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Abstract: To solve the problem of a supplier’s failure to deliver
thus impacting supply chain system performance in the supply
chain operating process, a model of supplier selection and order
splitting in the context of a multiple sourcing setting is proposed.
First, by the analysis of the elements of expected total costs of the
buyer firm, namely, expected loss costs, resilience effort costs,
supplier maintenance costs, and cycle purchase costs, the expected
total costs function is obtained. And then, the effects of supplier
characters on the supplier selection and order splitting decision-
making are investigated by numerical examples. The results show
that the maximum delivery capacity, the probability of failure to
deliver and the resilience parameters are crucial elements in
determining which suppliers should be selected and how to do
order splitting between suppliers. Finally, current analyses focus
only on the expected total costs of the buyer firm but ignore the
suppliers’ costs; thus, it is more interesting to examine the
supplier decisions from both parties’ points of view.
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t can be observed that the relationships between suppliers
Iand immediate buyer firms have evolved from previously
fragmented, scattered links to today’s integrated, interde-
pendent supply chain network. Although such changes have
led to numerous benefits in efficiency and productivity, they
can result in severe problems that cannot be ignored, and one
such problem is a supplier’s failure to deliver what has been
witnessed by the entire business world in the past few years.
Every buyer firm needs a successful supplier program, espe-
cially since purchasing typically is the largest component of
costs for many products and then supplier failures can dis-
rupt operations, delay the completion or cause the cancella-
tion of customer orders. The use of order splitting during an
order cycle seems to have received much attention recently
considering supply chain risks and disruptions. For example,
Kelle and Miller provided analytical and numerical results
for the optimal rate of order splitting if the objective is to
minimize the out-of-stock risk'".

In this paper, we consider a two-stage supply chain that
contains one buyer firm and multiple suppliers. Facing the
market demand, the buyer firm purchases raw materials from
the suppliers, adds some value to the product, and sells it to
the customers. Every supplier has the capacity constraints to
deliver raw materials to buyer firms, and it has the resilience
effort to increase its output in the event of the failure of oth-
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er suppliers’”’. The goal of the model is to minimize the ex-
pected total costs of buyer firms.

The motivation of this paper comes from two research
fields, supplier selection and order splitting. With the devel-
opment of just-in-time (JIT) production and total-quality-
management (TQM), it is often suggested that a buyer firm
use a single supplier in order to build a long-term supplier
relationship to improve service quality. However, using mul-
tiple suppliers is still very popular in practice considering the
risk of supplier failure to deliver. Qi studied an integrated
decision-making model for a supply chain system where a
manufacturer faced a price-sensitive and multiple capacitated
supplier’™ . The goal is to maximize total profits by determi-
ning an optimal selling price, order splitting and at the same
time acquiring enough supplying capacity. Berger et al. pres-
ented a supplier’s decision-making model using a decision
tree approach considering supply chain catastrophic and
unique events risk'”'. The expected cost function is obtained
and the optimal number of suppliers is determined. Ruiz-
Torres et al. reported a decision-making model that optimi-
zes the allocation of demands across a set of suppliers by
considering the expected losses due to supplier’s failure to
deliver, the purchasing costs, and the costs of maintaining a
set of suppliers'®'.

The importance of reliable supply is increasing with glob-
al sourcing and JIT production. If a single, reliable supplier
is not available, the order can be split among the vendors un-
til a reliable supplier emerges. Extending the models of Ber-
ger et al. and Ruiz-Torres et al., we address the problem:
how many suppliers are preferable and how do we deal with
order splitting if the objective of the decision is to minimize
the expected total costs under supplier capacity and resili-
ence circumstances?

1 Literature Review

There are numerous papers in the research on supplier se-
lection or order splitting, but these two issues are often stud-
ied separately. Supplier selection is a decision-making prob-
lem. While some researchers emphasize strategic decision
making'”', the majority treat it as an optimization problem.
Different solution methodologies have been proposed, ran-
ging from linear programming'® to non-linear program-
ming'”".

The stream of research on order splitting follows two ma-
jor tracks. The first focuses on statistical theory and methods
for estimating the effects of splitting on the distribution of
effective lead times and, in turn, on safety stock holding
costs and shortage costs'"’. The second track concentrates on
economic analysis, or more specifically, on developing long
run average cost models to assess the performance of split
models in relation to non-split models under common condi-
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tions'"™®'.

There are only a few papers in the research on supplier se-
lection and order splitting” "' . Tyworth and Ruiz-Torres ex-
panded the Ramasesh model by investigating the effects of
transportation costs on the sourcing decision. Kawtummachai
and van Hop addressed the problem of allocating a percent-
age of the demand across a set of suppliers in order to mini-
mize total purchasing costs, while maintaining a specified
service level. They considered multiple products, where each
can be sourced from several suppliers and each supplier sells
the product at a unique price and has its own on time deliv-
ery percentage. Kawtummachai and van Hop proposed an or-
der allocation algorithm and tested it using historical data.

The works most related to our model were done by Berger
et al. and Ruiz-Torres et al. "', Berger et al. studied the
problem of the supplier decision-making model using a deci-
sion tree approach considering supply chain catastrophic and
unique events risk. Ruiz-Torres et al. studied a decision-
making model that optimizes the allocation of demands
across a set of suppliers by considering the expected losses
due to supplier failure to deliver, the purchasing costs, and
the costs of maintaining a set of suppliers. Our model also
looks like a supplier selection and order splitting problem.
The new features in our model are considering supplier ca-
pacity and resilience under circumstances of the risk of a
supplier’s failure to deliver.

2 Proposed Model

In this paper, we consider a supplier selection and order
splitting decision problem faced by a manufacturer (a buy-
er). Let N represent the set of suppliers: N = {1, 2, ..., n},
where n is the total number of possible suppliers. And every
supplier has not only the capacity constraints but also resili-
ence effort to increase its output in the event of the failure of
other suppliers. In the presence of the possible supplier fail-
ure risk, how should the manufacturer make the supplier de-
cision-making? This problem under study is typical in
today’s supply chains.

2.1 Assumptions and notations

In this paper, we focus on the issue of supplier selection
and order splitting considering supplier capacity and resili-
ence where the buying firm has the total cycle order size Q.
To simplify the analysis and concentrate on the focus issue,
we first assume that the total cycle order size Q is stationa-
ry. Random demand is discussed thereafter based on approx-
imations. Furthermore, the model assumes that the buying
firm places its replenishment order of a single product to ev-
ery supplier in the same time.

The following summarizes the notations used in this pa-
per. Some of the definitions are deferred until they are used.
c is the raw materials baseline cost per unit; a, is the propor-
tion of the total cycle order size Q allocated to supplier i,
where 2 a, =1; C,is the maximum delivery capacity to the

ieN
buying firm of supplier i during a supply cycle, C,<Q; p, is
the probability that supplier i fails to deliver during a supply
cycle; r, is the resilience parameter that relates to the ability
of supplier i to increase its output in the event of the failure
of other suppliers; ¢, is the expected financial loss per unit

not acquired; c, is the resilience cost of a supplier’s effort to
make capacity available for the buying firm per unit.

2.2 Expected total costs functions

The impact of expected total costs functions on the suppli-
er selection and order splitting modeling was proposed by
Berger et al. They considered the expected total costs related
to the loss of all suppliers failing to deliver and the costs of
maintaining these supplies. They took into account the prob-
ability of a mega event that shuts down all suppliers, P, and
the probability that supplier i fails to deliver during a cycle,
p;. Given that their results and those of Ruiz-Torres and
Mahmoodi demonstrated that P has no effect on supplier se-
lection and order splitting at reasonable levels of the varia-
ble, the mega event probability is not considered in this
study. And Ruiz-Torres and Mahmoodi presented further the
research results about supplier allocation considering
delivery failure, maintenance and supplier cycle costs.

The focus of the model presented in this paper is to deter-
mine supplier selection and order splitting of the demand
across a set of suppliers. Furthermore, the proposed model
accounts for expected total costs of a buyer firm based on
capacity constraints and resilience efforts. So given that a re-
silience parameter r, to supplier i and its proportion of the
total cycle order size Q allocated is a;, its maximum delivery
capacity to the buyer firm during a supply cycle is C,. Based
on this condition, the maximum supply proportion for sup-
plier i during a cycle with partial delivery failure (and where
supplier i does not fail) is modeled as min[ C,/Q, a/],
where C,<Q and r, can take on values between 0 and 1.

A value of r, =0 indicates that supplier i can supply the
maximum capacity during any cycle. This represents that
suppliers are significantly underutilized and/or hold a large
amount of inventory. On the other hand, a value of r, =1 in-
dicates that supplier i cannot supply more than its original
proportion of the total cycle order size Q. This represents
that supplier i cannot supply additional units to satisfy new
requirements; i. . , supplier i has not the resilience ability to
deal with the emergency requirements of other supplier de-
livery failures. In summary, r, values close to O indicate high
output resilience, while 7, values close to 1 indicate low out-
put resilience. Note that the model differs from the Berger et
al. model and the Ruiz-Torres and Mahmoodi model. Their
models implied that when r, =0, for all i in N, as long as
one supplier does not fail, the single operating supplier can
change its production for that cycle so it can supply 100%
of the required demand. However, in our model, every sup-
plier in N has not only the resilience effort but also capacity
constraints in the event of the failure of other suppliers. So
the single operating supplier cannot change its production for
that cycle to supply 100% of the required demand.

Obviously, the expected total costs can be expressed as the
summation of the expected loss costs, the resilience effort
costs, the supplier maintenance costs, and the cycle pur-
chase costs.

The supplier maintenance costs can be divided into two
components during a supply cycle as follows:

Cy (M) =0 +ml (1)
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where O represents the fixed cost elements that do not
change with the number of suppliers, such as the preparation
of specifications and request for bids, the bid evaluations, the
contract documents, the letters of credit. The component ml
captures the aggregate incremental costs of splitting orders,
including shipping, receiving, handling, and inspection.

The supplier expected loss costs during a supply cycle are
then dependent on the suppliers that fail, and by conse-
quence, the maximum supply capacity of those that do not
fail. Therefore, what the buyer firm receives during a supply
cycle is

min [ 1, Z min[ C,/Q, a;] ]

where E is the set of suppliers that do not fail during a sup-
ply cycle. The expected financial loss given set E is modeled
by

(1 — min [ 1, Y min[C/Q, a]] ] )le (2)

By considering the probability that supplier i fails to de-
liver during a supply cycle, we can determine the expected
loss costs given a set of suppliers.

Let M represent a subset of suppliers from N and Cg; (M)
represent the expected loss costs from set M. Let m represent
the number of suppliers in set M. If m =1 with M = {i}, the
expected loss is determined as

CEL(i) :pile (3)

If the number of suppliers in set M = {i, j} equals two, the
expected loss costs are

Ce(i,)) = (pp; +p(1 —p)(1 —min[C/Q,a;]) +
p(1 =p)(1 —min[C,/Q, a]]))c,Q (4)

As m increases, so does the number of terms that must be
included in the calculation of the expected loss costs for set
M. When m =3, the expected loss costs for M = {i, j, k} are

Cp (i, j. k) =(ppp, +pp,(1 =p) (1 —min[C,/Q, a;]) +
pp (1 —=p)(1 —min[C,/Q, a}]) +
pp(1 =p)(1 —min[C,/Q, a;]) +
p(1 =p)(1 —=p)(1 —min[1, min[ C,/Q, a]] +
min[ C,/Q, a;11) +p,(1 =p)(1 -p,) -
(1 —min[1, min[C,/Q, a]] +min[C,/Q, a;]]) +
p(1 =p)(1 =p)(1 —min[1, min[C,/Q, a]] +
min[ C,/Q, a:]]))le (&)

The Cy (M) calculations for m >3 can be performed ac-
cordingly.

The supplier resilience effort costs during a supply cycle
rest with the difference between the original proportion and
the maximum supply proportion. Let C; (M) represent the
supplier resilience effort costs from set M. If m =1 with M =
{i}, the resilience effort costs are zero when supplier i has
not produced the effort. If m =2 with M = {i, j}, the resili-
ence effort costs are

Ce(inj) = (p,(1 —p)(min[C/Q,a}] —a,) +
p,(1 —p)(min[C/Q,a}] —a;))c,Q (6)

When m =3, the resilience effort costs for M = {i, j, k} are

Cye(isj, k) =(p,p,(1 =p) (min[C,/Q, a;] —a,) +
pp(1 =p)(min[C/Q, a]] -a,) +
pp; (1 =p)(min[C,/Q, a]] —a,) +
p(1=p)(1-p)(min[1, min[ C,/Q, a‘f] +
min[ C,/Q, a;/1] —a,-a,) +p,(1 -p)(1 =p,) -
(min[1, min[ C,/Q, @] +min[C,/Q, a;']] —a, —a,) +
p(1=p) (1 -p)(min[1, min[ C,/Q, a] +
min[ C,/Q, a;]1] —a;-a,))c,Q (7)

The cycle purchase costs Cg, (M) are based on the total
order size per cycle and the raw materials baseline price.

Coo(M) = Qcmin[l, Y min[ C/Q, a/] ] (8)

So the expected total costs C,.(M) are the sum of the ex-
pected loss costs, the resilience effort costs, the supplier ma-
intenance costs, and the cycle purchase costs. For a given set
of suppliers M, the expected total costs are determined as

Cx(M) = Coy(M) + Cy (M) + Coie(M) + Cp(M) (9)

3 Model Analyses

The preceding section has obtained the expected total
costs model including three components, namely the expec-
ted loss costs, the resilience effort costs and the supplier
maintenance costs. However, the buyer firm is interested in
knowing the conditions under which suppliers are selected
and the details of order splitting. Thus, we analyze the ex-
pected total costs model to obtain the best decision-making
according to the differences between homogeneous and het-
erogeneous suppliers.

To reduce the size of the search space, the supplier order
splitting is allowed in increments of 10% ""”. The expected
total costs model is coded in Excel in combination with Mat-
lab 7. 0 for application. Clearly, the best decision-making de-
pends on the parameters of the maximum delivery capacity
C,, the probability of failure to deliver p,, the resilience pa-
rameter r, and the cost ¢, ¢

3.1 Homogeneous suppliers

Homogeneous suppliers have the same maximum delivery
capacity C,, the same probability of failure to deliver p,, the
same resilience parameter r, and the same cost c,, c,.

Raw material cost per unit is assumed as 1. Tab. 1 presents
the optimal number of suppliers and the optimal scheme of
order splitting for each experimental condition. Based on the
homogeneous supplier, the capacity is no constraints. When r,
>0, the optimal solution is to evenly split the order size
across the selected number of suppliers, therefore in the case
of two suppliers, the order splitting is {50% , 50% }( marking
{50,501} in Tab. 1, the same below). However, with three sup-
pliers the order splitting is {30% ,30% ,40% } given the 10%
increment; this is the same as {40%,30% ,30% } or {30%,
40% ,30% }. When r, =0, the order splitting across the homo-
geneous suppliers does not change the expected total costs;
therefore, the order splitting presented in Tab. 1 is just one of
the possible results. For example, if the optimal solution is
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three suppliers, all order splitting allocations to three suppliers
result in the same expected total costs(e. g., the expected to-
tal costs with {30% ,30% ,40% }are the same as the expected
total costs with {10% ,40% ,50% }).

Some of the observed effects are intuitive: higher expected
financial loss per unit due to failure and the resilience cost of
a supplier’s effort leads to multiple sourcing, whereas, single
sourcing is selected. As the resilience parameter r, changes

from O to 1, the optimal number of suppliers is increasing. It
shows that the degree of effort of supplier resilience is in
positive correlation with the optimal number of suppliers. So
the buyer firm should select high resilience suppliers into its
supply base. Tab. 1 also demonstrates that the probability
that a supplier fails to deliver during a supply cycle is in
positive correlation with the optimal number of suppliers.

Tab.1 Results for homogeneous suppliers

p;(the optimal

p;(the optimal scheme of order splitting)

B Cr T of number of suppliers)
0.001 0.01 0.1 0.001 0.01 0.1
0 1 1 1 {100} {100} {100}
1 0.3 1 1 1 {100} {100} {100}
0.6 1 1 1 {100} {100} {100}
1.0 1 1 1 {100} {100} {100}
0 1 1 1 {100} {100} {100}
{ 5 0.3 1 1 2 {100} {100} {50,50}
0.6 1 1 3 {100} {100} {30,40,40}
1.0 1 1 3 {100} {100} {30,40,40}
0 1 2 2 {100} {50,50} {50,50}
10 0.3 1 2 3 {100} {50,50} {30,40,40}
0.6 1 1 3 {100} {100} {30,40,40}
1.0 1 1 5 {100} {100} {20, 20,20,20,20}
0 1 1 2 {100} {100} {50,50}
| 0.3 1 1 2 {100} {100} {50,50}
0.6 1 1 2 {100} {100} {50,50}
1.0 1 1 1 {100} {100} {100}
0 1 2 2 {100} {50,50} {50,50}
5 5 0.3 1 2 3 {100} {50,50} {30,30,40}
0.6 1 3 4 {100} {30,30,40} {20,20,30,30}
1.0 1 1 6 {100} {100} {10, 10, 20, 20, 20,20}
0 2 2 3 {50,50} {50,50} {30,30,40}
10 0.3 1 3 3 {100} {30,30,40} {30,30,40}
0.6 1 4 5 {100} {20, 20,30, 30} {20,20,20,20,20}
1.0 1 2 7 {100} {50,50} {10, 10, 10, 10, 20, 20,20}
0 1 2 2 {100} {50,50} {50,50}
| 0.3 1 2 3 {100} {50,50} {30,40,40}
0.6 1 1 3 {100} {100} {30,40,40}
1.0 1 1 1 {100} {100} {100}
0 2 2 3 {50,50} {50,50} {30,30,40}
10 p 0.3 2 3 4 {50,50} {30,30,40} {20,20,30,30}
0.6 1 3 5 {100} {30,30,40} {20,20,20,20,20}
1.0 1 2 7 {100} {50,50} {10, 10, 10, 10, 20, 20,20}
0 2 3 3 {50,50} {30,30,40} {30,30,40}
10 0.3 2 3 5 {50,50} {30,30,40} {20,20,20,20,20}
0.6 3 5 7 {30,30,40}  {20,20,20,20,20} {10, 10, 10, 10, 20, 20,20}
1.0 1 3 8 {100} {30,30,40} {10, 10, 10, 10, 10, 10, 20,20}

3.2 Heterogeneous suppliers

For heterogeneous suppliers, the parameters of the maxi-
mum delivery capacity, resilience ability and the failure
probabilities to deliver during a supply cycle are unequal.
Tab. 2 presents the specific parameters used in these sets.

Tab. 3 presents the optimal number of suppliers and the
optimal scheme of order splitting for each experimental
condition about the heterogeneous supplier. Obviously,
higher expected financial loss per unit due to failure and the

resilience costs of a supplier’s effort leads to multiple sour-
cing which is the same as the situation of homogeneous
suppliers. And the difference is that the proportion of single
sourcing increases, which is contrary to the homogeneous
suppliers for the sake of supplier capacity constraints. The
proportion of single sourcing changes from 50% of homo-
geneous supplier to 33% of heterogeneous supplier for sup-
plier capacity constraints. And another observed effect is
that supplier 3 rarely comes forth in the optimal suppliers
set since its capacity is lower than that of the others.
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Tab.2 Heterogeneous supplier set parameters

Supplier i C; i Pi

HRS MRS LRS HRL MRL LRL
1 0.8 0. 30 0. 60 0.90 0. 001 0.010 0. 050
2 0.7 0.28 0.56 0. 86 0. 002 0.014 0. 057
3 0.6 0.24 0.52 0.83 0. 004 0.019 0. 061
4 1.0 0.21 0.48 0.78 0. 005 0. 023 0. 069
5 1.0 0.19 0.43 0.72 0. 006 0.029 0.074
6 0.8 0.12 0. 40 0. 69 0. 008 0. 036 0. 081
7 0.7 0.09 0.37 0. 65 0. 009 0. 045 0.093
8 0.9 0 0. 30 0. 60 0.010 0. 050 0. 100

Notes: HRS means high resilience ; MRS means medium resilience; LRS means low resilience; HRL means high reliability; MRL means

medium reliability; LRL means low reliability.

Tab.3 Results for heterogeneous suppliers

p;(the detail of suppliers)

p;(the optimal scheme of order splitting)

“ o i HRL MRL LRL HRL MRL LRL
HRS {4} (4} {4} {100} {100} {100}
1 MRS (4) (4} (4) {100} (100} (100}
LRS (4) (4} (4) {100} {100} {100}
HRS 4) (4} (1,2} (100} {100} (60,40}
1 5 MRS {4} (1,2} (1,4} {100} {60, 40} (80,20}
LRS (4) (1,4} (1,2,3) {100} (80,20} (40,30,30)
HRS (4) (1,2} {1,2,3} {100} (50,50} (40,30, 30)
10 MRS (4) (1,2} {1,2,4) {100} (60,40} (40,30, 30}
LRS (4) (1,2,4) {1,2,4,5) (100} (40,30, 30} {30, 30, 20, 20}
HRS (4) (4} (4) {100} (100} (100}
1 MRS 4) 1,2} (1,4} {100} (60,40} (80,20}
LRS {4} (1,4} {1,2,4) {100} (80,20} (40,30, 30}
HRS (4) (1,2} (1,2,3) (100} (60,40} (40,30, 30}
5 5 MRS (1,2} (1,2,4} (1,2,4,5} (60,40} (40,30,30) (30,30, 20,20}
LRS (1,2} (1,2,3)  {1,2,4,5,8} (60,40} {40, 30,30} {40, 30, 10, 10, 10}
HRS {4} (1,2} {1,2,4) {100} {60, 40} (40,30, 30}
10 MRS (1,4} (1,4,5}  {1,2,4,5,6) (60,40} (40,30,30) (30,30, 20, 10, 10}
LRS (1,4,5) (1,2,4,5) {1,2,4,5,6,8}  {40,30,30} {30,30,20,20}  {30,20,20, 10, 10, 10}
HRS 4) (1,4} {1,2,3} {100} (50,50} (40,30, 30}
1 MRS {4} (1,2,4) {1,2,4,6} {100} (50,30, 20} {40, 30,20, 10}
LRS (4) (1,2,4} (1,2,4,5} {100} {40,30,30) (30,30, 20,20}
HRS (4) (1,2} (1,2,4) {100} (60,40} {40,30,30)
10 5 MRS (1,4} (1,2,4) {1,2,4,5) (80,20} (50,30, 20} {30, 30, 20, 20}
LRS (1,4} (1,4,5)  {1,2,4,5,6,8) (60,40} (40,30, 30} {30, 20,20, 10, 10, 10}
HRS (1,4} (1,2} (1,2,4) (90,10} (50,50} {40,30,30)
10 MRS (1,4} (1,2,4,6)  {1,2,4,5,6} (60,40} (40,20, 20,20} {30, 30,20, 10, 10}
LRS (1,4,5}  {1,2,4,5,7}{1,2,4,5,6,7,8} {40,30,30} {50,50} {30, 20, 10, 10, 10, 10, 10}

4 Conclusion

This research presents a supplier selection and order split-
ting model under the circumstances of supplier failure to de-
liver. Especially, the supplier capacity and resilience is the
focus in the model. By the analysis of elements of the ex-
pected total costs of a buyer firm, namely, the expected
loss costs, the resilience effort costs, the supplier mainte-
nance costs, and the cycle purchase costs, the expected total
costs function is obtained. We have identified the parame-
ters of the maximum delivery capacity C,, the probability of
failure to deliver p,, resilience parameter r, and the cost c,
and c, are crucial elements to confirm which supplier should
be selected and how to do order splitting between the sup-
pliers.

This research is potentially valuable in helping managers
and decision-makers choose the most profitable sourcing
strategies in the presence of the risk of supply chain disrup-
tions. However, it is necessary to point out a number of lim-
itations of this research. First, the total cycle order size Q is
assumed to be stationary; to make the model more realis-
tic, factors such as the time, the product lifetime, and the
disruption duration can be added to the model and the total
cycle order size Q should be dynamic. Secondly, lead time
risks by order splitting should be considered. Finally, cur-
rent analyses focus only on the buyer firm’s expected total
costs but ignore the suppliers’ costs; thus, it would be more
interesting to examine the supplier decisions from both
parties’ points of view.
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