7 12.51
min f; 1037.5 6415.9 11.38

Fig. 6. Solution digraph of min(f5).

4.3 Solution of Problem 2

The multi-objective optimization problem is solved
considering the following performance indices: costs
and CO, emission (fy), costs and energy (fs), energy,
cost and CO, emission (fg). Tables 3, 4 and 5 report
for each optimal point of the maximal Pareto faces of
objective functions fy, fs and fg, the corresponding
performance indices and the selected arcs of the
IESC network. In particular, each solution is
associated with a network with reference to the
chosen multi-objective optimization problem. The
digraph corresponding to solution xp in Table 5 is
depicted in Fig. 7. For the sake of simplicity, we
neglect representing the digraphs corresponding to
the different solutions minimizing fy, fs and fs. In
fact, such digraphs may easily be obtained from the
last columns in Tables 3, 4 and 5, respectively.



Table 3. The optimal solutions for multi-objective
function: cost and CO, emission (min(fy)).

Optimal  Costs CO, emission Indices of selected
solutions in US$  in KeCE edges

XA 946.0 16.34 2,4,5,10,14,21,23
Xp 964.0 14.35 2,4,6,10,14,18,22
Xc 981.6 13.24 2,4,6,10,14

Xp 1030.9 12.51 2,3,6,10,15,17,18,
Xg 1037.5  11.38 2,4,6,10,15,17

Table 4. The optimal solutions for multi-objective
function: energy and CO, emission (min(fs)).
Optimal Energy CO, emission Indices of selected

solutions InMJ  in KgCE edges

XA 6112.7 12.51  2,3,6,10,15,17,18,22
Xp 6118.9 11.40 2,3,6,10,15,17
Xc 6415.9 11.38 2,4,6,10,15,17

Table 5. The optimal solutions for multi-objective

function: cost, energy and CO, emission (min(fy)).
CO,

Optimal Costs in Energy emission

Indices of selected

solutions US$ inMJ in edges
KgCE
XA 946.0 6566.3 16.34 2,4,5,10,14,21,23
Xg 957.0 62693 1636  2.3.5.10,14.21.23
Xc 964.0 64309 14.35 2,4,6,10,14,18,22
Xp 975.0 61339 14.37 2,3,6,10,14,18,22
Xg 981.6 6437.1 13.24 2,4,6,10,14
Xp 992.6 6140.1 13.26 2,3,6,10,14
Xg 1030.9 6112.7 12.51 2,3,6,10,15,17,18,22
Xy 1048.5 6118.9 11.40 2,3,6,10,15,17
Xi 1037.5 64159 11.38 2,4,6,10,15,17

Fig. 7. Digraph representing solution Xp minimizing
problem 2 with objective function fg.

The results show that the proposed method is able to
provide a set of optimal and suboptimal solutions.
For example, solutions x, and xg obtained
minimizing objective function fy are correspondingly
equal to the solutions obtained minimizing f; and f3,
respectively (see Table 3 and Fig. 4 and 6).
Moreover, solutions x4 and X¢ obtained minimizing
fs correspond to the optimization of costs and CO,
emission, respectively (see Table 4 and Fig. 5 and 6).
However, in Table 3 solution x4 corresponds to a
large value of CO, emission and solution Xxp
corresponds to a large value of costs. On the
contrary, solutions xg and xc¢ of Table 3 both exhibit
a good value of costs and of CO, emission. In
addition, minimizing objective function fg we obtain
solution xp in Table 5 featuring satisfactory values of
costs, energy and CO, emission. Comparing our
multi-criteria methodology with the multi-criteria
optimization approach of Luo et al. (2001), we point
out that the fuzzy logic method provides only one
solution. On the contrary, our optimization procedure
enables us to choose among several near-optimal

solutions preferences or priorities on the considered
performance indices. This can guide the user in
selecting among solutions on the same Pareto face.

5. CONCLUSIONS

The Integrated E-Supply Chain (IESC) is a business
strategy that incorporates the power of e-commerce
to streamline the manufacturing processes. An IESC
system has a more complex structure than a
traditional supply chain (SC) system, since it
embraces the e-business strategy to establish
information links and integrates end-of-life processes
into the entire SC structure. This paper models the
structure of the IESC by a digraph describing the
actors of the stages and the material and information
links among the stages. Moreover, an integer multi-
criteria optimization problem is stated and the
procedure to obtain the constraints is drawn. The
proposed methodology is applied to a case study
inspired by an IESC producing desktop computers
that is described in the related literature. The multi-
criteria optimization problem solution proposes
different structures for the IESC on the basis of the
performance indices and costs chosen to define the
multi-criteria objective function.
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