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This paper investigates the optimal timing and level of wholesale and retail prices set in multi-channel
supply chains, where a manufacturer produces and sells products to retailers that compete to resell the
products, by applying the framework of an observable delay game devised in noncooperative game the-
ory. We assume that one manufacturer and two retailers, which constitute a two-echelon supply chain,
can select not only the levels of wholesale and retail prices, respectively, but also the timing of pricing.
Our analysis of a dynamic game composed of discrete periods provides two useful conclusions for opera-
tional decision support. First, the manufacturer must simultaneously set its wholesale prices for products
that are sold to separate retailers at the same time. Second, in contrast to the simultaneous price setting
by the manufacturer, the retailers must sequentially set respective retail prices at different times; thus,
the retailers should stagger their timings for setting retail prices. We formally demonstrate that these
timings of pricing decisions by the manufacturer and the retailers constitute a subgame perfect Nash
equilibrium in the dynamic noncooperative game played by the three supply chain parties. Consequently,
these conclusions can be used as practical guidelines for supply chain members choosing optimal timing
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1. Introduction

Nowadays, the management of multi-channel supply chains has
become an increasingly critical issue for firms involved in sup-
ply chains in a variety of industries. In particular, the prevalence
of information and communication technologies (ICT) among both
consumers and firms has enabled potential customers to compare
prices of a specific product more easily between multiple retail-
ers with lower search costs by referring to online information.
In addition, manufacturing firms need to distribute their prod-
ucts to multiple physical retailers to cover wide geographical ar-
eas where their potential consumers are dispersed. When a firm
employs a multi-channel supply chain system, the timing of pric-
ing in separate supply chains is a crucially important problem,
because the pricing timing can trigger subsequent strategic reac-
tions by other supply chain members by influencing their pricing
decisions.

In the operational research and management science (OR/MS)
literature, the question of "what" wholesale and retail prices a
manufacturer and a retailer should respectively choose for the
purpose of supply chain coordination has commanded signifi-
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cant attention and been discussed extensively from both academic
and practical perspectives. However, research investigating "when"
wholesale and retail prices should be determined is missing in
the existing literature, even though this is a critical and practi-
cal issue for manufacturers and retailers in multi-channel supply
chains. Our model constructed in this paper provides an answer
to this question: we investigate the optimal timing of wholesale
and retail pricing set in multi-channel supply chains, where a man-
ufacturer produces and wholesales products to multiple retailers
that compete to sell the products by introducing the framework
of an observable delay game devised in the literature of nonco-
operative game theory (e.g., Amir & Stepanova, 2006; Hamilton &
Slutsky, 1990; van Damme & Hurkens, 1996, 1999, 2004). We as-
sume that one manufacturer and two retailers constituting a two-
echelon supply chain can choose not only the levels of wholesale
and retail prices, respectively, but also the timing of pricing. Our
analysis of a dynamic game composed of discrete periods provides
the following two useful conclusions for operational decision sup-
port. First, the manufacturer must simultaneously set its whole-
sale prices of products that are sold to separate retailers at the
same time. Otherwise, the manufacturer may face the risk that the
equilibrium determining a stable sequence of pricing by retailers
disappears. Second, in contrast to the simultaneous price setting
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by the manufacturer, the retailers must sequentially set respective
retail prices at different times; thus, the retailers should stagger
their timings of setting retail prices. In other words, they must
never decide retail prices simultaneously. We formally demonstrate
that these pricing decision timings by the manufacturer and retail-
ers constitute a subgame perfect Nash equilibrium (SPNE) in the
dynamic noncooperative game played by the three supply chain
parties. Consequently, these conclusions can be used as practical
guidelines for supply chain members choosing optimal timing of
pricing.

The basic logic behind the results summarized above is as fol-
lows. Existing game theory literature has shown that a second-
mover advantage arises in price competition under very general
conditions; i.e., a player involved in price competition is inclined to
set the price later (e.g., see Gal-Or, 1985). Due to the second-mover
advantage, simultaneous moves by players tend to become unsta-
ble in the equilibrium of price competition. Indeed, the literature
demonstrates that total profits earned by competitors under price
competition are higher when they play a sequential move game
than when they play a simultaneous move game (van Damme &
Hurkens, 2004). As a result, sequential, rather than simultaneous,
decisions by the retailers to set retail prices occur in equilibrium.
On the other hand, the manufacturer has an incentive to set its
wholesale prices at the earliest timing to ensure optimal whole-
sale prices by predicting subsequent strategic responses by the re-
tailers.

One unique feature of an observable delay game model is the
consideration of all possible orders of decision-making by all play-
ers in the game even if the orders are complicated. Because one
manufacturer and two retailers are involved in the observable de-
lay game in our model, such possible orders include the situation
in which first, a manufacturer announces a price to one retailer;
second, that retailer announces its retail price; and third, the man-
ufacturer announces a price to the competing retailer. Such a com-
plicated decision sequence can occur when a manufacturer sells a
product first through specific retailers and subsequently through
other retailers because the manufacturer takes a strategy of gradu-
ally developing its distribution channels. As a real business case,
Gabrielsson, Kirpalani, and Luostarinen (2002) detail the case of
channel development strategy conducted by Compaq, which sold
personal computers (PCs) to a wide range of consumers and held
the largest market share in the 1990s. Specifically, Compaq used
an indirect sales channel strategy, consisting of authorized dealers
(resellers), when it entered the European PC market. In 1984, Com-
paq had 330 international dealers in 13 countries worldwide and
three foreign sales subsidiaries, all of which were located in Eu-
rope (United Kingdom, France, and Germany). In 1990, there were
1600 European dealers located in 21 countries and 13 European
sales subsidiaries, meaning that Compaq gradually increased the
number of retailers who dealt in its PCs. A manufacturer such as
Compagq in this case needs to first determine a wholesale price of a
product applied to a retailer, which deals in the product and hence
sets its retail price in an earlier period, and subsequently deter-
mine a wholesale price applied to another retailer, which starts to
deal in the product in a later period. In addition, if a manufacturer
has sold a product through some retailers and subsequently starts
to sell the product to other retailers because of gradual develop-
ment of distribution channels in such real business environments,
the latter retailers cannot help allowing the manufacturer to an-
nounce the wholesale price to the former retailers earlier. There-
fore, while optimal timing of pricing is a generally important is-
sue for supply chain members, the investigation of the timing is
essential, especially when a manufacturer gradually develops new
distribution channels.

Another feature associated with the framework of the observ-
able delay game is that each player chooses one of the discrete

periods as its decision timing, as well as the decision variable it-
self. Such a timing decision is particularly important when a man-
ufacturer markets a new product. For example, if a manufacturer
markets a new product as early as possible, the manufacturer sets
the wholesale price of the product in a particular period, and then,
after observing the wholesale price, retailers set retail prices in the
following period. In addition, if a manufacturer accelerates the tim-
ing of releasing a new product into a market before a rival man-
ufacturer releases a similar product, the product launched earlier
may command more attention from media and consumers, thereby
improving profit. By contrast, if a manufacturer postpones market-
ing a new product for some reason, the manufacturer needs to
set the wholesale price of its product later, and accordingly, re-
tailers must postpone setting retail prices in the period following
the observation of the wholesale price. There are several real-life
cases in which manufacturing firms have strategically accelerated
or delayed the release of new products. A typical recent case in
which a company accelerated the timing of releasing a new prod-
uct is found in the smartphone market. Samsung Electronics Co.
and Apple Inc., which supply the Galaxy Note and iPhone, respec-
tively, hold a large share of the global smartphone market. While
Apple launched the iPhone 5, 5s/5c, and 6/6Plus models in each
September of the three years between 2012 and 2014, Samsung
released Galaxy Note II, 3, and 4 around the end of September
or early October in each of the same three years, just after each
of the new generations of iPhone was launched in each year. In
2015, however, Samsung released the Galaxy Note 5 in August,
before Apple released the iPhone 6s/6sPlus in September. Cheng
(2015) and Lee (2015) point out that Samsung strategically moved
forward the autumn launch of Galaxy Note 5 to mid-August to
command attention from the media and consumers before the re-
lease of iPhone 6s/6sPlus, which can be interpreted as a strategic
early launch of a new model to compete with an archrival. Another
recent case is found in the smartwatch market. Apple released its
iWatch in September 2014, whereas the test model of iWatch had
been shown to the public prior to the release, which indicates a
delay in the marketing of the product (Phillips, 2014).! These cases
indicate that the optimal decision timing regarding the setting of
the discrete pricing periods assumed in the framework of the ob-
servable delay game is important, especially when a manufacturing
firm develops its distribution channels or markets a new product,
because the firm may intentionally adjust the timing to make its
decision.

To the best of the author’s knowledge, no previous research
has applied the observable delay game framework to the deci-
sion problem of wholesale and retail prices in multi-channel sup-
ply chains. Hence, we address the pricing problem from a different
viewpoint compared with the existing OR literature. Consequently,
the application of the observable delay game to the pricing prob-
lem in multi-channel supply chains is also an original contribution
of this study.

The remainder of the paper is structured as follows.
Section 2 provides a review of the OR/MS literature related
to game-theoretic models for supply chain management. Ba-
sic settings of our model are outlined in Section 3. In Section
4, we investigate the strategic behaviors undertaken by sup-
ply chain members and identify the relevant equilibrium that
determines the optimal choice of both timing and level of
the prices. Section 5 draws managerial implications based
on the equilibrium outcomes. The final section concludes our
paper.

T Pan (2017) provides several business cases in which manufacturers strategically
control the timing of releasing new products.
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2. Literature review

Thus far, a considerable number of OR studies have applied
a game-theoretic approach to examine supply chain management
problems under various economic environments (e.g., Anderson &
Bao, 2010; Atkins & Liang, 2010; Biswas, Avittathur, & Chatterjee,
2016; Chen & Xiao, 2009; Chen, Liang, Yao, & Sun, 2017; Choi,
1991; Giovanni & Zaccour, 2014; Groznik & Heese, 2010; Huang &
Swaminathan, 2009; Ingene & Parry, 1995, 1998; Jeuland & Shugan,
1983; Jorgensen & Zaccour, 2014; Kopel & Loffler, 2008; Kurata,
Yao, & Liu, 2007; Li, Lin, Xu, & Swain, 2015; Matsui, 2012, 2016,
2017; McGuire & Staelin, 1983; Moorthy, 1988; Parlar & Weng,
2006; Qing, Deng, & Wang, 2017; Rajagopalan & Xia, 2012; Xiao &
Choi, 2009; Xiao & Yang, 2008; Xiao & Qi, 2010; Xie, Zhou, Wei,
& Zhao, 2010; Yan, Xiong, Chu, Li, & Xiong, 2018, Yan, Zhao, &
Lan, 2017; Yang & Zhou, 2006; Yao, Leung, & Lai, 2008; Zhang,
Bell, Cai, & Chen, 2010). McGuire and Staelin (1983) construct
a game-theoretic model of two manufacturers who sell compet-
ing brands through retailers. Assuming that the manufacturers en-
counter price competition, they demonstrate that vertical separa-
tion is the optimal strategy for a manufacturer compared with ver-
tical integration if the manufacturer adopts a two-part tariff con-
tract for a retailer who exclusively resells the product. The ratio-
nale behind their result is that the delegation of the decision on
pricing to a retailer through vertical separation moderates the re-
action of the other competitor involving a manufacturer and a re-
tailer when the strategic variable for firms is the price. Moorthy
(1988) shows that a condition for the result in McGuire and Staelin
(1983) is that the prices chosen by firms are strategic comple-
ments. His results show that a key factor for the vertical separation
between a manufacturer and a retailer to take place in equilibrium
is not the substitutability between the manufacturers’ products but
the nature of the strategic dependencies between competing firms.
Ingene and Parry (1995) consider a two-echelon supply chain, in
which one manufacturer and two retailers behave noncoopera-
tively. They explore channel coordination by a manufacturer that
sells its product through competing retailers and that is required
to treat the retailers equally. They show that an appropriately con-
trolled quantity-discount schedule enables the multi-channel sys-
tem to achieve the same profits as earned by a vertically integrated
system. They also demonstrate the existence of a schedule of two-
part tariffs that replicate the results of a vertically integrated sys-
tem. Following Ingene and Parry’s (1995) game-theoretic model on
multi-channel management, we also assume a two-echelon supply
chain composed of one manufacturer and two retailers. Parlar and
Weng (2006) investigate how the coordination of production and
pricing decisions improves the position of a firm in a duopolistic
price competition. They show that coordination by a firm’s mar-
keting and production departments enables the firm to increase
its profitability, especially when market conditions are unfavorable.
Yao, Leung, and Lai (2008) examine a revenue-sharing contract for
the coordination of a supply chain involving one manufacturer and
two competing retailers that face stochastic demand before a sell-
ing season. They find that providing a revenue-sharing contract by
the manufacturer can achieve better performance than a contract
that stipulates only the price. Moreover, they show that the prof-
its generated under the revenue-sharing contract are different be-
tween supply chain members due to the impact of demand vari-
ability. Anderson and Bao (2010) also investigate price competition
by comparing the two organizational forms of vertical integration
and vertical separation. Assuming that a fixed amount of demand
is allocated to oligopolistic firms as their underlying market shares,
they demonstrate that the coefficient of the variation of the market
share determines whether vertically separated channels outper-
form integrated channels. Considering both economies of scale and
the intensity of competition, Atkins and Liang (2010) generalize

Manufacturer

sell sell

Retailer 1 Retailer 2

sell sell

[ Consumers ]

Fig. 1. Supply chain structure.
Note: Consumers perceive that products are horizontally differentiated between the
two retailers.

the result of McGuire and Staelin (1983). They find that a primary
factor that determines equilibrium channel structures is competi-
tive intensity, even under the presence of scale economies. Overall,
the above studies aim to identify the optimal wholesale and retail
prices under cooperative or noncooperative environments, which
can be described by game theory. This line of OR/MS research,
which constructs game-theoretic supply chain management mod-
els, is most closely associated with this paper.

Another line of research is related closely to the present paper;
i.e., the game theory literature investigating the endogenous tim-
ing of decision-making. In a noncooperative game, whether play-
ers make their decisions simultaneously or sequentially is of im-
portance because a different order of moves often leads to sub-
stantially different results. For instance, Gal-Or (1985) shows that
when two identical players make sequential decisions in a non-
cooperative game, the player making its decision first (second)
achieves higher payoff than the player who makes its decision
second (first) if the slopes of the players’ reaction functions are
downward (upward). Stated differently, there occur first- (second-)
mover advantages if the strategy choices of players are negatively
(positively) related. Because the decision timing accompanies this
type of advantage, it is recognized that simultaneity and sequen-
tiality of moves, as well as the order of moves by the players in
the sequentiality case, need to be endogenously chosen by players
(e.g., see Hamilton & Slutsky, 1990; van Damme & Hurkens, 1996,
1999, 2004). Stated differently, the order of moves needs to reflect
players’ inherent incentives in the absence of an exogenously given
timing structure in a noncooperative game.

Despite the significant volume of OR/MS research on pricing in
supply chains from a game-theoretic perspective, a review of the
literature suggests that previous work incorporating the choice of
optimal decision timing into the pricing issue in multiple retail
channels is lacking, even though the timing of setting wholesale
and retail prices is a crucial issue for supply chain management.
This paper addresses the problem of the endogenous sequence of
moves in pricing by employing the framework of the observable
delay game (e.g., Hamilton & Slutsky, 1990; van Damme & Hurkens,
1999). Therefore, it is worth noting that this paper is the first to
apply the observable delay game framework to the wholesale- and
retail-pricing problem in multi-channel supply chain management.

3. Model description

In this section, we describe our model. Table 1 lists the nota-
tions used in the model. We follow previous major multi-channel
management studies (e.g., Ingene & Parry, 1995, 1998) in assuming
the supply chain structure in our model outlined below. Suppose
that a manufacturer produces two products, denoted as Product 1
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Table 1
Notations.

retail price

quantity

wholesale price

marginal production cost
positive constant greater than ¢
a-c

positive constant
substitutability of products

IS~ e xR 0 3Tas
>

profit for the manufacturer
profit for a retailer
t(r;)
t(pi)

9

t(ry)
t(pj)

retail price of Product j in period of t(p;)

index of the retailer or the product; i=1 or 2
index of the retailer or the product that is different from i; (i, j)=(1, 2) or (2, 1)
period when the price denoted by x is chosen

combination of timing strategies where the manufacturer respectively sets the wholesale prices of Product i and
Product j in periods of t(r;) and t(r;), Retailer i sets the retail price of Product i in period of t(p;), and Retailer j sets the

and Product 2, at a variable cost of c; and ¢, per unit, respectively,
and wholesales the products to two retailers, as illustrated in Fig.
1.2 The retailers respectively resell the two products to end con-
sumers. We define the retailer that deals with Product 1 as Retailer
1 and the retailer that deals with Product 2 as Retailer 2. The man-
ufacturer determines the levels of the wholesale prices of Products
1 and 2, which are denoted by r; and ry, and the timing of setting
the wholesale prices.> Retailers 1 and 2 choose the levels of the
retail prices, which are denoted by p; and p,, and the timings of
pricing.

Next, we assume that the inverse demand function for the
products is:
pi=ai—bigi—0q; (i.j)=(1.2).(2.1), (1)
where p and q are the retail price and quantity. Henceforth, i rep-
resents either 1 or 2. Meanwhile, (i, j) represents either (1, 2) or (2,
1) when both variables are simultaneously present. Therefore, sub-
scripts i and j attached to p and g signify Product i and Product j,
respectively.* The parameter  measures the degree of substitution
between the products. Because Eq. (1) suggests that the two mar-
kets become independent as & decreases, a lower value of & means
that consumers perceive that products are more horizontally dif-
ferentiated between the retailers. The parameters a;(>¢;) and b;
represent the demand base and the price sensitivity of Product i,

2 For tractability of the model, we assume the existence of only two retailers to
examine the incentives of retailers in a horizontal relationship, following typical
game-theoretic multi-channel management models presented in Ingene and Parry
(1995, 1998). Notice that this assumption includes cases in which not only are two
different products wholesaled but also the same products are wholesaled. Specifi-
cally, we may consider the case where the two products are regarded as undiffer-
entiated and thus identical at the manufacturer level by additionally assuming that
c1 =, holds. Even if the two retailers deal in the same products in this case, con-
sumers will perceive that the two products are differentiated at the retail level as
long as the retailers are distantly located (Hotelling, 1929).

3 This assumption indicates that the possibility of wholesale price discrimination
is taken into consideration in our model. Garcia and Janssen (2017) state that laws
pertaining to the price discrimination are "rarely enforced when it comes to whole-
sale price discrimination as it may be difficult to prove that competition is harmed
or (as wholesale prices are not generally observed) it may be difficult to establish
that a manufacturer effectively applies wholesale price discrimination.” Consistent
with this statement, previous empirical studies overall detect wholesale price dis-
crimination. Villas-Boas (2009) provides empirical evidence that manufacturers sell
packaged coffee at different wholesale prices to supermarket chains in Germany.
Moreover, Coloma (2003) finds that geographic wholesale price discrimination pre-
vails in the Argentine gasoline market. Chen and Hwang (2014) refer to other em-
pirical studies that detect wholesale price discrimination. Because the literature has
provided substantial empirical evidence of the prevalence of wholesale price dis-
crimination, our model allows for the possibility of wholesale price discrimination.

4 The inverse demand function of Eq. (1) can be derived from the consumer be-
havior that maximizes utility subject to a budget constraint if the utility function
for a consumer is formulated as a; q; +a; q2 - (b1 q12+by q22+26 q; q3)/2. For
more detail of the derivation process, see Ingene and Parry (2004) (Chapter 11).

respectively. We assume that the exogenous parameters satisfy the
following two inequalities:

bi>0, (i=1,2) (2)

(@i—c)/(aj—cj) <2bi/0—6/bj. (i.j)=(1,2),2,1)  (3)

Inequality (2) indicates that the price sensitivity for own prod-
uct is higher than that for the other product, which is considered
a natural assumption. Meanwhile, Inequality (3) ensures that the
firm sells products to both the two retailers in equilibrium.’

The inverse demand function of Eq. (1) can be restated as the
following demand function:

qi = (bj(ai — pi) - 0(a; - pj))/(bib; — )
i.)H=(1.2).21. (4

Based on the settings described above, we construct an ob-
servable delay game model composed of two stages. In stage one,
the manufacturer and the two retailers announce the period when
they will choose prices and make a commitment to the choice be-
fore actually doing so. In stage two, after the announcement, the
manufacturer and the retailers choose their prices while knowing
when the other players will choose their prices. Because there are
four control variables, rq, r;, p;, and p,, we assume that the sec-
ond stage consists of four periods.® Namely, the manufacturer de-
termines the wholesale prices, r; and r,, and Retailer i (i=1, 2)
determines the retail price, p;, in one of these four periods. All of
the four prices are observable to the three firms.

To indicate the timing of pricing, let t(x) denote the timing of
choosing the price of x, which corresponds to either ry, 15, p1, or
p». Because there are four periods in which the manufacturer and
the retailers choose to determine each price, the four variables can
take timings of 1, 2, 3, or 4. Specifically, in the first stage of the
game, the manufacturer chooses t(r;) and t(r,) from {1, 2, 3, 4}, Re-
tailer 1 chooses t(p;) from {1, 2, 3, 4}, and Retailer 2 chooses t(p;)

5 If this inequality was not met, the manufacturer would wish to distribute prod-
ucts to only one retailer in equilibrium so as to avoid too fierce competition be-
tween the two competing retailers that causes the optimal level of gq; or g, to fall
to 0. We exclude the situation where the manufacturer distributes products to only
one retailer, because such a situation indicates that the supply chain need not con-
sider the optimal sequence of pricing timing and is thus outside the scope of this
paper.

6 Lu (2006) models an observable delay game in which three control variables
are chosen in three periods. Given that there are four strategic variables, i.e., rq, 15,
p1, and p,, in our model, we employ the setting of four discrete periods to ensure
consistency with previous research, such as Lu (2006). This setting is relaxed in
Section 5 so that the number of periods can be more than four, in one of which
each firm sets its selling price.
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from {1, 2, 3, 4}. Following previous major game-theoretic distribu-
tion channel and supply chain management studies (e.g., Atkins &
Liang, 2010; Ingene & Parry, 1995, 1998; Jeuland & Shugan, 1983;
McGuire & Staelin, 1983), we assume that the timing variables
must satisfy t(r;) < t(p;), such that Retailer i sets the retail price of
Product i after observing the wholesale price of the product set by
the manufacturer.

Because an essential assumption for our observable delay game
model is the perfect observability of not only prices but also
the timing of pricing as described above, we elaborate on why
this specific assumption is employed in our model in the con-
text of supply chain management research. First, all prices, includ-
ing wholesale prices and retail prices, are observable to all supply
chain parties, which implies that a retailer knows the wholesale
price announced to another competing retailer. This assumption
has been employed in a substantial number of previous studies
that construct supply chain management models in the OR liter-
ature. More specifically, there are a number of previous OR pa-
pers that examine the "power structure" in supply chains (e.g.,
Edirisinghe, Bichescu, & Shi, 2011; Huang, Ke, & Wang, 2016; Luo,
Chen, Chen, & Wang, 2017; Pan, Lai, Leung, & Xiao, 2010; Wei,
Zhao, & Li, 2013; Wu, Chen, & Hsieh, 2012; Yu, Cheong, & Sun,
2017). In these papers, a channel member which makes its deci-
sion in the first move is regarded as exerting more power over
other supply chain members. Based on this notion, the line of re-
search on the power structure examines how the difference in the
sequence of decision moves of supply chain members leads to their
different profits. Such studies that consider a variety of sequences
assume that wholesale prices are observable and thus each retailer
knows all the wholesale prices.” Second, the decision timing is also
observable to all supply chain members; that is, every supply chain
member knows when other members will make their price choices
in stage two. This assumption has also been employed in impor-
tant previous studies that construct game-theoretic supply chain
management models. For example, previous research that exam-
ines the power structure of the sequence of moves between the
supply chain members mentioned above assumes that the manu-
facturer and the retailers choose their prices while knowing when
the other players will choose their prices (e.g., Wu et al., 2012). In
summary, we follow previous OR studies to employ the assump-
tion that each supply chain member observes the timing of pricing
as well as prices themselves.

4. Results

Based on Eq. (4), profit for Retailer i, 7r;, and profit for the man-
ufacturer, I, are stated as:

i = (Pi — 1) qi
= (pi—17)(bj(@ — pi) — 0(a; — pj))/(bib; — 6?)
4,7H=01,2),21) (5

2

=5 (ri—c)q. (6)
i=1

Using Egs. (5) and (6), we derive the respective profits for the

manufacturer and the retailers by the timing strategy at stage one

7 Specifically, the SSS model in Wu et al. (2012, p. 268), in which there are one
upstream manufacturer and two downstream retailers, considers the following se-
quence: (1) the manufacturer sets the wholesale prices for the two retailers, (2)
Retailer 1 chooses its retail price knowing both wholesale prices, and (3) Retailer 2
chooses its retail price knowing both wholesale prices. Moreover, the MSN model in
Huang et al. (2016, p. 15) also assumes that there are one upstream manufacturer
and two downstream retailers. They consider the following sequence: (1) the man-
ufacturer sets the wholesale prices, (2) the two retailers choose their retail prices
knowing both of the two wholesale prices.

of this game. Because stage two consists of four periods at which
each of the four control variables, r{, 15, p;, and p,, is set, we
need to consider 42 x 4 x 4=256 combinations of the sequence of
timings so as to calculate all possible payoffs.® However, the con-
straints of t(rq) <t(p;) and t(rp) <t(p,) indicate that it suffices to
investigate only 36 combinations of the sequence of feasible tim-
ings. For example, t(r;) cannot equal 4, because then there would
be no candidates for periods for the Retailer i to set its retail price.
The following proposition shows the equilibrium outcomes by the
combination of timing strategies. (All proofs are provided in the
Appendix.)

Proposition 1. Equilibrium profits for the manufacturer and the
retailers, wholesale prices, and retail prices depend on the combi-

nation of timing strategies represented by (tt((;')) tt((;f))) as the
i j

following four cases demonstrate.
() () (1 1 1 1 1 1
Case(I)when(t(pi) t(pj) =l2 2)\3 3) s 4)
2 2 2 2 3 3 1 2 1 2
3 3)°\4 4)°\4 4)\3 3)°\4 4)

2 3 1 3 * " N
(4 4),or (4 4>,]_[=l_[,7r,-=71,-,71j=71j,

ri=r*,1;=r;* p;=p;*and p; = p;*, where :

IT* = ((b1A2” + boA1?)By — 20b1byA1A;) / (4BoBy).

n = by(0b, — B (480p7)
]‘[j* = b,(@b]A, — B]A]')Z/(4BOBZZ)s

rif = (a,— +C,‘)/2, rj* = (aj +Cj)/2,

pi" = (3a;+€)/4 — 0(2biA; + 0A;) / (4By),
pj* — (3(1] + Cj)/4 — Q(ZbJA, + GA])/(4BZ)

() t(r 1 1) (1 1\ (1 1

Case (II) when (t(p,v) t((p]j))):<2 3>, (2 4>,<3 4>,
2 2\ (1 2 2 1
3 4)\3 4) %3 4)

*k
l_[ — 1_[ ST = 77:'**7 7.[1 — ﬂj**’ 1= ri**’ rj — rj**? pi= pi**7

and p; = p;**, where :

" = (b?B3A;” + B1A;(AiB1 — 26b;A;) )/ (16b;BoB1).

77 = (ObiA; — BiA)’/(32b;BoBy ),
77 = (biBsA; — 0B1A)* /(64biBoBy?),

i = (a; + ¢)/2, Tj** = ((1]' Jer)/z,

pi** = (3(11' + Ci)/4 — b19A]/(4Bl)’

8 For a detailed explanation of this, see Table 1 in Lu (2006, pp. 58-59).
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pj** = (30j + Cj)/4 — 0(B1Ai =+ bIGAj)/(Sb,BQ

t(r;)  t(r; 1 2 1 2
cuetysnen (400 10Y (1 2).(1 7).

1 3 or 2 3
3 4) 3 4)
1—[ _ 1—[***’ Ti= ﬂi***v 7.[] — nj***v = ri***s rj — Tj***,

pi = pi™*. and p; = p;**, where :

T = (ZAlBlz(Zbl(b]A, — GA_,) - 92Ai)
+b?(16b?b? _ 1992bibj + 594)/\]-2)/(41313031 By),

Tt = <322(31A1 - QbiAJ')2>/(2b"BOBlB42)’

7 = (bi(16b2b2 — 1762byb; + 40%)A; — 30B,%A;)°
/(4biBoB1*B4?).

i = (a;i+6)/2 + 62 (b,@A] — B]A,)/(ZB]B;;),
Tj*** = (aj + CJ)/Z + Q(BlA, — bIGAJ)/(blB4),

P = (3a; + ;) /4 — 0(2b;(8b;b; — 30*)Aj — OB1A;)/ (4B1By).
p;**=(3a;+c;) /4—6 (2B,*Ai+b;0 (12b;b; — 562)A;) /(4b;B1Bs).
Case (IV) when (t(ri) t(rj)> = <l 3),
t(pi)  t(p)) 2 4

_ R L kkk L Rk g skdolok g. a0 skolokok
= T = T T = T T = T =

pi = pi™™, and p; = p;***, where :

[T = (B32A,(2b,(bJA1 - QA]) - GZAi)
+b7 (32b7b} — 500%bib; + 199*)A;”) / (16b;BoBs).

jTi**** = B3B]2(B]Aj - ebjAj)z/(4biBOBSZ)’
i = (bi(16b7b] — 230°bib; + 86*)A;
—0B5(3b;b; — 20%)A;)* /(16b;BoBs?).

I = (a5 + ¢;)/2 — 0%(B1A; — ObiA;) / (4Bs).

rj**** — (aj + C])/Z =+ 933 (BlA,' — Gb,A])/(4b,Bs),

P = (3a;+ ) /4 — 0 (bi(8bib; — 562)A;
~0/(3bib; — 26%)A;)/(4Bs).

p;*** = (3a;+ ¢;) /4 — 0 (2b;0 (3bib; — 26)A; + BoB3A;) / (4b;Bs).

The symbols used in the values respectively denote the follow-
il'lg: By = b1b2—92, B = 2b1b2—92, B, = 4b]b2—92, B; = 4b1b2—
392, By = 16b]b2—792, Bs = ]6b12b22—2]92b]b2+794. Moreover,
A; = a;—¢; (i=1, 2) and (i, j)=(1, 2) or (2, 1) in all the cases.

The next corollary immediately follows from Proposition 1.

Corollary 1. The equilibrium profits shown in Proposition 1 satisfy
the following inequalities.

1—[* > l—[** > 1—[*** > l—[****
K ok
71'] < TCJ

Proposition 1 and Corollary 1 indicate that first-mover advan-
tage for the manufacturer arises in the following way. First, the
manufacturer sets the wholesale prices of both the products be-
fore the retail prices are set in Cases (I) and (II) in the proposition.
Next, the manufacturer sets the wholesale price of Product j si-
multaneously with the timing of Retailer i setting the retail price
of Product i in Case (IIl). Lastly, the manufacturer sets the whole-
sale price of Product j only after Retailer i sets the retail price of
Product i in Case (IV). Therefore, the manufacturer sets the whole-
sale prices at the earliest timing in Case (I) or Case (II), at the sec-
ond earliest timing in Case (IIl), and at the last timing in Case (IV).
Moreover, IT* > IT** > [T** > [T*** in Corollary 1 suggests that the
profit of the manufacturer is highest when the cases are ordered as
(), (1D, (1), and (IV). These two facts indicate that the first-mover
advantage concerning wholesale price setting for the manufacturer
arises.?

In addition to Corollary 1, Proposition 1 leads to the following
corollary regarding retailer’s behavior.

Corollary 2. (i) Profit of Retailer i is higher (lower) when
eyt _(1 1 t(r) )\ _
(r(pi) t(pj)>_<2 3) than  when (t(pi) t(n;))‘
1 1

4 3)

lfA,/AJ < X,'j or YU <A,/AJ(XU <A,'/Aj < YU)’

WhereXij = (ble(Zb,b] — 92) — (blb] — 92)
X 4/ 2b1b](2blbj - 92)>/(b19(3b,b1 - 292)),
Y,‘j = (bibj(Zbibj — 92) + (b,‘bj - 92)

X 3 / Zbibj(Zbibj - 92))/(13]9(3131’)] — 292))

9 Even if the periods of decisions are different, profits are the same as long as
the sequence of the decisions by the manufacturer and retailers is the same. For
example, the profits in Case (II) in Proposition 1 are the same between the three
different strategies of (t(r;), t(r;), t(p;), t(p;))=(1, 1, 2, 3), (1, 1, 2, 4), and (1, 1, 3, 4)
because the sequence of decisions does not differ. Moreover, note that the mean-
ing of the number of asterisks attached to payoffs and prices as superscripts in
Proposition 1 (i.e., *, **, **, or **) is different from the meaning of the number
of periods denoted by t(-) (i.e., 1, 2, 3, or 4). For example, Corollary 1 indicates
that Retailer i has the maximum profit of 7;*** in Case (IV) of Proposition 1, in
which the combination of timing strategies is (t(r;), t(r;), t(p;), t(p;))=(1, 3, 2, 4).
However, this combination of strategies does not constitute the SPNE of the whole
game, because Corollary 1 also implies that the manufacturer has an incentive to
deviate from this status so as to increase its profit. Therefore, the combinations of
strategies in the SPNE, which will be shown in Proposition 2, are derived based on
the orders of profits of the manufacturer (IT*, IT**, IT**, or IT****) and the retailers
(7%, 7wy, ™, or ) classified by Cases (I)-(IV) in Proposition 1.
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(ii) Profit of Retailer i is higher (lower) when (tt((;'))
1

1 2 ()t _ (1 2
(2 3) than when (t(pi) t(pj)>_<4 3),

lfA,/AJ < V,J OI'VVU < A,/AJ(V,J <Aj/Aj < VVU)’

() \ _
t(pj)

where  Vj; = (2560bb10 — 3472b3b36° + 1556b7b26° — 230b;b;6”

— 86/(64b7b3 — 108b7b%0% + 51b;b;0* — 76°),/2b;b;(2bib; — 62))/
(2b;(1536b7b}-2064b?b30>+760b7b5604+7b;b;0°~326%)),  and
W;j = (2560b{b360 ~3472b2b36°+1556b7b%0° ~230b;b 0

+80 (647D — 10820262 + 51b,b,6% — 76° )

x \/2bibj(2bib; — 2))/(2b;(1536b{ b} — 2064b?b36>
+760b7b%0% + ;b 6° — 326%)).
Note that A; = a;-¢; (i=1, 2) and (i, j)=(1, 2) or (2, 1).

Using the relationships relating to profits in Corollaries 1 and 2,
we can identify the optimal timing strategies for the manufacturer
and for the retailers. At stage one, the manufacturer determines
{t(ry), t(ry)} from {1, 2, 3, 4}, which means that the number of tim-
ing strategies from which the manufacturer can choose is 42 = 16.
Meanwhile, Retailer i chooses t(p;) from {1, 2, 3, 4}. Therefore, all
payoffs resulting from combinations of timing strategies chosen by
the three players are completely described by a third-order tensor,
which is composed of 16 x 4 x 4 =256 cells. As discussed, however,
there are only 36 feasible combinations of the sequence of tim-
ings because the condition t(r;) <t(p;) (i=1, 2) must be satisfied.
As it is difficult to illustrate all payoffs for the three players in the
form of the third-order tensor, we fix the timing strategy of (t(rq),
t(r)) undertaken by the manufacturer. We then break down the
tensor into matrices that represent the payoffs by the combination
of timing strategies chosen by the two retailers. Table 2 illustrates
the payoff matrices of the timing game at stage one. Note that we
draw diagonal lines in the cells to indicate where the timing strate-
gies do not satisfy either constraints t(ry) < t(py) or t(ry) <t(py).

In order to identify the optimal timing strategy, a payoff is en-
closed by a circle resulting from the optimal strategy as shown
in Table 2. Namely, a circle enclosing the left variable in a paren-
thesis in a cell in the table means that the manufacturer chooses
its optimal timing strategy. Similarly, a circle enclosing the middle
variable in a parenthesis means that Retailer 1 chooses its optimal
strategy, and a circle enclosing the right variable in a parenthesis
means that Retailer 2 chooses its optimal strategy. A solid-line cir-
cle means that the strategy is always optimal, while a dotted-line
circle means that the strategy is sometimes optimal depending on
the values of the exogenous parameters.'? Hence, the cell where
all of the three payoffs in one parenthesis are enclosed by circles
can constitute the Nash equilibrium of the timing game in stage
one. Because we formulate a noncooperative dynamic complete in-
formation game in this paper, we employ a SPNE as the solution
concept of the entire game composed of two stages. Referring to
Table 2, we present the following proposition that identifies the
equilibrium.

10 Corollary 2 is used to mark the dotted-line circles. For example, comparing the
timing strategies (t(rq), t(r2), t(p1), t(p2))=(1, 1, 2, 3) and (1, 1, 4, 3) in Panel (i)
of Table 2, Corollary 2 suggests that if A;/A; < X1 or Y < A1/Ay, then Retailer 1
prefers t(py)=2 to 4 and (t(ry), t(r2), t(p1), t(p2))=(1, 1, 2, 3) thus constitutes the
SPNE. Otherwise, Retailer 1 prefers t(p;)=4 to 2 and (t(ry), t(r2), t(p1), t(p2))=(1, 1,
4, 3) constitutes the SPNE. Therefore, the payoffs of Retailer 1 in the cells of (1, 1,
2, 3) and (1, 1, 4, 3) are enclosed by dotted lines.

Proposition 2. (i) The following combinations of timing strategies
always constitute a SPNE irrespective of the values of the exoge-
nous parameters.

(t(ri) t(rj)>:<1 1) (2 2) 0r<3 3)
tp) () 2 4)\3 4a)°la 4
(ii) (tt((;:)) tt((;r)]J))> = (; ;) constitute a SPNE when Ay/A; <X;
or Y;; <Aj/A;.
(iif) (rt((;l :((;JJ ) _ (1 31) constitute a SPNE  when
Xii <AjJA;i <Y,
(iv) (tt((;l, tt((;f] ) (2 31) constitute a SPNE  when
Vi <AjlAi < W,

. tr) (1 1\ (2 2
Additionally, when (t(pi) t(pjj))_<2 4>, <3 4),

1 1 1 1 2 1 .
(2 3>,<3 4>, or <3 4>, wi>mw; holds if A

(Q3_ h:—202(b:b.—02 (03 -h:—202(b:b.—02

. b,(e 4 /4b,bi 20 (blbjzé) )) bl(G +4 /4b,bé 20 (b,bJZG )) <AJA,
(4b;b;—362)(2b;b;—6?) (4b;b;—362)(2b;b;—62) J

Note that (i, j)=(1, 2) or (2, 1). See Corollary 2 for the definitions

of A;, Aj, Xjj, Yy, Vi, and W

or

Observe that all of the combinations of timing strategies shown
in Proposition 2 fall into either Case (I) or (II) in Proposition 1.

5. Generalization: multiple finite periods case

Up to the previous section, the number of periods in stage two
was fixed at four, which coincides with the number of control vari-
ables in our model. More realistically, however, there are an infi-
nite number of pricing timings for a firm because a firm generally
makes decisions not in discrete periods but based on a continu-
ous timeline. This means that the number of periods for decisions
should not be limited to four, but rather can take a sufficient posi-
tive number of periods in the context of our model. Following the
previous literature relating to the observable delay game (e.g., Lu,
2006), we extend the model in this section by modifying the as-
sumption regarding the number of periods so that the number is
greater than four, in each of which a supply chain member sets its
selling price. Under this general setting, we obtain the following
lemma.

Lemma 1. The sequence (t(r;), t(r;), t(p;), t(p;))=(3, 3, 4, 4), which
always constitutes a SPNE under the assumption of four periods
in Proposition 2, no longer constitutes a SPNE under the general
situation where the number of periods is a general finite integer
greater than four.

While Lemma 1 suggests that the combination ((r;), &(r;), t(p;),
t(pj))=(3, 3, 4, 4) does not constitute the SPNE, the other com-
binations of timings that constitute a SPNE when the number of
periods is four as shown in Proposition 2 remain to constitute a
SPNE under the general situation where the number of periods is
greater than four.!’ Eventually, we reach the last proposition in the
present research.

11 This fact can be confirmed by showing that neither the manufacturer nor a re-
tailer has an incentive to deviate from the timing strategy that can constitute the
SPNE shown in Proposition 2, except for (t(r;), t(r;), t(p;), t(p;))=(3, 3, 4, 4).
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Table 2
Payoff matrices.

Panel (1) (#r1), «(r2)) = (1, 1)

#(p2): Timing strategy of Retailer 2

1 2 3 4
{pr): 1 —
Timing 2 T @mn, ) (7@ (@@@)
strategy of 3 (@@ i) (@ m, ) (@@iﬂzﬁ)
Retailer 1 "4 O @@  @xmo)

Panel (i1) (#(r1), ((r2)) = (1, 2)

#(p2): Timing strategy of Retailer 2

1 2 3 4
(pr): 1 -
Timng 2 _——— ————— (.a@ _ (L.@®)
strategy of 3 (@ m, ) (@ m,@)
Retailer 1

4 ———— (@On®

(@ m, m)

Panel (iii) (¢(r1), t(r2)) = (1, 3)

t(p>): Timing strategy of Retailer 2

1 2 3 4
Hp1): 1
Timing 2 T ——— ——— (1G&®)
strategy of 3 (11, 7,@)
Retailer 1 4 @ @)

Hp1): 1
Timing 2 _— ——— ———
strategy of 3 (IL @i (@ m, m) (@@
Retailer I 4 (TI @@) O@ ) @ m, m)

Hp1): 1

Timing 2
strategy of 3 (@ 7, m) O@®)
Retailer 1 4 (@@@) (@ 7, )

(continued on next page)
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Table 2 (continued)
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Panel (vi) (#«(r), t(r2)) = (2, 3)

t(p>): Timing strategy of Retailer 2

1 2 3 4
Hp1): !
Timing 2
strategy of 3 (1L@®)
Retailer1 4 ———" ———" ———"" (@ n®)

Panel (vii) (#(r1), (r2))=(3, 1)

#(p2): Timing strategy of Retailer 2

1 2 3 4
t(pl): 1 ><><><><
Timing 2
strategy of 3
Retailer 1 4 >< ( H,@@) ( H,@ ) (@@ m)

Panel (viii) (1(r), #(r>)) = (3, 2)

#(p2): Timing strategy of Retailer 2

1 2 3 4
(p)): L = - -
Timing 2
strategy of 3
Retailer 1 4 ><>< (11, @@) (@@ )

Panel (ix) (#(r1), #(r2)) = (3, 3)

#(p2): Timing strategy of Retailer 2

f(pl)l

—_
—
[\
W
AN

Timing

strategy of 3

Retailer 1

4y

Q@@

Notes: The left, middle, and right variables in parentheses respectively represent the profits for the manufacturer, Retailer 1, and Retailer 2 from the combination
of timing strategies. Using Corollaries 1 and 2, we identify the best responses for the manufacturer and the two retailers. The profit enclosed by a circle indicates
the best response for each of the manufacturer or the retailers. Hence, the cell where all of the three payoffs in one set of parentheses are enclosed by circles
constitutes the Nash equilibrium of the timing game at stage one. The cells with diagonal lines are the combinations of strategies which are never realized because
t(r;) < t(p;) (i=1, 2) must be satisfied in this timing game. See Proposition 1 for the values of the profits in each cell.

Proposition 3.

(i) The following relationship always holds in the combinations
of the sequence of timing that constitutes the SPNE, irre-
spective of the values of the parameters:

t(r) =t(r;) <t(p) <t(p;) (. J) = (1,2)0r (2, 1)).

(ii) The following relationship holds in the combinations of the
sequence of timing that can constitute a SPNE in some cases,
in which the values of the exogenous parameters fall into a
certain region:

t(ry) <t(m) <t <t(p;) (@i, j) = (1,2)0r (2, 1)).

Proposition 3 is the most central result in this paper; therefore,
they provide a useful operational implication. To illustrate this im-
plication, Fig. 2 describes the timelines of optimal sequences of
pricing decisions by the manufacturer and the retailers. Timeline
(i) in the figure shows the sequence of decisions that always con-
stitutes the equilibrium, while Timeline (ii) shows the sequence of
decisions that can constitute the equilibrium depending on the val-
ues of the exogenous parameters. In particular, Timeline (i) pro-
poses a decision guideline concerning desirable pricing timing for
supply chain members. Namely, the manufacturer must first set
the wholesale prices of r; and r;, Retailer i then sets the retail price
p;» and Retailer j finally sets the retail price p;. By setting prices
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(i) always SPNE

The manufacturer Retailer i sets Retailer j
—>| sets both > the retail > sets the ———>
wholesale  prices price of p;. retail price timeline
of r; and r;. of p;.
(i1) sometimes SPNE
The The Retailer i Retailer j
—>| manufacturer >| manufacturer >| sets the >| sets the |5
sets the sets the retail price retail price
wholesale price wholesale price of p;. of p;.
of 7. of ri.

Fig. 2. Equilibrium sequence of pricing decisions in timeline.

Note: "(i) always SPNE" represents that the sequence of decisions on the timeline constitutes the SPNE and is thus stable irrespective of the values of the parameters.
Meanwhile, "(ii) sometimes SPNE" represents that the sequence of decisions constitutes the SPNE only when the values of the exogenous parameters fall into a certain
region. Note that (i, j)=(1, 2) or (2, 1).

along this timeline, the three supply chain members attain a stable strate that when two competing firms set prices sequentially, both

equilibrium, in which the profit for each member is maximized. the first mover and the second mover achieve higher profits than
Note that the two separate cases in Proposition 3 further sug- when the firms set prices simultaneously, irrespective of which
gest the following implication for the manufacturer. If the manu- firm is the first mover in the sequential case. Therefore, multiple

facturer does not set both wholesale prices at the same time so equilibria, in which one of the two retailers is the first mover and
that t(r;) =t(r;) holds, the manufacturer may face the risk that the the other is the second mover, arise in the timing game of the
Nash equilibrium disappears in the timing game in stage one be- model in this paper. This is the fundamental rationale for why the
cause a SPNE exists only when the exogenous parameter values fall sequential move game among the retailers always occurs in the
into a certain region in this case. Actually, Proposition 2 shows that SPNE in our model. On the other hand, the manufacturer has an
the combination of (¢(r;), t(r;), t(p;), t(p;))=(2, 1, 3, 4) might not incentive to determine its wholesale prices for both channels as

constitute a SPNE when the values of the exogenous parameters early as possible, because the manufacturer can set its prices at
fall into a certain region. Consequently, the manufacturer should the optimal level by predicting the future reactions of the retail-
simultaneously set its wholesale prices of products sold to sepa- ers through backward induction, thus mitigating inefficient double
rate retailers to avoid the risk that the equilibrium determining a marginalization of the products.”> To sum up, the main results in
stable pricing sequence disappears. this paper are consistent with these theoretical OR insights gained
in the literature, which underpins the robustness of the implica-

6. Conclusion and discussion tions derived from the model.
Finally, it should be noted that there can be other possible fac-
This paper examines the optimal timing of wholesale and re- tors in real markets that potentially affect the timing of decisions
tail pricing in two-echelon multi-channel supply chains. Introduc- made by supply chain members. For example, because we assume
ing the framework of the observable delay game, we derive man- that the second stage in our model consists of multiple periods, a
agerial implications concerning the timing of when wholesale and firm setting its price in a later period may obtain a learning effect.
retail prices should be set. First, the manufacturer must simultane- If we also consider the learning effect for a firm buying a prod-

ously set its wholesale prices of products that are sold to separate ~ uct later as a factor in the model, the late mover in the game will
retailers at the same time. Second, the retailers must sequentially have an additional positive payoff from the learning effect, which

set respective retail prices at different times; namely, the retailers increases the incentive for a retailer to set its price in a later pe-
must stagger their timings of setting retail prices. riod. Here, remember that one of the major results in this paper is

The mechanism that leads to our results can be explained from that the retailers sequentially set respective retail prices in differ-
a game-theoretic perspective. Specifically, the major results are as- ent periods in equilibrium; that is, the retailers stagger their tim-
sociated with the incentive for a manufacturer to synchronize the ings of setting retail prices. This major result does not change even
wholesale pricing applied to multiple retailers and with the incen- if we consider the learning effect of the late mover, because this

tive for retailers to stagger the timing of retail pricing. As briefly increased late-mover advantage resulting from the learning effect
discussed in the first section, the rationale for why a sequential makes the state in which the two retailers simultaneously make

move game occurs among the retailers is explicable by the con- their decisions more unstable. In other words, the learning effect
cept of second-mover advantage arising in price competition. That induces a retailer to set its price later and hence to dislike the
is, previous game-theoretic work has shown that when price com-  Simultaneous price setting. To sum up, the major finding derived
petition between two firms occurs, the firm that determines its from our model that the two retailers set prices not simultane-

price later generates higher profit than the firm that determines its ~ Ously but rather sequentially in equilibrium is robust, even under
price earlier (e.g., Gal-Or, 1985). This advantage of a later decision the presence of the learning effect.

is called the second-mover advantage. Due to retailers’ incentives

to obtain this second-mover advantage, simultaneous price setting

becomes unstable and the retailers tend to prefer sequential price 12 See Spengler (1950) for details regarding how double marginalization negatively
setting. Moreover, van Damme and Hurkens (2004, p. 405) demon- impacts overall supply chain profit.
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Appendix

Proof of Proposition 1. We use a standard process of backward
induction to derive the prices and payoffs in the SPNE at stage two
by the combination of timing strategies.

e 0w (10 () =(1 1) (3 3)

1 1 2 2 2 2 or 3 3
4 4)\3 3)\4 4) 4 4
Because the two retailers set the retail prices simultaneously at

the last move in this case, we first maximize profits for the two
retailers in Eq. (5) by solving d7;/dp; =d7;/dp; =0, yielding:

pbi = (b,‘(ij(ai +1i) — Q(Gj — rj)) - 92a,~)/(4bibj - 92),
i.J) = (1,2),(2,1). (A1)

Note that the second-order conditions for all maximization
problems in this appendix are satisfied because all profit functions
are concave and quadratic with respect to the strategic variable
(price). Therefore, we henceforth omit writing the second-order
conditions.

Next, we analyze the manufacturer’s decision on the wholesale
prices. We substitute Eq. (A1) into Eq. (6) and maximize the man-
ufacturer profit by solving d11/dr; = dI1/dr;=0, yielding:

ri=(a+c)/2 (.j) = (1,2). 2. (A2)

Substituting Eq. (A2) into Eq. (A1), we obtain the equilibrium
retail prices p;* and p;* in this proposition. Finally, we substitute
pi*, pj*, and Eq. (A2) into Egs. (5) and (6), obtaining IT and 7; in
equilibrium as IT* and 7 ;* ((i, j)=(1, 2), (2, 1)).

when <t<ri) t(r,-)) _

t(p) t(pj)
(1 2) (1 2) (2 3) or (1 3)
3 3)°\4 4)\4 4) 4 4
Using Eq. (5), we maximize 7r; and 7; with respect to p; and p;
respectively by solving d7;/0p; = d7;/dp;=0, yielding:

pbi = (bl(ZbJ(a, +r17)— G(Clj - r])) — 9201)/(4b1b1 - 02)

pj= (bj(Zbi(aj + Tj) - 9((11' - ri)) - 9201')/(417,‘[7]' - 92)
We put Eq. (A3) into the manufacturer’s profit in Eq. (6) and

maximize it with respect to r; by solving d11/dr; =0, yielding:

r‘:aj+cj_bj9(ai+cj—2ri) (A4)
! 2 2(2bib; - 62)

Case. (I)-(ii):

(A3)

Inserting Eq. (A4) into Eq. (A3), we have:

B bibj(a,»+ci—2ri) bi(ij(ai _Ci)+9(aj_cj))

Di=q; 2(2b,b] _ 02) - 2(4b1b] _ 92) 5 (AS)
pi=a;— b0 (ai +ci—2r;) bj(Zbi(aj - Cj) +6(a; - Ci)) (A6)
T 2(2bib; - 62) 2(4byb; — 62) ‘

After substituting Eqs. (A4), (A5), and (A6) into the manufac-
turer’s profit in Eq. (6), we maximize it with respect to r; by solv-
ing dI1/0r; =0, yielding:

ri=(a;+¢)/2. (A7)
Substituting Eq. (A7) into (A4), (A5), and (A6), we obtain p;*,

pj*, and:

rj=(a;+¢j)/2. (A8)

Inserting p;*, p;*, Eqs. (A7) and (A8) into Egs. (5) and (6), we
obtain the equilibrium manufacturer’s profit of IT* and retailer’s
profits of 7;* and 7;*.

() tap) (1 1) (1 1
Case. (II)-(i): when (t(pi) t(pjj)>_<2 3>, (2 4),

1 1 or 2 2
3 4) 3 4
Using Eq. (5), we first maximize the profit of Retailer j by solv-
ing 07;/dp; =0, yielding:
pj = (bi(aj +r;) — 0 (a; — py))/(2by). (A9)

After substituting Eq. (A9) into m; represented by Eq. (5), we
maximize 7; with respect to p; by solving dmr;/dp; =0, yielding:

s bif(a; —r;
pi:a,—krl_ i (] j) ‘ (A]O)
2 2(2bibj - 62)
Replacing p; in Eq. (A9) with Eq. (A10) yields:
4T 0%(a; —r; o
P]= a]—z‘rr] _ ( J ]) _ 9((11 rl). (Al])

4(2b,’bj —92) 4bi

We next substitute Egs. (A10) and (A11) into the manufacturer’s
profit of Eq. (6) and maximize it with respect to the two wholesale
prices by solving 9I1/dr; =011/ =0, obtaining:

r,—:(a,—+Cl-)/2,rj=(aj+Cj)/2. (A12)

Substituting Eq. (A12) into Eqs. (A10) and (A11) yields the equi-
librium retail prices as p;** and p;** in this proposition. Finally, we
substitute p;**, p/**, and Eq. (A12) into Egs. (5) and (6), yielding
[T, 7 and 7 ;**.

i try ) _ (1 2
Case. (II)-(ii): when (t(pi) t(pjj)> = (3 1

Using Eq. (5), we maximize the profit of Retailer j by solving
0m;/dp; =0, yielding:
pj = (bi(a; +1j) = 6(ai - p))/(2by). (A13)

After substituting Eq. (A13) into m; represented by Eq. (5), we
maximize 7; with respect to p; by solving dmr;/dp; =0, yielding:

s bif(a; —r;
pi:a:-Hl_ i (J J)‘ (A14)
2 2(2bibj - 62)
Replacing p; in Eq. (A13) with Eq. (A14) yields:
. . 02(a: —r; R
p] — a] —2"_r] _ ( ] ]) _ 0((11 rl) . (A15)

4(2blb] — 02) 4bl
We next substitute Eqs. (A14) and (A15) into the manufacturer’s

profit of Eq. (6) and maximize it with respect to r; by solving

0T1/dr; =0, obtaining:

p_GtG 0(ai+ci—2r;) bjb(ai+ci—2n)

) 6b; 3(dbb; —362)
We replace r; in Eqs. (A14) and (A15) with Eq. (A16), yielding

the retail prices as the functions of r;. Next, we further substitute

(A16)
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these retail prices and Eq. (A16) into the manufacturer’s profit of
Eq. (6) and maximize it with respect to r; by solving dI1/dr;=0,
yielding:

ri=(a;+¢)/2. (A17)
Substituting Eq. (A17) into Eq. (A16) gives:
rj= (aj+Cj)/2. (A18)

Substituting Eqs. (A17) and (A18) into Egs. (A14) and (A15)
yields the equilibrium retail prices of p;** and p;**. Substituting
pi**, pj**, Eqs. (A17) and (A18) into Egs. (5) and (6) gives the equi-
librium manufacturer’s profit of IT** and retailer profits of 7;** and

EEd
T[J .

t(r;)  t(ry) 2 1
Case. (II)-(iii): when ! =
(-G (r(m) t(p,—)) (3 4>
Using Eq. (5), we maximize the profit of Retailer j by solving
d7;/0p; =0, yielding:

pj = (bifa; +17) — 0@ — p))/(2by).

After substituting Eq. (A19) into m; of Eq. (5), we maximize 7;
with respect to p; by solving drr;/dp; =0, yielding:

a+r b (a]- - rj)
- _ . A2

(A19)

Replacing p; in Eq. (A19) with Eq. (A20) gives:

o aj+Tj

0%(aj—1))  H(a-1)
Pj= 5 - .

4(2b,’bj — 02) 4bi

(A21)

After substituting Eqs. (A20) and (A21) into IT of Eq. (6), we
maximize it with respect to r; by solving d11/dr; =0, yielding:

3 bl-9(aj+cj—2rj) (A22)
2(2bib; - 62)

a; + G
Ii= D)

We replace r; in Egs. (A20) and (A21) with Eq. (A22), yielding
the retail prices as functions of r;. We then substitute these retail
prices and Eq. (A22) into the manufacturer’s profit of Eq. (6) and
maximize it with respect to r; by solving dI1/dr; =0, obtaining:

ri = (aj+¢j)/2. (A23)
Substituting Eq. (A23) into Eq. (A22), we have:
I = (ai + C;)/z. (A24)

Inserting Eqs. (A23) and (A24) into Eqs. (A20) and (A21) yields
equilibrium retail prices as p;** and p;**. Furthermore, substituting
pi**, pj**, Eqs. (A23) and (A24) into Egs. (5) and (6) yields the equi-
librium manufacturer’s profit of IT** and retailers’ profits of m;**
and 7.

. ()t (1 2\ (1 2\ (1 3
Case. (III): when (t(p,-) t(p]j)>_<2 3>,<2 4>,<3 4),
2 3
3 4

We maximize the profit of Retailer j represented by Eq. (5) by
solving d7;/dp; =0, yielding:

pj = (bifa; +17) — 0@ — p))/(2by).

After substituting Eq. (A25) into IT in Eq. (6) and m; of Eq. (5),
we respectively maximize IT and 7; with respect to r; and p; by

or

(A25)

solving dI1/drj=0m;/dp; =0, yielding:

. bl(4blb] — QZ)aj + (2blb] — 92)(217,‘(.’]‘ — 9(ai +2¢ — 37',‘))
I bi(8bib; — 562) ’

(A26)

B bi(4bj(ai + T,‘) - 9((1]‘ - Cj)) — 92(3(1,‘ +C + Ti) (A27)
bi= 8bib; — 502 '
Substituting Eqs. (A26) and (A27) into Eq. (A25), we obtain:
~_9aj+¢;  03ai+c—4n)
Pi=— ~ 10b;
3bj(2bf(aj - Cj) +6(a; + 2¢; — 31‘{))
5(8bib; — 502) '
We insert Eqgs. (A26), (A27), and (A28) into IT in Eq. (6) and
maximize it with respect to r; by solving d11/dr; =0, yielding:
492(b,0(aj — Cj) — (2b,b] - 92) (ai - Ci))
2(2b;bj — 62)(16b;b; — 762)
Inserting Eq. (A29) into Eqgs. (A26), (A27), and (A28) yields the
equilibrium retail prices of p;** and p;** in this proposition and:

(A28)

a; + G
Ii= D)

(A29)

a; +c;j
e Bl

0((2bib; — 62) (@i — &) — bif) (a; - ;)
] 2 .

bi(16b;b; — 762)

(A30)

Substituting p;**, p;***, Eqs. (A29) and (A30) into Egs. (5) and
(6), we have the equilibrium manufacturer’s profit of IT** and re-
tailers’ profits of 7;** and 7 ;***.

. trp)  trp)y_(1 3
Case. (IV): when (t(p,-) t(pjj)) = (2 4)

Using Eq. (5), we maximize the profit of Retailer j by solving
dm;/dp;=0, yielding:
pj = (bi(aj + ;) — 6(a; — py))/(2by).

After substituting Eq. (A31) into I, represented by Eq. (6), we
maximize IT with respect to r; by solving 9I1/dr; =0, yielding:

(A31)

rA_aj+cj_9(a,z+c,‘—p,-—r,-)

= 25, . (A32)
Replacing r; in Eq. (A31) with Eq. (A32), we have:
3aj+¢; 6@a;+c¢—3pi—T;
pj= 14 i (3a; ‘1le Pi 1). (A33)
1

Substituting Eqs. (A32) and (A33) into m; in Eq. (5) and maxi-
mizing it with respect to p;, we have:
bi(360(a; — ¢;) — 4bj(a; — ¢i)
— . (A34)
6(4b;b; — 362)

Substituting Eq. (A34) into Eqs. (A32) and (A33) gives:

3(11' +C + 2r,»
bi= 6

. _7a;+5¢  0(ai+5¢—8r) bj(bi(a; — ;) — 0 (ai — )
12 12b; 3(4b;b; — 362)
(A35)
_Tai+¢; 0Baitc—4n) bj(bi(a; —c;) —0(a; — i)
bi=—% 8h; '

2(4bibj —302)
(A36)
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After substituting Eqs. (A34), (A35), and (A36) into IT as rep-
resented by Eq. (6), we maximize IT with respect to r; by solving
dI1/dr; =0, yielding:

. a; + ¢ _ 92((2bjbj - 92)((11‘ —G) — Gbi(aj - Cj)) (A37)
o2 4(1602b2 — 2102bb; +764)

Inserting Eq. (A37) into Eq. (A35), we have:

r‘_aj+cj+9(4bibj_392)((2bb — 62 (ai—¢;))—6bi(a;—c;))
o2 4b;(16b7b% — 2162b;b; + 764 '

(A38)

Substituting Eq. (A37) into Eqgs. (A34) and (A36) yields the equi-
librium retail prices p;*** and p;**** in this proposition. Finally, in-
serting p;**** and p;***, and Eqs. (A37) and (A38) into Egs. (5) and
(6) yields the equilibrium profits as: IT=TIT*** m;=m;*** and

The equilibrium profits and prices shown in Cases (I)-(IV) of
this proposition by the combination of timing strategies summa-
rize all the cases examined in this proof. O

Proof of Corollary 1. In this proof, upper case notations are de-
fined as: Ai = a;-C (i=], 2), By = b1b2—92, By = 2b1b2—92,
Bz = 4b1b2—02, B3 = 4b1b2—302, B4 = 16b1b2—792, and BS =
16b12b,2-2102b1b, + 70%. Initially, we confirm that all of these
variables in upper cases are positive. First, the assumption of
Inequality (2) (b;>6, i=1, 2) obviously guarantees that By >0,
B;>0, B,>0, B3>0, and B4 >0 hold. Second, B5; = 16b;2b,2-
2162b1by + 764 =16(b1b,-2160232)% +764/64 > 0.

Proposition 1 suggests that the following two inequalities
hold.

I* — IT** = 0% (B,A; — bifA;)” /(16b;BoB, B;) > O

I — [T = 62(B,A; — bifA;)’ /(16bBoB; B4) > 0
Next, the following equation holds.
62 (B1A; — bioA;)’ (32626 — 32b;b,6 + 76%)
/(16b;BoB1B4Bs)
Note that 32b13b? —32b;b;02 + 764 =32(b;b; — 02/2)® — 6. The
assumption of Inequality (2) (b; >0, i=1, 2) indicates that b;b; > 62
holds. Therefore, 32b12b§ —32b;b;02 + 764 is convex with respect to

b;b; and hence takes its lowest value when bibj=62. Substituting
bb; =62 into 32b12b? —32b;b;6? + 764 yields 704, which is positive.
Hence, IT** — [T*** > 0 holds.

Next, we examine the order of profits of retailers. First, the fol-
lowing inequality holds.

= —0*(B1A; b@A) /(32b,BOBleZ) <0

Second, the following equation holds.

T — [T =

.
-

T — Pt = 0% (96b7b? — 185b7b56° + 118b;b;6* — 256°)
X (B]Ai — bieAj)z/(BZbiBoB1Bsz)
Note that 96b7b3 — 185b7b36 + 118b;b ;64 — 256° =

05(96(b;b;/62)° — 185(b;b;/0%)* + 118(b;b;/62) — 25) holds. The
factor of 96(b;b;/62)3 — 185(b;b;/6%)? + 118(b;b;/6%) — 25 in this
equation is a cubic function with respect to b,-bj/éﬂ. We confirm
through simple computation that the function has two local
extremums with respect to b,-b,»/@2 when bibj/92 is approximately
0.588 or 0.696. Because the assumption of Inequality (2) (b; > 6,
i=1, 2) indicates that b,»bj/92>1 holds, this cubic function has

its global minimum when b;b;/0% =1. Substituting b;b;/0? =1 into
96(b;b;/02)® —185(b;b;/02)% + 118(b;b;/62) — 25 gives 4, which is
positive. Hence, 7r;* — 77;*** < 0 holds.

Third, the following equation holds.

w - = —62(192b7b3 — 130b7b%6% + 17b;b;6* + 26°)
X (BlAi — b,QAJ) /(4bl‘BoB1BzzB4 )

Note that 192b?b% — 130b7b%0% + 17b;b;0% +20° =
05(192(b;b;/0%)> — 130(b;b;/62)” + 17(b;b;/0%) +2) holds. The
factor of 192(b;b;/02)3 —130(b;b;/6%)? +17(b;b;/62) +2 in this
equation is a cubic function with respect to bibj/02. We confirm
after simple computation that the function has local extremums
with respect to b;b;/02 when b;b;/0? is approximately 0.079 or
0.372. Because the assumption of Inequality (2) (b;>6, i=1,
2) indicates that bibj/92>1 holds, this cubic function has its
global minimum when b;b;/6? =1. Substituting b;b;/6?=1 into
192(b;b;/62)3 — 130(b;b;/6%)? +17(b;b;/62) + 2 gives 81, which is
positive. Hence, 7} — 7;** < 0 holds.

Fourth, the following equation holds.

—6*(512b7b} — 1208b7b36* + 1034b7b36*
—378b;b;6° + 496%)
X (B]Ai - biGAj)z/(4biBgBlB42352)

kKK skeskskok
T — P =

Note that 512b{b} — 1208b7b362 + 1034b?b%6* — 378b;b;0° +

4968 = 68(512(b;b;/62)" — 1208(b;b;/62)* + 1034(b;b;/62)°

—378(b;ib;/0%) +49) holds. The factor of 512(b;b;/0%)* -
1208(b,b1/62)3 + 1034(b1b]/92)2 - 378(b1b]/02) +49 in this
equation is a quartic function with respect to b,-bj/92. We confirm
through simple computation that the function has local extremums
with respect to b;b;/0? when b;b;/6? is approximately 0.397, 0.608,
or 0.765. Because the assumption of Inequality (2) (b;>¥6, i=1,
2) indicates that bibj/02>1 holds, this quartic function has its
global minimum when b;b;/6? =1. Substituting b;b;/6?=1 into
512(b;b;/6%)* — 1208(b;b;/62)3 + 1034(b;b;/62)% — 378(b;b;/6%) +
49 gives 9, which is positive. Hence, 7;** — 7;*** < 0 holds.

Finally, the following equation holds.

77,']‘* - ﬂ'j** = 93(3 A - bGAJ)(QB1 (Sb,bj - 92)A,-
— b;i(32b7b% — 32b;b;62 + 76*)A;) / (64b;BoB1B,*)

The assumption of Inequality (3) in our model suggests that the
following condition must be satisfied.

bi0A;/(2bib; — 6%) < A; < (2b;/0 — 0 /b;)A;

Because mj*-7;** is a quadratic function with respect to A;
and the coefficient on A;? is positive, 7T*~** is convex with re-
spect to A;. Moreover, 7;*-7;** =0 when A;=b;0A; /(2bb —02),
and -1 =—04(bib; 792)A /(64b; b2(2bb —62)%) <0 when

=(2b;/0 — 60/bj)A;. These two values mdlcate that 7 /*-m** <0

always holds within the domain of definitions of the parameters.
O

Proof of Corollary 2. We substitute (i, j)=(1, 2) into m;*
and (i, j)=(2, 1) into 7 in Case (IlI) of Proposition 1, cal-
Culating 7T 7'[ = (9b Az —B A]) /(32b BOBI) — (sz3A]
—931A2)2/(64b230812). If this value is positive, the profit of Re-
tailer 1 under the strategies (t(r;), t(ry), t(p1), t(p2))=(1, 1, 2, 3) is
higher than that under the strategies (t(r1), t(r2), t(p1), t(p2))=(1,
1, 4, 3).
(6b1A;—B1A1)?/(32b1BBy ) —(byB3A; —6B1A3)?/ (64b,BoBy %) >
is restated das A1/A) < (b] bz (2]31 b2 - 92) - (blbz - 02)

RV 2b1b2(2b]b2 - 02 )/(b29(3b1b2 - 202)) or
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(b1by(2byby — 62) + (byby — 62)1/2b1 by (2b1by — 62))/(b26 (3b,
by —262)) < A;/A,. The symmetry of this inequality between
Retailers 1 and 2 proves (i) of this corollary.

Next, we substitute (i, j)=(1, 2) into m;** in Case (IlI)
and (i, j)=(2, 1) into 7 in Case (Il), calculating 7;**~
7 = (By% (B1A; — 0b1A;)*)/(2b1BoB1B4>) — (byB3A; — 0B1Ay)?/
(64b,ByB1%). If this value is positive, the profit of Re-
tailer 1 under the strategies (t(r1), t(ry), t(p1), t(p2))=(1, 2,
2, 3) is higher than that under the strategies (t(ry), t(ry),
tp1), Up))=(1, 2, 4, 3). (By>(ByAy —60b1Ay)*)/(2b1Bs’BoBy)-
(byB3A; — OB1A3)?/(64b,BoB1%) > 0 is restated as: A;/Ay

<(2560b;*b,*0 — 3472b13b,363 + 1556b12b,2605 — 230b,b,07 -

860 (64b,3b,> — 108b,%b,%602 + 51b,by64 — 766).,/2b,b, (2b1b, — 62))

/(2(1536b7*by> — 2064b,3b,%02 + 760b1%b,3604 + 7b1b,206 —
32b,08)) or  (2560b;*b,*0 — 3472b,3b,363 + 1556b,%b,%05 —
230b,b,07 1 86(64b;>by> — 108b,2b,%62 + 51b;b,0% — 765)

/2b1b,(2b1b; — 62))](2(1536b;*b,> — 2064b°b,*02 +
760b12b,3604 + 7b1b,205 — 32b,608)) < A;/A;,. The symmetry of
this inequality between Retailers 1 and 2 proves (ii) of the
corollary. O

Proof of Proposition 2. Table 2 suggests that the cells in which
all of the three payoffs are circled with a solid line are: (t(r;),
t(r])v t(pl)v t(pj)):(]v 1? 21 4)v (2v 21 3v 4)v or (3v 3v 4! 4) ((l,
J)=(1, 2), (2, 1)), which correspond to (i) in this proposition.
Meanwhile, the cells in which some payoffs are circled with a
solid line and the others are circled with a dotted line include:
(t(ry), t(ry), t(py), tp))=(1, 1, 2, 3), (1, 1, 3, 4), or (2, 1, 3, 4) ((i,
=@, 2), (2, 1)), which correspond to (ii)-(iv) in this proposi-
tion. Corollary 1 and (i) in Corollary 2 prove that (&(r;), t(r;), t(p;),
tp))=(1, 1, 2, 3) or (1, 1, 3, 4) respectively constitute a SPNE if
the conditions of the inequalities in (ii) or (iii) in this proposi-
tion are satisfied because no supply chain member has an incen-
tive to change its timing strategy. Likewise, Corollary 1 and (ii) in
Corollary 2 prove that (t(r;), t(r), t(p;), t(p;))=(2, 1, 3, 4) consti-
tute a SPNE if the inequality in (iv) in this proposition is satisfied.
Finally, restatement of ;> 7; under strategies (i(r;), t(r;), t(p;),
tp))=(1,1,2,4),(2,23,4),(1,12,3),(1, 1,3, 4), and (2, 1, 3,

4) ylelds AI/AJ < b,‘(93 741/4b,'bj — 292(blb] — 92))/((4b,b1 — 392)
(Zb,b] — 92)) or bi(93 + 4,/4bib]‘ — 292(b,b] — 92))/((4[)11)] — 392)
(Zb,b] —92)) <A1/A] O

Proof of Lemma 1. When (t(r;), t(r}), t(p;), t(p;))=(3, 3, 4, 4), the
profit of Retailer j is 7;*. By changing its pricing timing from
t(pj)=4 to t(p;)=>5 when the number of periods is more than four,
Retailer j increases its profit from 7;* to 7;** because the com-
bination of the timing changes from (t(r;), t(r;), t(p;), t(p;))=(3, 3,
4, 4) to (t(r;), o(r;), t(p;), t(p;))=(3, 3, 4, 5) and the resulting se-
quence of pricing corresponds to Case (II) in Proposition 1. This
means that Retailer j has an incentive to deviate from the strat-
egy that t(p;)=4, indicating that (t(r;), &(r;), t(p;), t(p;))=(3, 3, 4, 4)
no longer constitutes the Nash equilibrium of the timing game in
stage one. As a result, (t(r;), t(r), t(p;), t(p;))=(3, 3, 4, 4) does not
constitute the SPNE of the whole dynamic game when the number
of periods is set at more than four. O

Proof of Proposition 3. From Proposition 2 and Lemma 1, the
combinations of timings that always constitute the SPNE under the
general setting where there are more than four periods include:
(t(ry), ory), tpy) tp;))=(1, 1, 2, 4) and (2, 2, 3, 4) ((i, j)=(1, 2)
or (2, 1)). Both of the combinations satisfy t(r;) = t(r;) < t(p;) < t(p;)-
Meanwhile, the proposition and the lemma suggest that the com-
binations of timings that can constitute the SPNE under the general
setting include: (&(r;), &(r;), t(p;), tp)))=(1, 1, 2, 3), (1, 1, 3, 4), and

(2, 1, 3, 4), all of which satisfy t(r;) < t(r;) < t(p;) < t(p;) ((i, j)=(1, 2)
or (2,1)).0
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