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COORDINATION MECHANISMS OF A THREE-LAYER SUPPLY CHAIN
UNDER DEMAND AND SUPPLY RISK UNCERTAINTIES

BiBHASs C. GIRI*, JOYANTA KUMAR MAJHI AND KRIPASINDHU CHAUDHURI

Abstract. This paper considers a newsvendor model for a single product to focus on the importance
of coordination under demand and supply uncertainties where the raw materials are procured from two
unreliable suppliers without any emergency resource; the main supplier (which is cheaper but more
unreliable) is prone to random supply disruption and, therefore, it can satisfy all or nothing of the
buyer’s order, while the backup supplier (which is expensive but less unreliable) is prone to random
yield and, therefore, can satisfy only a random fraction of the buyer’s order. From the numerical
results, we observe that it would be optimal to over-utilize the backup supplier and under-utilize the
main supplier if the maximum growth in supply risk results from supply disruption. On the other
hand, when the growth in supply risk occurs mainly due to increase in yield risk, the optimal risk
mitigation strategy would be to increase the use of the backup supplier and decrease the use of the
main supplier. We propose the price only contract and a new revenue sharing contract to mitigate
demand and supply uncertainties in the decentralized model, and observe that the revenue sharing
contract can fully coordinate the supply chain with win—win outcome for all entities involved in the
supply chain.
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1. INTRODUCTION

From the World Trade Center terrorist attack on 11 September, 2001 and blackout on 14 August, 2003 in the
U.S. to recent political instability, natural disasters and destructive competitive acts increase the complexity,
uncertainty and ambiguity of globalized supply chain. There are mainly two kinds of risk of uncertainty that
affect supply chain management and network design. The first risk of uncertainty grows from the matter of
demand and supply coordination and the second one grows from supply uncertainty which is emblematically
modelled as complete supply disruption where supply halts completely, or yield uncertainty where the supplied
quantity can fulfil a random fraction of the placed order size. We incorporate such supply uncertainties with
normal demand-supply coordination risks. This paper builds on the literature regarding the management of the
risk of uncertainty, and on the framework of supply chain coordination.
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The supply-demand coordination risk is not new; it has been the central concern of activities in the literature
of supply chain management since the last decade [6,14-16,30]. In recent years, the negative impact of demand
fluctuation on the performance of supply chains has been studied under complex scenarios like asymmetric
information and market instability, which becomes more complex when the supply chain has to deal with short
life-cycle products such as vegetables, toys, stylish goods, etc. Also, growing modern technologies and intense
global competition have reduced the life-cycle of other merchandises like computer chips, semiconductors and
automobile spare parts [9,17,23,34]. Consequently, demand fluctuation for such products gets more attention
of a buyer when it makes procurement plans.

In many industrial scenarios, the production process of a supplier is subject to random yield due to many
reasons such as shortage of raw materials and labour, machine breakdown, natural interruption, etc. As a result,
a supplier is only able to fulfill its buyer’s order partially. In semiconductor industries, the actual yield often
differs from the planned production. The exact yield quantity can never be anticipated for agricultural products
due to weather, fertility of land, etc. [10]. To fulfill supply covenant, many companies set a higher production
level than the order level decision, which might lead to the issue of over-production for the supplier. If the
supplier does not want the risk of over-production, the buying firm may increase the order level to mitigate the
risk of random yield of its upstream firm [20].

To excel in intense global competition, today’s supply chain is becoming more globalised to enjoy cheaper
raw material, lower labour cost, tax rebate, advance manufacturing technologies and other financial benefits, all
of which reduce the production cost of a product. Such globalized supply chain networks frequently experience
supply disruption arising from operational contingencies (like system failure, equipment shortage, web server
error, strike), natural hazards (like hurricane, earthquake, storm), political instability and terrorism. Taiwan
earthquake in 1999 halted the production of many semiconductor manufacturing companies causing shipping
disruption of 70% of the world’s graphics cards and 10% of data hard disk components [32]. Emission of fire
from Eyjafjllajokull volcano in Iceland on 20th March, 2010 sent shock waves through several production plants
in Europe due to many air transport cancellations throughout the world. A chemical accident in Bhopal in India
drove serious environmental and massive economic consequences [26].

To hedge against uncertain supply disruption, many firms are realising the importance of several mitigation
strategies. One of the simplest and effective policies adopted by several buyers is “multi-sourcing policy” which
allows the buyer to have more than one resource providing similar quality attributes but may differ in terms
of pricing. Another one is “contract agreement policy” among all the supply chain entities. Use of several
resources or contracts is a critical but crucial decision for buyers, especially for them who produce short life-
cycle products. Then how to envisage a contract mechanism under multi-sourcing strategies to reduce stock-out
risk is an interesting challenge to the buying firms. In this paper, we investigate risk assessment and risk
mitigation strategies to make the supply chain more elastic from the perspective of individual entities as well
as the entire channel through implementation of contract mechanism among the chain members.

The existing literature [2,18,19,24] has addressed the issue by studying a single period problem where a buyer
sources a single short life-cycle product from an unreliable but cheaper supplier subject to disruption, and a
perfectly reliable backup supplier who is always available to mitigate the buyer’s unreliable supplier’s disruption
risk at a higher wholesale price. Now, the question arises: how is a backup supplier always be perfectly reliable
when it has a production process and every production process is subject to random yield? Our main goal is to
design a joint sourcing and contracting policy that enables supply chain entities to mitigate both demand and
supply risks of uncertainty when procurement is made from two unreliable suppliers.

We consider a single period three-echelon supply chain with three possible uncertainties (independent of
each other), in which a retailer faces an uncertain market demand for a short shelf-life product and sources it
from a manufacturer under voluntary regimes. The manufacturer sources the raw materials from two unreliable
suppliers without any emergency resource. The manufacturer’s main supplier who delivers the order quantity at
a cheaper wholesale price is prone to disruption and, therefore, may deliver all or nothing of the manufacturer’s
order, while the backup supplier who provides similar quality product at a comparatively higher wholesale price
is prone to random yield and, therefore, can only fulfill a random fraction of the manufacturer’s order. The two
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unreliable sources are usually geographically dispersed so that a supply risk at one supplier will not affect the
other supplier i.e., risks of supply uncertainty at both the suppliers are independent. In this paper, we assume
that both random yield and disruption risk are unresolved when the manufacturer places its order to both the
unreliable suppliers simultaneously.

Under voluntary regime, one can look for a contract mechanism to cope with the demand-supply uncertainty.
Available popular contract agreements such as wholesale price, buyback, quantity flexibility, revenue sharing,
sales rebate, and quantity discount are limited within only two levels. These contracts are extendable in a multi-
level supply chain by installing them between any two adjacent pairs of supply chain entities. But a pair-wise
contract in a multi-level supply chain has a drawback from the perspective of simultaneous implementation
i.e., there may occur a situation where a firm can be benefitted even without signing the agreement when
other entities have already signed [36]. Van Der Rhee [36] proposed a spanning revenue sharing contract in
which one supply chain member takes the lead in making a single contract with all other entities in the supply
chain. In our model, we assume that the retailer takes the lead in negotiating a revenue sharing contract with
all other supply chain members to prevent the two-sided supply-demand uncertainty. Through this agreement,
the retailer would take the optimal decisions on the following aspects. Under which conditions, the spanning
revenue sharing contract is desirable and how much to order from the manufacturer then? On the other hand,
the manufacturer also needs to decide its optimal order quantities from both the suppliers. In this contract,
the manufacturer and both the suppliers are incentivised by the retailer to decrease their wholesale prices so
that the retailer can increase its order quantity to satisfy customer demand such that the expected profit of the
entire supply chain increases. Moreover, both the suppliers and the manufacturer are fully aware of their roles
to enhance system’s performance and must desire to get some compensation for their reduced wholesale prices,
which is given at the end of the selling season by the retailer in terms of share of its revenue.

The rest of the paper is organized as follows: Section 2 indicates the position of the paper in the existing
relevant literature. Section 3 introduces basic settings of the problem under consideration. Section 4 presents
two benchmark models and their equilibrium solutions. In Section 5, the spanning revenue sharing contract
is developed. A win—win situation that ensures chain coordination is also proposed in this section. Numerical
results are analyzed in Section 6 for best practices in guiding supply disruption and demand uncertainty. We
conclude the paper in Section 7, stating conditions for implementation of the proposed model and scopes of
future research.

2. LITERATURE REVIEW

A large number of studies on supply chain have considered that supply quantity equals the order quantity.
However, in real business activities, the supply uncertainty is inevitable due to influence of many factors. For
example, a supplier may fulfill a random fraction of an order (usually referred to as random yield) or the main
supplier who is supposed to deliver the full order through in-house production, may suffer from disruption under
which nothing will be delivered to the buyer. A lot of studies have emphasised on the issue of dual sourcing under
supply risk. In fact, dual sourcing improves channel performance even when there is no supply uncertainty [5].
Mainly four important factors viz. supply uncertainty (due to random yield and supply disruption), sourcing
strategy, availability of resources and buyer—supplier contracting relationship often determine each decision-
making in business. Among the early researchers in disruption management, Meyer et al. [29] considered a single
production process which is subject to random disruption. A large body of literature concentrates on discovering
the optimal number of suppliers to enhance the channel ability in disruption management. Berger et al. [3,4]
investigated the issue of supplier selection where a buyer has to choose the optimal number of suppliers who
are identical in terms of supply disruption. Ruiz-Torres and Mahmoodi [31] represented a decision tree which
helps to find the optimal number of suppliers, and concluded that the optimal number of utilized suppliers is
typically small as long as the suppliers are very unreliable and the cost of failure is very high. Evanov et al.
[25] classified existing research works and application fields of different disruption risks and mitigation process.
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Chakraborty et al. [8] considered a single-retailer and two-suppliers supply chain with price-dependent random
demand in which suppliers are subject to disruption.

Anupindi and Akella [1] addressed the issue of quantity allocation of a buyer between two unreliable suppliers.
They studied three models under different delivery conditions, and determined the optimal allocation policies.
Dada et al. [13] considered order allocation in a newsvendor model in which multiple suppliers with different
degrees of reliability and prices were utilized. They concluded that, for order allocation among the suppliers, the
price is a more effective measure than reliability of a supplier. Tomlin [35] studied optimal mitigation strategies
for a short life-cycle product where the supply base for the buyer is subject to random disruption. He showed
that disruption mitigation is not possible only through inventory control; supplier’s diversification is an effective
mitigation strategy in that case too. In contrast to Tomlin’s [35] model, Chopra et al. [12] considered two
suppliers — one is unreliable due to both random yield and disruption uncertainty, and the other one is perfectly
reliable. Their mitigation strategy was to reserve a quantity at the reliable supplier and exercise up to that
reserved amount if the first supplier can’t fulfill the demand due to random yield or supply disruption. Our
modelling structure is different from those of the above papers which consider a fully reliable backup supplier
to mitigate supply uncertainty.

Chen and Yang [11] developed a supply chain model where the buyer purchased the remaining items from
a backup supplier to satisfy the stochastic demand, and the production process of the primary supplier is
subject to random yield. Asian and Nie [2] investigated a joint ordering and procurement problem with a main
supplier who is prone to disruption, and a reliable backup supplier. The retailer signs an option contract with
the backup supplier and also enjoys the option of buying from an emergency resource. The backup supplier’s
optimal procurement and the retailer’s ordering decisions were characterized by them. Giri and Bardhan [19]
discussed a supply chain model with a retailer and a manufacturer under both random yield in production
and disruption risk. The retailer has the option for capacity reservation with a backup supplier. The authors
considered a penalty contract and characterized the retailer’s joint ordering and reserving decisions and the
manufacturer’s pricing decision. Xu et al. [37] studied a three-echelon supply chain to investigate how contract
mechanism can reduce the risk of supply disruption. Zeng and Xia [38] discussed the way to manage the supply
disruption by constructing a buyer—backup supplier partnership. They revealed clear action plans for the entities
through a decision-tree approach when supply disruption occurs thereby significantly lowering its supply risk.
These models differ from our proposed model in the sense that none of them brings all the suppliers under a
single contract, and considers an unreliable backup supplier.

Our work is closely related to the work of Li [27] who developed a model in which the deterministic demand is
met up by two unreliable suppliers: one supplier is subject to random yield and the other one is unreliable due to
disruption. They investigated three models depending on procurement strategies without any reliable supplier
but they didn’t consider channel coordination. Our article is also related to the work of Dada et al. [13] in terms
of supplier utilization. In the event of supplier selection for optimal order allocation, we consider a cheaper
supplier having the risk of supply disruption and an expensive supplier having random yield in production,
and find their relative uses. Our paper expands on the acumen of Dada et al. [13] by individually considering
whether the risk of supply uncertainty occurs from random yield or supply disruption.

3. PROBLEM DESCRIPTION

We consider a supply chain where a single manufacturer sources raw materials from two unreliable suppliers
(main supplier and backup supplier) to respond the order of a retailer who sells a short life-cycle product with
uncertain demand over a single period of time. The main supplier who delivers order quantity at a cheaper
wholesale price is subject to random disruption and may deliver all or nothing of the manufacturer’s order,
while the backup supplier who provides similar quality product at a comparatively higher wholesale price is
subject to random yield i.e., the backup supplier can fulfill only a random fraction of the manufacturer’s order.
From now onwards, we will term “main supplier” as the “cheaper supplier”, and “backup supplier” as the
“expensive supplier”. For mathematical tractability, we consider the following assumptions:
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FIGURE 1. Three-layer supply chain model with two unreliable suppliers.

— Only one order can be placed by a supply chain entity during a single selling season.

— All four entities (manufacturer, retailer, and two unreliable suppliers) involved in the supply chain are
risk-neutral and pursue their individual profit maximization.

— All the entities start with zero on-hand inventory i.e., there is no stock from previous period.

— There is a symmetric information flow under which all costs and profit parameters are known to each supply
chain entity.

— All costs and profit parameters can be taken as exogenous parameters as all entities determine selling
price/wholesale price and salvage value in advance and after that negotiate their order quantities.

The retailer faces a stochastic market demand x which is a positive continuous random variable having a general
distribution over interval [I, u] with cumulative distribution function F(-) and probability density function f(-)
with mean Z and variance ¢2. The manufacturer submits order @; to the cheaper supplier and Q, to the
expensive supplier simultaneously before the realization of the supply state of the cheaper supplier and actual
demand [27]. The cheaper supplier can deliver full order quantity @Q; with a wholesale price ws; if not disrupted,
but it delivers nothing, if disrupted. The probability that the cheaper supplier is not disrupted is « € [0,1]. On
the other hand, the expensive supplier can only deliver a random fraction z (having pdf h(-), cdf H(-) and range
[e,d], 0 < e <d<1) of order quantity Q2 with a relatively higher wholesale price wso than that of the cheaper
supplier (i.e., wsa > we1) (Fig. 1).

Two contract mechanisms are considered in this model viz. price-only contract and spanning revenue sharing
contract. In price-only contract, the retailer and the manufacturer decide their order quantities based on their
newsvendor problems without considering profit of the system. In this situation, the retailer takes the risks of
demand and supply uncertainties. Meanwhile the cheaper supplier takes the responsibility of its undelivered raw
materials, if its supply is disrupted. Under spanning revenue sharing mechanism, the supplier and the manufac-
turer decrease their wholesale prices to provide incentive to the manufacturer and the retailer, respectively. As a
consequence, the retailer decides to increase its order quantity so that the availability of the final product to the
end customer is increased. In this case, both the supplier and the manufacturer share the risks of demand and
supply uncertainties with the retailer. In contrast, the retailer also shares the risk of random yield or disruption
with the suppliers and the manufacturer by sharing its revenue with them as a compensation for their decreased
wholesale prices. We assume that the retailer’s selling price is p, unit goodwill loss for any unsatisfied demand
is b, and salvage value of any leftover inventory is h,. Notations used in developing the proposed model are
listed below:

More symbols will be defined whenever needed. To avoid trivial cases, the following assumptions are made:
hst < €51 < Ws1; My < Ws15 Wea + Cm < Wiy By < Wi + ¢ < P; Cs2/Z < wso. These inequalities prevent the
supply chain from infinite production and assure that each chain member makes positive profit.
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T . stochastic market demand with mean Z and standard deviation .

z : random yield with mean Zz and standard deviation o.

@ :  probability that the cheaper supplier supplies normally.

Cs1 :  procurement cost of the cheaper supplier for each unit of raw material.

Cs2 : production cost of the expensive supplier for each unit of raw material.

Cm :  value-added cost of the manufacturer for unit product.

Cr . treating cost of the retailer for unit product.

P fixed retail price of unit final product.

b, : goodwill loss of the retailer for unit unsatisfied demand.

h, . salvage value of the unit residual product at the retailer.

hm : salvage value of unit raw material leftover at the manufacturer.

hs1 @ salvage value of unit undelivered raw material at the cheaper supplier.

Q : order quantity of the retailer to the manufacturer.

Q1 : order quantity at the cheaper supplier placed by the manufacturer.

Q2 : order quantity at the expensive supplier placed by the manufacturer.

ws1 ¢ unit wholesale price of the raw material offered by the cheaper supplier
to the manufacturer.

ws2 @ unit wholesale price of the raw material offered by the expensive supplier
to the manufacturer.

Wy, : unit wholesale price of the finished product charged by the manufacturer

to the retailer.

4. BENCHMARK MODELS

In this section, two benchmark models are considered wviz. centralized model and decentralized model with
price-only contract.

4.1. Centralized model

In reality, although all the supply chain members act independently and take decisions that optimize their
respective objective functions, the centralized model is useful to establish a performance benchmark. Concep-
tually here is only one central decision maker who maximizes the system-wide profit. The expected profit of the
entire supply chain is given by

Hc(Qv le Q2) = a(p + br - hT)E[mln{xa Qv Ql + ZQZ}] - Q(Cm + Cr + hm - h'r‘)
x Emin{@, Q1 + 2Q2}] — a(cs1 — hin)Q1 + (1 — a)(p + b, — hy)
x Elmin{z, Q, 2Q2}] — (1 — a)(cm + ¢ + Ay — hy)
x Emin{Q, zQ2}] — (1 — a)(cs1 — hs1)@n
*(052 - hmZ)QQ - brj (41)
where the first three terms represent normal working state (with probability «) of the cheaper supplier and
the next three terms refer to the scenario where the cheaper supplier is disrupted with probability (1 — «) and

the final two terms are independent of probability of disruption. We obtain an equivalent representation of the
entire system’s profit function as follows:

Q—Q1

o2 Q1+2Q2
Hc(Qv le QQ) = a(p + br - hr) X { / <% xf(x)dx

+ /QL;ZQZ (@1 + sz)f(x)dx) h(z)dz + /czdcz1 (/lQ xf(x)dz

(/ZZQ2 xf(x)dz

Q

+ /Q Qf(m)dx> h(z)dz} £ (1-a)(p+ by — m){ /

S
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+/Z;2 zQﬁ(m)dx) h(z)der/d (/zQ :Cf(x)dach/Qu Qf(x)dx) h(z)dz}

2

lo

O O

—Q

—a(Cm + Cp A By — hy) X { /TZ(Ql + 2Q2)h(2)dz

Q

d 9
+ Ain Qh(z)dz} —1-—a)(em+ e+ hpm — hr){ / 2Qoh(2)dz

Q2
d
+ /Q Qh(z)dz} —a(es1 — hm)Q1 — (1 — a)(cs1 — hs1)Q1 — (Cs2 — hin2)Q2 — by T (4.2)
fory

Due to complexity of the profit function I1.(Q, Q1, @Q2) in (4.2), it is difficult to show directly that IT.(Q, Q1, Q2)
is jointly concave in @, @1 and Q2. We derive the following results to characterize the optimal decisions of the
centralized model.

Theorem 4.1. The expected profit function I1.(Q, Q1,Q2) is concave in Q and the optimal order quantity Q°
is given by

+br—Cm—cr—h
c:F—l p r m T mo . 4.
Q ( p+br_h7" > ( 3)

Proofs of Theorem 4.1 and all subsequent theorems and propositions are given in appendices.

Putting (4.3) in (4.2), we get

QE-Qy

rors Q1+2Q2
I (Q1,Q2) = a(p+ by — hr){ / </z zf(x)da

v/ ;QZ @+ ZQz)f(x)dx> W)z + /d ( / Y et @)

2

u 8—; 2Q2
+ o Q f(x)dx) h(z)dz} +(1-a)p+b,— hr){ /C </l zf(z)dx

u d Q° u
+ /ZQ2 zQy‘(m)dm) h(z)dz + /Qi (/l xf(x)dx + o Q f(x)dx) h(z)dz}

Qa2
Q5Q1 d
(et € iy — ) X { [T @i+ [, Qh(Z)dZ}
.

o2y d
(1= @)(em + O+ o — m){ |7 sQanez+ | @Ch(z)dz} = afen — h)Q1

7(1 - a)(csl - hsl)Ql - (CS2 - hmZ)QQ - brfz~ (44)

Proposition 4.2. The optimal order quantities QS and QS satisfy the following equations:
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Q°-Q$
Q3 I c c _ Oé(Csl B hm) N (1 _ a)(hsl - Csl)
/C F(QS + 2Q5)h(2)dz = o
(Cm+cr+hm_hr) QC_QE
(p+br—hy) " < Q5 > (45)
and
a/ “ 2F(QS + 2Q5)h(2)dz + (1 — «) /Q2 2F2Q5h(2)dz
(Cm + ¢r + b — hy) QCCESQ(I: %
N O‘/c A(z)dz+ (1 - a>/c zh(z)dz
Cg2 — hmf
P —— (4.6)

where F~1(v) = inf{u : F(u) = v} and F(v) = 1 — F(v), the survival function. In our model, the entire channel
profit depends only on the order quantities. Therefore, by ordering Q°, QY and %, the expected total profit
is maximized and the maximum value is I1.(Q¢, Q, Q5). From equation (4.3), we find that the optimal order
quantity Q¢ is only affected by the exogenous parameters related to the final product, not by parameters (except
h.) related to the raw material, which is quite natural.

4.2. Decentralized model with price-only contract

In reality, all supply chain members are independent decision makers and they choose best decisions to
maximize their individual profits. We now consider a decentralized system where there is price-only contract
among the supply chain entities. The process flow in this decentralized setting is as follows:

First, both the raw-material suppliers determine their respective wholesale prices w1 and wgo. Consequently
the manufacturer determines its wholesale price w,,,. Then, with the knowledge of disruption probability, demand
and yield distributions, the retailer decides to order @ units from the manufacturer. The manufacturer orders
Q)1 units of raw material from the cheaper supplier with a disruption risk (1 — «) and Q2 units from the
expensive supplier with a production yield risk z. Subsequently, the amount min{@, Q1 + 2Q2} or min{Q, zQ>}
is shipped by the manufacturer according to the cheaper supplier’s supply state up or down, respectively. Finally,
the market demand z occurs and the retailer sells the amount min{z, @, Q1 + 2Q2} or min{z, @, zQ2} to the
end-customer depending on whether there is no disruption or disruption, respectively, at the cheaper supplier.

We consider a Nash sequence where both the suppliers act as the first decision maker and the system is solved
through backward induction. Therefore, the retailer first determines its optimal decisions. For given @1, @2, the
retailer’s profit function II,4(Q) can be derived as follows:

HTd(Q) = a(p + br - hr)E[mln{xa Q; Ql + ZQ2}] - Oé(’LUm + ¢ — hr)
x Emin{Q, Q1 + 2Q2}] + (1 — a)(p + b, — hy) E[min{z, Q, 2Q2}]
—(1 = @)(wm + ¢ — hy) E[min{Q, 2Q2}] — b, Z. (4.7

We can rewrite the above profit function as follows:

QL-Qy
Q2

Q1+2Q2 u
nrd@)—a(pmm{ / ( / f()de + /Q » (Q1+2Qz)f(w)dm>h(2)dz

d Q w
+/QCS2QI (/z a:f(x)daH—/Q Qf(m)da:) h(z)dz} +(1=a)p+b, —h,)
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{ /052 </le2 zx f(z)dr + /Z; ZQ2f(x)dx> h(z)dz + /Z (/lQ zf(z)dr + /Q“ Qf(x)dx) h(z)dz}

Q2

Qh(z)dz} -(1-a

Q—Qy d

— (W, + ¢ — hr){ /C o2 (Q1 4+ 2Q2)h(z)dz + / o,

2
Q

& d
X (W, + ¢ — h,.){ / 2Q2h(z)dz + /& Qh(z)dz} — b, T. (4.8)

The optimal decision of the retailer is given in the following theorem.

Theorem 4.3. The profit function I1,4(Q) is concave in Q and the optimal order quantity Q? is given by

+ b, —w,;, —c
d:F—l p T m T . 4.
Q p+b. —h, (4.9)

It is easy to see that Q7 increases as the wholesale price (w,,) of the manufacturer and the value-added cost
(cr) of the retailer decrease, which meets our intuition.

Comparing Q¢ in (4.9) with the order quantity of the centralized system given in (4.3), we find that the
retailer orders less in the decentralized benchmark model. This indicates that the decentralized system does not
run as efficiently as the centralized system. After analyzing the retailer’s problem and obtaining the optimal
order quantity Q?, we derive the manufacturer’s expected profit function II,,4(Q1, Q2) as follows:

Hmd(le QQ) = O[(U)m —Cm — hm)E[mln{Qa Ql + ZQQ}] - CV(u}sl - hm)Ql
+(1 — @) (wm — em — b)) Emin{Q, 2Q2}] — (ws2 — hm)2Q2 (4.10)

which can be written as

Q(;QQl d
(Q1 + 2Q2)h(2)dz + /Q . Qh(z)dz}

—Q1
Q2

a(Q1, Q2) = a(wy, — ¢ — hm){ /

Q

oy d
(1= a)(wnm — e — hm){ / 2Qoh(2)d + /& Qh(z)dz}

C

70&(’11}51 — hm)Ql — (U)SQ — h,nf)QQ. (411)
We characterize the optimal decisions of the manufacturer in the following theorem.

Theorem 4.4. The manufacturer’s profit function I1,,4(Q1,Q2) is jointly concave in Q1 and Q2, and the
optimal order quantities Q% and Q3 satisfy the following equations:

_ wslfhm
1=Q-Q3 H l(w E— ) (4.12)
Q-@f Q

a/c o zh(z)dz + (1 — «) /CQ? zh(z)dz = , . (4.13)

Based on Theorem 4.3, we notice that the cheaper supplier’s expected profit function is increasing in ¢ and
decreasing in Q. Also, Q¢ is increasing in w,e and decreasing in w,;, whereas Q9 is increasing in w,; and
decreasing in wgo. The expected profit IIso4 of the expensive supplier is given by

s2q = (ws2Z — €52)Q2 (4.14)
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and the expected profit 1414 of the cheaper supplier is given by
Hsld - a(wsl - Csl)Ql + (]- - a)(hsl - Csl)Q1~ (415)

Under the price-only contract, the manufacturer has to face disruption risk and yield uncertainty of the suppliers.
Hence it takes decisions without any promise to anyone. In this scenario, we assume that the wholesale prices
are negotiated based on the firm’s bargaining power, keeping a positive profit margin above a desired level of
acceptance [2].

Now, we compare the above benchmark models in the following theorem:

Theorem 4.5. All the order quantities in the decentralized model are strictly less than their counterparts in
the centralized model. Moreover, a lower order quantity leads to a lower expected profit of the supply chain.

Theorem 4.5 indicates that the maximum system efficiency is not achievable in the decentralized model with
price-only contract even if all chain members maximize their own profits. In the decentralized scenario where the
decision power is distributed over the chain members, there is a possible deviation from the optimal decisions
obtained in the centralized model. To align each member’s decision with the entire channel, contract mechanisms
come into play. A contract or agreement prevents sub-optimization by removing the rivalry among the members
without affecting the supply chain structure and its members’ decision powers.

5. SPANNING REVENUE SHARING CONTRACT

In this section, we focus on the decentralized scenario with spanning revenue sharing (SRS) contract where
the retailer guides the negotiation of revenue share among the chain members. This arrangement incentivizes
each supplier to decrease its wholesale price, which influences the manufacturer to reduce its price too at the
beginning of the selling season. The compensation for reduced wholesale price is given in terms of revenue
share of the retailer with other entities, as a lower wholesale price gives an opportunity to the retailer to earn
more revenue by satisfying more customers. We also examine whether the supply chain is coordinated under
SRS contract i.e., the decentralized supply chain model with SRS contract achieves the same profit as that of
the centralized benchmark model. Moreover, we characterize the chain members’ participation problem for a
win—win outcome. The time-line of events has the following sequence.

First, the retailer forecasts the customer demand, negotiates SRS contract with all upstream entities, decides
its order quantity @), and places its order to the manufacturer before the selling season. Based on the retailer’s
order quantity, the manufacturer orders (J; and Q2 units of raw-materials to cheaper and expensive suppliers,
respectively. After realization of the supply uncertainty, the manufacturer receives 0 or ()1 units from the cheaper
supplier depending on whether or not the cheaper supplier is disrupted, and securely receives zQ2 (a random
fraction of its order @)2) units from the expensive supplier. After receiving raw materials from the suppliers,
the manufacturer starts production and delivers to the retailer at once. At the retailer, if the demand is less
than the on-hand inventory, the excess amount is salvaged; otherwise, the shortage cost incurs. At the end of
the selling season, the retailer shares its revenue to all the upstream entities according to the rule of pricing
under SRS contract. The SRS mechanism is administrated by three wholesale prices wg1, w2 and w,, and three
revenue sharing ratios ¢s1, ¢s2 and ¢, (0 < ¢s1 + ds2 + O = ¢ < 1) of the retailer’s revenues that are shared
with the cheaper supplier, expensive supplier and the manufacturer, respectively.

We first concentrate on the retailer’s decision problem to determine the optimal order quantity Q* subject
to any decision (@1, @Q2) of the manufacturer. Then, we focus on the manufacturer’s decision problem to obtain
the optimal order quantities Q7 and Q3% to anticipate the retailer’s optimal repercussion. The retailer’s profit
function II,.(Q) under the spanning revenue sharing contract is derived as

ILe(Q) = a((1 = ¢)(p — hy) + b)) Emin{z, Q, Q1 + 2Q2}] — a(wm + ¢,
—(1 = ¢)hy) Emin{@Q, Q1 + 2Q2}] + (1 — &) ((1 = ¢)(p — hs) + by)
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x Elmin{z, Q, 2Q2}] — (1 — a)(wm + ¢ — (1 — ¢)h) Elmin{Q, 2Q2 }]
—b,Z. (5.1)

The first two terms represent the normal working state of the cheaper supplier and the next two terms refer
to the situation where the cheaper supplier is disrupted. The final term is independent of the risk of supply
uncertainty. We derive an alternative representation of the retailer’s profit function as follows:

Q—Q

4Q) = a1 = )~ ) +0){ [ (/ZQ1+ZQ2xf<x>dz+ I (Q1+ZQ2)f(x)dx)

c Q1+2Q2

d

Q u
xh(z)dz —|—/ o (/l xf(r)dz —l—/Q Qf(a:)da:) h(z)dz} +(1-a)(1—=¢)(p—h)+b)

Q-
Q2

><{/CQQ2 (/ZZQ2 xf(x)dx+/Z;2 zQﬁ(x)dx) h(z)dz—k/;z (/lQ xf(x)dx—i—/Qu Qf(x)dx)

Q5Q1 d
(@1 +ZQ2)h(Z)dz+/Q,Q1
TQ2

xh(z)dz} — o(wm + ¢ — (1 - ¢)hr){ /

[

Qh(z)dz}

c

(1= o) (wpm +er — (1 — ¢>)hr){ /g 2Qah(2)dz + /j Qh(z)dz} — b,z (5.2)

The retailer’s optimal order quantity @* under the spanning revenue sharing contract is characterized in the
following theorem.

Theorem 5.1. The retailer’s expected profit function I1,..(Q) is concave in Q and the optimal order quantity
Q" is given by

x _ p—1 (17¢)p+b’r‘7wm70r )
O=F < A= T +5 > (5:3)

From (5.3) we find that the retailer’s optimal order quantity is an increasing function of the retail price p and a
decreasing function of its purchasing cost w,, and treating cost c,. Also, the order quantity @* does not depend
directly on the cheaper supplier’s disruption probability.

The manufacturer’s expected profit function is given by

Hpne(Q1,Q2) = adp(p — hy) E[min{z, Q, Q1 + 2Q2}] + a(wm — ¢ + by — hin)
x Emin{Q, Q1 + 2Q2}] + (1 — &)dm(p — h,) E[min{z, Q, 2Q2}]
+(1 — @)(wm — em + Gmhy — A Emin{Q, 2Q2}] — a(ws; — hm)
Q1 — (wys — hum)2Qs. (5.4)

An equivalent representation of the manufacturer’s expected profit function is given by

2o Q1+2Q2 u
Hye(Q1,@2) = adin(p — hr){ / ( | et /Q @ zQz)f(:c)dm>
d Q° u
xh(z)dz + / o (/ af(z)dz + ch(x)dx> h(z)dz} +(1—a)pm(p—hy)
5 1 1 Qc

x{/§ (/IZQQ a:f(x)dx+/z; ngf(a:)da:> h(z)dz+/: (/;Q xf(x)dx+/(: Qf(a:)dx)

Q2
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‘ot d
¢ Q2 !
Z d
+(1 - OZ)(U}m —Cm + ¢mhr - hm){ ZQQh(Z)dZ + Qh('z)dz} - a(wsl - hM)Ql
J /.
—(wsg — hmZ)QQ. (55)

Due to complexity, the concavity of II,,.(Q1, @2) with respect to @1 and Q2 can not be proved analytically.
The following proposition explores the manufacturer’s optimal order quantities assuming that II,,. is concave.

Proposition 5.2. Under the SRS contract, the manufacturer’s optimal order quantities Q7 and Q3% satisfy the
equations:

Ws1 — iy ) _ (wm_cm‘f'(bmhr_hm)H (Q_QT) (5.6)

d)m(p - hr) ¢m(p - hr) Q;

and

Fa

a/Té 2F(Qf + 2Q%)h(2)dz + (1 — a) /Q2 2F2Q3h(2)dz

_ (wSQ — hm)f (wm = Cm + Oy — hm) Q3
N (bm(p_hr) (bm(p_hr) a\/c

2h(2)dz + (1 — ) / “oh)dz| . (BT)

The expected profit I, of the expensive supplier is given by

HsZc = 04(1552(]7 - hr)E[mln{$> Qa Ql + 2Q2}] + ad)th'rE[min{Q? Ql + ZQ2}]
+(1 — @)ps2(p — hy) x Emin{z, Q, 2Q2}] + (1 — a)ps2h, Emin{Q, 2Q2}]
+(’w522 — CSQ)QQ. (58)

The expected profit I, of the cheaper supplier is given by
1_[slc = 04¢sl(P - hr>E[mln{x7 Qa Ql + ZQQ}] + a¢slhrE[min{Qa Ql + zQZ}]

+(1 — a)psi(p — hy) X E[min{z, Q, 2Q2}] + (1 — a)¢ps1 h E[min{Q, 2Q2 }]
+a(wst —¢51)Q1 + (1 — a)(hs1 — ¢51)Q1. (5.9)

We now obtain the conditions under which the supply chain is coordinated with the spanning revenue sharing
contract.

Theorem 5.3. Under the voluntary compliance, the SRS contract with the wholesale prices

Cm + ¢+ hyy — Ry

Wi = Cm + B, — Gmhyr — PR — X &m(p — hy) (5.10)
Csa — o Z
s2 — hm — m - hr ].1
wa =+ =2 - ) G.11)
a(cs1 — hm) — (1 — @) (hs1 — cs1)
= — 12
Ws1 R, + a(p b, — hr) X (bm(p hr) (5 )

achieves channel coordination.
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Although the retailer and the manufacturer are free to make their individual decisions under the SRS contract,
if the parameters (w;, ¢;) of the SRS contract conform to equations (5.10) to (5.12), then the optimal orders
Q*, @7, and Q5 will correspond to Q°, Qf, and Q5 respectively. From equations (5.10) to (5.12), we can
observe that the wholesale price w; is a function of the retailer’s revenue sharing ratio ¢;. So, we concentrate
on how to calculate ¢; in the SRS contract. Once ¢; is calculated, then the wholesale price w; can be estimated
immediately from equations (5.10) to (5.12). With this value of w;, the SRS contact coordinates the supply
chain irrespective of the adopted value of ¢; i.e., I4.(Q*, QF, Q%) = . (Q°, QS, QS) where I1;. denotes total
system profit in the decentralized model under the SRS contract. These observations are used to solve the
problem of individual participation. However, the maximum profit of the SC can be assured by adopting the
SRS contract with appropriate parameters. This contract is desirable only when the individual profits of all
the supply chain entities are higher than those under the decentralized scenario without the SRS contract, as
discussed in Section 4.2. In other words, to participate in the contract agreement, achieving win—win outcome
for all the supply chain entities is a key requirement. Hence, under the assumption that the SRS contract
coordinates the SC i.e., equations (5.10) to (5.12) are fulfilled, to achieve a win—win outcome, the contract
makes sure that the following conditions hold:

,q+brz br
. _ S1—S5283 .
Hrc > HT'd v.c€., ¢sl + ¢s2 + ¢'m - ¢ < 1- ]3—7h ) (513)
. L4
Oye > g ice., ¢ > i —; (5.14)
" " "7 (p—hr)(S1 — 8285 — aQ1Ss — ;fbr}i’};f Q2)
. Mo — (ws2Z — cs2)Q2
g0, > 11, €., (g2 > ; d 5.15
2 24 1€, Ps2 0= h)S1 + S5 an (5.15)
Mo — a(wst — cs1)Q1 — (1— @) (ha1 — s
Moo > My i Go > 221 a(ws1 — cs1)Q1 — (1 — a)(hs1 — c61)Q1 (5.16)

(p - hr)Sl + hrSZ ’

where S1 = aE[min{z, Q, Q1 + 2Q2}] + (1 — o) E[min{z, Q, 2Q2}], the total expected sales;

So = aF[min{Q, Q1 + 2Q2}] + (1 — @) E[min{Q, 2Q2}], the total expected on-hand inventory;
_ (emtcrthm—hy) _ a(esi—hm)+(1—a)(cs1—hs
S3 = R and Sy = L P ——— 1= sl,
To sum up, if we adopt the SRS contract (w;, ¢;) where the revenue sharing ratio ¢; satisfies equations (5.13)

to (5.16) and the wholesale price w; is obtained from equations (5.10) to (5.12), then the contract is acceptable
to all SC entities and the maximum profit of the SC is attained. As any value of ¢; which satisfies equations
(5.13) to (5.16) is acceptable, the adaptation of ¢; depends on the relative bargaining power of the SC entities.

6. NUMERICAL EXAMPLE

A numerical study is conducted in this section to illustrate the developed model. The random demand =z
is assumed to be uniformly distributed over [I,u], | < x < wu, with mean Z = 500 and standard deviation
0. = 500/+/3. The production yield of the expensive raw-material supplier is assumed to follow uniform dis-
tribution with mean z = 0.77 and standard deviation o, = 0.06. The exogenous parameter-values are set as
follows: p = 130, b, = 5, h, = 15, ¢, = 5, ¢y, = 15, hyy = 5, cs1 = 20, cs2 = 40, hyy = 10, probability of
disruption 1 — a = 0.2 in appropriate units.

For the above set of values, the concavity of the expected profit function II.(Q1, Q2) with respect to @1 and
Q)2 is checked graphically as shown in Figure 2. Also we have, from Theorem 4.1, II.(Q, Q1, Q2) is concave in Q.
Therefore, we can conclude that II.(Q, Q1, Q2) is jointly concave in @, Q1 and @) in the centralized model. Now,
for the same data set, under spanning revenue sharing contract, the manufacturer’s profit function IL,,.(Q1, Q2)
is jointly concave in Q)7 and ()2, which can be checked graphically as shown in Figure 3.

Optimal decisions and the expected profits of the benchmark models and the spanning revenue sharing model
are shown in Table 1. Here II stands for the expected total profit of the supply chain irrespective of different
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FIGURE 2. Concavity of I1.(Q1, Q2).
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TABLE 1. Optimal decisions and expected profits under different scenarios.

Model Q Q1 Q2 1L 1152 1L, 1L, 11 Ws1 Ws2 Wm

Centralized 669 259 528 - - - 17234 - - -
Decentralized 333 89 317 1247 1573 5362 4047 12230 40 60 90
Coordinated 669 259 528 2498 2824 6613 5299 17234 10.86 20.73 11.40

kinds of scenario. Table 1 shows that the optimal order quantities in the decentralized benchmark model are
less than their counterparts in the centralized benchmark model which supports Theorem 4.5. Once the optimal
order quantities of the retailer and the manufacturer are derived then we can obtain the minimum value of ¢;
from equations(5.14) to (5.16) and the maximum value of their sum i.e., ¢s1 + ds2 + ¢ = ¢ from equation
(5.13). When the retailer’s revenue sharing ratio ¢; is obtained, the consequent wholesale price w; can be derived
from equations (5.10) to (5.12).

Theorem 5.3 and related discussion show that the total profit of the SC under SRS contract is the same as
that of the centralized model irrespective of the value of ¢;. But how to allocate the increased profit among the
supply chain entities depends on ¢;’s. From the test results we find that if the conditions in Theorem 5.3 are
satisfied i.e., the supply chain is coordinated, then for ¢,, = 0.3497, ¢, = 0.2844, ¢, = 0.0899, all the supply
chain members earn the same amount of additional profit due to spanning revenue sharing contract, compared
to the decentralized benchmark scenario. From Table 1, we find that the optimal order quantities of the retailer
and the manufacturer in the spanning revenue sharing contract are equal to the order of the centralized system.
Moreover, we find that the wholesale prices of the suppliers and the manufacturer under the spanning revenue
sharing contract are less than their counterparts in price-only contract.

If ¢, is specified at its lower bound 0.2835, then the manufacturer’s expected profit is the same as that
of the decentralized benchmark scenario. Similarly, if ¢s; and ¢ are specified at the lower bounds 0.2836
and 0.0712, respectively the expected profits of both the suppliers are the same as that of the decentralized
benchmark scenario. On the contrary, if ¢ is specified at its upper bound 0.8826, then the retailer’s expected
profit is obtained same as that of the decentralized benchmark scenario and the additional benefit goes to the
manufacturer and the two suppliers depending on the values of ¢;. Any value below the lower limit of ¢; is not
acceptable, since there may be a situation where a chain member is worse off by taking part into the proposed
contract. Clearly, if the upstream members do not receive appropriate compensation from the retailer, they
may not be interested to reduce their wholesale prices. Also, the retailer may not propose the revenue sharing
contract if the total revenue sharing ratio crosses its upper bound.

As expected, profits of all the members and the whole supply chain decrease as the demand randomness
increases [2]. This is because bad demand forecasting results in the whole system becoming worse off. Due
to increase of uncertainty (o) in market demand, the retailer should increase the on-hand inventory level so
that the risk of stock-out of the final product decreases. So, the order quantity at all the stages (retailer and
manufacturer) will increase if o, increases [2]. This may increase the risk of over-stocking and decrease the
system profit. The results are summarized in Table 2.

In order to examine how the channel members’ decisions are affected by supply disruption and yield uncer-
tainty, we change the cheaper supplier’s disruption probability (1 — «) in the range [0.4, 0.7]. As the production
yield of the expensive raw-material supplier is assumed to follow uniform distribution with mean z = 0.77 then
the standard deviation o, can vary within the range [0, 0.1328] and we assume that the standard deviation
o, takes five different values from its range. The optimal decisions of the retailer and the manufacturer in the
decentralized model under both revenue sharing contract and price-only contract are shown in Table 3. As
mentioned by Chopra et al. [12], if the growth in supply risk comes from increased yield uncertainty of the
expensive supplier then the best mitigation strategy is to increase the use of the cheaper supplier. From Table 3
we find that when the growth in supply risk occurs due to increase in yield risk at the expensive supplier, the
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TABLE 2. Optimal decisions and expected profits under contract when demand variance varies.

(e Q* QT QS Hslc Hch Hmc Hrc Hdc

'S

25 653 248 520 2349 3282 7594 6128 19354

4—\/\% 659 252 523 2257 3118 7287 5986 18650
4—\;; 664 255 525 2168 2952 6980 5845 17946
% 669 259 528 2079 2783 6669 5702 17234
5—\?; 674 262 531 1993 2613 6357 5660 16523
5—\%} 679 265 534 1907 2441 6044 5417 15811
5—75 684 268 537 1823 2268 5730 5274 15097

TABLE 3. Optimal decisions and total expected profits under SRS and price-only contracts
when yield variance o, and probability of disruption (1 — «) vary.

Risk term SRS contract Price-only contract
l—a 0. Q Qi Q5 T QT @l Qf T
0.4 0.01 545 30 669 14291 333 10 419 10783

0.04 594 104 633 14826 333 38 383 10767
0.07 633 161 601 15202 333 62 352 10717
0.10 664 207 572 15468 333 82 325 10647
0.13 691 244 546 15655 333 100 302 10566
0.5 0.01 541 21 673 14178 333 8 421 10469
0.04 583 75 649 14440 333 31 391 10333
0.07 618 119 626 14608 333 52 364 10178
0.10 648 157 604 14704 333 71 340 10013
0.13 675 189 583 14745 333 87 319 9846
0.6 0.01 538 13 677 14108 333 7 423 10170
0.04 575 50 662 14192 333 27 397 9948
0.07 608 80 646 14212 333 45 373 9714
0.10 637 108 630 14181 333 62 351 9475
0.13 664 132 613 14105 333 77T 332 9236
0.7 0.01 537 6 680 14069 333 6 425 9879
0.04 571 22 673 14049 333 23 402 9593
0.07 603 37 664 13979 333 40 380 9298
0.10 632 51 654 13864 333 55 360 8999
0.13 658 65 642 13707 333 69 342 8701

manufacturer increases the use of the cheaper supplier and decreases the use of the expensive supplier whether
the disruption risk (1 —a) of the cheaper supplier is low or high under SRS contract scenario. The manufacturer
increases its order quantity at the cheaper supplier more rapidly than it decreases its order quantity at the
expensive supplier. As yield risk of one supplier increases, the manufacturer increases utilization of the other
supplier. By doing so, the manufacturer is able to mitigate the yield risk of the expensive supplier with the help
of the cheaper supplier, which helps the manufacturer to recover from worse off. Similar arguments hold, if the
growth in supply risk comes from increased disruption probability of the cheaper supplier.

In the decentralized model with price-only contract too the manufacturer increases the use of the cheaper
supplier and decreases the use of the expensive supplier as the production yield’s standard deviation o, of the
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expensive supplier increases. It states that as the production yield’s uncertainty increases, the manufacturer
orders extra units from the cheaper supplier and cuts down the order of the expensive supplier. Since the
retailer takes its decision individually in this scenario, it has no incentive to help the manufacturer to mitigate
the expensive supplier’s yield uncertainty through increasing the order quantity. Therefore, the retailer places
unchanged order to the manufacturer to optimize its own objective function. However, the manufacturer realizes
this fact and increases its order quantity at the cheaper supplier more slowly than it decreases its order quantity
at the expensive supplier. As a result, the expected sales of the product decreases and it directly reduces the
entire supply chain’s profit as shown in Table 3.

Our general intuition is that the channel performance should increase as the production yield randomness
decreases, which has happened for the decentralized benchmark model. However, in the decentralized model
under SRS contract, we notice a different result. Table 3 shows that, for a lower disruption risk of the cheaper
supplier ((1—«) = 0.5, or less), as the yield randomness increases, the entire supply chain’s profit also increases.
For (1—a) = 0.6, the expected profit of the system first increases and then decreases as o, increases. This result
is consistent with the result given in [21]. For a higher disruption risk of the cheaper supplier ((1 — «) = 0.7
or more), as the yield randomness increases, the channel profit decreases. This result begs proper explanation
to answer the following question: why and how does the increased production yield of an upstream supplier
enhance the whole system’s efficiency in terms of profit for a lower disruption risk ((1 — a) = 0.5 or less) but
follows our general intuition for a higher disruption risk ((1 — «) = 0.7 or more)? From our computational
results, we find that, when the disruption risk is lower ((1 —a) = 0.5 or 0.4), the SRS contract can hedge the
increased yield uncertainty by decreasing the multiple marginalization effects and incentivizing the retailer to
order more to satisfy more customer demand. However, if the disruption risk is too high ((1 —«a) = 0.7 or more)
then the SRS contract is unable to hedge other risk that comes from increased yield uncertainty. So, as the
yield randomness increases, the entire supply chain’s profit decreases. For (1 — «) = 0.6 the SRS contract can
hedge the increased yield uncertainty up to a threshold value (o, = 0.07). When the yield uncertainty exceeds
the threshold value, the SRS contract can’t hedge the yield uncertainty any more.

In the decentralized model under both spanning revenue sharing contract and price-only contract, the optimal
ordering policies of the retailer and the manufacturer for different values of the cheaper supplier’s disruption
probability (1 — «) are shown in Table 3. For a fixed value of o,, we explore that as the disruption probability
(1 — «) increases, the retailer orders less from the manufacturer to hedge the associated risk (as the chance
of selling a product becomes lesser with higher uncertainty)under spanning revenue sharing contract. Table 3
illustrates that an increase in the cheaper supplier’s disruption probability (1 — «) encourages the manufacturer
to increase the use of the expensive supplier to mitigate disruption risk, which is consistent with the results
given in [12]. We also examine the effect of (1 — «) on the supply chain’s optimal expected profits as shown in
Table 3. As expected, the entire system’s expected profit decreases if probability of disruption (1 — «) increases
under both revenue sharing contract and price-only contract.

We now plot “% profit gain” of the retailer, the manufacturer, the cheaper supplier, the expensive supplier
and the total supply chain, along vertical axis, by IT;% which is calculated as I1;% = 100 x (II;. — I1;4) /T4 for
i € (r,m,sl, s2) to show the percentage increase in profit under spanning revenue sharing contract compared
to the corresponding profit with wholesale price-only contract as described in [22]. From Figures 4a and 4b
we find that the SRS contract is always beneficial to enhance the expected profit of the entire supply chain,
whether growth in risk comes from increased demand uncertainty or increased production yield uncertainty.
Figure 4a depicts that, with higher demand uncertainty, the profit gain of the retailer becomes more but for the
manufacturer and both the suppliers, it becomes less. This is because a higher demand variance motivates the
retailer to increase the on-hand inventory to mitigate demand uncertainty but the other entities have no such
incentive as their revenue shares and wholesale prices are independent of demand variance under the proposed
contract. Figure 4b depicts the effect of production uncertainty of the expensive supplier on the efficiency of
coordination. From Figure 4b, we observe that, with an increase in production uncertainty, the profit gain of
all the entities becomes more except the cheaper supplier.
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FIGURE 4. Performance of coordinated chain with respect to demand and supply uncertainties.

7. CONCLUSION

Supply uncertainty is very common in many companies having global supply networks. Managers are trying
to innovate procurement process to mitigate the existing risk in supply chain. They rely on reliable backup
resources having sufficient capacity. So far, access of unreliable backup supplier is not used as a mitigation
strategy, what we have considered in this study.

We have analyzed the integrated model as the centralized benchmark case and the decentralized model with
wholesale price only contract as decentralized benchmark case. Then aiming at how the risk of uncertainties in
both supply and demand can be distributed among the supply chain entities, we have introduced a spanning
revenue sharing contract into the decentralized system.
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We have explored coordination conditions and elaborated the circumstance under which the contract is
desirable to each of the individual members as well as the entire supply chain. Dada et al. [13] have shown that
cost dominates reliability when selecting suppliers. In this paper, we have expanded their insights by focusing
on the relative use of the two unreliable suppliers. Some managerial implications of our model are as follows:

— If the enhancement in supply uncertainty is mainly due to increase in random yield in production, it is
optimal to increase the use of the cheaper supplier. In contrast, if the enhancement in supply uncertainty
comes mainly from supply disruption, it is beneficial to over-utilize the expensive supplier who is subject to
random yield and under-utilize the cheaper supplier who is prone to disruption.

— It is natural that all the supply chain members sign the proposed contract for its successful implementation.
Although this does not mean that, for successful implementation, all the members have to sign the agreement
simultaneously.

As a future research direction, one can study a multi-echelon supply chain model where more than one member
can dominate the chain instead of allowing the retailer, as we have considered, to control business policies
unilaterally. One can also consider the difference in quality between the raw materials produced by the cheaper
supplier and the expensive supplier, and develop a model where the yield of the manufacturer depends on the
quality of the raw material. Extending the present work to a multi-period model would also be a worthful
contribution.
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APPENDIX A. PROOF OF THEOREM 4.1

‘We have
311«(%81’@2) — a(p+ by — hy) [;;Sl (/Qu f(x)dx) h(z)dz + (1 — @)(p + by — hy)
y /: ( /Q ! f(a:)dx) h(2)dz — alep + cr + hm — hr) /Q del h(z)dz
(1= a)(Cm + O + B — By /: h(z)dz (A1)
and

&m*@QhQﬁ—a1h(Q‘Qﬁ{@m+@+hm—m»—@+m—h»ﬂQn

0Q? Q2 Q2
1 [(Q _
+(1—a)=h | = | {(em +cr + hm —hy) = (p+br — hy ) F(Q) }
Q2 \ Q2
~alp+ b~ mfQA (LS4 ) - ) b, - b
<@ (&) (A.2)
Q2
From the first order optimality condition %31@2) = 0, we obtain the optimal order quantity Q¢ in the

centralized benchmark setting as
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by —cm —cr —h
0 = F-1 <p+ P Cm = Cr m). (4.3)
p + br - hr
Putting (4.3) in (A.2) we get,
821_[0(@7 le QQ) _ e\ 17 QC - Ql e\ 17 QC
— gz~ et -h)f(Q9H (Q2 ) —(1—a)(p+b —h.)f(Q)H <Q2> <.

This proves the theorem.

APPENDIX B. PROOF OF PROPOSITION 4.2

From equation (4.4), we get

QE-Qy

ch(Qla QZ) —a _ 2 < “ T I> 2)dz
o =t [ ([ ge)ae
—a X (em+ e+ hpm — hT)/ > h(z)dz — a(cs1 — hm)
(1= a)(hat — ca1) (B.1)
QR°—Qq
781_[6(@1’ QQ) = — 2 z < ’ X Z> zZ z — —
st — o+t —n) [ L S ) e (1= et b~ b
Q° w Q-
X /CQ2 z < o) f(x)da:) h(z)dz — a(cm + ¢ + by — hr)/C “ zh(z)dz
&
(1= )+ + T — hT)/ h(2)dz + (cos — ). (B.2)

From the first order optimality conditions %@117622) =0 and %QZQZ) = 0, we see that the order quantities
R$ and @5 satisfy the following equations:

Qe-Qf
2

/ P ORQS + 2Q9)h(2)dz = &

(Csl - hm) - (1 - O‘)(hsl - Csl)
a(p+ b, — hy)

(Cm+cr+hm_h7“) (QC_Q(l:>
H D
0+ b hr) @ 49
Q°-Qf Q.
Q3 _ QG =
a/ 2F(QF + 2Q5)h(2)dz + (1 — «) 2F(2Q5)h(2)dz
c B — h o C &
_ (em (—;f:bti”;:) r) [a/c “ zh(z)dz + (1 — a)/CQ2 zh(z)dz] dz
G G2 hmE (4.6)

(p+ by — hy)
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APPENDIX C. PROOF OF THEOREM 4.3

We have
o1l
(;é)(Q) alp+ b, — / </ flx da:) z)dz+ (1 —a)(p+b. — hy)
d
/ (/ f(z > z)dz — a(wm + ¢ — h,)/ h(z)dz
a5
—(1 = ) (wn + e — hy) /g h(z)dz (C.1)
82Hrd(Q) _ 1 Q B Ql I
and a2 a@h ( Q ) {(wm +¢ —he) = (p+br — hr)F(Q)}
Q _
=gt (&) {wn o= ) - b - 1) F@)
~alp+ b, = )@ (52 )~ (1= @)+ b~ )
<@ () (©2)
From the first order optimality condition 81'[5722@) = 0, we obtain the retailer’s optimal order quantity Q¢ as
d__ -1 p+br_wm_cr )
QT=F ( PR — ) (4.9)
Putting (4.9) in (C.2) we get,
PlLa@Q s (Qd—Q1> o . (Qd)
22 a(p+b, — h) f(QY)H o, (1—=a)(p+br —h,) f(Q)H 0 0. (C3)
To show that Q% is a decreasing function of w,,, we have to show that <0.
We have, F(Q?) = (%7“’_%:”). Then gwim = —f(QY(p+b.—h,) < (). By similar argument, it can be shown

that Q¢ is a decreasing function of ¢,.

APPENDIX D. PROOF OF THEOREM 4.4

To prove that the manufacturer’s profit function is jointly concave in Q1 and @5 in the decentralized bench-
mark model, we have

Q-Q
%&’QZ) = (W — Cm — hm)/C h h(z)dz — a(wsy — hin) (D-1)
Mna(@1,Q2) _ _ (Q Ql)
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QL—Q1
11, 5 2 =
Mm@, Q2) = (Wm — Cm — hm)/ ¢ zh(2)dz — (wsg — hm)Z
aQ2 c
X3
+(1 — @) (wm — em — hm)/ ’ zh(z)dz (D.3)
O ma(Q1, Q2) (Q—Q1)? (Q—Q1>
—— = = —a(Wy, — Cm, — P h
0Q3 ( ) @3 Q2
a(a)
—(1—a)(wy — Cm — b)) =sh | =— D.4
(1-a) =t (o (0.4
O ma(Q1, Q2) (Q—Q1> <Q—Q1>
and ———— """ — _(Wm — Cm — Am h . D.5
9Q20Q; ( "\ 0> (D5)
The Hessian matrix is
O’ Mna(Q1,Q2) 9°Mna(Q1,Q2)
. Q3 0Q20Q1
N ’T1a(Q1,Q2) 9°Mma(Q1,Q2)
0Q20Q1 Q3
Clearly we have |Hy| = —a(wm + ¢m — hm)éh (%) < 0 and |Hz| = a1l — a)(wp, — em — hm)Qg—ih

(Qégl) > 0. This shows that the hessian matrix is negative definite. Then, from the first order optimality

conditions %&“Qz) =0 and W = 0, we obtain the optimal solution. Therefore, the manufacturer’s
order quantities Q¢ and Q¢ satisfy the following equations:

Qf=Q-Q3xH™! (wl_h’"> (4.12)

Wm — Cm — hnL
Q-of Q _

a/c of zh(z)dz + (1 — a) /667&’ =)z = (1035 — hon)Z

(wm —Cm — hm)

(4.13)

APPENDIX E. PROOF OF THEOREM 4.5

We have w,,, > ¢, + wso and wgo > wyp which imply that w,, > ¢, + wsi. Since h,, < wg1, therefore, we
have wy,, > ¢n + hy. Now, comparing (4.9) with (4.3) and using the fact that w,, > ¢ + hiy,, we find that,
in the decentralized benchmark model, the retailer’s optimal order quantity is strictly less than that in the
centralized benchmark model. As the retailer orders less amount for the final product, the order quantity of the
manufacturer for raw materials in the decentralized benchmark model is also less than that in the centralized
benchmark model, which can be realized by comparing (4.12) and (4.13) with (4.5) and (4.6), respectively.
Adding the supply chain members’ expected profits, we get I1,.g + IL,,q + o4 + 14 = Iy. It is easy to verify
that TI.(Q°, Q5, Q%) > T4(Q%, QF,Q%). Both the supplier’s and the manufacturer’s individual pricing policies
are the reason behind the supply chain’s inefficiency in the decentralized benchmark setting.

APPENDIX F. PROOF OF THEOREM 5.1

To prove the concavity of the retailer’s profit function in the decentralized benchmark model under spanning
revenue sharing contract, we have
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an(;g@) — (1= 6)(p— hu) +by) /:QQ (/{: f(x)dx) h(x)dz + (1 - )
(1= 8)(p— hn) + by) /: (/Qu f(x)da;) h(2)dz — a(wm + o
—(1—¢)h,) /:Ql h(z)dz — (1 — a)(wm + ¢ — (1 — @) hy) /: h(z)dz
PRt o 2 (52 ) (e = (1= 01~ (- 0 1) 4 0)F(Q)

-0 gh () {wm+ e = = 0)h) = (1= - ) + 1) FQ)}

Q2 \Q2

al(1= )(p— h) + b)) (@ (ngl) - o)1= @) p—h)+b)
< FQH (52) -

52615

(F.2)

From the first order optimality condition 8115722@) = 0, we obtain the retailer’s optimal order quantity Q* as

* —1 (1_¢>p+b7‘_wm_cr>
o= (Crh A
Putting (5.3) in (F.2) we get,
82]:[7"6 Q
P

2
To show that @Q* is an increasing function of p, it is sufficient to show that 8;2373;@ > 0.

Now,

0*11,(Q)
9Qdp

Q-0
Q2

—a-aFQi (Y52 ) - an-or@ (2) 2o

2
To show that Q* is a decreasing function of ¢,, it is sufficient to show that 01, (Q) <0.
g 0Q0c,

Now,
0°11,..(Q) d d
E—_— —(1— <0.
200c, oz/QQ?1 h(z)dz — (1 — ) /52 h(z)dz <0

By similar argument it can be shown that Q* is a decreasing function of w,.

APPENDIX G. PROOF OF PROPOSITION 5.2

From equation (5.5), we have
Q;?Ql w
’ (/ f(x)dx) h(z)dz — a(ws1 — hm)
Q1+2Q2
Q=@

+a(Wm — em + Gmhe — b)) / 2 h(z)dz

aH?nc(QlaQQ) _
T - Oé(bm(p - hT)/C

(5.3)

(G.1)
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8Hmc(Q1;Q2) _ QC_?QQI u

Q—Qq

+a(Wm — Cm + Gmhe — A / 2 zh(z)dz

Ha=aonto =) [ ( Q )i ) )iz + (1~ a)
X (W — € + G by — Ay /672 zh(z)dz 4+ (ws2 — hm)Z. (G.2)

From the first order optimality conditions w =0and W = 0, we obtain the optimal solution.

1
The manufacturer’s order quantities )7 and Q% satisfy the equations:

Q-Q1
R =k * o ws1 — A . (Wi — em + Pmhr — hin)
X H(QQ;?l) (5.6)
Q-Qf Q
a/ “LRQ 4 2Q3)h(2)dz + (1 — a)/% 2F(2Q%)h(2)dz

Q-Q1

a/ “ zh(z)dz

+(1—-a) / % zh(z)dz]. (5.7)

_ (ws2 — hin)Z B (Wi — Cm + Oy — hiy)
B ¢m(p - hr) ¢m(p - hr)

ApPPENDIX H. PROOF OF THEOREM 5.3

Using the supply chain members’ optimal decisions of the decentralized model under spanning revenue sharing
contract given in Theorem 5.1 and Proposition 5.2, we obtain the conditions such that the supply chain is
coordinated. Comparing (4.3) with (5.3), we get

Py — (1=¢)(p—=h+)+br) (cmt+hm) —Pm (brhr+(p—hyr
m (1_¢32_¢31)(p_hr)+br
which is same as that of the centralized model. Also, comparing Proposition 5.2 with Proposition 4.2, we get

_ cs2—hmz , dm(p—hr) a(Co1—hm)—(1—a)(ho1—co1) .
Weo = hyy + pibo—hs X = aTb—h) . Under these two conditions, the

manufacturer takes the ordering decisions for raw material, which are same as those of the centralized model.
Further, using conditions in equations (5.10) to (5.12), the total expected profit of the decentralized system
under spanning revenue sharing contract is I1,..(Q*) + IL,,.(QF, Q%) + o + g1 = I1.(Q°, QF, QS).

Jer) Asa result, the retailer orders the amount of the final product

and wg1 = Ay +
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