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ABSTRACT

SUPPLY CHAIN CONTRACTING IN THE PRESENCE OF SUPPLY
UNCERTAINTY AND STORE BRAND COMPETITION

by
Xinyan Cao

The University of Wisconsin-Milwaukee, 2018
Under the Supervision of Professor Xiang Fang

In today’s complex business environment, manufacturers are striving to maintain a com-
petitive advantage over their supply chain partners. Manufacturers’ profitability is tightly
linked to their strategic interactions with other entities in the supply chain. While numerous
studies have been conducted to investigate such interactions in supply chains, certain issues
remain unresolved. We apply a game-theoretic framework to analyze two distinct supply
chain structures in the presence of supply uncertainty and store brand competition in two
essays, respectively.

In the first chapter, we study a decentralized assembly supply chain under supply un-
certainty. In a decentralized assembly supply chain, one assembler assembles a set of n
components, each produced by a different supplier, into a final product to meet an uncer-
tain market demand. Each supplier faces an uncertain production capacity such that only
the lesser of the planned production quantity and the realized capacity can be delivered to
the assembler. We assume that the suppliers’ random capacities and the random demand
can follow an arbitrary continuous multivariate distribution. We formulate the problem as
a two-stage Stackelberg game. The assembler and the suppliers adopt a so-called Vendor-
Managed-Consigned-Inventory (VMCI) contract. We analytically characterize the equilib-
rium of this game, based on which we obtain several managerial insights. Surprisingly, we

show that when a supplier’s production cost increases or when his component salvage value

11



decreases, it hurts all other members and the entire supply chain, but it might sometimes
benefit this particular supplier. Similarly, when the suppliers do not have supply uncertainty,
it benefits the assembler but it does not necessarily benefit the suppliers. Furthermore, we
demonstrate that when the suppliers’ capacities become more positively correlated, the as-
sembler is always better off, but the suppliers might be better or worse off. Later in the
chapter, we also solve the game under the conventional wholesale-price contract. We find
that the assembler always prefers the VMCI contract, and the suppliers always prefer the
wholesale price contract. In addition, we illustrate that the VMCI contract is more efficient
than the wholesale price contract for this decentralized assembly supply chain.

In the second chapter, we consider a two-tier decentralized supply chain with a national
brand supplier and a retailer. The national brand supplier (she) distributes her products
to consumers through the retailer. Meanwhile, the retailer (he) intends to develop and
produce his own store brand through a manufacturing source that is different from the
national brand supplier. The retailer holds the store brand production unit cost as private
information, for which the national brand supplier only has a subjective assessment. Given
a supply contract offered by the national brand supplier, the retailer simultaneously decides
whether to accept the contract and whether to produce the store brand. The national brand
supplier aims to design an optimal menu of contracts to maximize her expected profit as well
as extract the retailer’s private cost information. We formulate the problem as a two-stage
screening game to analyze the strategic interaction between the two players. Despite the
inherent computational complexity, we are able to derive the optimal menu of contracts for
the national brand supplier, of which the format depends on the national brand supplier’s
unit production cost. Furthermore, we investigate how the model parameters affect the value
of information for each member in the supply chain. We show that the retailer’s private cost
information becomes less valuable to both the national brand supplier and the retailer when

the national brand unit production cost increases. We also illustrate that when the gap
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between the two possible cost values increases, the private cost information becomes more
valuable to the national brand supplier, however the value of information to the retailer
himself can either increase or decrease. Finally, we demonstrate that when the perceived
quality of the national brand increases, the value of information to the retailer first decreases
then increases, but the impact on the value of information to the national brand supplier

can be either positive or negative.
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Chapter 1

Component Procurement for an
Assembly Supply Chain with Random
Capacities and Random Demand

1.1 Introduction

In recent years, outsourcing has become a common practice in a number of industries, includ-
ing automobiles, electronics, computers, and others, in which Original Equipment Manufac-
turers (OEMs) outsource the component production to independent suppliers (or contract
manufacturers) and finish the assembly in-house. Kallstrom (2015) reported that the auto-
motive suppliers’ proportion of value added to worldwide automobile manufacture has been
steadily increasing from 56% in 1985 to 82% in 2015. Rajaram (2015) pointed out that “The
global market for electronics contract manufacturing (ECM) services should total $515.6
billion in 2015, and reach nearly $561.2 billion by 2016 and $845.8 billion by 2021, with
a five-year compound annual growth rate (CAGR) of 8.6% from 2016-2021.” These OEMs’
operations heavily depend on the reliability of the component supply. Sodhi and Tang (2012)
commented that “problems in one link of the supply chain have caused unmitigated disaster
to another link, resulting in large financial and non-financial damage.” In particular, when
the upstream supply capacity is uncertain, it might affect downstream OEMs significantly.

For example, due to supply problems, Sony had to delay the launch of Sony PlayStation 3 in



2006, which hurts not only Sony’s short-term revenues but also its long-term market share
(Sodhi and Tang, 2012).

There are various reasons for the supply capacity uncertainties, such as unforeseen pro-
duction line breakdown, suspended delivery due to disagreement, and so on. In 2014, an
eye-catching news story in the technology industry was the winding-down relationship be-
tween Apple and one of its suppliers, GT Advanced Technology (GTAT). Apple planned to
use the sapphire crystal glass manufactured by GTAT on the iPhone 6 and two models of
Apple Watch. However, GTAT failed to deliver the agreed amount and quality of glass to
Apple, and ended up filing bankruptcy due to the financial pressure. Consequently, Apple
had to turn to a different material for the screen (Gokey, 2015). A more recent case in
2016 was that two Volkswagen suppliers, one following the other, suspended contractually
agreed deliveries of components. This shortage of components led to bottlenecks in produc-
tion, causing severe disruptions at several Volkswagen factories (Bronst, 2016). Numerous
cases have shown that the supply uncertainty has a significant impact on such an assem-
bly supply chain since the supply chain performance is determined by the bottleneck agent
(Gurnani and Gerchak, 2007). Taking account of the uncertainties from all suppliers and an
often uncertain market demand, the supply chain risk could be even more significant. Such
supply chains are further complicated by the fact that each component supplier and the
manufacturer are independent entities which seek to maximize their own profits. Hence, in
this chapter, we seek to study the strategic interactions among the upstream suppliers and
the downstream manufacturer in a decentralized assembly system in the presence of random
capacities from the suppliers and random demand from the market.

We consider a decentralized assembly supply chain with one manufacturer (referred as
assembler hereafter) and n suppliers each producing a different component. The assembler
assembles the n components into a final product to satisfy a single-period uncertain market

demand with an exogenous fixed retail price. Each supplier’s production capacity is uncertain



as well. We assume the random demand and the suppliers’ random capacities follow an arbi-
trary multivariate continuous distribution. In our base model, we assume that the assembler
and the suppliers adopt a Vendor-Managed-Consigned-Inventory (VMCI) contract. That is,
each supplier manages his own inventory and the assembler only pays to each supplier for
the components actually used by the assembler according to the pre-agreed unit price. We
formulate the problem as a two-stage Stackelberg game. First, the assembler proposes a unit
price to each supplier. Second, the suppliers make their own production quantity decisions
simultaneously. Then the suppliers’ uncertain capacities are realized. Each supplier’s final
deliverable quantity is the lesser of its realized capacity and planned production quantity.
The suppliers deliver their available components to the assembler who will then assemble
the components into final products to satisfy its realized market demand, and each supplier
collects a payment from the assembler.

As noted by Giimiig et al. (2008), VMI and consignment inventory are two separate
supply chain strategies, i.e., VMI permits the vendor to initiate orders for the customer,
while consignment inventory means that the vendor owns the goods until the customer uses
them and the vendor is only paid for the goods used by the customer. Although VMI
can be implemented with or without consignment inventory in practice, a recent survey
by Gatorpoint Research across various industry sectors including wholesale, manufacturing,
retailing, and telecom regarding their VMI strategies indicates that “49% of responders
use consigned inventory at their buyers’ VMI location ”(Gatorpoint Research 2013). In
our VMCI contract, we assume that the assembler and the suppliers adopt the VMI and
consignment inventory together because without the consignment inventory agreement (i.e.,
the suppliers are only paid for the components delivered to the assembler), the suppliers
would deliver as much inventory as possible to the assembler. Similar VMCI contracts are
adopted in Gerchak and Wang (2004), Fang, et al. (2008), Bazan et. al. (2014), and Lee

and Cho (2014). In a general VMI contract without consignment inventory, an upstream



supplier may decide the inventory level and the delivery schedule for a downstream retailer
according to predetermined minimum and maximum inventory levels set by the retailer, and
the retailer owns the inventory upon receiving it. (see Fry et al. 2001). Bischescu and Fry
(2009) assume that a continuous review (@, R) inventory policy is used in a supply chain,
where the supplier determines the replenishment quantity ) and the retailer decides the
reorder point R. More discussions about various forms of VMI contracts can be found in a
recent survey paper regarding VMI by Gorvidan (2013).

Despite the complexity, we are able to derive the analytical equilibrium prices and or-
der/production quantities in closed-forms for the VMCI contract. Our results illustrate sev-
eral important managerial insights for the decentralized assembly supply chain under supply
uncertainties. Under the VMCI contract, we obtain the following results. First, when a
supplier’s production cost increases, we show that the profits of the assembler, all other sup-
pliers, and the entire supply chain all decrease, but the profit of this particular supplier may
sometimes improve. This result is quite surprising but it is consistent with similar results
derived in Fang et al. (2008) and Granot and Yin (2008). Second, when a supplier’s com-
ponent salvage value increases, it benefits the assembler, all other suppliers, and the entire
supply chain, but surprisingly it may hurt this supplier himself. This result is relatively new
in the literature since the salvage values are assumed to be zero in Fang et al. (2008) and
Granot and Yin (2008). Third, by comparing our results with those in Gerchak and Wang
(2004), we find that when the suppliers display no capacity uncertainties, the assembler is
always better off, but the suppliers may sometimes be worse off. These three results suggest
that the assembler may need to offer some incentives to suppliers with certain cost structures
to reduce his production cost or capacity uncertainty and to improve his salvage value since
such actions may hurt the suppliers but always benefit the assembler. Fourth, we observe
that when the final product retail price increases or the assembly cost decreases, every one

is better off. This result validates our intuition, and it is indeed consistent with most liter-



ature. Last but not the least, we demonstrate that when the suppliers’ random capacities
become more positively correlated under the multivariate normal distribution, the assembler
is always better off, but the suppliers may be better or worse off. We believe this result is
new since it is often assumed in the literature that random yield/capacity distributions are
independent. Based on this result, we suggest that under a VMCI contract, the assembler
could select suppliers from the same regions such that the suppliers’ random capacities may
be positively correlated.

In addition to the base model under the VMCI contract, in section 1.6, we also ana-
lyze and solve the game under the traditional wholesale-price contract (i.e., without VMI or
consignment inventory), i.e., the suppliers first choose their respective wholesale prices simul-
taneously, then the assembler orders from the suppliers. Comparing the respective results
from the wholesale price contract and the VMCI contract, we show in section 1.7 that the
assembler and entire supply chain would prefer the VMCI contract, whereas the suppliers
would prefer the wholesale price contract. This result is consistent with Gerchak and Wang
(2004) who study the same two contracts for a decentralized assembly system with perfectly
reliable suppliers.

The remainder of this chapter is organized as follows. In section 1.2, we provide a liter-
ature review. In section 1.3, we present our model setup for the decentralized system under
the VMCI contract, and then derive the optimal production plan for the corresponding cen-
tralized system as a benchmark. In section 1.4, we characterize the equilibrium behaviors
for both the suppliers and the assembler in the decentralized system under the VMCI con-
tract. We then derive our managerial insights regarding the VMCI contract in section 1.5.
In section 1.6, we present the model and the equilibrium results for the traditional wholesale
price contract. In section 1.7, we compare the system performance and individual firm’s per-
formance under the VMCI contract with those under the wholesale price contract. Finally,

we conclude the chapter with major findings and further research directions in section 1.8.



All mathematical proofs are summarized in a separate Appendix.

1.2 Literature Review

Our work is most related to two streams of literature regarding supply uncertainties and
assembly systems. Supply uncertainties can be attributed to different causes in the pro-
duction process. In the literature, the supply uncertainties can be characterized into three
categories: random capacity, random yield, and supply disruption. Random capacity de-
notes an uncertain exogenous upper bound on the actual production quantity (Bollapragada
et al. 2004). Random yield refers to the situation where only a random fraction of products
turn out to be usable due to production defects, machine breakdowns, and so on (Yao 1988).
Supply disruption can be considered as a special case of random capacity with a Bernoulli
distribution following which either the full order or nothing is delivered (Gurnani et al.
2000). On the other hand, the papers studying assembly systems can be grouped in two
categories, i.e., decentralized and centralized assembly systems. In a centralized assembly
system, the assembler aims to derive the optimal inventory policy for all the components and
the optimal component allocation policy among various final products among which com-
mon components are shared (Song and Zipkin 2003). Due to outsourcing, the assembler now
faces a decentralized assembly system. The research focus in decentralized assembly systems
is to study the strategic interactions under contractual arrangements among independent
component suppliers and the assembler who seek to optimize their own profits (Gerchak and
Wang 2004). We summarize the relevant papers in Table 1.1.

There are abundant papers studying random yields in the area of supply chain and oper-
ations management. In Table 1.1, we only list the papers analyzing both random yields and
assembly systems. In particular, Yao (1988), Gerchak et al. (1994), Gurnani et al.(2000),

and Pan and So (2010) explore the inventory/production/pricing decisions for a centralized



Table 1.1: Papers related to supply uncertainties and assembly systems

Decentralized Assembly System | Centralized Assembly System

Gurnani & Gerchak (2007) Yao (1988)
Random Giiler & Bilgi¢ (2009) Gerchak et al. (1994)
Yield Giiler (2015) Gurnani et al. (2000)
Pan & So (2015) Pan & So (2010)
Supply Gurnani et al. (1996)
Li et al. (2017) DeCroix (2013)

Disruption Yin et al. (2017)

Bollapragada et al. (2004)
Random This essay Xiao et al. (2010)
Capacity Bollapragada et al. (2015)
Ji et al. (2016)

assembly system subject to random supply yields and investigate how the random yields
affect the system performance. A few papers study random yields in a decentralized assem-
bly system. Gurnani and Gerchak (2007) propose a contract to coordinate a decentralized
assembly system with two component suppliers both experiencing random yields and an as-
sembler facing a deterministic market demand. Giiler and Bilgi¢ (2009) extend their work by
establishing two coordinating contracts with three parameters for a decentralized assembly
system consisting of NV suppliers with random yields and an assembler with random market
demand. Under the same system structure as that in Giiler and Bilgig (2009), Giiler (2015) is
able to form a coordinating contract with two parameters only. Pan and So (2015) derive the
equilibrium production and pricing decisions for a decentralized assembly system with two
suppliers under a similar VMI contract to our VMCI contract, and one of the two suppliers
is exposed to the random yield.

There are several papers investigating the optimal inventory/ordering policies for the
centralized assembly system with supply disruptions, e.g., Gurnani et al. (1996), DeCroix
(2013), and Yin et al. (2017). We found only one recently published paper, i.e., Li et al.

(2017), studying a decentralized assembly system with two suppliers and one assembler, and



they assume one of the two suppliers faces the supply disruption. In their work, they explore
how a cost-sharing contract would affect the performance of individual firms and the entire
system.

Compared with the vast amount of the random yield literature, Feng (2010) points out
“There are relatively few papers analyzing random supply capacity.” We here focus on the
papers studying centralized assembly systems with random capacity. For example, Bollapra-
gada et al. (2004) characterize the optimal base-stock inventory policy which minimizes
the total inventory investment in a centralized assembly system. Xiao et al. (2010) study
a single-product single-period assemble-to-order system with uncertain assembly capacity,
and they identify conditions under which an assemble-in-advance strategy should be adopted
to maximize the centralized system profit. Bollapragada et al. (2015) explore the compo-
nent procurement and assembly decisions for a cost-minimizing assembly system. Ji et
al. (2016) derive an optimal production planning decision for a centralized single-period
cost-minimizing assembly system with random production and assembly capacity. All these
papers study a centralized assembly system where the assembler decides the inventory de-
cisions for the entire system. However, we study a decentralized assembly system (supply
chain), where the focus is to apply game theory to explore the strategic interactions among
the suppliers and the assembler.

To our best knowledge, our study is the first one that considers a decentralized assembly
system with random supply capacities. We build a general model for the decentralized
assembly system with n suppliers (each of whom experiences a random capacity) and an
assembler facing a stochastic market demand. Furthermore, our model allows the random
capacities of the n suppliers to follow any arbitrary multivariate continuous distribution
with correlations, while all the papers for random yield and random capacity listed in Table
1.1 assume independent distributions. Incorporating correlated random capacities into our

model, we are able to show that when the suppliers’ capacities become more positively



correlated under a general multivariate normal distribution, the assembler is always better
off, but the suppliers may be better or worse off. Our work can be considered as an extension
of Gerchak and Wang (2004). Our model setup is similar to theirs except that they assume
all suppliers are perfectly reliable whereas we relax this assumption and consider that all
suppliers have random capacities. Compared with their results, we demonstrate that when
a component supplier faces an uncertain capacity, it always hurts the assembler, but it may

sometimes benefit this specific supplier, which is quite surprising.

1.3 Model Setup

In this section, we first elaborate our model setup for the decentralized assembly system under
the VMCI contract, then we solve the corresponding centralized system as a benchmark for

the decentralized system.

1.3.1 Decentralized System under VMCI Contract

We consider a decentralized supply chain with n upstream suppliers and a downstream
assembler. Without loss of generality, we assume one unit of the assembler’s final product
consists of n (sets of ) components, each produced by a different supplier, i.e., supplier i (he)
produces component i (i = 1,...,n). The assembler (she) assembles the n components into
the final product to satisfy a single-period uncertain market demand, D, with a fixed retail
price of $p per unit. The assembler and the suppliers agree to adopt the VMCI contract,
i.e., each supplier manages his own inventory and the assembler only pays to each supplier
for the components that are actually used by the assembler based on the pre-agreed unit
price. Before the final demand D is realized, the assembler initiates the procurement in
advance by offering a unit price, w;, to supplier 7, ¢ = 1, ...,n. Given the prices, the suppliers
make their own production decisions simultaneously, i.e., supplier ¢ decides his production

quantity ); and incurs a total production cost of ¢;Q;, in which $¢; is the unit production



cost for component i. Furthermore, each supplier’s production capacity, K; (i = 1,...,n) is
uncertain. The random vector (K7, ..., K, D) is assumed to follow an arbitrary multivariate
continuous distribution. After each supplier’s uncertain production capacity is realized, only
min {Q;, K;} units of component ¢ can be delivered to the assembler. In most cases, the
assembler’s assembly time is much shorter than the suppliers’ lead time, so we assume that
the assembler can start the final assembly after demand D is realized and the assembly cost

2(Qi, K;), D} units of the final

is ¢o per unit. Thus, the assembler can sell min {min;—;
product to the market. Each supplier collects the payment from the assembler for the used
components. Unassembled components, if any, are salvaged by each supplier at a salvage
value of $s;/unit for component i. Assume ¢; > s; so that the suppliers will not produce
unlimited components. s; can also be negative to represent a disposal cost, if applicable. We

assume all parties are risk neutral and that all information about the retail price, salvage

value, costs, and distributions are common knowledge to all parties.

Figure 1.1: Sequence of events.

Suppliers make their

own Q; decisions Demand is
simultaneously realized
: : : : —
Assembler proposes Suppliers’ random Assembler assembles and
(W, ..., wp) tO capacities (K;) are realized,; sells the final products;
suppliers available components are suppliers are paid for the
delivered to the assembler components used in final
products

1.3.2 Centralized System

We now analyze the corresponding centralized system as a benchmark for the decentralized
system. In a centralized assembly system, the assembler, as a central planner, decides the

production quantity, @);,Vi = 1,...,n, for each component to maximize the total system

10



profit, denoted as Il¢, as follows:

Ie(Q1,...Qn) = E{(p—co) pin (Qi, Ki, D) — ZciQi+Zsj[min(Qj,Kj)— min (QZ,KZ,D)] }
i=1 j=1

= E{(p—co) amin (Qi, M) =} ciQit Y ssmin(Qy, Kj) — min (Qi, M)}, (11)

N i=1 =1 T

where Md:efmin(Kl, ..., K, D). For notational convenience, let fy;(.) and Fys(.) be the

respective PDF and CDF of M, which can be derived from the multivariate distribution of
(K1, ..., K,, D) since Fy(z) =1— Pr(K; > z,....K, > x,D > z),Vo . The total system
profit Il here simply represents the assembler’s revenue from selling the final products
to satisfy the uncertain market demand D minus the assembly cost and the component
production costs plus the revenue from salvaging leftover components. Recall that without
loss of generality, we assume that each final product is composed of one unit of the n
components. Hence, it is straightforward to derive the following result:

def

Lemma 1.1. The optimal solution to problem (1.1) satisfies Q1 = ... = Q, Q..

Note that the assembler has to match the n components to assemble the final product.
It is best for the assembler to plan the same production quantity for all components, i.e.,
Q1 = ... = Q,, because for each additional leftover component, the assembler can only get the
salvage value of the component, which is lower than the production cost of the component.
Substituting @1 = ... = @, = Q. into (1.1), we have
max e (Q.) = E{(p—co) i_nllinn(Qc, M) — Z Q.+ Z s;[min(Q., K;) — mln (Qc, M)}
¢ o i=1 j=1
For notational convenience, let fp(-) and Fp(-) denote the marginal probability density
function (PDF) and cumulative distribution function (CDF) of D, respectively. Similarly,
let f;() and F;(-) be the marginal PDF and CDF of K;,i = 1, ..., n, respectively. We do not

make any assumption on the relationship among the probability distributions of D and Kj,
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for example, K; is stochastically larger(smaller) than D or Kj,j # i. As we will show in
the remainder of the chapter, our result holds valid without any of such assumptions. After
some algebra, we can show the following result:

Proposition 1.1. Il is strictly concave in Q.. Hence, the optimal solution to the centralized

*
c’

problem given by (1.1), denoted as Q%, is uniquely determined by

(= o= 3 s)Ful@) = 3 ot Do siF(Q) = 0 (12)
where Fi(x)d:efl — Fi(x) for alli=1,...,n,D, M.
1.4 VMCI CONTRACT

In this section, we apply the backward induction method to study the decentralized system
under the VMCI contract, i.e., we first analyze the suppliers’ problem in section 1.4.1, and
then we investigate the assembler’s optimal pricing scheme in section 1.4.2 based on the

anticipated best responses from the suppliers.

1.4.1 Suppliers’ Problem

Given any prices, wy, ..., wy,, offered by the assembler, the n suppliers make their respective
production decisions simultaneously to maximize their own expected profits. To encourage
each supplier to produce a positive quantity of his component, the assembler must propose
a feasible contract such that w; > ¢; for all @ = 1,...,n. We aim to characterize the Nash
equilibrium (or equilibria) for the suppliers’ production decisions, (@1, ..., @,). To do so, we
first need to derive the best response production quantity for supplier ¢, 7 = 1,...,n, given
other suppliers’ production quantities, defined as Q_; = Qj such that j € {{1,....,n}\ {i}}.
For any given ()_;, supplier ¢ chooses (); to maximize his expected profit function as follows:
I1;(Qi] Qi) = E{wijfll’i{lm(Qj, M) = ¢;Q; + si[min(Q;, K;) — jznll}nr,l,n(Qj’ M)},
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In supplier ¢’s profit function, the first term is the payment he gets from the assembler for
the components used in the final product, the second term is the supplier’s production cost,
and the last term represents the supplier’s revenue from salvaging his leftover components,
if any.

For notational convenience, we define Q_Z, = min (Q,). Hence, supplier i’s profit

J=1. i
function can be further reduced to two forms based on two possible scenarios (I) @Q; < Q

or (II) Q; > Q__, as below.

H{(Q1|Qﬂ)7 Ql < Q—i
IL(QiQ-i) = {HZU(QJQ—Z‘), Qi>Q_Z-

where

Hf(Qi|Q_i)d:°fwiE[min(Qi, M)] = ¢;Q; + s; E[min(Q;, K;) — min(Q;, M)]+7 (1.3)

HfI(QAQ_i)d:efwiE[min(Qii, M)] — ¢;Q; + s; Elmin(Q;, K;) — min(Qii, M), (1.4)

[T} and IT}* are continuous at Q; = @ __.
When supplier ¢ plans a production quantity ); that is lower than any other supplier’s
production quantity, the assembled quantity of the assembler’s final product becomes only

dependent on @; but not Q_;. We can derive the first order condition for IT/(Q;|Q_;) as

O} (Qi]Q-:)

90, = (w; — $:) Far(Qi) — ¢ + s:F3(Qi) = 0. (1.5)
(]
Since w; > ¢; > s; and Fy(+),i = 1,...,n, M are decreasing functions, I/ is strictly
I X .
concave in ();. Note that at @); = 0, %épﬂ) = w; —¢; > 0, and as (); approaches to
I . .
) %&‘_Qﬂ) — —¢; < 0. There exists a unique solution to the first-order condition of

TH(Q:1Q_;) given by equation (1.5).
However, if supplier ¢ plans a higher production quantity than some other supplier, then

@; will not constrain the final product quantity, but it still affects supplier ¢’s own production

13



cost. It is straightforward to show that the first derivative of TI/1(Q;|Q_;) is

O (Qi]Q-s)
9Q;

which implies that TTH(Q;]Q_;) is strictly decreasing for all @Q; > @ _,. Combining the

=—¢ + Sze(Qz) <0,

properties of functions I/ (Q;]Q_;) and TTH(Q;|Q_;), we obtain the following result:

Lemma 1.2. Giwen any QQ_; chosen by the other n — 1 suppliers, supplier i’s optimal pro-

*
17

duction quantity, QF, is

Q; =min(Q;, Q@ ),Vi=1,...,n, (1.6)

where Q; is the unique solution to (1.5).

Note from (1.5) that Q; is a function of w;. Hence, we can analyze the relationship

between Q; and w;, which can be characterized in the following Lemma.
Lemma 1.3. QZ 1S 1ncreasing in w;.

Lemma 1.3 echoes with our intuition that a higher unit price offered by the assembler
tends to drive up the supplier’s planned production level.
Solving the n best response functions given by (1.6) simultaneously, we are able to char-

acterize the Nash equilibrium (N.E.) for the suppliers’ problem in the Proposition below.

Proposition 1.2. For any (ws,...,w,) chosen by the assembler, any (QF, ..., Q%) satisfying

- def ~
Q) = ... =Q < ‘rrllin (Qj) fef Q) constitutes a N.E. for the suppliers, among which
J: 7"'7n

QRQi=..=0Q; = Q is the unique Pareto-optimal N.E.

Proposition 1.2 indicates that all suppliers would produce the same quantity in equilib-
rium. This result is driven by the fact that the assembler needs to assemble the suppliers’
components into final products to sell in her market, so unmatched components will not

be used and paid by the assembler. Therefore, in equilibrium, every supplier shall produce
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the same quantity. Although there are numerous equilibria for the suppliers’ problem, there
always exists a unique Pareto-optimal N.E., i.e., ), which maximizes the expected profit for
every supplier among all the equilibria. As a result, we consider this equilibrium solution as

the outcome of the suppliers’ problem.

1.4.2 Assembler’s Problem

Anticipating that all suppliers simultaneously choose their Pareto-optimal N.E., Q, given in
Proposition 1.2, the assembler’s decision problem is to choose the optimal pricing scheme to
maximize her expected profit, i.e.,

max Ig(wy,...,w,) = E[(p— ¢ — sz) min(Q, M)]. (1.7)

(w1y...,wn)

According to the VMCI contracting arrangement, the assembler pays the suppliers only for
the components used in the final product. We first obtain the following property for the

assembler’s optimal pricing scheme:

Lemma 1.4. The assembler’s optimal pricing scheme, denoted as (w7, ..., w?), satisfies

o Ci—SiFi(@) .
w; _SZ+—FM(Q) i=1,...,n, (1.8)

under which we have Q1 = ... = Q,, = Q.

The result of Lemma 1.4 can be explained as follows. From Lemma 1.3, we know that

for all ¢ = 1,...,n, as w; increases, Q; increases. Because Q) = 'rrllin Q;, it is best for the
i=1,...,n
assembler to set up the prices such that the optimal prices would induce Q; = ... = Q, = Q.

Otherwise, there exists Qj such that Qj > @, then reducing w; to lower Qj to equal Q
would simply improve the assembler’s unit profit margin without reducing her expected
sales volume.

Following Lemma 1.4, we can transform the assembler’s problem given by (1.7) to the
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following problem:

n

max () = {p = o~ Y + AQUISIQ), (19

where
s(@) Efmin(Q, M) (1.10)
N %g)@),Vizl,_.,n (1.11)

S (Q) represents the expected sales quantity of the final product.

For the remainder of the chapter, we assume that (Al) K; (i = 1,...,n) and M have

increasing failure rates (IFR) (i.e., FJ(Q),VJ ,...,n, M, is increasing in Q), and (A2) M is
smaller than any K; in the hazard rate order. As discussed in Gerchack and Wang (2004),
commonly used distributions, including uniform, normal, and Weibull families subject to pa-
rameter restrictions, have IFRs. Gupta and Gupta (2001) prove that when (K7, ...K,, D) fol-
low a multivariate normal distribution, M retains the IFR property. Since M = min(K7, ..., K,,, D),

M can be considered as the system lifetime of a serial system with n + 1 parts. (A2) simply

means that at time ¢, the failure rate of this serial system is higher than the failure rate of

far(t)
P Fum(t) = F

any individual part in the system, i.e. t) ,Vj=1,...,n,D (see Boland et al. 1994).

After some algebra manipulation, we can obtaln a unique optimal solution to the assembler’s

problem, formally described in the Proposition below.

Proposition 1.3. There exists a unique solution, Q*, to the assembler’s problem (1.9),

which can be determined by solving

—ZA’ N+ [p—co— Zs, ZA Q") Fu(Q¥) = (1.12)

Note that without assumptions (A1)-(A2), the optimal Q* can also be found by solv-

ing (1.12), which means the existence of the N.E. is always guaranteed. Moreover, when
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(K1, ..., K, D) follow a multivariate normal distribution, we do not need these assumptions
to derive the managerial insights regarding correlations among random capacities and de-

mand in section 1.5.4.

1.5 Managerial Insights

In this section, we investigate how variations in the model parameters influence the equilib-
rium as well as the expected profits of the suppliers, the assembler, and the entire supply
chain. The results here could provide useful managerial insights for managing the decen-
tralized assembly supply chain in the presence of supply uncertainty and random demand.
To facilitate our discussions, we use IIg, IT; (i = 1,...,n), and I}, = > 77 II% to denote the
equilibrium expected profits for the assembler, supplier ¢, and the entire decentralized supply
chain, respectively. Moreover, in the remainder of this chapter, we refer to “decrease” and

14

“increase” in a weak sense, i.e., “decrease” means “ non-increase,” and “increase” means

“non-decrease.”

1.5.1 Component Cost

We first analyze how a change in the component costs can affect the suppliers’ production

* *

decision (Q*) and the assembler’s pricing scheme (w?, ..., w*) in equilibrium and the sub-

sequent profitability of every supply chain member. Suppose all other model parameters
stay the same, except that one supplier’s, say supplier ¢’s, component cost ¢; increases. The
following result illustrates the impact of such an increase in ¢; on the equilibrium and the

profits.
Proposition 1.4. Suppose supplier i’s unit cost, ¢;, increases. Then,
(i) Q* decreases;

(i) wi for all j =1,...,n,j # i decrease, but w; increases;
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(i4i) 115, 1T}, and 1T} decrease for all j = 1,...,n,j # i.

As one supplier’s cost increases, this supplier tends to plan a lower production quantity.
This tendency leads other suppliers to produce less as well since the suppliers are only paid
for the components used in the assembler’s final product and the assembler’s final production
quantity is limited by the supplier who delivers the lowest quantity. As illustrated by the
numerical example in Table 1.2, when supplier 1’s cost increases, the assembler would offer
supplier 1 a higher price (w}) to compensate him. However, anticipating that all suppliers
shall plan a lower identical production quantity in equilibrium, the assembler has room
to offer lower prices to all other suppliers (e.g., wj decreases in Table 1.2) because these
suppliers’ costs remain unchanged. Given lower prices, all other suppliers’ profits would
decrease. Intuitively, the assembler, as the leader of the game, also suffers from any supplier’s

cost increase, and we prove that the entire supply chain suffers as well.

Table 1.2: n =2,p — ¢o = 200, 1 = 59 = 10, co = 50, Ky, K3, D (are i.i.d) ~ Exp(0.01)

a | Q | wp | ws I 11 I, 15 Mg | 0p/Te
28 | 17.37 | 43.00 | 80.05 | 119.83 | 239.27 | 1041.94 | 1401.03 | 1761.2 | 79.55%
38 | 15.07 | 56.20 | 75.06 | 127.36 | 175.15 | 833.3 | 1135.81 | 1438.95 | 78.93%
48 | 13.04 | 67.99 | 70.95 | 122.17 | 128.01 | 658.75 | 908.93 | 1159.46 | 78.39%
58 | 11.22 | 78.69 | 67.79 | 109.77 | 92.83 | 512.66 | 715.26 | 918.05 | 77.91%
68 | 9.57 | 88.52 | 64.53 | 93.66 | 66.36 | 390.79 | 550.82 | 710.95 | 77.48%
78 | 8.08 | 97.63 | 61.95 | 76.15 | 46.41 | 289.86 | 412.42 | 535.04 | 77.08%

Interestingly, we observe that this particular supplier (i.e., supplier 1 in Table 1.2) may
sometimes become better off when his production cost increases (see the entry as bolded).
As explained earlier, the assembler would offer a higher unit price to the supplier whose
production cost increases. Facing a higher price and a higher cost at the same time, this
supplier’s profit margin might increase or decrease, as indicated by our example in Table
1.2. In conjunction with a lower equilibrium production quantity which leads to a lower

sales in the final product market, this supplier could be better or worse off. This result is
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surprising yet consistent with the result in section 6.2 of Fang et al. (2008) and Proposition 3
in Granot and Yin (2008). Under the VMCI contract, the suppliers are not always motivated
to improve the efficiency of their production processes. Therefore, the assembler might need
to provide additional incentives for suppliers to reduce their costs.

One can easily prove that the optimal decentralized system profit is strictly less than
the optimal centralized system profit due to double-marginalization. In order to explore
how the decentralized system efficiency is affected by each supplier’s component cost, we
quantify the decentralized system efficiency as II},/II7,. Although the derivative of IT},/II,
with respect to ¢; is analytically intractable, our numerical experiments demonstrate that
the decentralized system efficiency decreases in the supplier’s production cost, as illustrated
by the last column of Table 1.2. This observation has been consistently confirmed by 1000
runs of simulations based on randomly generated data sets. Under the VMCI contract, each
supplier (game follower) bears his own overstocking risk, which would be amplified when his
production cost increases. The supplier, being self-interested, shall then plan his production

more conservatively, which hurts the entire system.

1.5.2 Salvage Value

Second, we investigate how the variation in the component salvage values can affect the
equilibrium decision and the resulting expected profit for each member. Recall that we
assume s; < ¢;,Ve = 1,...,n, to guarantee that no supplier would produce an unlimited

quantity.
Proposition 1.5. Suppose supplier i’s salvage value, s;, increases. Then,
(i) Q* and w} increase for all j =1,...,n, j #i;

(ii) 105, I}, and 115 increase for all j =1,...,n, j # i.
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Proposition 1.5 (i) indicates that when supplier i’s salvage value improves, the suppli-
ers’ equilibrium production quantity increases and the equilibrium prices for all suppliers
except supplier ¢ also increase. A higher salvage value for supplier i’s component can, to
some extent, mitigate this supplier’s overstocking risk, which therefore drives up his own
production quantity, and the assembler does not need to offer a higher price to supplier i.
However, to induce all other suppliers to plan a higher production quantity in equilibrium,
the assembler would have to offer higher prices to them since these suppliers’ cost structures
remain unchanged. As a result, all other suppliers’ profit margins are greater given higher
prices so that these suppliers are better off.

Surprisingly, when supplier ¢’s own salvage value increases, supplier ¢ may sometimes
be worse off, as illustrated by the numerical example given in Table 1.3 (see the entry as
bolded). This result is surprising but consistent with the similar result derived above for the
component cost. As indicated in the example, when supplier 1’s salvage value (s1) increases
which tends to benefit this supplier, but the assembler would offer supplier 1 a lower price
(wy) which tends to hurt supplier 1’s profitability. Consequently, these two conflicting factors
may drive supplier 1’s profit either up or down. However, the assembler, acting as the leader
of the game, always benefits from an increase in any supplier’s component salvage value, and

the entire supply chain profit improves as well.

Table 1.3: n=2,p — ¢o = 120,89 = 29, ¢; = 50, ¢y = 30, Ky, K3, D (are i.i.d) ~ Exp(0.005)

s1| Q| wp | wy I I | I p | O | Op/1E
16 | 18.97 | 63.12 | 33.82 | 118.96 | 35.28 | 380.83 | 535.07 | 689.83 | 77.57%
26 [ 20.78 | 62.27 [ 34.27 | 121.87 | 43.12 | 418.54 | 583.53 | 749.44 | 77.86%
36 [ 22.92 [ 61.24 [ 34.84 | 123.11 | 53.63 [ 463.93 [ 640.67 | 819.06 | 78.22%
46 [ 25.47 [ 59.92 | 35.55 | 121.29 [ 68.02 [ 519.34 [ 708.66 | 900.98 | 78.65%

Similar to section 1.5.1, we again compute II},/II¢, to evaluate the effect of one compo-
nent’s salvage value on the decentralized system efficiency. The example provided in Table

1.3 demonstrates that when component 1’s salvage value s; increases from 16 to 46, the
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decentralized system efficiency increases from 77.57% to 78.65%. All our numerical results
(1000 simulations) show that when one component’s salvage value increases, the decentral-
ized system efficiency improves as well. As one component’s salvage value increases, this
component supplier potentially faces less inventory risk of overstocking. Therefore, this
supplier tends to produce more of his components, which benefits the overall decentralized

system.

1.5.3 Retail Price and Assembly Cost

Third, we explore how a change in the retail price or assembly cost of the final product
impacts the equilibrium production quantity, pricing decisions, and each party’s profitability.

With some derivations, we summarize the results in the following Proposition.

Proposition 1.6. Suppose the final product’s retail price p increases (or the assembly cost

co decreases). Then,
(i) Q* and w; ncrease for all j =1,...,n;
(1) 115, 113, and II; increase for all j =1,...,n.

When the retail price of the assembler’s final product increases or when the assembler’s
assembly cost decreases, the assembler has motivations to induce all suppliers to produce
more by paying higher prices to the suppliers. Consequently, every supplier’s profit improves.
As the leader of the game, the assembler always benefits when she gets a higher retail price
for her product or when she incurs a lower assembly cost. Since every one is better off, the

entire supply chain is better off as well.

1.5.4 Correlations among Random Capacities and Demand

Assume (K7, ..., K,, D) ~ N(u, %), i.e., the random vector follows a multivariate normal

distribution with mean vector g and covariance matrix X = [0y;]; j=1...n+1, Where the corre-

21



lation coefficient between i and j, j # ¢, pi; = 04;//0ii0;;-

Proposition 1.7. If oy, for some a # b;a,b=1,...,n+1 increases, then the random variable

M stochastically increases, and 11j increases as well.

Note that the proof of Proposition 1.7 is based on the theory of supermodularity in
Topkis (1998), hence assumptions (A1)-(A2) are not required to prove this result. As og
increases, the correlation coefficient, p,, increases. When any two of the random variables in
(K1, ..., K,, D) become more positively correlated, M becomes stochastically larger. Recall
that M is defined as min(K7y, ..., K,,, D) which represents the maximum quantity the assem-
bler can sell to the market, and the assembler’s final sales is actually the minimum of M
and Q*. When M increases, even if the assembler induces the suppliers to produce the same
quantity (Q*), the assembler’s profit would still increase because she can sell more products
to the market without increasing her costs. As the leader of the game, the assembler is able
to optimally change the prices offered to the suppliers such that the equilibrium production

quantity (Q*) changes optimally for her. Hence, the assembler is always better off when any

two random variables in (K7, ..., K,,, D) become more positively correlated.

Table 1.4: n = 2, (u1, p2, pp) = (500,500,600), (01, 09, 0p) = (180,180, 30), p1p = p2p =
0,p —co=5112,¢; = 100, 57 = 66, c5 = 150, 55 = 80

pe | @ [ wi [ ws | T | I [ 13 | In
-0.99 | 412.50 | 212.58 | 334.83 | 1552120 | 33426 | 54878 | 1640423
-0.96 | 412.51 | 212.59 | 334.86 | 1552124 | 33431 | 54886 | 1640440
-0.9 | 413.13 | 213.38 | 336.10 | 1552539 | 33699 | 55314 | 1641552
-0.5 | 430.39 | 226.52 | 355.55 | 1578571 | 38522 | 62522 | 1679615
0 458.30 | 240.16 | 373.36 | 1643060 | 44550 | 70850 | 1758460
0.5 | 490.76 | 251.46 | 386.12 | 1742330 | 51100 | 79478 | 1872908
0.9 | 524.17 | 254.91 | 386.10 | 1886973 | 56338 | 85744 | 2029055
0.96 | 530.80 | 252.41 | 381.03 | 1930979 | 56511 | 85586 | 2073076
0.99 | 535.50 | 249.41 | 375.49 | 1968850 | 56278 | 84907 | 2110035

On the contrary, the suppliers may be better or worse off as verified by our numerical

22



experiments. In Table 1.4, we report the equilibrium results of a randomly generated nu-
merical example. In this example, as the correlation coefficient between K; and Ky (pi2)
increases from —0.99 to 0.99, we observe that the equilibrium production quantity (Q*) and
the assembler’s profit always increase, but the prices and profits for both suppliers could
either increase or decrease. This result can be explained as follows. When p;s increases,
M increases. Therefore, even if the assembler does not pay each supplier a higher price,
the suppliers still have a tendency to produce more in equilibrium because under the con-
signment contract, each suppliers are only paid for the quantity sold to the market which
is min(M, Q*) Hence, the assembler does not necessarily need to offer higher prices to the

suppliers to induce a higher production quantity. Since each supplier may obtain a higher

or lower price from the assembler, the suppliers’ profits might increase or decrease.

1.5.5 Random Capacity vs. Reliable Supply

In this study, random capacities are the key factors influencing every member’s strategy
and profit in equilibrium. Note that Gerchak and Wang (2004) analyze a model under
the revenue-sharing contract which is similar to our model under the VMCI contract, and
the only difference is that they assume all suppliers are perfectly reliable and the suppliers
do not have any capacity constraints. By comparing our results under random supply ca-
pacities with their results under reliable supplies, we can investigate the impact of supply
uncertainties on the system performance as well as each individual firm’s profitability.
Following the similar algebra procedure, we can derive Q:*, w17 11, and 175 which
denote the equilibrium production quantity and unit price for supplier i, and the respective
equilibrium profits for supplier i, the assembler, and the system under reliable supplies. It

is straightforward to show the following results: the assembler will choose a pricing scheme

(wi*, ...,wl*) such that w* = s; + F;i(g;*),v@' = 1,...,n, to induce the same production
Ip(Q)

quantity, namely Q™*, from all suppliers; then if BNE)E fOQ Fp(z)dz is increasing in @, there
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exists a unique solution Q™ to the suppliers’ problem that satisfies

_c—n3‘7~r*_nc._8‘ MQM’:U;U:
[p — co ; i1 Fp(Q™) ;( i—s)[1+ [FD(QT*)P/O Fp(z)dx] = 0.

As noted in Gerchak and Wang (2004), the assumption (i.e., [—% fOQ Fp(x)dz is in-
creasing in Q) is very weak, and any demand distribution with IFR satisfies this assumption.
In conjunction with Lemma 1.4 and Proposition 1.3, we compare IIj; and II* to establish

the following Proposition.
Proposition 1.8. IIj < IIj*.

Proposition 1.8 indicates that the assembler’s expected profit under random capacities is

strictly less than her expected profit under reliable supplies.

Table 1.5: n = 2,p — ¢y = 254, ¢; = 30,51 = 28, ¢5 = 45,85 = 20, D ~ Exp(0.008),
under random capacity: K; ~ Exp(0.004), Ky ~ Exp(0.003), (D, K1, K3) are mutually in-
dependent.

Q™ Q* | wi*,wi | whr,wh | ¥, I0y | Iy, 1O | I03%, 10y | 10, 105
Reliable Supply 128.59 33.52 89.05 10610.9 | 188.87 | 2360.81 | 13160.6
Random Capacity 55.28 44.31 &83.39 4779.06 356.8 927.85 | 6063.71

When the suppliers are perfectly reliable, all suppliers are able to deliver the same quan-
tity in equilibrium. With random capacities, the suppliers cannot always deliver the same
quantity although their planned production quantities are identical in equilibrium. Hence,
there exists additional efficiency loss due to mismatched components in the assembly sys-
tem. As a result, the assembler, as the leader of the game, is always worse off with supply
uncertainties.

Interestingly, we find that the suppliers may sometimes be better off with random ca-
pacities, as illustrated by our numerical example in Table 1.5. In the presence of random

capacities, the suppliers tend to be more conservative on their production decisions thus
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might potentially reduce the final product sales quantity. As the follower of the game, the
supplier may use her random capacity as a leverage to negotiate with the assembler. Hence,
the assembler might need to offer a higher unit price to the supplier to induce a larger pro-
duction quantity. Consequently, the supplier with certain cost/risk structures might obtain

a higher profit.

1.6 Wholesale Price Contract

In this section, we apply the traditional wholesale price contract in this decentralized as-
sembly supply chain. As in Gerchak and Wang (2004), we assume that under the wholesale
price contract, the assembler bears the inventory risks, and the suppliers are the game lead-
ers while the assembler is the follower. That is, the component suppliers first offer their own
wholesale prices w;, 7 = 1, ..., n, to the assembler simultaneously, then the assembler decides
the production quantity for each supplier, i.e., @Q); for supplier ¢, i = 1,...,n. After the ran-
dom capacities K;,i = 1,...,n are realized, supplier i delivers min(@;, K;) to the assembler
and receives w; for each unit delivered. After the demand D is realized, the assembler as-
sembles the available components and sells min;—; _,,(Q;, K;, D) to the market. The leftover
components, if any, are salvaged by the assembler at $s;/unit for component i,i = 1,...,n
Based on the backward induction, we first solve the assembler’s problem and then solve the

suppliers’ problem.
Assembler’s Problem

Given any prices (wy,...,w,) offered by the suppliers, the assembler’s problem is to

choose (Q1, ..., @,) to maximize her expected profit below

:E{(p—co) mm (Qi, M Zwlmln Qi, K +Zs] min(Q;, K )— Imn (Q,, )] }
7=1

(1.13)
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where the first term is the assembler’s revenue from the final product market, the second
term is her payments to the suppliers, and the last term is her revenue from salvaging the
leftover components.

Suppose, WLOG, supplier k& receives the lowest order quantity from the assembler,
ie, Qr = min(Qy,...,Q,). Since M = min(K;,...,K,,D) < K; and for all j = 1,...,n,
min(Q;, K;) > min(Qy, M) always holds, the assembler’s expected profit function can be

reduced to

n

HO(Qla ) Qn’Qk = min(Qb ) Qn)) = E{(p —Co — Z Sl) min Qka Z mln(@ﬁ Z)]}

i=1 =1
Therefore, it is best for the assembler to order the same quantity from all suppliers because

w; > s; for all the components. Define Q1 = ... = Q,, = Q We obtain the following result.

Proposition 1.9. Il is quasi-concave in ) and has a unique solution Q* to the assembler’s

problem which is determined by the first-order condition

n n

(p—co— Y s)Fm(Q) =Y (w;—s;)F{(Q"). (1.14)

i=1 i=1
Suppliers’ Problem

Anticipating an identical order quantity of @* from the assembler, the suppliers simul-
taneously decide their respective wholesale prices to maximize their own expected profits.
Specifically, for any wholesale prices chosen by the other n — 1 suppliers, supplier i’s problem

can be written as
max [ (w;|w;, j # i) = E{w; min(Q", K;) — ¢;Q"}. (1.15)

Following the same procedure in section 1.4.2, we can establish a one-to-one relationship
between (" and w; for any given wholesale prices chosen by the other suppliers. Hence, we

can equivalently optimize supplier i’s expected profit II; over Q" instead of w;. For notational
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After solving each supplier’s best response, we are able to obtain the N.E. for this game,

convenience, let L(Q)

formally presented in the following Proposition:

Proposition 1.10. There exists a pure-strateqy N.E. for the game. The suppliers’ equilib-

TIUm prices are
Q" _

|, Vi=1,..n,

where the assembler’s equilibrium order quantity Q* can be determined by solving

Q" _
Z Fl(é*) (Ci—SiFi(g*))—fM(Q*)(p_CO_Z Si)—L(Q*) Z ~ [F{;Q*)]Q _L(Q*) -0
=1 ~ =1 i=1 < (116>

Although we could not prove the uniqueness of ", our result is still one step further than
the result obtained in Gerchak and Wang (2004) since under the wholesale price contract,
they only obtain the equation for the equilibrium quantity @, i.e., (24) in their paper, for a
special case in which all suppliers are identical. Under the same assumption, we are able to

prove the uniqueness of Q" as well.

1.7 VMCI vs. Wholesale Price

Finally, we compare the VMCI contract with the wholesale price contract in this section.
Using the centralized system as the baseline, we first compare the system performance un-
der the VMCI contract with that under the wholesale price contract. We use Mathematica
11.2 to conduct an extensive numerical experiment based on 2000 randomly generated data
sets. The model parameters are randomly generated as follows: n = 2, D ~ Exp(\g), Ki ~
Exp(\), Ko ~ Exp(\2), (Ao, A1, Ag) ~ Uniform[0.001, 0.01], D, K7, Ky are mutually inde-
pendent, (1, ce) ~ Uniform[30, 50|, (s1, $2) ~ Uniform[10,29], (p — ¢o) ~ Uniform[200, 300].
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All our results (from 2000 simulations) consistently indicate that the equilibrium pro-
duction quantity under the wholesale price is lower than that under the VMCI contract,
which is strictly lower than the optimal centralized production quantity. Due to the double-
marginalization effect, the assembler/suppliers in a decentralized system become more con-
servative, i.e., they would plan an equilibrium production quantity strictly lower than the
optimal centralized production quantity. As a result, there always exists efficiency loss in
the decentralized system. Recall that under the VMCI contract, the assembler is the game
leader and the suppliers bear all the inventory overstocking risks, whereas under a wholesale
price contract, the assembler is the game follower and the assembler bears the inventory
risks. Hence, under the VMCI contract, the assembler tends to induce a higher production
quantity in equilibrium.

To distinguish between the two contracts, we now use 11}, and I1Ij, to denote the respective
decentralized system profits under the wholesale-price contract and the VMCI contract.
Since the centralized system profit function is strictly concave in the production quantity
(as demonstrated in Proposition 1.1), IIj;, < II}, < II§ always holds, as shown in Figure
1.2. To enhance the clarity of Figure 1.2, we sort the results from the 2000 iterations by the
centralized system profits in ascending order. Figure 1.2 indicates that the VMCI contract is
more efficient than the wholesale price contract for the supply chain. This result is consistent
with the results from the supply chain contracting literature including Gerchak and Wang
(2004), Granot and Yin (2008), and others. We also observe that the decentralized system
efficiencies under the wholesale price contract are about 40-70% whereas the decentralized

system efficiencies under the VMCI contract are about 50-80%.
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Figure 1.2: System profits comparison
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Figure 1.3: Assembler’s optimal profit comparison
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Our results also remark that the assembler is more profitable under the VMCI contract
(see Figure 1.3) whereas the suppliers would earn a higher profit under the wholesale price
contract (see Figure 1.4). Such observations can be explained by the first-mover advantage
since the assembler is the game leader under the VMCI contract while the suppliers are the

game leaders under the wholesale price contract.
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Figure 1.4: Suppliers’ profits comparison under two contracts.
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(b) Supplier 2’s optimal profit comparison
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1.8 Conclusion

We studied a decentralized assembly supply chain with an assembler and n component
suppliers each producing a different component. Due to exogenous factors, each supplier’s
capacity is uncertain such that only the lesser of planned production quantity and actual
realized capacity can be delivered to the assembler.
focused on the VMCI contract. Under the VMCI arrangement, the assembler offers a unit
price to each supplier who subsequently decides the production plan. After the demand is

realized, the assembly process begins and the suppliers are paid by the assembler for their
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used components only. Unused components, if any, are salvaged by each supplier. Using
a game-theoretic framework, we derived the equilibrium solution for this problem. Our
results revealed several interesting insights for the decentralized assembly system with supply
uncertainties. Our analysis illustrated that while a reduction in one supplier’s component
cost, capacity uncertainty, or an increase on the component salvage value would improve
the assembler’s and other suppliers’ profitability, it does not necessarily benefit this specific
supplier. Hence, it is critical for the assembler to offer proper incentives to induce the
suppliers to reduce their costs or capacity uncertainties, and to increase their salvage values.
In addition, we showed that when the suppliers’ random capacities become more positively
correlated, it always benefits the assembler but not necessarily the suppliers.

Since simple wholesale price contracts are often used in practice and discussed in the
literature, we analyzed a wholesale price contract in the second part of the chapter. Under
the wholesale price contract, the suppliers are the leaders of the game, and the assembler
is the follower. That is, the suppliers first decide their respective wholesale prices, then the
assembler decides the order quantities. After obtaining the analytical equilibrium solution
for the wholesale price contract, we were able to compare the wholesale price contract with
the VMCI contract. First, we found that the assembler prefers the VMCI contract and
the suppliers prefer the wholesale price contract, which can be explained by the first-mover
advantage. Second, by comparing the decentralized system profit under the VMCI or the
wholesale price contracts with the centralized system profit, we revealed that the VMCI
contract is more efficient than the wholesale price contract for the entire supply chain.
This result further confirms that the prior result in the decentralized assembly supply chain
literature (see, e.g., Gerchak and Wang 2004, Grant and Yin 2008) still holds when the
component suppliers have random capacity constraints.

There are several limitations of our model. First of all, our study, similar to many other

related papers, assumed that each of the random demand and random capacities follows
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a continuous probability distribution for the derivation simplicity. However, in many real
operations environments, it is important to precisely use discrete distributions to describe
D, K;, and @), especially for those critical products which only come in small discrete quan-
tities. Hence, future studies may adopt discrete distributions to represent a more realistic
case. It will also be worthy to study a scenario with both supply disruption and random
capacity. That is, there is a discrete probability under which a supplier cannot deliver any
component due to disruptive events, and if the supplier’s production is not disrupted in the
very beginning, the production capacity is a random variable following a continuous distribu-
tion. Second, we assumed that each component is provided by a single supplier. One might
also consider dual-sourcing or multi-sourcing for the same component to examine whether
the horizontal competition could mitigate the supply risk and improve the supply chain effi-
ciency. The model used in Jiang and Wang (2010) might be helpful in this direction. Third,
we assumed that there is only one final assembled product. In a general assembly system,
same components may be used in several final products. Therefore, it might be fruitful to
follow the model in Bernstein et al. (2007) to analyze how supply uncertainties could affect
the performance of a multi-product assembly system. Finally, in our model we assumed all
the suppliers and the assembler are independent. One might extend our work to allow the
suppliers and the assembler to form coalitions, as in Granot and Yin (2008), to reduce the

supply chain risk due to supply uncertainties.
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1.A Appendix

Proof. Lemma 1.1. In the centralized system, without loss of generality, suppose that @), =

composition of such functions are Lipschitz functions, the expectation and the derivatives

can be interchanged (Glasserman, 1994), i.e., aaE—QH = E[g—g]. Taking the differentiation of Il
w.r.t. (Qr, we obtain

n

Mo _ (p—co)Pr(M > Qi) —cr— > siPr(M > Qi)+
9Qk i=1,itk
spPr(Qr < Ky) Pr(min(Qg, K, ..., Ky1, Ky, o, Kn, D) # Q| Qr < Ky
_ _ - _ _ A.
= (p— ) Fu(Qi) — cx — Fu(Qr) D si+ su(Fe(Qi) — Far(Q)) (LA1)
i=1ik

n

=(p—co— Z Si>FM(Qk) —C + Sk:Fk(Qk)-

i=1
Fy(+) and F(+), i = 1,...,n, are decreasing functions, therefore Il¢ is strictly concave.

For any other component i, 7 # k, direct differentiation of Il w.r.t. Q; yields that

olle _
90, ~ ¢+ s Fi(Qi) <0

Since Il is strictly decreasing in @);, the central planner will choose the same production

quantity for all components to match with Qg, ie., Q1 =...=Qr=... = Q. n

Proof. Proposition 1.1. The proof is embedded in the main body of the chapter, hence we

do not repeat it here. O

Proof. Lemma 1.2. The proof is embedded in the main body of the chapter, hence we do

not repeat it here. O

Proof. Lemma 1.3. Recall that Q; is the solution to (5). From %g?i), it can be easily
22111 — 2711

derived that 8%;;;1_ = Fy(Q;) > 0, and, 8833 = —fu(Qi)(w; — s;) — s fi(Q;) < 0. Hence,
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0Qi(wi) _ _ oruf %1

S 3000/ 50% > 0, that is, Ql(wl) is increasing in wj. O

Proof. Proposition 1.2. Solving the n best response functions given by (1.6) simultaneously,

it is straightforward to show that Q7 = ... = @) < Q is a N.E. for the suppliers’ problem.
Because II/(Q;|Q_;) is increasing in Q; for all Q; < Q, QF = ... = Q% = Q is the unique
Pareto-optimal N.E. O

Proof. Lemma 1.4. Without loss of generality, suppose Q;(w?) < Qa(w3) < ... < Qn(w?).
Thus, min{Q;(w}), Qa(w}), ..., Qn(w?)} = Qi(w?). Recall from Lemma 1.3 that Q;,i =
1,...,n, is an increasing function in w;. Then, for any 7 = 2,...,n, there exists a w; < w;

such that Q1 (w?) = Q;(w;) < Q;(w?). Therefore,
mln{Q1<w’f)7 QQ(wg)a A} Qn(fw:z)} = mln{@l(“ﬁ% QQ(U_}2>7 ) Qn(wn)} = Ql(wiﬁ)
By offering such a pricing scheme (w7, ws, ..., w0, ), the assembler’s expected profit becomes

Mo(w, @, .., w,) = (p — co — wi — Y ;) B[ min (Qs(wy), M)].

Since wi + Y 1, w; < Y r wi, Ho(wi, W, ..., w,) > o(w}, w;, ..., w’) which results in con-

tradiction against the optimality. Therefore, the optimal pricing scheme should be designed

such that

Q1(w}) = Qo(wy) = ... = Qu(w}) = Q. (1.A.2)
Building upon such one-to-one relationship between Q and each wi,i = 1,...,n, we can
express each w? as a function of Q by transforming equation (1.5). O

Proof. Proposition 1.3. Direct differentiation of (1.9) gives

dlly

5= L AQS@+ -3 s = S A@FQ =0 (1A3)
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and

dQ2 = — ZA” (Q) — QZA;(Q)FM@?) —(p—co— ZSz' - ZAz(Q))JCM(Q))

=1

Similar to Theorem 2 in Cachon and Lariviere (2001), an obvious condition for ensuring
a concave profit function of the assembler is that 37" AY(Q) > 0. Checking the first

derivative of A;(Q), we have

5@fl<@)
Q

| = sE@)nQ) _ | fi(

i (@)
Fur(Q) (Fu(Q))? R

(@

(@)
@

)
)

As a result of the IFR property and increasing Fl((QQ)), A;(Q) is increasing in Q. At Q = 0,

Cil—réo = p— Y ¢ In conjunction with the concavity of II,, there must exist a unique

~~

2(Q) = % £(Q) =

@z @1

F;
Fy

éij |

solution, namely Q*, to equation (1.4.3). ]
Proof. Proposition 1.4. (i) Since Q* is obtained from solving < dHO =0, % - _%/ 882712120'

From equation (1.A.3), we can derive that

Ty A= O0NQ) L = 00(Q)
00 <@>j21—acj Far(Q) 2",
aA' - ON(Q
5@ 75D )@
SQIn(@Q & ) .,
[Fu(Q)P?
In conjunction with the property of a concave HO, ~ < 0.

(ii) For supplier j, Vj # i, since wj(Q*) is independent of ¢;, the result follows directly

dw ON* 90"
J
from o = = 35 oo

< 0.

For supplier 7, we first substitute A;(Q) into the first order condition from Proposition
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1.3, and expand the function such that

/ A lfl(Q*> A% A% oL fM(Q*)
_ N(Q)S(Q) = 2L L 5(0%) — Ai(Q7)S(Q7) 2R
27& )~ @) - au@s @
=Y 5= 3 A@NFu(@) — MG Fn(Q) =0,
i=1 j=1,j#1i
where hq(+) def o 9% and h;(+) def };i(('_)),z = 1,...,n for notational convenience. It implies that

the optimal quantity Q* satisfies
(p—co— 2oty 80 = 2oy o D5 Q) FM(Q7) = 27y 1y DHQ)S(Q) — S;fj((g*) (@)
S0 hi(@*)S(Q) + Far(Q)

following which wz(()*) =s;+ AZ(Q*) is independent of ¢;. Together with the IFR property,

Az(Q*) =

9

we recognize that the right-hand side of the above function decreases in Q*, i.e., 5 Q; < 0.
dwr _ dAY AN 90+
Hence, d_Q = do; 8@* oc, > 0.

(iii) For analyzing the assembler’s expected profit, suppose ¢; decreases to ¢; under which
the optimal quantity and the assembler’s profit function are denoted by é* and Iy, respec-
tively. Due to ¢; > &, it follows from (9) that IIo(Q*) < IIo(Q*). Since é* is the optimal
solution to maximizing I1y, Iy (Q*) < IIH(Q*) < (é ), which implies that II}j decreases in
Ci-

Given the optimal quantity Q*, the decentralized system profit, IT% 1, 1s written as

i=1 i=1

Direct differentiation of II}, w.r.t. ¢; yields

dIT* - - A n 5y 0 ) )
2=l =) si— ) M@ Fu(Q) acc? —@ s
7 =1 =1 '

For supplier j, Vj # i, substituting (1.8) into II; provides

IT; = (s;+ £,(Q)E[ min (Q", Ki, D)) = ¢;Q" + 5;E[min(Q", K;) — min (Q*, K;, D)J*,

i=1,..., i=1,...,
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which is independent of ¢;. Then differentiation of IT; w.r.t. ¢; yields % = gg] 8362 Together
., oI s (O s P (O S . '

with 250 = (1;3((3*)) + J?;J(fgl))ﬁM(Q )> S(Q*) > 0, the result follows from part (i). O
Proof. Proposition 1.5. (i) Following (1.A.3), it can be derived that

Py,  Fi(Q)S(Q ) (G o

N, RQS@ (1@ KDY, 15 pud) -0
0Q0s; Fu(Q) Fu(Q)  Fi(Q)
: 0Q* _ _ 9%, ,9%1

Hence, we obtain that - = —WBQ/WQ > 0.

For supplier j, Vj # i, since w;(Q*) is independent of s;, the result follows directly from

dw; . aA;f a@*

ds; - BQ* 0s; > O

(ii) Suppose the parameter s; increases to §; under which the corresponding optimal
quantity and the assembler’s optimal expected profit are denoted by Q* and I1,. From (1.9),
it follows that ITo(Q*) < IIo(Q*). Since Q* is the optimal solution for the system with

parameter §;, ITy(Q*) < f[o(@*) < f[O(Q*), i.e., the assembler’s expected profit increases in

s;. Direct differentiation of II}, w.r.t. s; yields that

dily,  OIT}, 0Q* . e and
dSi - aQ* asi +E[m1n(Q 7KZ)_]iIll’ln7n(Q 7M)] > 0.

Furthermore, since the expected profit for supplier j,j # i, is not affected by s; and

increasing on Q*. It directly follows from part (i) that I} increases as s; increases. ]

Proof. Proposition 1.6. (i) Applying the same method as in the proof of Proposition 4, it is

L@*:_@/@

straightforward to obtain 5y oGon! a5 > 0. Since wi(Q*),i =1,...,n, is not affected

by p, the result follows directly.
(i) Since IT;(Q*), Vj = 1,...,n is independent of p, the result follows directly from (i).
For the assembler’s profit, the proof is analogous to the proof of Proposition 1.5(i) and

thus omitted here. As a consequence of increasing Il and II7,Vj = 1,..., n, the total system

profit increases as well.
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The analysis for the impact of decreasing ¢y on the system is analogous to above, thus

we omit the details here. O

Proof. Proposition 1.7. Let Y €' (K, .. K., D), YE = (KF, ..., K% DY) ~ N(, %) and

Y7 = (KE, .. KE DH) ~ N(p/,¥'). Assume p = p/, o4 < ol for some a # b;a,b =
L...n+1and o5 = 0;,¥(i,j) ¢ {(a,b),(b,a)}. Then, following Theorem 4.2 of Miiller
and Scarsini (2000), we have YL <., Y ie., YZ is smaller than Y# in the supermodular
order which implies that Ef(YZ) < Ef(YH) for all supermodular functions f such that the
expectations exist by Definition 2.3 of Miiller and Scarsini (2000). It follows from Example
2.6.2 (f) on page 46 of Topkis (1998) that function min(Kj, ..., K,, D) is a supermodular
function in (Kj, ..., K,, D). Therefore, we have S(Q|Y") < S(Q|YH),VQ since S(Q) (1i0)
E[min(Q, M)] = E[min(Q, K1, ..., K,,, D)]. Definition 2.4 and remarks on page 110 of Miiller
and Scarsini (2000) immediately imply that Y2 <,, Y ie., Fyo(t) < Fyu(t),Vt € R
Let t = (t,....,t) € R"™ Vt € R, then we have Pr(KF >t,... KL >t DV > t) < Pr(KF >
t,..., KT >t DH > t) which implies that Pr(min(KL,...,KE DY) > t) = Fy(t|yl) <
Pr(min(KE ... KHE DH) > t) = Fy(t|Y") due to M = min(K,...K,, D). In conjunc-
tion with (1.11), we have A;(Q|Y") > AJQ|YP),VQ,i = 1,...,n. Let Q*,i = L, H de-
note the optimal @ which maximizes TTo(Q|Y?) in (1.9). Hence, we have IIo(Q*|Y#) >
(@ Y™) > Ty (QHYh). m

Proof. Proposition 1.8. Recall that To(Q) = E[(p — co — Y1, wi(Q)) min(Q, M)] and
Q") = El(p — co — S, wi(Q")) min(Q", D)]. We first establish that "7 w;(Q*) —
S wi(Q) = Y R oy e S et Since Fp(QF) — Fu(QY) =
Pr(D > Q%) — Pr(M > Q%) = Pr(D > Q%) — Pr(K, > Q*,.... K, > Q°|D > Q*)Pr(D >
Q") >0, 3" wi(Q*) > S0, wi(Q*). In conjunction with min(Q*, M) < min(Q*, D), we
have IT5(Q*) < II;(Q*). Since Q™ is the optimal solution to maximizing IT;, it follows that

I5(Q") < I(Q") < M (Q™). O
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Proof. Proposition 1.9. Taking the derivative of HO(Q) w.r.t. (), we obtain

oMp(Q) " n (w; — i) Fi(Q)
8@ :FM(Q> (p_CO_ZSi)_Z FM(Q

1=1 i=1

~—

It follows from the assumption (A2), there exists a unique solution, namely Q"€ [0, 00), to

ollo(Q)
the assembler’s problem (1.13) that is uniquely determined by aonfWQ:Q*: 0. O

Proof. Proposition 1.10. Given any wholesale prices wj, j # i, offered by all other suppliers,

. . . . Ollop(Q)
supplier ¢ will set his wholesale price w; according to aon~|Q:Q*: 0 such that

1 B . n n ~ .
wi = i+ oo [Fu(Q7) (P — co — D osi)— D (wy—s)F(QY)] (LA.5)
l(Q ) i=1 j=1,j%i
oQ* 82Ty /0Qow; F(Q) 92Q*
Following Proposition 1.9, we can derive oy = 32;0 /EQQ = 82H0/~6g2 < 0, and a_;;:? =
F(Q)fi(Q) ) N . . . .
~ @,/0g7 < 0. That is, Q (w;) is decreasing concave in w;, Vi = 1,...,n. It then follows

that the inverse function w;(Q") is decreasing and concave in Q. Based on the one-to-one
relationship between w; and @, we can equivalently optimize supplier i’s expected profit
II; over @) instead of w;. Substituting (1.A.5) into problem (1.15) and checking the second

derivative w.r.t. (), we have

PILQ)  wi(Q) *w;(Q) /Q _

8Q2~ _9 8Q~ Q) + e Fy(r)dr —wi(Q) fi(Q) < 0.

3

That is, HZ(Q) is continuous and concave with respect to supplier 2’s own strategy. Moreover,
each w; is strictly constrained to be in [¢;, p — ¢o] so that each supplier’s strategy space is
compact and convex. Therefore, there exists a pure-strategy N.E. for the game (Debreu,

1952).
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Substituting (1.A.5) into (1.15) then taking derivative w.r.t. @, we have

O1L(Q) Q f(@) n n )
89 = /0 Fi(z)dz{ [E(Q)]Q [FM(Q)(p —Co — ; 5i) — jgj:#(wj —5;) J(Q)]
+ *'1 [—fu(Q)(p —co— Z Si) + Z (wj — s;) [;(Q)]} (1.A.6)
(@) - i=1 j=1ji
+5:F(Q) + Fur(@Q)p—co— Y _si) = Yy (wj = s)F(Q) — i,
=1 j=1,5#1

in which all other w;, 7 # 7, are embedded.
For any other supplier j, j # ¢, direct differentiation of II;(w;) (i.e., problem (1.15))

w.r.t. w; yields

OIL, (w; Q _ 0Q"
Tl = 7 B+ Q) - )5 (1AT)
d
e = F(QY) 5 — wi (@) () + (wi Fi(Q7) — ¢j)

8’LUJ2 8_w] 8wj2 '

The first-order condition (1.A.7) should be discussed in two cases: (1) w; F;(Q") —¢; > 0;

awj

and (2) w; F5(Q*) —¢; < 0. If w; F;(Q") —¢; > 0 (referred as case 1), the first order condition

is non-monotonic and II; is concave in w;. Then there is a unique optimal solution, namely

w3, to anaj—l(ulfj)]wj:w;: 0. However, if w; F;(Q") — ¢; < 0 (referred as case 2), the first-order

condition is monotonically increasing in w;, implying that the optimal w} will be co which

will lead to an order quantity of 0. Case 2 is clearly dominated by case 1 thus not in the

equilibrium. Therefore, the unique optimal solution w7 is the solution to maj—u(ff’j”wj:w;: 0,
J

82y Jo Fj(z)de

satisfying w; F;(Q") = ¢; — 0" TH(Q)

. Summing up all w;‘F](Q*), Vj=1,...,n, and

then subtracting equation (1.14), we can obtain an equivalent expression for g;{lg, which is

denoted by L(Q) and presented in the main body of the chapter. Subsequently, w} can now

Q
become a function of @ only, i.e., w}(Q) = 7O [c; — L(Q)%]



By substituting w;(Q) into (1.A.6) and setting it equal to 0, the equilibrium production

quantity @* can be determined by solving equation (1.16). O
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Chapter 2

Procurement Design for a National
Brand Supplier in the Presence of
Store Brand Competition

2.1 Introduction

Store brands, also known as private labels or generic brands, are a line of products branded
and managed solely by a retailer for sales. In recent years, having realized that store brands
are an efficient instrument to improve gross margin, many retailers have been gradually
shifting their emphasis to the development of store brands. Store brand products have been
steadily earning trust among consumers and are becoming recognized as good alternatives
to national brands. Achieving significant success in Europe, store brands hold market shares
of 40% or higher in seven countries, including UK, Germany, and Switzerland (Private La-
bel Manufacturers Association International, 2017). ACNielsen reported that in 2014, the
dollar shares of private label products had achieved 17.5% of the total sales revenue in the
U.S. Marchat (2018) stated that “during 2017, store brand sales across all outlets measured
by Nielsen came in at $122.3 billion, up from $119.1 billion, while units moved up to 44.6
billion from 43.9 billion.” Private Label Manufacturers Association (PLMA, 2018) further
commented that “since Nielsen’s statistics do not include some of the biggest and best store

brands retailers in the country, such as Costco, Aldi, and Trader Joe’s, estimates of their
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private label sales and other major operators not counted, such as Amazon, you can conser-
vatively add another $35 billion to private label sales for a total of $160 billion.” In addition,
unit sales of store brands in the mass channel increased by 9.1% in 2017 while unit volume
of national brands declined by 1%. Since retailers present a serious threat to national brand
suppliers by expanding their private labels, the rules of the game have changed. Retailers
who used to be simply a distribution channel for national brands have now also become
competitors to the national brand suppliers. The traditional advantages of national brands
are no longer as strong and are beginning to lose relevance. Hence, the national brands rec-
ognize the need to strategically defend against retailer brands (Alliance Consulting Group).
Since the recession ended, national brands have stepped up both promotional activity and
innovation efforts to protect share positions and drive growth (ACNielsen 2014). However,
precisely how a national brand supplier should adjust the supply contracting strategy to
cope with the rising store brand competition has not been completely addressed.

We first examine the various store brand supply structures. PLMA International Council
identifies three general categories of store brand manufacturers, which are (1) large manufac-
turers who produce their own brands and utilize the excess capacity to produce store brand
products, (2) smaller-size and regional manufacturers that specialize in particular product
lines and concentrate on producing store brands almost exclusively, (3) manufacturing facil-
ities run by major retailers and wholesalers to provide store brands for themselves and other
retail chains. (See PLMA International: Private Label Today). In the latter two cases, store
brands do not share the same manufacturing source with national brands. Given the poten-
tial competition with the national brand suppliers, the retailers do not have any incentive to
share the core information about store brand. Under such circumstances, a set of research
questions naturally arises: How should a national brand supplier design the supply contract?
What impact does the private information have on the supply chain participants? To our

best knowledge, such questions have not been fully answered in the literature.
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We consider a decentralized supply chain with a national brand supplier (she) and a
retailer (he). The national brand supplier distributes her products to consumers via the
retailer through a two-part tariff supply contract, which includes a unit wholesale price and
a lump-sum payment. Meanwhile, the retailer intends to develop and produce his own store
brand. Similar to Yano (2017), we assume that the retailer has a manufacturing source that
is different from the national brand supplier. The unit production cost of the store brand
is privately discovered by the retailer. The national brand supplier only has a subjective
assessment about the store brand production cost and believes that it has two possible
values, high type or low type. Given the supply contract offered by the national brand
supplier, the retailer can simultaneously decide whether to accept the supply contract and
whether to introduce the store brand. We show that if the wholesale price is low and the
lump-sum payment is lower than the threshold value, then the retailer will carry the national
brand only. When the wholesale price is in the medium range and the lump-sum payment
is lower than a certain threshold, then the retailer will carry both the national brand and
store brand. However, if the wholesale price is too high or the lump-sum payment is above
the threshold, then the retailer will prefer to carry the store brand only. Subsequently,
the retailer decides the retail price(s) for the carried product(s) to sell to the market. The
demand of the carried product(s) is determined by a quality-utility framework.

We first investigate a benchmark case assuming that the store brand cost information is
common knowledge to both members in the supply chain. In this case, the national brand
supplier will always offer a contract to achieve her first best profit and leave the retailer
nothing but his reservation profit. We then analyze the case in which the store brand unit
production cost is private information to the retailer only. Following the theory of incentives,
we formulate the problem as a two-stage screening game to analyze the strategic interaction
between the two players. The national brand supplier offers a menu of two contracts to the

retailer to maximize her expected profit and induce the retailer to truthfully reveal his store
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brand cost information. The national brand supplier’s contractual design problem presents
inherent complexity since there exists eight possible parameter settings, each representing a
distinct relationship among the national brand’s and store brand’s product characteristics
(i.e., cost and quality), and under each parameter setting there exists up to five possible
contract forms. Despite the computational complexity, we are able to derive the optimal
menu of contracts that maximizes the national brand supplier’s expected profit. We analyt-
ically demonstrate that the format of the optimal contract depends on the national brand
supplier’s own production cost. Moreover, we explore how the model parameters affect the
value of information for each member of the supply chain. We show that when the national
brand unit production cost increases, retailer’s private cost information becomes less valu-
able to both the national brand supplier and the retailer. Our results also indicate that
when the gap between the two possible cost values increases, the private cost information
becomes more valuable to the national brand supplier, but the value of information to the
retailer himself can increase or decrease. Finally, we illustrate that when the perceived qual-
ity of national brand increases, the value of information to the retailer first decreases then
increases, but the impact on the value of information to the national brand supplier is not
definitive. These observation are somewhat counter-intuitive and provide us with interesting
managerial insights.

The rest of the chapter precedes as follows. In section 2.2, we review the related lit-
erature. We then introduce the modeling framework in section 2.3. Section 2.4 solves the
retailer’s problem. In section 2.5, we analyze the supplier’s problem with complete informa-
tion as a benchmark case and also design the optimal menu of contracts under asymmetric
information. In section 2.6, we investigate the value of private information to both entities
and derive analytical results to illustrate the impact of model parameters. In section 2.7, we

will conclude the chapter with major results and further research directions.
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2.2 Literature Review

Our study stems from the store brand literature and a stream of asymmetric information
studies in operations management. The analytical research on store brands has been growing
since 1990s. Mills (1995) demonstrated that store brand can be leveraged to eliminate
double marginalization problem in the entire supply chain. Groznik and Heese (2010) studied
interaction between one supplier and one retailer and analyzed the impact of the store-brand
introduction on the supply chain. Wu and Wang (2005) investigated a more complicated
setting with two national brand manufacturers and one common retailer. Dhar and Hoch
(1997) conducted empirical analysis to investigate why the store brand performance varies
among major grocery retailers in the US. Sethuraman (2009) provided a comprehensive
summarization of the analytical results on the national brand and store brand marketing
as wells as the external validity of those results. Groznik, and Heese (2010) investigated
the interaction between retailers under the introduction of store brand. Yano et al. (2017)
studied a case in which a retailer, such as a major grocery chain, manufactures store brand
products in one’s own factory and faces a decision whether to sell the factory. Fang, et al.
(2013) investigated a two-stage Stackelberg game between national brand and store brand
and analyzed wholesale contract design under both centralized and decentralized systems.
To our best knowledge, no study has incorporated the private store brand cost information
in the interaction between the national brand supplier and the retailer.

In supply chain literature, the principle-agent model (Laffont and Martimort 2002) has
been utilized as a powerful instrument to cope with the information asymmetry. A principle
(he) offers contracts to an agent (her), who holds the private information, to extract informa-
tion revelation. The induction of private information is assured by setting up participation
constraints and incentive compatibility constraints on the agent’s profit. The participa-

tion constraints (also called individual rationality constraints) ensure the agent to at least
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achieve his reservation profit. The incentive constraints imply that the information rent will
be given up to the agent if his type is inefficient so that she will not mimic the efficient
type. Consequently, the incentive of conflict arising from cost information asymmetry will
be successfully eliminated, preventing the national brand supplier from over-discounting his
selling price (Fang 2012).

There was a large body of literature that applied principle-agent model in analyzing
the operations management problems. Corbett and deGroote (2000) derived the optimal
quantity discount policy for a single supplier single buyer supply chain under asymmetric
information. Corbett (2001) investigated stochastic inventory systems in a supply chain
where the supplier has private information about setup cost. Corbett et al. (1999) studied
how a supplier is impacted by the obtaining better information about the buyer’s cost struc-
ture. Xiao and Xu (2012) investigated R&D alliance strategy in the presence of asymmetric
effort information from both participants. Ha (2001) studied a contract to maximize the
supplier’s profit in a one-supplier-one-buyer relationship for a short-life-cycle product. In his
study, the reservation profit is fixed regardless of the agent’s type, whereas in our study the
agent’s reservation profit deviates based on his type, which brings in more computational

complexity.

2.3 Model Setup

We consider a two-tier decentralized supply chain with a national brand supplier and a
retailer. The national brand supplier produces a product at a cost of ¢, per unit with a
quality value ¢,. The national brand supplier distributes her product to consumers via the
retailer. In addition to selling the national brand product from the supplier, the retailer is
also able to produce and sell his store brand product at a cost of ¢; per unit with quality

value ¢s. As pointed out by Bergs-Sennou et al. (2004), consumers usually perceive the store
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brand products having lower quality than the national brand products. Chung and Lee
(2017) also commented that in reality, NBs often times demonstrate superior brand equity
to the SBs, which leads to higher perceptional quality. Therefore, we make a reasonable
assumption that ¢s < ¢, to be consistent with Mills (1995), Chen et al. (2011), etc., and for
the analytical simplicity. We shall discuss a contrary case (i.e., gs > ¢,) in the conclusion
section. The unit production cost of store brand, ¢, is private information for the retailer
only. The national brand supplier only has a subjective assessment about the retailer’s store
brand unit production cost. In details, the NB supplier believes that the retailer’s unit
production cost follows a discrete probability distribution and cs has two possible values,
denoted by ¢ and c with respective probabilities v and 1 — v. For convenience, for the

remainder of this chapter, we call these two cost types “high cost” and “low cost.”

Figure 2.1: Sequence of events.

\ 4

Nature reveals the National brand Retailer determines The product(s) is

true type of ¢4 to supplier offers a the order quantity produced and sold to

the retailer only menu of contracts  and/or production the customers, and the
quantity profits are collected

The sequence of events is illustrated in Figure 2.1. (1) Nature reveals the true type of ¢,
to the retailer only. (2) The national brand supplier offers a menu of two-part tariff contract
to the retailer. That is, the retailer pays the national brand supplier a wholesale price w and
a lump-sum payment 7T'. (3) The retailer subsequently decides whether to accept the contract
and which contract to accept. The retailer also simultaneously decides whether to produce
his own store brand. If the retailer decides to carry the national brand (referred as NB
hereafter) product and/or the store brand (referred as SB hereafter) product, he shall decide

the NB and/or SB retail price p, and/or ps and their quantities ), and/or Q5 , respectively.
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Then the product(s) is (are) sold to consumers, and payments are collected. Following the
revelation principle, the supplier only needs to provide two contracts (w, %) and (w’, T'F)
corresponding to the retailer’s two cost types in the menu to maximize her expected profit.

Next, we shall describe our demands for the national brand and/or SB products. Follow-
ing Mills (1995), Chen, et al. (2011) , and Fang, et al. (2013), we assume that consumers
who are interested in purchasing NB or SB are vertically heterogeneous with respect to their
evaluations () on the product quality. From now on, we refer a consumer with a quality
evaluation parameter of § as “consumer §” for brevity. Consumers make purchasing decisions
based on their evaluations of the product quality and price. When a product with quality
level ¢ is sold for $p per unit, consumer  derives a utility function, U(0) = 0q — p. If there
is only one product available on the market, the consumer would purchase the product if
and only if his/her utility U(6) for the product is positive. If there are multiple products
available on the market, he/she would purchase only the product which gives him/her the
highest positive utility. Without loss of generality, we assume the entire population of po-
tential consumers is normalized to 1. We further assume 6 is uniformly distributed between
0 and 1.

In our model setup, the retailer has three options: (I) to accept a contract from the
supplier and carry the NB only (named as case I for the remainder of this chapter); (II) to
accept a contract from the supplier, carry the NB product and also introduce his own SB
(named as case II); (III) to reject the supplier’s contract and sell his SB only (named as
case III). In the two extreme cases, i.e., in case I or III, the retailer chooses to carry the
NB only or the SB only. Then only one product will be available on the market. Under
such circumstances, we define U;(6) = f¢; — p; is the utility that the consumer 6 derives for
product i, where i = s, n representing the SB(i = s) and NB(i = n) respectively. Following
U;(6) > 0 and the uniform distribution of 6 from 0 to 1, we directly obtain the demand for

product i (i = s,n) is 1 — p;/q;.
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Figure 2.2: Market segmentation for NB and SB when 2= < P2=Le < 1.

Un(6) < Ug(6) Un(8) = Ug(8)

U,(8) <Us(0) <0 Buy SB Buy NB
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0 P P.— P 1

q; q, 4

Now we discuss the most interesting case, i.e., case II, in which the retailer decides to
carry both the national brand and store brand products. In this case, the consumer 6 derives
the utility U;(0) = 0q; — p; for product i = s, n simultaneously, and he/she will purchase the
one with a higher positive utility. We show that in order to ensure both products receive
positive demands, the retailer has to set the retail prices such that Z—: < ’ﬁ < 1, or
equivalently, % < 5—: < 1 (due to g5 < g,). For the consumers who purchase the national
brand product, it follows directly from U, (¢) > U,(f) that 6 > E==F=_ Figure 2.2 further
shows the market segmentation for NB and SB under such conditions.

When the condition of 2 < 22=L= < 1 is not satisfied, only one brand (either NB or SB)
has positive demand. Table 2.1 summarizes the demands for NB and SB as a function of
the SB retail price.

In sum, we provide the list of all mathematical notations used in this chapter in Table

2.2. As a benchmark for the asymmetric information case, we also investigate the symmetric

Table 2.1: Demands for NB and SB as a function of p;

Ranges for p, Demand for NB | Demand for SB
Pnds _ Pn
Ps > qdn 1 qn 0
— Dnds _ Pn—Ds Pn—Ps _ Ds
P n + ds S Ps S qn 1 qn—9gs dn—Q4s gs
ps<pn_Qn+QS 0 1_%

o6



Table 2.2: List of mathematical notations used.

Notation | Definition
IT, NB supplier’s profit function
IL, Retailer’s profit function
Q.(Qs) | NB (SB) production quantity
Pn(ps) NB (SB) product retail price
qn(qs) NB (SB) product quality
0 Consumer’s quality evaluation parameter
cn(Cs) NB (SB) unit production cost
cH(ck) Estimated high-type (low-type) SB unit production cost
w Unit wholesale price paid to the NB supplier
T Fixed lump-sum payment paid to the NB supplier
wH (w¥) | Unit wholesale price for high-type (low-type) retailer
TH(TY) | Fixed lump-sum payment for high-type (low-type) retailer

information case, i.e.,

the supplier knows about the retailer’s store brand cost, c;.

2.4 Retailer’s problem

Following the backward induction, we analyze the retailer’s problem first. In this section,
without loss of generality, we can suppress the superscript ¢ (i = L, H) which denotes the
retailer’s type from the parameter ¢ and variables w’ and T" for notational convenience.
Furthermore, since the retailer knows his own type, the retailer’s problem under asymmetric
information is the same as that under symmetric information. Hence, the retailer’s problem
is to figure out his best response for any given contract (w,T) offered by the supplier.
As specified in the previous section, the retailer’s reaction falls into one of the following
three cases: (I) the retailer accepts the supplier’s contract and only sells the NB; (II) the

retailer accepts the supplier’s contract and sells both NB and SB; (III) the retailer rejects
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the supplier’s contract and only sells his own SB. In summary, the retailer’s profit function
can be written as follows:
Hi(pm Qn) - (pn - w)@n -T
HT = Hil(pm Qmps7 Qs) = (pn - w)Qn =T + (ps - CS)QS (241>
Hq{ll(psa Qs) = (ps - Cs)Qs
For the two extreme cases, case (I) and (III), it is straightforward to derive the following

result:

Lemma 2.1. For any given (w,T) contract offered by the supplier, if the retailer accepts
. . . . . Ix __ w+gn Ix __
the contract and only carries NB, then his optimal decision and profit are p,* = =5, Q,* =

%—%, and T11* = %—T; if the retailer rejects the contract and chooses to carry SB only,

. . .. JITx __ cstgs ITT+ __
then his optimal decision and profit are pJ''* = == QF

_ a2
! — L and H{nll* — (gs—cs) )

1
2 2(]5 ) 4QS

Note that ITZ7* is the retailer’s optimal profit when he carries his SB only. Therefore, we
can consider IT2/7* as the retailer’s reservation profit. The retailer would only do business
with the NB supplier when he can obtain a higher profit than his reservation profit.

In the case II, the retailer decides to carry both NB and SB. Following the demand

functions specified in Table 2.1, the retailer has to set the retail prices such that p, —q,+qs <

p

s < qu, under which both products have positive demands and we have

Qn=D,—=1_Pn"Ps g _p _Pn=Ps Ps
qn — gs Qn — (s qs

Subsequently, the retailer’s profit function reduces to

L (Pas ps) = (pn — w | En P +(Ps — Cs Pn 7 Ps _DPsy
(Pnsps) = ( = =)+ i
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Taking derivatives of IT1X! with respect to p, and p,, we obtain

omt’ 1 2(pn — ps) —w + ¢, O _ 2(pp —ps) —w + ¢y _ 2ps — ¢
apn dn — Qs ’ aps qn — (Qs gs ’
o211 2 oPIL oPr Pl 4
2 - <0, 2 CO ( ) = > 0.
opz, In — Qs op  Op? OpnOps 4s(qn — qs)

Hence, we show the Hessian matrix of the retailer’s profit function ITX7 is negative definite.

aHII
Ops

Then, by setting %HTf"I =0 and = 0, we get the interior optimal solution

* w + qTL * CS + qS
W= = (2.4.2)

Furthermore, we need to derive the conditions under which these retail prices satisfy the
aforementioned condition, p, — ¢, + ¢s < ps < ’%. When pl* and p!’* do not satisfy
this condition, the retailer’s maximum profit under case II would be achieved at a corner
solution. By carefully comparing the retailer’s maximum profits under cases I, II, and III,

we can characterize the retailer’s best response for any given contract (w,T)) offered by the

supplier as follows:

Proposition 2.1.
(1) If0<w< = and T' < T!(w) where

7 w) & (qn4;nw)2 (g 4_6158)2’ (2.4.3)

then the retailer shall carry NB only, and p?, = p*, Q* = QL given in Lemma 2.1,

(1) If &2 <w < ¢+ gn — ¢ and T < T (w) where

d_6f (CS _w+Q’n _QS)z

TH(U)) 4(Qn - QS) ’

(2.4.4)

then the retailer will carry both NB and SB, and p, = pH* p: = pl* given by (2.4.2),

n S

Q* — 1 __w—cs Q* . _w—cs Cstqn
n .

Z(Qn*QS) »vs Q(Qn*(Is) 2qs
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(1) Ifw < = and T > T'(w) or % < w < ¢5+¢u—gs and T > T (w), orw > cs+g,—s

and T > 0, the retailer will carry SB only, and p% = pgn*, Q: = QM given in Lemma 2.1.

S

It is straightforward to show that T7(w) = TH(w) = % at w = =I* and
TH(w) =0 at w = ¢, + g, — ¢s. Since el < ¢ + gy — gs due to g, > g5, Proposition 2.1
completely characterize the retailer’s optimal response for any given (w,T") with w > 0,7 > 0

chosen by the NB supplier. Proposition 2.1 can be further illustrated by the following Figure
2.3.

Figure 2.3: Retailer’s Best Response given any (w,T).

O % cs+qn_qs %%

Figure 2.3 shows that for any wholesale price, w € [0, ¢s + g, — gs], if the supplier charges
a fixed payment T below the threshold T (w) or T* (w), the retailer would carry the NB,
otherwise, the retailer would not carry the NB. Furthermore, Figure 3 shows that when the
supplier charges a wholesale price low enough, i.e., w < Cj% and a fixed payment below the
threshold 77 (w), then it is best for the retailer to carry NB only; when the wholesale price

is in the medium range, (i.e., CZZ" < w < ¢s + g — ¢s) and the fixed payment is below the

threshold T71(w), the retailer would carry both NB and SB; when the wholesale price is too
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high (i.e., w > ¢; + ¢, — ¢s) or the fixed payment is above the threshold, the retailer would

carry SB only.

2.5 Supplier’s problem

Unlike the retailer’s problem, the supplier’s problem under asymmetric information differs
from that under symmetric information. In this section, we first solve the supplier’s problem
under symmetric information as the benchmark for the asymmetric information case, then

we solve the supplier’s problem under asymmetric information.

2.5.1 Symmetric Information

Under symmetric information, the retailer’s type is known to the national brand supplier.
Hence, based on the retailer’s best response summarized in Proposition 2.1, we need to figure

out the supplier’s optimal contract, (w*,7*), which maximizes her profit function:

HﬁZ(w—Cn)(%—%)—i-T, iwa%&TSTI(w)
O (w,T) = § T = (w—c,)[1 — s+ T, i 2 <w < et —q & T < T (w)2.5.1)
0, otherwise.

After some algebra, we derive the following result:

Lemma 2.2. Under symmetric information,

(1) If ¢, < & then the supplier’s optimal contract is w* = c,, T* = T'(c,) = (an—en)®

qs ’ 4qgn
(qs*Cs)2 (Qn*Cn) (qs*CS)Q * VRIE]
4qs 4qgn o 4qs ’ and Hr o Hr

2

, under which the retailer only carries NB, II; =

given in Lemma 2.1.

(1) If & < ¢, < 5+ qn — s, the supplier’s optimal contract is w* = ¢,, T* = TH(c,) =

W, under which the retailer carries both NB and SB, I} = %, and

* _ TrdI1*
I = T,
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(II1) If ¢, > cs + qn — qs, it is not profitable for the national brand supplier to sell the NB

product to the retailer and the retailer only carries SB, i.e., II* = 0 and I} = T/

Lemma 2.2 suggests that under symmetric information, the national brand supplier will
charge a wholesale price equal to her production cost and a fixed payment as high as the
threshold to earn her first-best profit, and the retailer always earns her reservation profit,
i.e., IIZ1T* which is his optimal profit when he sells his SB only. In addition, NB production
cost plays a critical role in the supplier’s problem. When the NB cost is low, the supplier is
able to offer a low wholesale price and fixed payment to prevent the retailer from introducing
his own SB; when the NB cost is medium, the supplier is not able to lower his wholesale
price and fixed payment to prevent the retailer from introducing his SB, and the retailer
would carry both NB and SB; when the NB cost is too high, it is best for the supplier not

to do business with the retailer and the retailer would carry his SB only.

2.5.2 Asymmetric Information

When the retailer holds private information on his store brand cost, the national brand
supplier can no longer achieve her first-best profit. Instead, she confronts the challenge of
designing a menu of incentive compatible contracts to extract the retailer’s private informa-
tion by giving up the information rent to the retailer. Based on the revelation principle, the
supplier needs to offer a menu of two contracts, i.e., (wh, TF), (wf, TH), corresponding to
the two cost types of the SB, to maximize her expected profit subject to the incentive com-

patibility (IC) and the individual rationality (IR) constraints. Hence, the supplier’s problem
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can be described as as follows:

(wH Tgl)a()z(uL TL) M = UH”(va r, Cf) +(1- U)Hn(wLa T, CsL) (2.5.2a)

subject to

(LC.H) TIL.(w", 7", ) > 1, (w", T, ) (2.5.2b)
(IL.C.L) TIL.(w", T" c&) > I, (w™, T, ck) (2.5.2¢)
R. Alw™, ,Co) > c .0.
LR.H) IL.(w", 7%, ct) > (M 2.5.2d
R. w7 cl) > cl), .D.2e
LR.L) II.(w" T" ) > (L 2.5.2

in which IL.(w’, T%,¢?) (i, = L, H) denotes the type-j retailer’s resulting profit when he

)

chooses contract (w,T*), and IL,(w', T", ¢

) (i = L, H) represents the supplier’s profit when
the type-i retailer chooses contract (w’,T"). Constraints (I.R.H.) and (LR.L.) ensure that
both types of the retailer earn at least their respective reservation profits (i.e., [1:/7*) therefore
do business with the supplier. It is worth mentioning that the IR constraints here are type-
dependent because the retailer’s reservation profits vary between the two types, which brings
additional complexity to this problem. Moreover, it follows from the equation of IT//* in
Lemma 2.1 that ITZ77(ck) > T (cI) due to ¢& < ¢, which indicates that the low-cost
retailer has a higher reservation profit. Constraints (I.C.H.) and (I.C.L.) guarantee that
each type of the retailer would be more profitable by choosing the right contract consistent
with his true type than by choosing the wrong contract.

To reduce the complexity of the optimality search, we further examine the four constraints

and recognize a redundant constraint.
Lemma 2.3. Following (I.C.H.), (LR.L.), and ¢t < c¥, (I.LR.H.) is a redundant constraint.

Lemma 2.3 implies that (I.R.H) will not be binding for any feasible solution to the
supplier’s problem, which means that the high-type retailer is guaranteed to earn a profit

strictly higher than his reservation profit. This result can be explained intuitively as follows:
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Recall that the low-type retailer is more cost effective in producing the SB than the high-
type retailer (due to c& < ), and the low-type retailer has a higher reservation profit than
the high-type retailer. Hence, the high-type retailer has an incentive to mimic the low-type
retailer, but the low-type retailer has no incentive to mimic the high-type retailer. As a
result, the supplier has to offer the high-type retailer an information rent, i.e., the additional
profit above his reservation profit, to prevent the high-type retailer from mimicking the
low-type retailer.

As specified in Proposition 2.1, for any given contract (w,T") offered by the NB supplier,
the retailer’s best response falls into one of the three cases: (I) the retailer carries NB
only; (II) the retailer carries NB and SB, and (III) the retailer carries SB only. Although
constraints (I.LR.H) and (I.R.L) ensure that both types of the retailer would do business with
the NB supplier, i.e., the retailer would react according to case (I) or (II), the retailer’s
profit function II, given in (2.4.1) and the supplier’s profit function II,, given in (2.5.1)
have different function forms under case (I) and case (II). Therefore, in order to derive the
optimal menu of contracts for the supplier, we have to break down the supplier’s optimization
problem (2.5.2) into four subproblems corresponding to four possible options of the supplier’s
decision variables, denoted by (HY, LY), (H!f, L), (H', L), and (H!!, L), where we define
(H',L’) (i,7 = I,II) as the subset of the supplier’s menu of contracts which would induce
the high-type retailer to select case ¢ and the low-type retailer to choose case j. Further

study on these four contract options reveals the following result:
Lemma 2.4. (HY L!) contract is not a feasible option for the supplier.

The definition of (H!, L') contract implies that this subset of (w%, T*) and (w!, TH)
would induce the the low-type retailer to carry SB only and the high-type retailer to carry
both NB and SB. If (w’,T%) is good enough for the low-type retailer to carry SB only,

then it must be good enough for the high-type retailer to carry SB only because Proposition
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2.1 and c& < ¢ imply that if w? < & & T < TH(wl|e, = cb), then wh < & T <
TH(w¥|c, = cf). Moreover, constraint (I.C.H) ensures that (w!, TH) is more attractive than
(w®, T*) to the high-type retailer. Hence, (w!, T#) must also be good enough to induce the
high-type retailer to carry NB only. Consequently, (H!, LT) is never a feasible option for
the supplier.

Lemma 2.4 slims down the range of our optimality search. Thereafter, we only need to
analyze three contract options, (H?, LY), (H!, L'T), and (H!!, L'T).

Recall from Lemma 2.3 that (I.R.H) is a redundant constraint. In fact, constraint (I.C.L)
is redundant as well. First, we shall obtain the optimal solution to the supplier’s problem
in (2.5.2) by considering (I.C.H) and (I.R.L) constraints only, and later we would show
that this optimal solution indeed satisfies constraint (I.C.L). Second, we would demonstrate
constraints (I.C.H.) and (I.R.L.) must be binding at optimality. Lemma 2.1 and Proposition
2.1 imply that for any (w,T) offered by the supplier, the retailer’s optimal decisions in
Pns Ds, Qn, Qs are not directly affected by 7. Moreover, (2.4.1) and (2.5.1) show that the
retailer’s profit is decreasing in the fixed payment 7', and the supplier’s profit is increasing
in T. Therefore, if (I.C.H) or (I.LR.L) is not binding at optimality, then the national brand
supplier could further improve her profit by simply increasing 7% or T# until both (I.C.H)
and (I.R.L) are binding.

Using the binding constrains (L.R.L) and (I.C.H), we can derive TX and T* as func-
tions of wl and w!. In this way, we can convert the supplier’s problem in (2.5.2) into an
unconstrained optimization problem, i.e., max IT,(w®, w?).

Before proceeding the analysis, for notational convenience, we summarize the T" functions
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given in (2.4.3)-(2.4.4) as follows: for all i = L, H,

_ 2 )2 7
i) = B =07 @G gy < G

Y

Lo def o ; v
4q, qs
0, if w> ¢+ g, — qs.

The definition of 7" here unifies 77 and T' given in Proposition 2.1 for both types of the

retailer. Additionally, we establish the following relationship between T (w) and T*(w).
Lemma 2.5. For all w > 0, TH(w) > T (w).

Consistent with our intuition, Lemma 2.5 simply indicates that when the store brand
cost increases, the retailer becomes less competitive, then the supplier is able to charge a

higher fixed payment, i.e., the threshold of the fixed payment T increases as well.
2.5.2.1 (H',L") Contract

According to Proposition 2.1, (H!, L) contract refers to a subset of the supplier’s menu
of contracts such that (wf,TH), (w* TT) satisfying the conditions of w# < %, TH <
TH(wH) = TH (W), wt < %, T < THwh) = THE(wl). Under (HY, L') contract, the

retailer would carry the NB only regardless of his type, i.e.,

)2 ‘
H’r(wiuTi’cé) = Hi*(wzylecl) lemrga 21 (qn4—w) —T"Vi=1L,H.
an

S

In this case, following (2.5.1), the supplier’s profit function is expressed as

1 H 1 L
I, =v | (w® — C”)(§ - ;UE) + TH] +(1—v) [(wL — cn)(§ — ;UE) + T+
. . B (2.5.3) _
In conjunction with ¢ < ¢ we have w’ < = < and T <TH(Wwh) < TH(wh).

Therefore, if the high-type retailer chooses (w, T*), he will still carry NB only (case I), i.e.,

I, (wk, TE cB) = T (wh, TE, c®). From the binding constraints (I.C.H.) and (L.R.L.), we
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can directly derive that 7% and T as functions of w; and wy below.

TL = TIL(wh) = (gn — w")? _ (gs —ck)?
Aqn dgs
and
_apH)2 AT _apHY2 _ L2
i — L 4qw S _ 4qw S 4qw S _ 4qcs) . (2.5.4)

2.5.2.2 (H' L") Contract

According to Proposition 2.1, (H!, L'T) contract refers to a subset of (wf, TH), (wt, TT)
which satisfies the conditions of w! < %, TH < TH (H), % <wl <ck4q,—q,, TH <
THE(wl). Under (H!, L) contract, the high-type retailer would carry the NB only and the
low-type retailer would carry both NB and SB. Consequently, the supplier’s expected profit

function becomes

I = of(w = 0,)(5 = §)+ T+ (1= 0" = 0,)(G = 55 + T

Setting (I.R.L.) to be binding, we have IT,.(w®, T cL) = X (wk T+, cL) = TIHT*(cE), which
implies

TE = THE(wh) (2-2-3) (cd —w" + g, — C_Is)2'
4(Qn - QS)

Unlike the previous (H', L') case, under (H’, L'T) contract, the high-type retailer’s re-

H

') varies

sponse to the low-type contract is not definite, i.e., the function form of I, (w*, T, ¢

i
Csln

depending on the model parameters. Due to ¢, > ¢s, we have <+ q, — g, for all

j=L,H. 1 juncti ith ¢L < have & o Cdn _ H H th
i = L,H. In conjunction with ¢y < ¢/, we have =™ < =" < ¢ + ¢, — ¢;. However, the
H
quq” and cf + ¢, — ¢, is indefinite. Therefore, we need to consider the

s

relationship between
following two parameter settings for the cost-quality relationship, i.e., ¢ + ¢, — ¢, < Cf‘zﬁ

can
qs

and <cl+q, —q,.

. H
(1) cg—i_qn_QSSM

gs
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In this parameter setting, we have w* < ¢ + ¢, — ¢, < =2 TE = T (wl) = Th(wh) <
TH(w) = T (wk) (by Lemma 2.5). Proposition 2.1 implies that IL.(wk, T ) =
I (wh, TE cH).  As a result, setting (I.C.H.) to be binding, we obtain T# as a function

of wy and wy, i.e.,

. (2.5.5)
(ii) e q" <clt+q,—qs

Under this parameter setting, we need to distinguish two possible subcases that differentiate

H
on wh: w* < &% and wl > Sq I» . These two subcontracts are notated as (H', LI : o

ds

wh < & =%) and (H', L' Cqsq" <wh <k 4 gn = qo)

(ii.1) (H' LT St < b < coan)

Since wl < & et Th = THw") < TH(w") as in case (i), we still have II(w", T, clf) =
I (wh, TE, B ) Setting (I.C.H.) to be binding yields that T follows the same equation

given in (2.5.7).
(112> (Hla LII : % < wL < Cﬁ + qn — qs)

For any w’ € (& f” ek + q, — q;) and T = THE(wl), we have % <wt < +q, —qs
and Tt = TE(wh) < TH(wk) = THH(wE). Therefore, Proposition 2.1 implies that if a
high-type retailer chooses (w”, T*), he shall carry both NB and SB, i.e., IL.(w’, TF, cf) =

[ (wh, TE e, Setting (I.C.H.) to be binding yields that

TH_(qn—wH)2 qn—wL(l wt — )+q5—cf<wL—cf cf)+(csL—wL+qn—qs)2
(2.5.6)
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2.5.2.3 (HY, L") Contract

Proposition 2.1 implies that (H'!, L'T) contract refers to a subset of (wf,TH), (w®, TT)

H — L
satisfying the conditions of < < w' < ¢ff + ¢, — ¢, T < T (w") and == < wh <

ck+q, —qs, TF < THE(wl). Under (H', LT) contract, the retailer shall carry both brands

regardless of his type. Consequently, the supplier’s expected profit function becomes

)+ T+ (1= )" = )5 — s

1wl —co

§_Q(qn_QS) )+T]

The binding (I.R.L) constraint implies that Tt = T'L(wr). Similar to (H’, L) contract,
it is complex to predict the high-type retailer’s response if he chooses the low-type contract.

Following the similar steps, we can derive the 7" as a function of w”, w* as below:
D) Iey+gn—g <= or {2 >l +¢,—¢ & = <wh <=2} then

H H H H H H

TH _ qn—wH(l_ w” — cg ) gs — Cq (w —C G )
2 2 2((]” — qs) 2 2(Qn - QS) 2(]5
2 2
(cF—w"+gn—q)" (g —w") (2.5.7)
4(qn — qs) 4qn
(ii) If % <wl <l + ¢, — g, then
2 2
TH _ CSL + (wH — Qn + QS) + 2csL<Qn —(4s — wL) - 2C£I<wH - wL)' (258)

4((]71 - QS)
2.5.2.4 Optimal Contract

Substituting the 7% and TH functions into each corresponding objective function respec-
tively, the resulting II,, becomes a two-dimensional function of w” and w!?. To solve for the
optimal w’* and w?* for the supplier’s problem, we make two technical assumptions for the
remainder of the chapter as follows:

1. We assume (1 — v)g, — vgs > 0 to ensure the concavity of the objective function on

L
w! for any w’ € (%, ck + g, — q,]. Otherwise, if TI,, is convex on w”, the case II contract
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cHan

Table 2.3: Optimal (w*, w’*) under Parameter Setting ¢t + ¢, — qs < -

. L 1
¢, interval: cn < quﬂ qu" <ec,<cV W < cn <k +q,—qs
S S
H
Hx Cs dn
[y w Cn Cn o
Y L L
wL* Cn Cs dn C.s qn
ds ds
Hx
Cn Cn Cn
("', L") 7
L Csqn (en—ven—vel)gn oL +qn—q
ds qn —Vqn —V(qs S n S
Hx clyq, clq, cHan
w —T — ——
S S S
( HI I L[ I ) q q q
’ L* C£Qn (Cn VCn —VCy )Qn CL + _
Qs qn —Vqn —V(qs S qn qs

for low type, L!, will always be dominated by L! or be better off to not offer any contract
(case III).
2. We only discuss under ¢, < c&'+ ¢, — ¢, such that both types are willing to carry NB.

With some algebra, we obtain the local optimal whole prices under each contract type,

highlight in blue in Table 2.3 and Table 2.4. Note that ¢!’ ) def e (gn—vas) +(gn— 9:)(1=v)gn —vgs)

(1 'U)Qn
(2) def cHg,,  w(cH—ck) (3) def 1 v(cH —ck)
Cn — s - 1—v . ) a’nd Cn - Cs + dn — (4s — ifv

In order to search for the global optimality, we compare the derived optimal solutions
among all the contract types and parameter settings. As presented in Table 2.3 and 2.4, we
need to analyze the national brand supplier’s expected profit function under the two parallel
parameter settings, i.e., cf+¢,—q, < = q" and & q" <cttq—qs eb+q,—q, < =2 q” , there
are three possible contract options (HI, LI), (HI, LH) (H'T LT fc I < cb4q,—qs, there
are five possible contract options (H', LT), (H!, LT : qu" <wb <= q”) (HT, L' ciq" <
wt < ck+q, —q,), (HT LT % <wl < cg;%) and (H', L. cﬁq% <wl <ck+q,—q,).
We compare the supplier’s optimal profit across these contracts for each parameter setting.

The results are summarized in the Proposition below.

Proposition 2.2. Under asymmetric information, the national brand supplier’s optimal
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menu of contracts is as follows:

(i) If cE+q,—qs < %, then the national brand supplier’s optimal contract (H*, L*) is given

by

(L) (H' L), if ¢, <o
’ (H', L), if <= <, < bt gn —gs.
(i1) If % < ¢t + q, — qs, then the national brand supplier’s optimal contract (H*,L*) is
given by

(HT, L), if o, <%0

qs

(H*, L") = q (HL L), if =0 ce, <0

gs = ¢
(HIT LI, if % <cp <ck+q,—qs.

Proposition 2.2 verifies that under asymmetric information the national brand’s produc-
tion cost still has a significant impact on the supplier’s optimal contract design. Low-type
retailer is more competitive than the high-type retailer. As the NB production cost increases,
the supplier firstly loses the capability to prevent the introduction of SB for the low-type
retailer, and then that of the high-type retailer.

The detailed optimal decisions for the supplier are summarized below.

Corollary 2.1. The optimal menu of contracts (w™*, TH*), (wh* T™*), i.e., the solution to

(2.5.2), is

(i) If & + g,—q, < Cif", then

L
- Cc
Cn, Zf Cn S =

Tas
(1)

wL* _ (cn—’ucn—’ucg‘)qn’ Zf ciqn <ec, S c!]
S

gn—Uqn —Ugs

C.9L+Qn_QS7 Zf ngl)<cn§CSL+Qn_qLe~
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(i1) ]f% < ck+ qu—q,, then

r . L
Cn,s if cn <=
(cn=ven—vel)gn . r clan (2)

wL* — dn—VQqn—Y4qs ) /Lf ds < tn S Cn

- v(cH —clL . (2) (3

cn—i-%, if cn <cn§cn)
L . 3 L
Cs +Qn_QS7 Zf Cﬁl)<cn§05 +Qn_QS-

\
TE = TH(w™) given in (2.5.3), w'* = ¢,, and T"* can be found by substituting w'*
and wl* into the respective TH function given in (2.5.4)-(2.5.8) under the optimal contract

(H*, L¥).

After substituting w* and w™ into T**, we do have TH* > T*(w!*). In conjunction
with Proposition 2.1 and the binding (I.R.L) constraint, it is straightforward to obtain
I, (wh*, T by = THI* (k) > 10, (wf*, TH*, k), which implies that constraint (I.C.L) is

S S

indeed satisfied by the optimal solution.

2.6 Managerial Implication

In this section, we investigate how the model parameters influence the value of information
for the national brand supplier and the retailer. Proposition 2.2 has shown that the optimal
contract varies based on the parameters such as NB and SB production cost and product
quality. In-depth analysis on these parameters shall provide useful managerial insights for
both the supplier and the retailer.

The value of information for each entity in the supply chain is quantified as the differ-
ence between his (her) optimal expected profits under symmetric information (denoted as
17V i = n,r) and asymmetric information (denoted as IIY™ i = n,r). Under symmet-
ric information, the supplier, as the leader of the Stackelberg game, will extract the entire
supply chain profit and leave the retailer only his reservation profit regardless of his type.

However, in the presence of information asymmetry, the supplier would give up some in-
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formation rent to the retailer so the retailer is induced to truthfully reveal his type. Our
results show that the high-type retailer earns a positive information rent in addition to his
reservation profit and the low-type retailer still obtains the reservation profit only. That is,
the retailer’s overall expected profit under asymmetric information is higher than that under
symmetric information. Consequently, the retailer’s valuation of his own SB cost information
is V,, = [I5¥m* —T[4sv* = —U, where U denotes the information rent given up by the supplier
to the high-type retailer. To simplify the interpretations, we use the absolute value of V,,
i.e., |V;|, to reference the value of information to the retailer in the following discussions. On
the contrary, the NB supplier’s profit under symmetric information is higher than that under
asymmetric information, the value of information to the supplier, i.e., V;, = IT5¥™* —TI4sv* s
positive. We first compare the values of information to each entity and obtain the following

Proposition.
Proposition 2.3. V,, > |V,|.

Proposition 2.3 implies that the value of information to the NB supplier is higher than
that to the retailer. Under symmetric information, as indicated in Lemma 2.2, the NB
supplier’s optimal wholesale price is always equal to her production cost regardless of the
retailer’s type. Hence, there exists no efficiency loss for both types of the retailer. However,
under asymmetric information, there is efficiency loss for the low-type retailer due to the
double marginalization, as indicated in Corollary 2.1 that w’* > ¢, = wf". As a result,
under asymmetric information, the NB supplier has to not only surrender the information
rent to the high-type retailer, but also suffer from the efficiency loss for the low-type retailer.
Recall that |V,| represents the retailer’s expected information rent only. Hence, the value of
information to the NB supplier is greater than that to the retailer.

In the following subsections, we explore the impact of a change in the NB/SB cost or

quality on the value of information to the supplier or the retailer. To facilitate the discussions,
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we refer to ”decrease” or ”increase” in a weak sense, i.e., ”decrease” means "non-increase”,

and ”increase” means "non-decrease”.

2.6.1 Production Cost

We first explore how a change in the unit production cost of the NB affects the value of

information to each entity while keeping other parameters constant.
Proposition 2.4. V,, and |V;| are decreasing in c,,.

In the presence of asymmetric information, the national brand supplier’s expected profit
is compromised due to the information rent offered to the retailer. When the NB produc-
tion cost increases and other model parameters remain unchanged, the supplier tends to
charge higher wholesale prices to sustain her profitability. In other words, the supplier has
the tendency to offer lower information rent to the retailer, i.e., |V, | decreases. When the
NB production cost increases, the NB supplier’s profits under symmetric and asymmetric
information decrease simultaneously. However, the decrease under asymmetric information
is less than that under symmetric information because the supplier offers lower information
rent to the retailer under asymmetric information. Therefore, the value of information to
the supplier decreases as well.

We next analyze the impact of SB costs, ¢ and c&, on the value of information to the

supplier and the retailer, respectively.

H
s

L

Proposition 2.5. V,, is increasing in ci' and decreasing in cy .

While SB cost is held as private information by the retailer, the high-type retailer has the
tendency to mimic the low-type retailer. When the high-type SB cost (c?) increases or the
low-type SB cost (cL) decreases unilaterally, the gap between the two possible values of the
SB cost is enlarged. In other words, the NB supplier is more uncertain about the retailer’s

SB cost. Hence, the value of information to the supplier becomes higher.
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We next examine the impact of ¢ and ¢! on the value of information to the retailer.
Our analytical results indicate that V. could either increase or decrease on ¢!, Vi = L, H. We
show an examples for ¢ and cL, respectively.

EXAMPLE 1: ¢, = 509, ¢, = 665, g; = 208, cf = 140,v = 0.659. As cf increases from 161
to 171 then to 181, |V,| increases from 0.8773 to 0.9756 then decreases to 0.8678.

EXAMPLE 2: ¢, = 228, q, = 334, ¢, = 251, cl = 173,v = 0.259. As cl increases from 149
to 159 then to 169, |V,| increases from 0.1623 to 0.3231 then decreases to 0.1546.

Note that the information rent,|V,|, is paid to the high-type retailer and weighted by
the probability of high type v. The capability of paying the information rent depends on

the supplier’s overall expected profit and, furthermore, the competition situation between

NB and SB, which is essentially influenced by the relationship among ¢, ¢l and ¢,. In-
tuitively, the supplier’s relative competitive advantage could vary depending on the gap

between the two possible types and the probability of the each type. Although holding other

L

parameter constant, different combinations of ¢, £,

v and ¢, could present various part-
nership/competition situations between the supplier and retailer. In addition, Proposition 4

illustrates that the information rent tents to decreases on ¢, whereas Proposition 5 shows a

H

positive relationship between the value of information to the supplier and the gap between c;

and cf. With such complication, the information rent |V,| could either increases or decrease

on cf and ct.
2.6.2 Product Quality

We proceed to investigate how the product quality affects the value of private information
for the supplier and the retailer. Recall that the product quality is a perceptional value
evaluated by the customer. That is, the parameters ¢, and ¢, are exogenous factors in the

model.

cHan

Proposition 2.6. For the retailer, under cf + g, —qs < =%,

|V,| is decreasing on q, Vg, €
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—v)en—cl4qs —v)en—cL4qs)2—4(1—v)vgs(gs—ck . .
(cn —ct +qs, ()en—ci+aety/(1 ;(1_5 He) 41 0)e80(g S)) and then increasing on q, Vg, >

(1-v)en—cl+gs+4/((1—v)en—cE+45)2—4(1—v)vgs (g5 —ck)
2(1—v)

H . .
; under % < ct+ g, — qs, |V4] is decreasing

on qn, Vg, € (cn —cl+qs,cn —ct +q,+ @), and then increasing on ¢, Vg, > ¢, —ck +

4o & vef=eh)

1—v

When NB quality is very high such that ¢, > <=, the supplier is fully capable of offer a

L
Cs

menu of contract following which the retailer will carry NB only regardless of his type. Thus
in this case the information rent is insensitive to ¢,. If the NB quality is in a medium range, he
starts to lose the ability of preventing the introduction of SB. Recall that the fundamental
paradox in this supply chain is that if the retailer carries both products, he earns profit
from selling the national brand, which also competes with his own brand. Section 4.1 has
provided an intuition that when both product are in the market, a higher ¢, would lead to
a larger segment of demand for the national brand. As NB becomes more competitive, the
retailer potentially becomes more profitable from selling NB, but demand for SB might be
compromised. Meanwhile, it is easy to observe that when ¢, decreases, the retailer tends
to be charged with lower purchasing prices (w!*, TH* w* T*), which certainly diminishes
the profit earned from selling NB. Hence, as g, increases, the retailer’s benefit of holding
the private information could be enlarged or shrunk. Hence, the value of information to the
retailer could increase or decrease.

Note that the consumers evaluate a perceptional value for each product and make the
purchasing decision based on the combination of the product’s price and quality. It implies
that the exogenous parameters ¢, and ¢, have significant impacts on the demand and the
resulting profits for the supplier and the retailer. However, various combinations of ¢,, ¢y,
s, ¢ and ¢l represent different vertical partnership and horizontal competition situation
between the supplier and retailer. In addition, we have analytically derived that ¢, and g

appear in both the numerators and denominators of the profit functions and the value of
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Table 2.5: ¢, = 42, q, = 110, cf = 51, ¢l = 30,v = 0.228.

qs Vi V|

67 0.894 | 0.883
77 1.132 1.132
87 1.236 1.223
97 1.060 | 0.944

information functions which certainly brings in the complexity in the sensitivity analysis. Our
numerical results show that as ¢, increases, the value of information for the supplier could
either increases or decrease, which can be demonstrated by an experiment with ¢, = 361, qs =
482, cf = 343, CSL = 336,v = 0.309. As ¢, increases from 493 to 513 then to 533, V,, firstly
decreases from 3.42 to 0.32 then increases to 2.36. We also conduct numerical experiments
to observe the impact of the SB quality on the value of information to the supplier and the
retailer. Again, the results suggest that as ¢, increases, V;, and |V;| could either increases or
decrease. The following experiment is with ¢, = 42, ¢, = 110,c = 51, ¢l = 30,v = 0.228.
Table 2.5 summarizes the values of information for different values of ¢, varying from 67 to

97.

2.7 Conclusion

We analyzed a two-tier supply chain with a national brand supplier and a retailer who is
capable of developing his own SB to compete with the NB. The NB supplier offers a menu of
two-part tariff contracts to the retailer to distribute the NB products to consumers. Given
this supply contract, the retailer can decide whether to accept the contract and whether to
produce SB. In addition, the retailer holds private cost information of the store brand, for
which the NB supplier only has an estimate, i.e., high cost or low cost with certain prob-

ability. Due to the information asymmetry, a high-type retailer tends to mimic a low-type
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in order to pay lower procurement prices to the supplier. We applied revelation principle to
design an optimal menu of contracts for the NB supplier to maximize her expected profit as
well as induce the retailer to truthfully reveal his private information. Moreover, we quan-
tify the value of information for each member as the difference between their optimal profits
under symmetric information and asymmetric information, and illustrate how product char-
acteristics (i.e., production cost and perceived quality) affect the value of information to
both the supplier and the retailer. First, when the NB unit production cost increases, the
private cost information becomes less valuable to both the supplier and the retailer. Second,
when the gap between the high-type and low-type costs increases, the supplier considers
the information to be more valuable, but the retailer’s value of information may increase
or decrease. Finally, we observed that when NB’s perceived quality increases, the value of
information to the retailer first decreases then increases, but the impact on the supplier’s
value of information can be positive or negative. In addition, our numerical results demon-
strated that the respective value of information to the supplier and retailer may increase
or decrease when SB’s perceived quality increases. Such observations may be attributed to
the complication caused by the two-dimensional relationship between the supplier and the
retailer as both partners and competitors.

There are numerous ways to extend this study. First, we assume that the supplier’s
estimate for SB production cost follows a discrete probability with two possible values. One
can generalize this assumption to study a realistic case where the possible cost values follow
a continuous distribution. The model formulated in Corbett et al. (2004) may provide
guidance in this direction. Second, we assume that the perceived quality of the SB is lower
than that of the NB. However, it comes to our attention that there are rising evidences
indicating that more consumers might perceive higher quality from some store brands than
national brands in certain categories; see, e.g., Hale (2011), Tuttle (2012), Bronnenberg et al.

(2015), Chung and Lee (2017). One can relax the assumption on quality values in a future
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study to investigate a more generalized case. Last but not the least, our model is formulated
based on an assumption that the NB supplier is the game leader. One can consider a retailer

to be the game leader and employ a signaling game framework to explore the interaction.
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2.A Appendix

Proof. Proposition 2.1 If w < =% condition (1) is satisfied but condition (2) does not

hold. Thus the local maximum exists at the endpoints of the interval [p, — ¢, + ¢s, ’%]. We

— (QS_CS)2
Ps=Pn—qn+qs 4qs

II _ (gn—w)? II
have II; ’ps:”ggs = —— — T and II,

—T. Given w < &2In  we have
4qn qs

0 <& <& <1 following which ITX |, _pne > T
qn s ST an

Csqn II
pe=pn—an+q.- Indeed, when w < =, IL" is

quasi-concave and monotonically increasing on ps within the closed interval [p,, — ¢, +qs, 222 ”qs ]

Hence, TT* exists at the upper endpoint of the interval, such that

_ 2
T TR C i) AP 5
an

4qy,

If wisin (%2, c; + ¢ — gs], both conditions (1) and (2) are satisfied. Then pilr = “4dn and

pll* = Cs+qs are indeed the optimal solution. We can obtain the local optimum
— 1 w—c gs — C w—cCc C
e — w[__ s }Jr s G [ s _ S]_T_ (2.A.1)
2 12 2qn—q) 2 2(qn —qs)  2¢s

If w> ¢, + q, — qs, we expect ITL* to exist at the lower endpoint of the interval of p, such
that

IE ES _
H'r - Hr |ps:pn_Qn+Qs -

However, T12/*

pampn—anta. < IIIH* for any T > 0. Then if p, = p, — gn + gs, it is no longer
profitable for the retailer to carry both brands. Aware of such situation, we proceed to
search for the global optimal profit, i.e., IT* = max{II2*, TIZ* TI//*}. The optimal profit is
compared pair-wisely among three local optima. We will illustrate that the global optimum
differentiates with respect to the contract parameters w and T offered by the national brand
supplier.

We have shown that when w < cSq" , IT* = TIE* and I1*is monotonically decreasing on w.

For TTII7 if w = = &b, pl* = %,Hil* = 1| s _piles = [12#|,y—esan , that is IT1*and ITZ7*
qs n = ds

an

CsQn

£l

are continuous on w at
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Note the lump-sum transfer is not applicable in the case III. When comparing IT!*and
T2 we need to discuss how the retailer’s decision differentiates based on 7. For any
w < =1 there exist a threshold transfer T'(w) > 0, such that II*| g1, = IF*. We have

It follows from (2.4.3) that T7|,—o= 2 — (e=c) and Ty csan = (an=a:)g:=e)®  Dipectly

4 4qs as 4q3
. .o — daT! _ . — .
differentiation on T!(w)w.r.t. w, we have % = Lk <0, ie, TT(w)decreases in w.
n

Csqn

Hence, if the national brand supplier charges an wholesale price w € [0, q—s] and a reasonable
fixed payment that lower than the threshold value T (w), it is more profitable for the retailer
to not introduce the SB and carry NB only; if the fixed payment is higher than the threshold,

it would be better off to only produce SB.

Csdn
qs ’

Given any w € ( Cs + Gn — qs), we firstly compare IT12* with TI//*. We have proved

that TI* with TI//* are continuous at w = Cflﬂ. After some algebra, we notice that ITL*

s

with TIZ/* are both monotonically decreasing on w, and dni;(w) < dni;(w). Therefore, if

c“'qﬂ < w < ¢+ q, — qs, carrying both products is more profitable for the retailer. To

compare ITZ* with IT2/7* we again use a threshold transfer T/ to determine whether to

Csqn
qs ’

carry the national brand. For any w € (22 ¢, + ¢, — qJ], there exists a T/ (w) > 0 given by

(2.4.4), such that II/™*|p_gur (= I, The value of 7" at the endpoints of the interval for

w can be easily obtained that T77|,_csa. = W and T | —c. y 4, —q.= 0. Take direct
s s
derivative on T (w) w.r.t w, we have dT;;(w) =14 s < 0.

Thus, for any w € (=2, ¢, 4¢,—¢s), if 0 < T < T (w), TT; = I}"*; otherwise, IT; = IT/""*.

When w > ¢; 4+ ¢, — qs, we can directly claim that for any 7" > 0, it is never profitable

to carry NB, i.e., I} = ITL11*, O

Proof. Lemma 2.1. Direct differentiation on II! given by 2.A4.1 with respect to p, yields

drl WHgn—2pn d?T1L drl

of = = and ot = —q% < 0. Solving Z'r = 0, we can get plr = £ Substituting
2

pl* into II!, we have I1I* = % — T. The derivations of p!/f* and TI//T* are obtained in a

similar manner and omitted here. O
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Proof. Lemma 2.2. The occurrence of case I implies that 0 < w < Cf% and 0 < T < TH(w)
given which the retailer will price NB as pl*. We can easily observe that IT! is increasing in
T. Thus in the optimal contract, T* = T (w). The retailer consequently gets the reservation
profit TTZ/7*,

Substitute in pf* and T* and taking direct differentiation on IIZ with respect to w, we

dnj(w) = @ and dQEIé w — 2 < 0. We can obtain w* = ¢, from dw) _ o If
w dn w dn

have dw

cn < leq", then 0 < w* < C;ﬂ is indeed satisfied. As a result, the retailer will choose to carry

the national brand only, i.e.,

_ 2 _ 2

If ¢, > C;q” since the profit function is concave and decreasing on w for any w < qu" , the

optimal solution exists at the endpoint of the interval, i.e., w* = cSq” . We have

HI* _ HI‘ e Q(CSQn - Can)(Qs - Cs) + (Qn - QS>(q$ - Cs)2
n nlw==3" 4q2 ’

S
Case II: If the retailer decides to carry both products, then the national brand supplier’s

profit function is

max 121 = (w —¢,)(1 — Dn = Ds

+T 2.A3
(w,T) 4n — C]s) ( )

Following the Proposition 1, the occurrence of case II suggests that % <w < Cs+qn—4qs

and 0 < T < T'(w) given which the retailer will set the retailer prices for NB and SB as

{ptl* p!*}. Similar to case I, we can easily verify that 7% = T'/(w) and the retailer only
earns the reservation profit TTZ/7*,
After some algebra, we have w* = ¢, by solving # =0, notlng 2(“)) < 0. If

Csqn *

Cs+Qn_QS] w iS

Cp < Bln, 121 is quasi-concave and decreasing on w for any w € (=

then forced to take the left ending-point value of the interval, i.e., w* = cSq" Thus

Csdn

2
T 1), oo — 2(CsGn — Cns)(4s — Zs);r (gn — qs)(gs — ¢s)” _ ),
q

s
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If % <cp <o+ qn — qs, w* = ¢, is indeed the optimal solution. Then we have

(Qn —Cp — (s + 68)2

HII*:HII| —
" " o 4(Qn_QS)

(2.A.4)

If ¢, > cs + gn — g5, w* then takes the value c¢s; + g, — ¢s due to the quasi-concavity and

monotonicity on w in (C‘;ﬂ, ¢s + qn — qs]. Thus,

IIx __ II _
H’Vl - H?’L |w:Cs+Q7L_QS_ 0

In such extreme case that the national brand supplier’s production cost is too high, selling
products to the retailer is no longer a profitable option.
We compare the supplier’s profit among the three cases to seek her optimal profit, i.e

IT; = max{IIL*, TI2* TIL7*} ) on various intervals of c,,.

(1) Ife, < 2o T = 105 e, , T3 = T |yrre_cson . When we compare the expected profit
Kl qs

_ 2 —c)?
among the three case, we have that IIL* — TTL* = % > 0, and II* = % -

2
(q.s4q0s) Z 0= H7ILII.
2) If &in < — > =11t [ = 1117 Agai il
(2) <oy St g — g I = n’wl*:'?.zzn, =TI | yrre—e, . Again, we can easily

: ITx _ y7i* _— (CSQn_qu‘s)Q ITx __ (‘In_cn_q.s+cs)2 _ 17l
derive that II;, L = ey >0 and IL™" = Sega—ra=s > 0 = 1L

(3) If ¢ > s+ qn —gs, I = Hi’w’*=cz§"’ I =TI yire—e v g, .= 0. By transforming 1%,

4s—Cs

we get II* = L2 [(csqn — cags) + qs(Cs + @n — g5 — ¢a)] < 0.

Given any ¢, > c¢; + g, — qs, we compare the profit functions cross three cases, obtaining

that [12* < TIL* = TIH* = 0. O

Proof. Lemma 2.3. Proposition 2.1 implies that for any (w,T) satisfies II.(w,T,c’) >
() iff w < ¢t + g, —qs and T < TYw),Vi = L,H. Next, we want to show that
for any w € [0, cF +qn — qs] , we have A(w) < TH(w) — TE(w) > 0. It follows from ?? that

A(w) have different forms in different ranges of w . Therefore, we consider the following

cases:
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L . . . H
(1) 0 <w< quﬂ. In conjunction with ¢ < ¢ff | we have w < quﬂ . Therefore, 77

s

implies that A(w) = TH (w) — T (w) = (gs—ci)*~(as=c")® oy

4qs

(2) Cq:’” <w < ck + ¢,—q,. We consider the following two sub-cases:

(2-1) If cE —I—qn—qs_C o thenwehavecq"<w<c _|_qn_qs_c < g, —q,

ol _ JIH 1L _ (agn—w)®  (gs—ci)?  (ch—witgn—gs)?
Therefore, ?? implies that A(w) = T (w) — T (w) = q4qn - igs 4(QnEQS)q :
2
Since 22 = ggzqfﬁ < 0 for all w > =2 it follows from Al,_crq, .= (%4_(;5)2 — (qiqcsf) > 0

that A(w) > 0,Vw € (£2 ¢ 3+Qn_QS]'
(2—ii)1f%<c +Qn—q5,thenwehave%<c <t gn— g <4 gn — g

For % <w < < e (241) implies that A(w) = T (w) — T (w) and 92 < 0,Vu >

9 H, \2
9 Moreover, A] = =) ~(erastands—gi=c'an)” () Hence, we show A(w) >
qs sq:n 4((171 qS)qs
0,Vw € (=1 sq" quq"] For w € ( s:]" ck + g, — qs], we have
 L\y(.H L o
A= T”H(w) — THL () = (el —c; )t(citzrqisjqi‘)’" 20:22%) - () due to L <

In summary, we have shown that TH(w) > Tt (w),Yw € [0,c¢ + ¢, — ¢;]. There-
fore, Proposition 1 implies that for any (w®, TT) that satisfies (ILR.L), we have w? <
kg —q <+ q,—q and Tt < TEH(w?) < TH(w?), which implies such (wk, Tt

(I.C.H)

)
satisfies I, (wl, TF, cf) > T2 (cH). Hence, we have IL.(w?, TH ) > I (wl, TE, cH) >

HIII<CH>.

U

Proof. Lemma 2.4

We have proved that following (I.C.H.), (I.C.L.) and (I.LR.L.), (I.LR.H.) is redundant. We

now further show that under the (H!!, L!) contract, (I.C.H.), (I.C.L.), (LR.L.) and T >0

cannot be simultaneously satisfied so that (H'?, L) contract is never feasible for the supplier.
By offering a (H!!, L) contract, the national brand supplier guides a retailer to carry

both brands if she is high type, and to carry the national brand only if she is low type.

It follows that w!, TH, w’ and T* must be priced according to Proposition 1, i.e., Ciﬂ <

s

wi <+ g,—q,, TH < THH (wH) wk < %,TL < TTE(w"). In conjunction with Lemma
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3, we can predict that if a high-type retailer lies about his type by choosing the (w’, TF),
he will react as carrying the national brand only, i.e., II.(wX, TF ) = T (wh, T*, cH).

Hence, (I.C.H.) can be equivalently written as L (wf, TH, ) > TE(wt, TE, cH), or

H_ _H H H_ _H H L2
q”;wH (% — ;’Eqn__(;z) )+ qs_;s (2“; qn__cqi) — S—;) —TH > —(qnzqt ) _ 7L, Rearranging the inequality,

—w!l (l . wacf ) +
2 2 Z(QH*QS)

we can obtain the relationship between T and T* that TH — T1 < n

gocll (wlooll _ oly  (guwh) def g
2 Q(Qn_QS) 2gs 4gn - ’
: L FIL(, L\ H w1 wh—cll gs—cll (wHh—cfl
Together with 7% < T'H(w"), TH < &2—(3 — 5o=25) + 555 (50 — o)
(gs—ck)?def gy : oTH  _ wH—cl—gutgs MH MH _ an(gs—c)’—(gs—ck)’qs
=1 Since 5 = e S 0, 7" <T ’wH:cfw_ 7 :
q
L cHan : : : : 1 1 qn(qs*CH)Z*(ﬁqs*CL)Qqs H
If e +qn—gq, < =, then in conjunction with o <o R < 0 so that T’

has to satisfy TH < 0. In this case, (HY, L') contract is not feasible. If % <cl+q,—q,,

anlas—c?)’ —(¢s—c1)qs  prrn, HY _ _ (cH—cb)(wH gs—cH gn—clqn) H L
i - T (w") = — TP e— <0. If w" <co+ gp—q,, then

according to Proposition 1 we can predict that if a low-type retailer chooses the high-type
contract, he would carry both brands, i.e., IL.(w, TH L) = TIH (wh, TH, cL). Further

checking (I.C.L.), if follows from IZ(wl, Tt &) > M (wH, TH L) that TH — T >

_ ., H H_ L _ L H_ L L _onIV2 def
Gn—w” (1 w7—c gs—cs (wri=cy &\ _ (gn—wP)"def ApD U _ D _
5 (2 2(%_%)) + L5 (2(%_%) 2q5) o =AT". However, AT ATP =

B (el )(ZZ’S}(I;;:;SQ”_CSL 4n) <, implying (I1.C.H.) and (I.C.L.) cannot be simultaneously satis-

H L H S H NH _ (e =ch)(Egntcgn—2(cE+an—a,)4s)
fied. If w" < ¢+ qn—q,, T" <T7 <TY|yu_crig,—q.= e < 0.

Therefore, under the parameter setting Ciﬁ < cl+ q,—q,, (HY, L) contract is not feasible
regardless of the value of w?.

Hence we have that (H!!, LT) contract is not a feasible option for the supplier. O

Proof. Lemma 2.5. Proposition 2.1 implies that a (w,T’) contract, from which a retailer will
earn a profit no less than his reservation profit T2/ (c%), must satisfy w < ¢! + ¢, — ¢, and
T < Ti(w),Vi = L, H. We now define A(w) & TH(w) — T (w) for any w € [0, c + g — gs)-

It follows from (2.5.3) that A(w) has different forms in different ranges of w. Therefore, we

consider the following cases:
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(HIfo<w< ciqn then it follows from ¢l < ¢ that w < e =i= . Therefore, equation

(2.5.3) implies that A(w) = TTH (w) — T (w) = @ =le=c)® 5

4qs

(2) If % < w < ¢l + g, — gs, then the following two parameter settings should be

discussed separately.

.sqn

(2-1) Under the parameter setting L + ¢, — ¢, < , we have Sqq" <w<ck+qg,—q <

e < cH + ¢, — qs. Therefore, equation (2.5.3) 1mphes that A(w) = TIH(w) — THE () =

(Qn4;:))2 . (%;qcfl)z (L ;EZ:?;:)%)  Since 3%1(1)) — ;quizqq:;U < 0 for all w > n, it follows
2
from A(w)|w:CsL+Qn—Qs: (qsll_qu - (qs;f]) > 0 that A(w) > 0,Vw € (c Z" 4 G — qs)-

(2-ii) Under the parameter setting @ < cb + ¢, — ¢, we naturally have et q" < Ciﬂ <

ck+q,—q, <+ q, —qs. For qu" <w< & q” , (2-1) has shown that A(w) = TIH(w) —

THL( ) daA <0,Yw > stIn . Moreover, A( )lw Cg{qn_ (gs—cf)?(gn— qf(qrfcqczs);-qnqs q2—clq,)? -

0. Hence, we obtain A(w) > 0,Yw € (C o cqq”] For cqﬂ <w < b+ g, — g5, we have

A(w) = THH () — THL () = le=edte i?“fji‘i"dqs_w > 0 due to & <

Hence, we have that TH (w) > T (w),Vw € [0, ¢t + ¢, — q4]. O

Proof. Proposition 2.2

Under each parameter setting, we compare the local optima from each subcontract option
throughout all the intervals of ¢,. (I.R.L.) constraint was set to be binding at the optimality,
implying that a low-type retailer will only obtain his reservation profit, i.e., Il (w®, TF, ¢L) =
ITHE(cl). Consequently, (I.C.L.) can be rewritten as ITE(cE) > 11, (w?, TH, cb). In order
to check the feasibility of the optimal solution in the (I.C.L.) constraint, it follows the
Proposition 1 that if w* < % and TH* > TTL(w!*), or % < wf* <l + ¢,—q, and
TH > THE(wH*) or w* > c& + g,—q, and TH* > 0, then (I.C.L) is satisfied. We will
show that with substituting the resulting optimal parameters (w™*, TH*), (w*, TL*) into

(I.C.L), (I.C.L) is indeed satisfied.

]_. CSL _l_ qn_qs <
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(1_1) If e, < ¥ qn H*(HI LI) _ H;(HI,LH) — (17U)(C£Qn*0nQS)2 > 0; H;(HI,LH) _

4qnq?

2
I (H, L) = % > 0. Hence, (H', L) contract is more profitable, and wf* =

2 2 L2 L
Hx __ (ancn)Q _ (qs*CsL) Lx __ Lx _ (gn—cn) - (gs—c5) : Hx __ Cs dn
N oW =, T = e o Since wT = ¢, < =,

TH* — T (wH*) = 0, (L.C.L.) is satisfied and binding at optimality.

s Cé‘ﬂ (C +qn— QS)[(I 'U)Qn UQS]"FUCS(In * I I * I I\ (I_U)ZQn(C£Qn—CnQS)2
(1-i1) If <o < T JDN(HY LY -1 (HY LY = T Vel g Ty

0; I (HT, L) —11 (H, L) = w > (. Therefore, (H', L") contract is more prof-

4gnq
(Cnfﬂcn*")c )an 2
L — — S
itable, and wL* — (Cn*”Cn*U05)4n7TL* — (CS Tan—4s dn—vqn—v4qs ) ,UJH* — Cn,TH* — (qn*Cn)2 _
gn—Y4n —Vgs 4(gn—qgs) 4qn
(cnfvcnfch)qn L (cnf'ucnf'vcl‘)qn

(=) (ey+an—gqs———p =2 . L
n-vin—vds - 4 _° an—van—vis " GSince w* = ¢, and = < ¢, < cL'+¢q, —q,, we

4gn 4(gn—qs) qs

_ _ 2
compare TH* with THL(w!*) and obtain TH* — THE(wH*) = v(igl(_qv)f’;_)z(}?f)_(siq"__jggé) > 0.

(I.C.L.) is satisfied.

(1-iii) If (e tan—gs)(1—v)an—vgs) fvegan - (o < Et gy — qo, IE(HT, LY — T3 (HT, LT) =

(1-v)qn
v(qs—iﬁf(qn—qs)_(l v)(gs—cE) ((gn— is—an)qﬁc (gn+gs)) > (gs—c5)*(an 4qs)((l V)qn—vgs) >0, I (HI L”)
qn(s qs ans
2
I (H, L) = U(CSHQ"—_CQ"QS) > 0. Hence, (H?, L) contract is more profitable,
n 4qn g3

2
Wi — Cn,TH* _ (qn — cn) _ (s —c

w =ck +q, —q,, T* =0.

Hx

L —
Since w* = ¢, and quﬁ < e, <t + g, — g5, we compare TH* with THE(wH*), resulting

in that TH* o TIIL(U}H*) — (C£+(In*qS*Cn)(‘ZI(IS*Cé%’fi’(fIn*QS)(QS*Cg)) Z 0. ’]:‘herefore7 (ICL) is
an(qn—9s)

satisfied.

H
2. %<c£+qn—qs

2
(24) If ¢, < %0 T (H', LH-IG(HY, L7 0 %% < yh < )=o)

qs 4anLg

H
. ey L L _
, L = < wt <o ge—q,) =

0; IIx(H!, L' . Caa, < wh < Sy I (H

gs

(cH —clYgn (cE (1—v)gntvgs)+c (1—v)gn—vgs)—2(1—v)cngs) (Cf*csL)Qqn((lfv)qnfuqs) . . , .
4¢2(an—qs) Z 4(qn—qs)q2 > 07 Hn(H s L :

ckq, ct qn 7 pIr. ck qn c qn _ v(cHgn—cngs)’ ) oIl
e < b < st S T0(HY, L <wh < =) = o > 0; IIx(H', L' :
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H H H, _ 2
—quf” <wt <+ q,—q,) - H(HY, LT —csqj" < wk < cE 4 gy—q,) = Yedn—cnts) Z’;nch”qs) > 0.

Hence, (H!, L!) contract is the most profitable contract among six options, and

2 2
Hx __ Hx __ (Qn_cn) _(qs_CsL>
w' ot =c,, T7"= )

4qn 4qs

2 2

wh = ¢, T = (gn — cn) _ (g5 — c5)
4qy, 4qs

Since wi* = ¢, < %, TH — TIE(wH*) = 0, (I.C.L.) is satisfied and binding at optimality.

(2-ii) If =0 < ¢, < E0n Mol (gl LI S ool < Sy (L) =

(1-0)%gn(cngs—cLgn)’ el TII . chan L cHan\ sl 711 . <Han L
e U)q_vq)>0,H(H LY s < wh < qs) I (H, L' S < wh <

gn((1=v)en—vcE)gste (1=0)gn—vgs))*

_ el TIT . ckan L Hagny
CS + qTL - QS) - 4((1” qs)qs((l U)qn*UQS) > O, HTL(H ,L . q_s < w < q_s)
L H H, _ 2 H
H*(HH,LH P Y A Qn) _ vledan <:2nq5) > 0; H*(HU L cx qn < wl < & qn> _
n qs qs 4qnqs qs

s(prll 71 . cflan L _ L — (((=v)en—vel)gs +cll (1=v)gn—v s))
I (HY LY =t <wt <o 4+ —gs) = ¢ e qs)qsq((l an vq‘i) 220 > (). Therefore,

in this case, (H!, L' : Ciﬂ < wt < Ciﬂ) is the most profitable option for the national

£

brand supplier, and

2 (cn—ven—vel)gn 2 L _ _ (en—ven—vel)an 2
w = Cn, TH* — (@n — cn) _ (4 — In—Vqn—0gs ) (¢ +qn — gs Gn—0Gn—Vqs )
4Qn 4Qn 4<Qn - QS)
I (CL + o (cn—ven—vel)gn )2
wh = (cn — vey — veg ) Tl — ® In = 9s = g "uga—vas
dn — Vqn — V(s 7 4(Qn - QS)

. L . — .
Since w* = ¢, and et <, < et + gn — qs, we compare TH* with T'L(wf*) and obtain

— 2
TH* — THE () = qu(l(—qv>j7;—)1()g;>_<§§;n_—:;‘§;> > 0, implying that (I.C.L.) is satisfied.

K]

(2-i) If o Memed) < < o (T LI S0 < b < cbg,—q,)—TI5(H, L1

clan b < qun) _ (t—v)en—ver )qs T (1=v)gn—vgs))” > 0; I (H, LT can 0L < chn) _
qs as 12 (1—0) (4 —q2) n qs

qs
* I I\ _ (CH_C )qn (2(1—v)cngs—cy ((1 v)gn+vgs)— H((I_U)Qn_v%)) (Cf_cf)QQn((l_U)Qn—v‘ZS) .
I (HY L) = A(qn—qs)q? 2 4(qn—as)a3 >0
I Il . cta L _ clan II 7IT . ctan L _ oy _ v(cHan—cngs)’ )
H;‘;(H ,L . q—s < w” < q—s) — HZ(H ,L . q—s < w” < s ) = 4an§ > 0,

(HY, LT alan L < ck+ g —qs) — 5 (HIT LT alan gL < ck+ g, —q) =

qs qs

2
MHZ;%;?”%) > 0. Therefore, (H!, L' : % < wl < cf + ¢, — q,) is the most profitable
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option for the national brand supplier, and

,wH* = cp,
S ol —ch) )
TH* _(qn_cn) + (CS +qn—qs— (Cn+ ifvs ))
4Qn 4(Qn - QS)
[Qn . (Cn + v(c?_;ﬁ))(l c, + v(c%l:chL) o Cf) . gs — Cf(cn + v(cifl_:}csL) _ Cf Cf >]
2 2 2(qn - QS) 2 2((]71 - QS> 2(]3 ’
v CH—CL 2
L ol —cb) g (a6 — (e + H55)
w* =c, + —2—22 T = .
I—w 4(Qn - QS)
Since wf* = ¢, and % < cp < e+ q, — g, we compare TH* with T!E(wH*), having
_ 2 2
TH* — THL(H*) = 2((1_v)cncf+v(f1—_cqjﬁ)zqi@;1:);$s—v)(cf €:+¢29%) which increases on c,. As a
H+ _ qIIL Hsx _ qIIL(,, H+ w(cll —cb)? (2(1 v)gn—vgs)
result, TH* — THL(@H*) > (TH* — THL(y ))|ancf;i el =) = ) g a0 > 0.

(I.C.L.) constraint is satisfied.

In a summary for (2-ii) and (2-iii), for any ¢, € (%,%) , (H, L' is the most

profitable contract for the supplier.

(2-iv) If%<0n<cg+qn—qs—@ H*(HIILII.%<wL<CSL+qn_

CHn vicy n_Cn32 . * -Can
go) — T (H, L1+ 0 <yl < b g, — g,) = tepentd o 0 [ (g1 L1 S o

L L * I pII . ck qn c qn _ ((1=v)en—vel)gs—cH (1=v)gn—vgs))” .
w” <+ qn—qs) — I (HY L <wh < ") = 10 —0)(gn—05)22 > 0;

2
I1* (HII LII . ctan < ,wL < c Qn) —II* (HI LII . ckan < ’U)L < cHan ) _ v(cH gn—cngs) > 0:
n ! togs qs n ’ T gs qs 4‘13(Qn_q$) !

* I II . Cgﬂ C Qn . * I I ”(Cf(In*CnQS)Q (Cf*CSL)QQn((I*U)Qn‘FU‘IS)
Hn(H 7L T gs < w < ) Hn(H ’L ) 2 4((111*(15)(]3 + 4(Qn*(Is)qz > 0

Therefore, (H'?, L1 : % < wl < cf + g, — q,) is most profitable contract for the supplier,

and

de e (e = 0 ) 2k — g — (en + M) + 2D
w = Cp, =
4(Qn - QS)

ck 2

v CH—
e = k) g _ (4= o= (o + HE2)
1—v 4(gn — qs)

wi = cp +
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. L . — .
Since w* = ¢, and et e, < et + g, — qs, we compare TH* with TTL(w*) and obtain

TH* — THL (H*) = U(CH;C) > 0, which implies that (I.C.L.) is satisfied.

2(1-v)(gn—as)
(2-v) If & + q, — qs — (if_vcg) < e, < cb+q,—q, THIT LT . % < wl <

2
bt g — o) — T (HIT, LI 0 < b < iy > (ovleleetonsa)ocon). o o, 11 (U, LI

clan L o  mreoppl 71 v(cH gn—cnas)® | (cH—cE)?qn((1—0)gn+vgs) « (I Il
qs <w” < qs ) Hn(H ’L ) 2 4qg(‘1n qs) + 4(qn— CIs)q > O H (H L

H —
don < wh < kg q) — (L LT s e < b < o g, — ) = M) 5,

« (Il 7IT . ctan L _ clany _ ypeopl 7II . chan cHgn\ _ v(cHan—cngs)’
HTL(H 7L : qs <w < ds ) H’n<H ’L : qs < w < qs ) o 4q2(qn—q) > 0

Hence, in this case, (H!, L1 : el i< w? < b + ¢, — g,) is most profitable contract for the
supplier;
ey +dn — g5 — ) (2¢ — g +4n — g5 — )

4<Qn — s

wH* — Cn,TH* —

wL* = CSL + ¢n — gs, TL*

I
o ~—

. L . — .
Since w* = ¢, and el <oy < et + gn — qs, we compare TH* with TT'L(w*) and obtain

TH* — THL (%) = (C _CL)Q((‘;J“Z:) gs—cn) > (), which verifies that (I.C.L.) is satisfied.

From (ii-4) and (ii-5), we obtain that for any ¢, € (qu%, ck+q,—qs), (HY, L") is the
most profitable contract for the national brand supplier.
In summary, throughout all the possible parameter settings of ¢, ¢& and c,, (I.C.L.) is

automatically satisfied by the optimal solution. O]

Proof. Proposition 2.3.
We present and compare the values of information to each entity throughout all possible
parameter settings as follows.

Under the parameter setting ¢ + ¢, — ¢, < Ciﬂ

2 2 2 2
1 Ife, < Cifn, V, = v((qj;f{) — (qjqcf) ) and V,, = v((qif) - (qi(f) ). It is easy to

obtain V,, — |V,|=0

L
2 _(cn—vcn—vc Yan
2 If cg‘qn < ¢ < (CgJFQn*QS)((lfv)qn*UQS)JFUCqun V — v((qsfcf) . (gn qn—vtm—quS ) +
qs no— (1_U)Q’n ’ r 4qs 4qn
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Loy g _(en—ven—vel)an _(en—ven—vel)an 2 2
(e5+an—as— dn —vqn —vqs ) )andv — v[(Qn Qn—vqn—vsq.s ) _(QS*CE) ] (1_1])[((111*011*(]54’0?) _
n o J—
n
4(‘1 ‘Zs) 4qn, 4qs 4(Qn qs)

( L) | lnvenvedan (cb en=ven—vekyan - \°

(en—ven—veh)an N1 _ gpvevgs oy _ (e
( qn—Vqn—vqs Cn)(Q 2(qn—qs) )] 2(qn—qs) . It follows that

’U v (CnQS_C Qn)
|V’ 4(Qn QS)(Qn an—qu)Q = 0

2 2
3 If (Etam—a)((I-van—vas)tvesan o < ck+ qn qs, then V, = U((qs_cf) _ (ae—ed) ) and

(1—U)Qn q$ 4 an
_ plas=eh)’  (gs—el)’ (4n—cn—gs+ef (e tan—gs—en)”
Vi, = o q To) q = )+ (1—v) g 4(%:1%) . Thus, V,,—|V,|= (1—v) %qn qqs) >
0.
Under the parameter setting “-1* q” <ck+q,—qs

2 2 2 2
1 Ife, < Cig", V, = v((qs_cf) — (qS;cSL) )and V,, = v((qS_CSL) — (g:=cl) ). Then we have

4qs qs 4qs 4qs
— V=0
I I I I I\2 ( _(cnf’ucnfvcg’)qn )2 ( L+ _ _(cnf'ucnf’ucg’)qn )2
2 1If Csdn <c < Cs %_”(Cs —c5) V. = v((‘ls—cs) . qn dn—vqn —vqs + Cs TAn—ds dn—vgn—"v4gs )
qs n— g 1-v ) 4qs 4qn 4(Qn*Qs)
L 2
2 _(Cn*UCn*'UC )an 2
and V. — v[mn—cn)?_(qs—cf) I C e e ] +(1_v)[<qn—cn—qs+c£> ((cn—vcn—vc )an _
n 4qn, 4qs 4qn 4((171*(13) 4n—Vqn—V(qs
1 (Cn*’l)cn*vcg)‘hl —CL (CL_i_qn_qs_(Cn*’UCn*”Cg)‘Zn
_ gn —vgn —vq S _ S dn—vgn—vg
cn) (5 B Py )] Ty After some algebra, we can show

that V, — [V;]= {i=lloe—c fa) s,

(In QS)(Qn vGn— 'UQS)

cHq, wv(cH—cl) L v(cH —ck) _v(cH - (2(1—v)(en—gntqs)—(1-3v)cH —ck —vcl)
SIS —T5 <a st Ve = AT a0
_ (et —eD)(2(1=v)(en—antgs)—(1=2v)cl —ck) __v?(cll—ch)?
and V, = — 0= . Tt follows that V, —[V;|= et
0.
Lo, o _vlct=ch) Lo, _ _ vl k) _ (e 4 an—gs—cn)®
4 If e+ qn—qs 2 < St — s, Vi = o) and V,, = v ey
(C£+ n— s_Cn)2 U(Cn_cf_ n+ s)(cn_ch"FCg_ n+gs _ (CS+ n— s_Cn)2
(1_,0) 4(ZQn:1CIs) - : q4(Qn_QS) ) ' ThU.S, V _|‘/T‘_ (1_/U> 4%QnEQS) 2
0.
Hence, we have that V,, > |V,| holds throughout all the parameter settings. O

Proof. Proposition 2.4.
As the value of information has different forms depending on the value of ¢,, the impact of

¢, on |V,| and V,, is discussed for each parameter setting and interval of ¢,.
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H
Cs dn

(1) Parameter Setting 1: ¢& + ¢, — ¢, <

qs
: : ckgn AVel _ . if cEan (cF+an—05)(1=v)gn—vgs)+vek gn
For the retailer, if ¢, < = e = 0; if =0 < < o) ,
oy (1_U)2UQn(Cn‘Is_CsL‘1n) .3 (CsL+Qn—(1$)((1_U)Qn_UQS)+”CsLQn L 8\Vr| _
oo = " 2an—a((-)an-vge® < O I (T—v)an < G < GG Gs, =0
: : g‘n 8Vn_ .3 g‘n §1+n75 1— n*s‘i’g{n
For the supplier, if ¢, %, e = 05 if % < ¢ < leta q)(((ljj))(f]n Vgs)Fves dn
Wy _  (A—v)v(ckgn—cngs) (cE+gn—gs)(1—v)gn—vgs)+vclgn L . WVp _
Pon = Tan—ao(A-an—vgy < 05 1if o) <en <t gn—qs, G =
(1—v)(cn—ck—an+qs)
2(‘]77.*(15) < O
. H
(2) Parameter Setting 2: “* < cl' + g, — g,
. . ckagn (9|V7n c qn chn v(cf—cL) o\Vr| _ (l—v)qun(chn—cnqs)
For the retailer, if ¢,, < = e =0 if = < ¢, < o o B = 2 (L)an—vae)?
L H H_ L H_ L L _
0; if qujn_v(ci,y%) < < C£+qn_qs_v(ci,v05)’aa|}:/i‘ _ ”2((0(; 5 < 0 lfC +qp— (e s s) <
|V
Cn<cf+qn_qsagc I =0.
o 1 sL n 8Vn P C‘gqn g{ mn f_ £ BVn
For the supplier, if ¢, < %, e = 0y if =% < ¢, < qu - v(cl_vc ) @ =
v(lfv)(c Gn—Cn{s) c qn B v(cf ) _ v(cffcg‘) oV, v(c fc
3 —a2)(1—0)dn—vgs) 05 3 = 1= <6< €+ gn = s — I—=v 7 den — 2(gn-— qs) <0;
H_ BVn 1— n n+qs
lfC +qn_qs (C )<Cn<c +Qn_QS7 dcn, :( v)(g(qncqs)q q)<0 D
Proof. Proposition 2.5
. L Hqn
(1) Parameter Setting 1: ¢y + ¢, — g5 < =2
ck qn OV __ v(gs—cl) WV _ v(ck—qs) ck qn (L 4gn—gs)(1=v)gn—vgs)+vckgn
Ife, < N e PR 0, Gk = gy < 0;if =2 < ¢, < o) ,
oV ”(‘ls_cs) WV, _ v((1—v)engn—cq L (gn—vqs)—(qn—gs) (1— U)‘In vgs)) (cE+an—4s)(1=v)gn—vgs)+vckqn
ot = " ag, > 0 5t = 2(an—a0)(1—0)an—v4s) <0;if (1—v)an <
L _ avn — ((Is CG) % — (171))(03 +q’n*qsfc’ﬂ) _ U(qé‘*cg)
Cn < Cs + In s> 805 o 2qs > 0, 8C£ - 2((111*(15) 2qn < 0
(2) Parameter Setting 2: % <ct+q,—qs
clan v, _ wlgs—clh) WV _ v(ck—gs) . ap clan cHan  v(cl—cb)
e, < S8 G = 257 >0, 52 = 5505 <0 if 5 <o < S8 — 2525,
WV, _ v(gs—ct) AV, _ v((1=v)engn—ck (40 —v9s) = (gn—3s) (1 =) gn—vgs)) Cipcllgn w(cl—cl)
ocH 2qs > 0 BCSL 2(qn qs)((1—v)gn—vgs) < 0’ if q 1—v —
L vell—ch) v, _ w((1=2v)cl —(1—v)entvel +4n—vgn—gs+vgs) WV,
Cn < CS + C_Zn - qs - 1—v ) 805 — 2(1_U)(Qn_qs) > 0 Bcg =
n—Vqn—qs+vqs—(1— n— SH+ é‘ .o SH— SL
_’U(q vq q2(1ﬁiqv)((§n722§ ve C ) < O’ lf CSL _|_ qn — qs _ % S C?’L < CSL _I._ qn — q87
AV, _ v(cl—ck) Ve Gn—Vqn—qstvgs—(1—v)en—vel ek
ol = 2gia) > O o = 2an—a0) <0. -
E . 3 Cg{q’ﬂ L 3 qu’ﬂ ( Cs L)
XAMPLE 1: Under parameter setting = <GS T G — s, if T o < <
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bt gy — g — NG AU - lenledl g el ) directly following that
_ H _ L
%ﬂfﬁ,' decreases on c¢,. Then for any ¢, € (Cij" - v(cfl_UCSL),cL + Gn—q, — U(CTUC)], % <
|V, 7 d—ck n
Bttty = 30(1 = & = %) Dircetly following %% < cf + g, — g -
@ we have 2 L < c +qn—qs— ¢y . With some algebra, we have that v(l cq%[—
v(cd —ck) (cf+an—as)gs—c gn+(gs—ci )(qn ds) o i Vel
1—0)(gn— ~5) > 30( PRE— ) > 0, resulting in el |, —cllon _stcll by £, > 0.
3\Vr| _ v(1—2v)(cH L) . . .
However, |cn=c£+qnquf”(0?jcg)_ S0 (g g I which the sign depends on the value

of v, the probability of high type. It leads to that |V,| consistently increases on c? Ve, €

H H_ L H_ . .
(qujn — ”(Ci_vcs),cSL +q, — Qs — ”(CT] iff v < =; otherwise, if v > =, then there is a unique

L LH H_ L N H_cL
¢, such that if CS n _ ”(Cif %) < ¢, < &, then aWT' - U(cifvcs—);

> 0; 1fcn<cn<c +q, —

then 6‘%' < 0. Hence, |V,| could either increase or decrease on ¢ depending on v and c,,.

7J(cs _CSL)

1—v ’

. : cs an L cechay, can
EXAMPLE 2: Under parameter setting == < c; + ¢, —¢,, if <O < -

Vel _ v((1-v)’cng —(gn—s)(1—v)gn—vgs)* —ck ((1— v) 2 —(2—v)vgngs+v3g2)) It i
= 2 822 is easy to observe that
9 cl 2(gn—q:)(1—0)gn—vqs) Y
6|V£| monotonically increases on ¢,,. Thus Blw > 6|V£| = M so that 8|V”| _clgn =
Oct Y ock 1, _csdn Sqn
ds

v(ck—gs) olVy| o|Vy| _ v(gn(ct gn—qs(cE+gn— qe))+v(qs(q —qs(qe cEN—clq?))

2 < 0. Also, dex = Oes | —an _vefoer) — 2 —as)4s(1—v)an —vas) ‘

ds —v

In conjunction with % < ct + g, — g5, we have that q,(cq, — qs(ct + ¢, — ¢s)) < 0 and

qS(Q’?z - QS(QS - Cﬁ)) - Cquv% > QS(QEL - QS(QS - CSL>) - QnQS(CsL + qn — QS) = QS(QS - CSL)(qn -

’U(qn(qun*Qs(C£+Qn*QS))+v(qs(q?L7qs (qsfcg)),ch%)) .
Z(qnf(IS)qs((l*’U) n*’qu) < 0 lﬂ:‘

qs) > 0. After some algebra, we have

v < an(gs(cE+gn—gs)—ctqn)

Our assumption 2 is equivalent to v < ——. It directly follows from

QS(Qn_QS(qs_CL)) ch +
Qn(QS(Cs +Qn—QS)_C£{Qn) qdn _ (CH_C )Qn% th Qn(%(c +qn—qs)—cs QH)
_ - _ at
4@l —clad  mts —  (anrae—ma-cn—argy < 0 that 0 < Gl <
H H_ L
Ao Therefore, we have that [V;| consistently decreases on cfVc, € (quq“, el — vles —e)]

(qs(C +aqn— QS) Cs Qn)

iff v < lgs(crtan—gs)—can) e Ay there exists a unique ¢,
S

. q
PO BT a5 s otherwise if v > &

qs (a3 —as
H_ L
such that if z—q" < ¢, < G, then 8|VT| <0;ife, <e, < il q” — ”(Ci %/ then am‘ > 0.

Proof. Proposition 2.6
We discuss the value of information to the retailer throughout all possible parameter settings

and show that |V, | is firstly insensitive to g, if ¢, is very low. As ¢, increases, |V, | starts to
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increase on ¢, and then decreases on ¢,. The trend with respect to ¢, varies depending on

the parameter range.

. H . L L
Under the parameter Setting cX + ¢, — ¢, < cﬁq#, if ¢, < CSqq", % =0. If CSqi <c, <

(e 4an—4s)(1=v)gn—vgs)tvckan Vel _ (1=0)*v(ckan—cnas)(clan((140)gn—3v4s) —cn(2(1=v)q7 —(1=v)gngs —vqZ))

(1=v)qn ' Oqn 4(gn—as)*(1—v)gn—vgs)*

If follows from ¢, > % and 2(1 — v)¢® — (1 — v)gngs — v¢2 = (1 —v)(q, — qs) + (1 —

v)g2 —vg? > 0 that 8|VT| >0iff ¢, > 2(16 Uq)”(q”zrlvqg);jzjs_vqs With some algebra, we can show
that Q(I%U%Z%qfa?g)isfi)vqg — cif“ = —2;5(26(IU)”)q”(_lvq;;;:fIZ" vgsg) < 0. Thus we have M >0
for Cn€(cijn, (csL+qn—qs)(((ll—_z))%i—vqs)ﬂchn]' If (citan— qs)(((l1 Z))Zz—vqs)ﬂc w e < ekt g — g,
Gl = ezl <o
Under parameter setting % < ck+q,—q, if e, < %, % = 0. If % <
cn < ciq" — ”(Cfl__UCSL), similar to the proof in parameter Setting ¢ + ¢, — qs < % with
cne(cifna (CSLJF%_%)(((11__2))22_@%)%%%), we can show that % > 0. If Cg;j” - U(Cf__jé) <
o < ko — gy — ) O )0 en Ot o gy Ol > 0 i
N 3”);g+(;+”)c After some algebra, we show that (= 3”)'::;()1”)0 (csqf” - ”(CT_UCL)) =
qu”cizz_zcs n < (). Thus it directly follows that 2 |V’"‘ > 0 for c,e( é;f” - U(Cfl_v <) ¢ Ly g, —
g~ M M kg, g - M <o <k g —a Gl = YEr <00 O
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