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process, none of them can be applied in the quantitative
context (what percentage to make/source using a partic-
ular alternative?). In this work we propose a quantitative
model for optimally deciding between FDI/outsourcing
alternatives in general acyclic global supply chains.

This paper is organised as follows. In Section II, we
state the problem. Mixed Integer Nonlinear Program-
ming (MINLP) are proposed in Section III, incorporating
(i) supply chain costs due to production, transportation,
inventory, duty and partner relationship, and (ii) supply
chain risks, due to production delay, production shortfall,
transport delay, and sharing of intellectual property. A
model is also propoed for the multi-product case in
Section III. The base model is analyzed for a 8-stage,
4-echelon supply chain in Section IV.

II. PROBLEM STATEMENT

A global supply chain spans several countries and re-
gions of the globe. We consider a multi-stage global sup-
ply chain network where each stage represents an activity
such as, production, assembly, transport, distribution or
retail. We assume that the supply chain has N stages, say,
S1, S2, . . . , SN . At each stage, the activity could be ac-
complished using either of the different FDI/Outsourcing
alternatives that are possible. For example, in the DEC
global supply chain of [2], for the demand in UK,
the memory manufacturing activity could be accom-
plished by either of these FDI/Outsourcing alternatives:
(a) outsourcing to a partner in Singapore or Malaysia,
or (b) setting up a plant of the company in China to
exploit the skilled and low cost labour. Let there be K
such different alternatives, A1, A2, . . . , AK , associated
with each stage (the number K could be different for
different alternatives). A 0-1 FDI-Outsourcing strategy,
S, is obtained by choosing exactly one FDI/Outsourcing
alternative (among the K alternatives) for each stage
Si, 1 ≤ i ≤ N . The strategy S can be represented
by a N × K matrix (sil), where sil = 1, if for the
stage i, alternative l is chosen, sil = 0, otherwise. This
implies,

∑K
l=1 sil = 1, for each stage i. Let the cost

matrix (cil) be an N × K matrix, where cil is the cost
associated to the alternative l for the stage i. For a 0-
1 FDI-Outsourcing strategy S, the cost c(S) associated
with it is defined as,

∑N
i=1

∑K
l=1 cilsil. An optimal 0-1

FDI-Outsourcing strategy would have the minimum cost.
By definition, an optimal 0-1 FDI-Outsourcing strategy
minimizes the overall supply chain cost. The problem of
determining the optimal 0-1 FDI-Outsourcing strategy is
termed as the 0-1 FDI-Outsourcing decision problem.

We consider the relaxed version of the 0-1 strategy, S,
in which 0 ≤ sil ≤ 1 (possibly with some, sil set to 0 or
1). In this context, the 0-1 FDI-Outsourcing strategy and
the 0-1 FDI-Outsourcing decision problem are refered as
FDI-Outsourcing strategy and FDI-Outsourcing decision
problem, respectively.

III. MODELING

A supply chain could be acyclic or cyclic. The
production and distribution networks are examples of
acyclic supply chains. The distribution network along
with the stage(s) in which the distributed products that
are defective are subsequently recalled, repaired, and
redistributed, is an example of a cyclic supply chain.

For acyclic supply chains, in this section, we propose
MINLP models for the FDI-Outsourcing decision prob-
lem. First, we propose a model for the single product
case termed as the base model. We extend the base model
to, (i) a model for the multi-product case, (ii) a model
incorporating the duty (import tax) for transferring the
intermediate goods between the countries, and (iii) a
model incorporating risks due to production shortfall,
production or transport delay, and other types of risks
like losing of proprietary rights on intellectual property
and so forth.

In all the models, every stage has production and
inventory costs. In the case of FDI the capital costs are
absorbed in the production cost. In the case of outsourc-
ing the production cost is equivalent to the procurement
cost. The transport cost between the various stages of
the supply chain is also captured in the models. The
inventory, production and transport costs are assumed to
be per lot cost, if their respective lot sizes are specified.
Otherwise, the cost corresponds to the per unit cost with
lot size set to 1. When the mean demand and the standard
deviation of the demand are specified for the final stages
(sink nodes) in the supply chain, the mean demand and
the standard deviation demand for the non-final stages
(non-sink nodes) are computed as follows. Let G be a
supply chain network. Let A(G) denote the set of all
directed edges (dependencies between the stages) in the
supply chain. For a stage i in the supply chain, let μi

and σi be the mean and standard deviation of demand.
For a non-sink node i, μi =

∑
j:(i,j)∈A(G) μj , and,

σi =
√∑

j:(i,j)∈A(G) σ2
j , assuming for all js′ either both

μj and σj are specified (in the case of sink nodes) or
computed apriori. This can be achieved by computing
μi and σi for the non-sink nodes in reverse topological
order1. Assuming the demand distribution is normal, the
demand of stage i is computed as, Di = μi +kσi, where
k is the service-level.

With these terminologies we propose the base model.

A. Model for single product scenario (Base Model)

For a supply chain network, G, N denotes the number
of nodes (stages), and A(G) denotes the set of all
directed edges (dependencies between the stages) in the
supply chain. The number of possible alternatives at each
stage is denoted by K. We propose the following MINLP
model for single product scenario.

1A reverse topological ordering is an ordering of the nodes of an
acyclic graph such that for any directed arc (u, v), v appears before
u in the ordering.
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MINLP (Base Model) : min

N∑
i=1

K∑
l=1

PCil�
Dixil

PLSil
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

nmode∑
r=1

TCiljmr�
Djxiljmrxilxjm

TLSiljmr
�

+

N∑
i=1

K∑
l=1

IHCil�
Dixil

IHLSil
�(ILTil + PLTil − OLTil)xil

subject to

K∑
l=1

xil = 1, ∀1 ≤ i ≤ N,

nmode∑
r=1

xiljmr = 1, ∀i, l, j,m, such that (i, j) ∈ A(G),

ILTjmxjm = max{OLTilxil+TTiljmrxiljmrxilxjm : (i, j) ∈ A(G)},
∀j,m

0 ≤ xil ≤ 1, xiljmr = 0 or 1.

The above model can also be written as,

MINLP1 : min

N∑
i=1

K∑
l=1

PCil�
Dixil

PLSil
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

nmode∑
r=1

TCiljmr�
Djxiljmrxilxjm

TLSiljmr
�

+

N∑
i=1

K∑
l=1

IHCil�
Dixil

IHLSil
�(ILTil + PLTil − OLTil)xil

subject to

K∑
l=1

xil = 1, ∀1 ≤ i ≤ N,

nmode∑
r=1

xiljmr = 1, ∀i, l, j,m, such that (i, j) ∈ A(G),

OLTilxil+TTiljmrxiljmrxilxjm−ILTjmxjm ≤ 0, ∀i, l, j,m, r,

such that (i, j) ∈ A(G),

0 ≤ xil ≤ 1, xiljmr = 0 or 1, ILTjm ≥ 0.

In the above model, the decision variables xil, cor-
respond to the percentage of demand satisfied for a
stage i through an alternative l. For any two stages i
and j, such that (i, j) ∈ A(G), and alternatives l and
m, respectively, we define the following for the above
model. The terms PCil, TCiljmr , IHCil, denote the
per lot production cost (PC), transportation cost (TC),
and the inventory holding cost (IHC), respectively. The
production lot size (PLS), transport lot size (TLS), and
inventory holding lot size (IHLS), are denoted by PLSil,
TLSiljmr, and IHLSil, respectively. The number of
transport modes available between any two nodes is
assumed to be nmode. In case, some transport mode is
not available between a pair of nodes, a huge cost could

be added with respect to that mode. Since, MINLP1
is a minimisation problem this mode would never be
included in the optimal solution. It is also assumed that
exactly one mode is used to tranport goods from stage
i to stage j, with alternatives l and m, respectively. The
decision variables, xiljmr = 1, if the goods that has to be
transported between stage i and stage j with alternatives
l and m, respectively, is transported using the transport
mode, r. Otherwise, the decision variables, xiljmr = 0.
The term, Di, denotes the demand at stage i. Without
loss of generality, the demand Di at stage i, is assumed
to be per day demand. For a stage i and an alternative
l, the production lead time (PLT), the inbound lead time
(ILT) and the outbound lead time (OLT) are denoted
by PLTil, ILTil and OLTil, respectively. The terms
PLTil and OLTil are assumed to be specified based
on the requirement (Di) at stage i, for all the stages
i and alternatives l. Also at every stage i, we assume
that PLTil and OLTil are linearly proportional to the
percentage of demand satisfied by an alternative l (xil).
The decision variables ILTil should be non-negative,
for any non-source node i. Without loss of generality,
for source nodes i, ILTil can be set to 0. The term
TTiljmr denotes the transport time (TT) from i to j with
alternatives l and m, respectively, and r is the mode of
transport. For a real number α, the term �α� denotes the
smallest integer greater than or equal to α.

Having proposed the base model, in the following sub-
sections B,C and D, we propose various extensions of
it.

B. Model for multi-product scenario

Let P be the set of all products that are demanded. Let
P be an element of P . For a stage i and alternative l we
identify whether this combination is capable of supplying
a component of P . If it is capable then δP

il = 1,
otherwise, δP

il = 0. Let Pil be the set of all P such
that δP

il = 1. With these terminologies we propose the
following MINLP model for the multi-product scenario.
The following model is an extension of MINLP1.

MINLP2 : min

N∑
i=1

K∑
l=1

∑
P∈Pil

PCilP �DiP xilP

PLSilP
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

∑
P∈Pil,Pjm

nmode∑
r=1

TCiljmPr�
DjP xiljmPrxilP xjmP

TLSiljmPr
�

+

N∑
i=1

K∑
l=1

∑
P∈Pil

IHCilP � DiP xilP

IHLSilP
�(ILTilP +PLTilP−OLTilP )xilP

subject to

K∑
l=1

xilP = 1, ∀1 ≤ i ≤ N,P ∈ Pil,
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nmode∑
r=1

xiljmPr = 1,∀i, l, j,m, P,

such that (i, j) ∈ A(G), P ∈ Pil,Pjm,

OLTilP xilP +TTiljmPrxiljmPrxilP xjmP−ILTjmP xjmP ≤ 0,

∀i, l, j,m, r, P, such that (i, j) ∈ A(G), P ∈ Pil,Pjm ,

0 ≤ xilP ≤ 1, xiljmPr = 0 or 1, ILTjmP ≥ 0.

The model terminologies are similar to the termi-
nologies of MINLP1, except for interpreting these with
respect to a product P .

C. Model incorporating duty (import tax)

Duty (import tax) contributes considerably to the
supply chain costs when the intermediate goods are
produced/procured from Low Cost Centers (LCCs) [2].
We propose a model incorporating duty (MINLP3) by
extending the base model.

MINLP3 : min

N∑
i=1

K∑
l=1

PCil�
Dixil

PLSil
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

nmode∑
r=1

TCiljmr�
Djxiljmrxilxjm

TLSiljmr
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

nmode∑
r=1

DUTYiljmrDjxiljmrxilxjm

+

N∑
i=1

K∑
l=1

IHCil�
Dixil

IHLSil
�(ILTil + PLTil − OLTil)xil

subject to

K∑
l=1

xil = 1, ∀1 ≤ i ≤ N,

nmode∑
r=1

xiljmr = 1, ∀i, l, j,m, such that (i, j) ∈ A(G),

OLTilxil+TTiljmrxiljmrxilxjm−ILTjmxjm ≤ 0, ∀i, l, j,m, r,

such that (i, j) ∈ A(G),

0 ≤ xil ≤ 1, xiljmr = 0 or 1, ILTjm ≥ 0.

In the above model DUTYiljmr denotes the duty
(import tax) incurred per unit for transferring the good
from stage i with alternative l to stage j with alternative
m using the transport mode r. The remaining terms are
as defined in the base model.

D. Model incorporating risk

At various stages of the supply chain, risk can arise
due to production shortfall, production or transport delay.
In the context of FDI versus Outsourcing, risk due to
sharing of the proprietary information plays a major
role. When the core business of a firm (Firm A) is
outsourced to another firm (Firm B), the partnering firm
(Firm B) is expected to maintain confidentiality of Firm
A′s intellectual property. In this scenario, risk of losing
the properietary rights may come up, vis-a-vis, the FDI
approach.

In the model below (MINLP4) SRi (shortfall risk) is
the risk penalty at stage i, associated to the shortfall
yi. The partner relationship cost associated with the
alternative l at stage i is denoted by Ril. The term
PRil (production risk) is the risk penalty at the stage
i, associated with production delay, IPRil (intellectual
property risk), risk penalty at stage i, associated to intel-
lectual property/proprietary rights, and, TRiljmr (trans-
port risk) is the penalty associated to transportation risk
for transporting goods from stage i (with alternative l),
to stage j (with alternative m), using the transport mode-
r. The partner relationship cost and the risk penalties are
assumed to be per unit cost.

MINLP4 : min

N∑
i=1

K∑
l=1

PCil�
Dixil

PLSil
�

+

N∑
i=1

K∑
l=1

∑
j:(i,j)∈A(G)

K∑
m=1

nmode∑
r=1

TCiljmr�
Djxiljmrxilxjm

TLSiljmr
�

+

N∑
i=1

K∑
l=1

IHCil�
Dixil

IHLSil
�(ILTil + PLTil − OLTil)xil

+

N∑
i=1

SRiDiyi + +

N∑
i=1

K∑
l=1

(Ril + PRil + IPRil)Dixil

+

N∑
i=1

K∑
l=1

N∑
j=i+1

K∑
m=1

nmode∑
r=1

TRiljmrDjxilxjmxiljmr

subject to

K∑
l=1

xil ≤ 1,∀1 ≤ i ≤ N,

nmode∑
r=1

xiljmr = 1, ∀i, l, j,m, such that (i, j) ∈ A(G),

yi = 1 −
K∑

l=1

xil,∀1 ≤ i ≤ N,

OLTilxil+TTiljmrxiljmrxilxjm−ILTjmxjm ≤ 0, ∀i, l, j,m, r,

such that (i, j) ∈ A(G),

0 ≤ xil ≤ 1, xiljmr = 0 or 1, ILTjm ≥ 0.

The other terminologies in the model remain the same
as in the base model.
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IV. ANALYSIS OF THE MODEL

In this section, we analyze the base model proposed in
Section III.A, for a 8-stage supply chain shown in Figure
1. We note that the 8-stage supply chain could also be
interpreted as a 4-echelon supply chain by defining the
echelons as follows,
(a) Echelon 1 - Disk, Memory, Motherboard, and Pro-
cessor manufacturing,
(b) Echelon 2 - Personal Computer Assembling and
Software Procurement,
(c) Echelon 3 - System building,
(d) Echelon 4 - Distribution of the system.
We assume a two-country (North and South) model, as
in [11]. With this assumption, for each stage/echelon of
the 8-stage supply chain, the different alternatives could
be,

(i) outsourcing to a low cost country in the South,
(ii) outsourcing to a low cost country in the North

(other than the home country),
(iii) outsourcing to low cost supplier(s) at home,
(iv) FDI in low cost country in the South,
(v) FDI in low cost country in the North (other

than the home country),
(vi) manufacturing/assembling at home (in-house).

We refer to these as Alternative 1-6, respectively. With
these alternatives, we studied the FDI-Outsourcing deci-
sion problem for North and South bound demands. Other
parameters of the base model were set as detailed in the
following sub-section A.

Fig. 1. A 8-stage supply chain

A. Parameters setting

The base model is analyzed for various demand types,
namely, High, Medium and Low. For the sink node,
Distribution, in the case of High, Medium and Low
demand types the mean demand (μDist) and standard
deviation of demand (σDist), are set as follows,
(a) High - μDist = 10000 and σDist = 1000,
(b) Medium - μDist = 5000 and σDist = 500,
(c) Low - μDist = 1000 and σDist = 100.

TABLE 1

PRODUCTION COST FOR NORTH BOUND DEMAND

Alternative/Demand Type High Medium Low
Alternative-1 150 200 250
Alternative-2 100 150 200
Alternative-3 50 100 150
Alternative-4 200 250 300
Alternative-5 150 200 250
Alternative-6 100 150 200

TABLE 2

PRODUCTION COST FOR SOUTH BOUND DEMAND

Alternative/Demand Type High Medium Low
Alternative-1 50 100 150
Alternative-2 100 150 200
Alternative-3 150 200 250
Alternative-4 100 150 200
Alternative-5 150 200 250
Alternative-6 200 250 300

By setting the service level to 1, the demand for the
various stages with High, Medium, and Low type, are
computed as 11000, 5500, and 1100, as detailed in
Section III. Production lead time, PLTil, and outbound
lead time, OLTil, were set to 1 and 0, respectively,
for all i and l. The lot sizes IHLSil, PLSil, and
TLSiljmr, were set to 1000,100 and 1000, respectively.
The inventory holding cost associated to the different
alternatives with respect to the North and South bound
demand, is set for the various stages of the supply chain
as follows . The inventory holding cost, IHCil, is set to
1000 for holding in North, and one-third of its cost, that
is 333.33, for holding in South. The production cost,
PCil, for the various alternatives, is shown in Table I
and II, for the case of North and South bound demand,
respectively. From any stage i to any other stage j, we
assumed that there is a single mode of transport, that is
nmode = 1. For any two distinct stages, the transport
cost, TCiljmr , and the transport time, TTiljmr, from
North to South and vice versa, are set to be 1000 and
2, respectively. Transport cost and transport time within
North or South are set to 333.33 (one-third of North-
South) and 1 (half of North-South), respectively.

With these settings the results obtained by solving the
base model is detailed in the next sub-section B.

B. Results and Discussion

The base model was solved using the CONOPT
solver2 of GAMS Optimization Suite. The model was
solved for the High, Medium and Low demand cases
for North and South bound demand. The optimal FDI-
Outsourcing strategies for North - High, Medium and
Low demand and South - High, Medium and Low
demand, are shown in Tables III-V and VI-VIII, respec-
tively.

The results obtained suggest that for North and South
bound demand the optimal strategy is to produce in
North and South, respectively. The strategy is quite in-
tuitive as it saves on the transport and inventory holding

2CONOPT is a solver of ARKI Consulting and Development,
Denmark, for solving large-scale nonlinear programs (NLPs). More
details can be found in http://www.conopt.com
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TABLE 3

NORTH-HIGH STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 0.0 0.0 0.0
Alternative-2 38.34 36.07 25.89
Alternative-3 38.34 36.07 25.89
Alternative-4 0.0 0.0 0.0
Alternative-5 0.12 7.43 22.33
Alternative-6 23.19 20.43 25.89

TABLE 4

NORTH-MEDIUM STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 0.0 0.0 0.0
Alternative-2 37.18 35.25 25.25
Alternative-3 37.18 35.25 25.25
Alternative-4 0.0 0.0 0.0
Alternative-5 2.74 9.21 24.26
Alternative-6 22.91 20.30 25.25

TABLE 5

NORTH-LOW STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 0.0 0.0 0.0
Alternative-2 31.78 32.20 25.00
Alternative-3 31.78 30.50 25.00
Alternative-4 0.0 0.0 0.0
Alternative-5 14.77 17.64 25.00
Alternative-6 21.67 19.66 25.00

TABLE 6

SOUTH-HIGH STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 71.13 66.77 56.02
Alternative-2 0.0 0.0 0.0
Alternative-3 0.0 0.0 0.0
Alternative-4 28.87 33.23 43.98
Alternative-5 0.0 0.0 0.0
Alternative-6 0.0 0.0 0.0

TABLE 7

SOUTH-MEDIUM STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 68.92 65.59 54.61
Alternative-2 0.0 0.0 0.0
Alternative-3 0.0 0.0 0.0
Alternative-4 31.08 34.41 45.39
Alternative-5 0.0 0.0 0.0
Alternative-6 0.0 0.0 0.0

TABLE 8

SOUTH-LOW STRATEGY

Alternative/Echelon 1 2 3
Alternative-1 58.67 59.70 50.00
Alternative-2 0.0 0.0 0.0
Alternative-3 0.0 0.0 0.0
Alternative-4 41.33 40.30 50.00
Alternative-5 0.0 0.0 0.0
Alternative-6 0.0 0.0 0.0

cost. We also observe that in both North and South bound
demand cases, the percentage of outsourcing decreases
and the percentage of FDI increases as we move from
the demand type High to Low. This implies that it is cost
effective, (i) to outsource when the demand is high, and
(ii) manufacture inhouse/FDI when the demand is low,
as the capital cost would be low. Finally, we observe
that the percentage of outsourcing decreases and the
percentage of FDI increases as we move from echelon
1 to echelon 3, in all the cases. This suggests that as
we move upstream from the customers the echelons
which are closer to the customers should be owned by
the company, eventhough, they may opt to outsource
echelons that are farther away from the customers.

V. CONCLUSION

In this research we proposed MINLP models for
the FDI-Outsourcing decision problem. In the proposed
models, various costs/risks were taken into account,
namely, production, transport and inventory costs in all
the models, duty in MINLP3, and partner relationship
cost, production risk, transport risk, production shortfall
risk, intellectual property risk, in MINLP4. A model
to handle multi-product scenario was also proposed in
this paper (MINLP2). The proposed model (base model)
was analysed for a 8-stage, 4-echelon supply chain. The
analysis suggests that the model is quite intuitive and
applicable in practice.
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