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Abstract: This paper studies production-and-order strategies under three production systems in
which the supplier’s production quantity is constrained by the upfront preparations of capacity due
to a long production season. The newsvendor-like retailer may make an advance order at the begin-
ning of the production season, relying on early demand information, or a delay order at the end of
the production season, depending on the updated demand information. In two special cases of per-
fect and imperfect demand information updates, this paper analytically derives the optimal decision
equilibrium of a supplier-led Stackelberg game for three production-and-order strategies: (1) ad-
vance order under single regular production, (2) delay order under single emergency production
and (3) delay order under two-mode production. In the case of perfect information updates, all three
strategies likely become the equilibrium strategies that depend on the instant wholesale price and
on the production cost for emergency production. In the case of imperfect information updates, the
strategy of advance orders under regular production represents the unique equilibrium of the sup-
ply chain. Furthermore, the effect of general demand information updates on the equilibrium strat-
egy is analyzed. Counterintuitively, the research results show that the retailer is more profitable
with imperfect information updates than with perfect information updates when a high instant
wholesale price is charged. In sharp contrast to previous studies, where the supplier always benefits
from a two-mode production system due to its flexibility, our results indicate that the supplier
would prefer a single regular production system when the production cost under emergency pro-
duction is large, or the quality of demand information is high. Numerical examples verify our the-
oretical results.

Keywords: supply chain management; production-and-order strategy; production system; capacity
restriction; demand information updates

MSC: 90B06

1. Introduction

The mismatch between supply and demand leads to an increasing cost of inventory
and/or stock-outs, which seriously damages supply chain performance. Traditional enter-
prises usually utilize historical data to forecast demand. However, since the market envi-
ronment changes quickly, demand forecasts based on historical data may not be accurate
[1,2,3]. For example, in the early 2000s, some high-tech enterprises declared bankruptcy
due to sharp demand shortfalls [4]. Recently, with the rapid development of information
technology, market information can easily be collected and employed for improving de-
mand forecast accuracy [5]. For instance, the web logs of Amazon gather more than 30 GB
of data every day to collect and analyze market consumption data [6]. Many fashion
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companies, such as Uniqlo, Zara and Topshop, have adopted big data technology to ob-
tain updated demand information to make ordering more accurate decisions and improve
channel performance. To better match supply and demand, downstream retailers prefer
to postpone making their order decisions until more accurate demand information is
available [7]. However, due to a long production lead time in fashion apparel and high-
tech industries, the upstream supplier builds capacity prior to receiving final orders from
the downstream retailer so as to provide timely order fulfilment. High demand uncer-
tainty and short lifecycles increase the risk of surplus capacity for the supplier [8]. Hence,
upstream suppliers prefer retailers to place full orders as early as possible. Such decision
conflict between the supplier and retailer results in an inefficient supply chain, which has
received considerable attention in the supply chain management literature and industrial
practice.

Motivated by the abovementioned real business scenario, this paper studies the equi-
librium strategy of production and ordering in a two-echelon supply chain with demand
information updates and capacity restriction. The demand information can be updated
during the supplier’s long production season. The retailer could order at the beginning of
the production season using less accurate early demand information (i.e., advance order)
or order at the beginning of the sales season using more accurate updated demand infor-
mation (i.e., delay order). To induce the retailer to place orders as early as possible, the
supplier offers a smaller wholesale price under an advance order (i.e., an advance whole-
sale price) than that under delay order (i.e., instant wholesale price). Under an advance
order, the retailer takes all of the risk, while they could be charged a low advance whole-
sale price. On the contrary, under delay order, the retailer only takes part of the risk but
will be charged a high instant wholesale price. To decide on a profit-maximizing ordering
strategy, including ordering time selection and ordering quantity decision, the retailer has
to evaluate the trade-off between a higher wholesale price and a lower market risk if
delay order is available.

Furthermore, to match the supplier’s production and the retailer’s order, one of the
approachesis to postpone some (or all) production until demand information is updated
[9]. Many studies have categorized this approach into two-mode production systems, in-
cluding regular mode and emergency mode [10,11,12]. Generally, the production cost in
the regular mode is lower than that in the emergency mode. If the retailer chooses to order
in advance, the supplier adopts the regular mode to produce goods according to a “make-
to-order” policy. The supplier sets a lower advance wholesale price and takes a smaller
production cost without any production risk. If the retailer chooses delay order, the sup-
plier adopts the emergency mode or two-mode production. It is worth pointing out that
since production lead time is long, the supplier has to prepare its capacity in advance.
Hence, the production quantity in the emergency mode is constrained by the initially pre-
pared capacity. Compared with the regular mode, the supplier faces a higher instant
wholesale price and a bigger emergency production cost, and may bear some over-capac-
ity risk. Similarly, to determine a profit-maximizing production strategy, including pro-
duction time selection and production quantity decision, there exists a trade-off for the
supplier between a higher wholesale price and a larger market risk under the emergency
mode.

Our research is significant in that this paper studies supply chain management by
considering both demand information updates and capacity restriction. As shown in the
literature review (Section 2), previous studies show that when the wholesale price is con-
stant before or after demand information updates, the retailer always benefits from order
flexibility, whereas the supplier only benefits when the level of flexibility is small [13,14].
However, this paper assumes that the wholesale price is variable. Additionally, existing
papers have shown that the emergency mode always benefits the supply chain without
capacity restriction [15,16]. The difference is that this paper has a capacity restriction in
the emergency mode. Considering a two-echelon supply chain composed of a supplier
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with capacity restriction and a retailer that can update demand information, we address
the following questions:

(1) What is the optimal production-and-order strategy in a two-echelon supply chain
with demand information updates and capacity restrictions?

(2) How are the decisions and performance of the supply chain affected by the variable
wholesale prices and the quality of demand information updates?

(3) Is there an equilibrium strategy of production and order among the supply chain
members?

To answer above questions, this paper constructs a two-stage dynamic-game theo-
retical model with demand information updates and capacity restriction. Meanwhile, we
consider three production and ordering strategies: (1) Strategy 1: the retailer chooses to
make an advance order and the supplier adopts the regular mode; (2) Strategy 2: the re-
tailer chooses to delay placing orders and the supplier adopts the emergency mode; (3)
Strategy 3: the retailer chooses to make a delay order and the supplier adopts a two-mode
production system. We have technically derived the supplier’s optimal production strat-
egy policy and the retailer’s optimal ordering strategy under strategies 1-3, respectively.
By comparing the supply chain members’ expected profits under above three strategies,
the study shows that there exists a unique equilibrium strategy of production and order-
ing when demand information updates are imperfect or perfect. Furthermore, a numerical
simulation is executed to verify that the unique equilibrium strategy still exists when de-
mand information updates are general. This paper’s objective is to technically analyze
the equilibrium strategy of production and order in a two-echelon supply chain with de-
mand information updates and capacity restriction. Based on the obtained theoretical re-
sults, this study offers valuable insights into how firms could manage the supply chain’s
production and order when facing capacity restriction in the presence of demand infor-
mation updates.

Our study contributes to the literature as follows. First, this paper develops a two-
stage Stackelberg game model to derive the supplier’s optimal production strategy policy
and the retailer’s optimal ordering strategy with demand information updates and capac-
ity restriction. Second, this paper investigates the effect of demand information update
quality and wholesale price effects on the supply chain members’ optimal production and
order strategy selection. Contrary to previous studies, when the wholesale prices are var-
iable, the demand information updates benefit the retailer only when instant wholesale
price is at a low level. Interestingly, as long as the instant wholesale price is at a high level,
the supplier always benefits from demand information updates. Third, this paper further
proves that there exists a unique equilibrium strategy of production and ordering under
certain conditions. Therefore, our study offers valuable insights into how enterprises
could manage the supply chain with demand information updates and capacity re-
striction.

The remainder of this paper is organized as follows. Section 2 reviews the related
literature. Section 3 gives the model description. Section 4 studies the optimal production
and order decisions under three strategies. Section 5 provides strategy selection and equi-
librium analysis in two special cases. Section 6 conducts a numerical simulation with a
general demand signal. Section 7 gives the conclusion and management insights. For clar-
ity of exposition, all of the proofs are presented in Appendix A.

2. Literature Review

This paper mainly contributes to two streams of related research in supply chain
management: production and ordering strategy with demand information updates and
production mode selection in inventory models. In what follows, a concise review and
further discussion is presented to highlight the differences and similarities between this
study and the reviewed literature.
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2.1. Production and Ordering Strategy with Demand Information Updates

Production and ordering strategies with demand information updates have received
a great deal of attention from researchers and practitioners in various settings. There are
two main research directions in the literature. In the first direction, demand information
updates occur during the sales season with a two-stage correlated-demand model. The
retailer can utilize the realized demand from the first stage to update the demand forecast
for the second stage [9-10,14,16-24]. For example, [10] studied the role of options in a two-
period model with correlated demand. They illustrated how options provide flexibility to
respond to market changes in the second period. The authors of [14] proposed an im-
proved revenue-sharing contract in a two-echelon supply chain with two ordering oppor-
tunities. In [9], the authors analyzed a two-stage supply chain model in which a reactive
production exists in Stage 2 after demand information is updated, but production capacity
must be prepared in Stage 1. The authors of [20] studied a two-stage inventory manage-
ment problem with demand information updates and a capital-constrained retailer. They
presented a recourse approach to solve the two-stage optimization problem and derive
the optimal inventory/financing policies.

Furthermore, in the second direction, demand information updates occur in the pro-
duction season. The retailer can update the demand forecast by observing new market
signals during the production season [3,8,15,25-38]. For example, [31] studied the optimal
ordering policy for a retailer who has two order instants before and after demand infor-
mation updates with an uncertain cost. They characterized the conditions in which it is
optimal for the retailer to delay its order until the second instant. In [25], the authors con-
sidered a two-stage dynamic optimization problem with a Bayesian update. They used
dynamic programming methods to derive the retailer’s optimal order strategy. In [28] and
[29], the authors proposed a three-parameter risk and profit-sharing contract to coordinate
the supply chain with demand information updates and price-dependent demands. The
authors of [36] analyzed a two-stage order model with capital constraints and demand
forecast update. They found that the optimal policy is characterized by targeted safety
capital. In [26], the authors studied the fashion quick response program with social media
observations, demand forecast updating and a boundedly rational retailer. He found that
the likelihood of good product reviews on social media plays a critical role in affecting the
value of quick response, and its effect is mediated by the fashion retailer’s prior attitudes
towards the market demand. The authors of [3] investigated a single two-echelon supply
chain consisting of a supplier and a capital-constrained retailer. They proved the existence
of optimal equilibrium solutions under both an advance order and regular order strate-
gies. In [37], authors proposed an option buyback hybrid contract to achieve perfect coor-
dination for a two-echelon supply chain under demand information updates. The authors
of [33] addressed the optimal production and procurement planning in a random yield
supply chain with perfect and imperfect demand information updating. They found that
the pure option contract can coordinate the supply chain only when demand information
is updated and perfect, while the option contract with a buyback mechanism can coordi-
nate the supply chain only when demand information is updated and imperfect. In [32],
the authors analyzed incentive strategies of low-carbon supply chains by considering the
information update of low-carbon preferences. They designed an optimal carbon reduc-
tion model for the government and proved that cooperation of profit-driven supply chain
members improves not only their profits but also carbon reduction efficiency. The authors
of [38] investigated the impact of information updates on product quantity, information
rent, and the profit of the supplier. They found that the multiperiod incentive mechanism
under limited commitment has an intertemporal effect compared to the incentive mecha-
nism under symmetric information and full commitment due to dishonest reporting by
retailers.

In addition, the first direction is reasonable for products with a long selling period,
while the second direction is acceptable for products with a short life cycle, and this paper
belongs to the latter. Prior works showed that demand information updates always
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beneficial to the retailer but may hurt the supplier. However, this paper develops game
models to derive the retailer’s optimal ordering strategy and the supplier’s optimal pro-
duction strategy with or without demand information updates. When the wholesale
prices are variable, our study finds that the retailer benefits from demand information
updates only when the wholesale price under delay orders is lower. However, the sup-
plier benefits from demand information updates as long as the wholesale price under de-
lay orders is large enough.

2.2. Production Mode Selection in Inventory Models

Many studies in the literature have investigated two-mode production systems in
inventory models in which both purely regular production modes and purely emergency
production modes are available [9-11,13,15,35,39-52]). For example, [15] developed supply
contracts to design proper a coordination mechanism for forecast information and pro-
duction decisions in a two-mode production environment. The author also examined
whether the coordination conditions under two-mode production systems ensured a Pa-
reto optimal solution with respect to two traditional production settings. The authors of
[43] studied a simple supply chain with one supplier and one retailer where there is a
random yield production and uncertain demand. They proposed several risk-sharing con-
tracts that distribute the random yield risk among parties and evaluate the supply chain
performance levels. In [41], the authors analyzed three types of supply contracts between
a supplier and a retailer in which the purchased item can be shipped to the retailer on an
expedited basis at no extra cost once stock-out occurs. The authors of [52] developed a
concept called EUOS (expected unit opportunity saving) to examine the expected benefit
received per unit of the option under different market scenarios. Most prior works have
shown that the mix-mode production system is more profitable than the single-mode pro-
duction systems (purely regular production mode and purely emergency production
mode). However, our study proves that not only the mix-mode production system but
also the single-mode production models could be optimal production strategies under
certain conditions. In [40], the authors studied inventory and production problems in a
sustainable green supply chain by constructing a multi-objective optimization model.
They focused on the impact of holding costs on green inventory decisions and system
performance. [48] investigated the fixed costs of ordering items and the optimality of
(s,S) policies for various inventory models. To explore future research extensions and
directions, they reviewed the extensive literature on continuous-time models over seven
decades. The authors of [46] studied the optimal production strategy and the optimal pric-
ing strategy in a festival food supply chain under two production modes. They designed
a risk-sharing mechanism for an option contract to coordinate such a supply chain under
certain conditions. In [50], the authors proposed a heuristic algorithm approach to solve
an MTO-MTS (Make-to-Order/Make-to-Stock) production system where finished and
semi-finished products are produced to meet customer demands. They verified the effec-
tiveness of the method by simulating it with multiple data sets from a steel plant. [47]
investigated comprehensive joint decision making consisting of technology selection, pro-
duction planning and pricing decisions in a two-echelon supply chain considering both
carbon emission tax and subsidy offered by the local government. They developed a
nested genetic algorithm (NGA) to solve the Stackelberg game model and shed light on
several important managerial implications for the manufacturer. The authors of [44] stud-
ied the optimal policy that minimizes cost by exploring two extreme advance delivery
information regimes, including full delivery information and partial delivery information
in an EOQ model. They found that advanced information can directly reduce operating
costs by reducing planning uncertainty. In [42], the authors introduced a new capital equi-
librium strategy that can effectively switch the control of system capital costs, ultimately
helping to reduce costs and enhance system stability.

Based on the above discussion, many studies of inventory models which utilize the
regular mode, emergency mode or both modes to meet uncertain market demands. These
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studies imply the assumption of constant demand fluctuations, and the problems studied
are also limited to the single-period decision environment. However, with the rapid de-
velopment of information technology, more and more enterprises are trying to use emerg-
ing digital technologies to collect and update demand information so as to respond
quickly to market changes. Therefore, this paper studies the production and order strat-
egy for a two-echelon supply chain in the context of demand information updates. Com-
pared with traditional research, there are two major changes: first, the demand fluctuation
is changing. In particular, demand uncertainty continues to decrease as demand infor-
mation is updated. Second, the decision making of supply chain members under the de-
mand information update is a two-stage dynamic process and will be more complex.

2.3. Research Gap and Contribution

Table 1 summarizes the related research and presents a comparative analysis. As
shown in Sections 2.1 and 2.2, this paper is closest to [3,9,33], but there are still several
major differences. It is worth noting that most studies focus on the impact of demand
information updates on the retailer’s ordering strategy, while ignoring the changes in the
supplier’s production decisions after demand information updates. In this paper, the re-
tailer can order before or after the demand information is updated, while the supplier’s
production can adopt the regular mode, the emergency mode, or two-mode of production
system. Our study attempts to explore the interaction between the retailer’s order and the
supplier’s production under demand information updates. Furthermore, compared with
[3,9,33], our study mainly focuses on how the supplier’s various production mode selec-
tion with capacity restrictions affects the retailer’s order strategy with demand infor-
mation updates. More importantly, this paper not only studies the optimal production
and ordering decisions in a two-echelon supply chain with capacity restriction and de-
mand information updates, but also the equilibrium strategy of production and ordering
as well as the role of variable wholesale prices and the quality of demand information
updates in a supply chain member’s strategy selection.

Table 1. Summary of the related literature.

. Wholesale Production Capacity Demanfl
Literatures . . . Information
Price Mode Restriction

Updates
[31] Variable Regular No Yes
[10] Variable Two No Yes
[28,29] Constant Regular Yes Yes
[14,16] Constant Regular No Yes
[41] Variable Two No No
[36] Variable Regular Yes Yes
[45] Constant Two No No
[52] Variable Regular Yes Yes
[9] Variable =~ Emergency Yes Yes
[3] Variable Regular No Yes
[37] Constant Regular Yes Yes
[33] Constant Two No Yes
[50] Constant Two No No
[47] Variable Regular No No
This paper Variable Two Yes Yes

This paper contributes to the literature in the following aspects: First, it develops a
game-theoretic decision making model of the supplier’s production and the retailer’s or-
der with capacity restrictions and demand information updates. In contrast, the existing
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literature mostly assumes that there is sufficient capacity, but demand information is not
updated. Second, it characterizes the optimal equilibriums of production and order strat-
egy between the supplier and retailer under perfect and imperfect demand information
updates, respectively. Unlike the existing literature that only focuses on a single produc-
tion mode, this paper explores how the supplier adopts the regular mode, emergency
mode, and two-mode systems to deal with a retailer’s orders with demand information
updates. Third, it examines the impact of demand information wupdate quality and
wholesale price changes on supply chain members’ selection of production and ordering
strategy; these theoretical findings may have some meaningful managerial implications
for inventory management and operation decisions of supply chain enterprises.

3. Model Description

This paper considers a two-echelon supply chain consisting of a single retailer (“he”)
and a single supplier (“she”). As the production lead time is long, the demand information
can be updated during the production season. For the retailer, there is only one oppor-
tunity to order, either order before demand information updates without new market sig-
nal (hereafter, advance order for brevity) or order after demand information updates with
new market signal (hereafter, delay order for brevity). On the other hand, for the supplier,
if the retailer chooses to make an advance order, the supplier would produce in the regular
mode at a cheap production cost following a “make-to-order” policy. In this case, the
retailer takes all the risk of overordering. If the retailer chooses to make a delay order, the
supplier needs to prepare capacity in advance. For this case, the retailer could transfer
part of overordering risk to the overproduction risk for the supplier. To reduce production
risk and fulfill the order, the supplier may produce in the emergency mode at an expen-
sive production cost or in a production system that combines two-mode (regular mode
and emergency mode). Hence, there will exist three possible production and order strat-
egies, which are shown in Figure 1.

The supplier’s
production strategy

The retailer’s order
strategy

v A/

—— Advance order—————3> Regular mode ——— Strategy 1

Single order ——» Emergency

——> Strategy 2
mode gy

——  Delay order —»

— Two-mode —— Strategy 3
Figure 1. Three production and order strategies.

3.1. The Progress of Demand Information Updates

The supply chain members face a stochastic market demand, which can be updated
by market signals observed during a long production season. Following [18], the process
of demand information updates is expressed as follows: At the beginning of the produc-
tion season (i.e., t = ty), the early demand information x has a prior probability distribu-
tion F(x) and a density function f(x). During a long production season (i.e., t = ty~t;),
the retailer will collect new market signal I by observing changes in consumers, where
G(I) and g(I) denote the marginal distribution and density of I, respectively. At the end
of the production season (i.e., t = t;), the new market signal I realized as i. The updated
demand information x|i has a posterior distribution H(x|i) and density function h(x|i).
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Many conjugate distributions can satisfy the above assumptions, such as Uniform-
Uniform, Uniform-Pareto, Gamma-Poisson, and Normal-Normal distributions. Without
loss of generality, assume that the joint distribution of the realized demand signal i and
the early demand information x, ¢(i, x), is a bivariate normal distribution with means m
and u, standard deviations s and ¢, and the correlation coefficient p. Following [53], x|i
is normally distributed with ' and o',

pt’=,u+p(i_s—m)J and ' =0./1— p?. (1)

where p represents the quality of demand information updates. The variance of x and
x|i is var(x) =0 and var(x|i) = ¢’ respectively. Since 0 <p <1, then var(x|i) <
var(x), which shows that the retailer can obtain a more accurate demand information
through demand information updates. Furthermore, there exist two special cases of the
quality of demand information updates as follows.

(1) p =0, var(x|i) = var(x), which indicates that the realized demand signal i
does not have any impacts on the demand uncertainty. This is called an imperfect signal.

(2) p =1, var(x|i) = 0, which indicates that the market demand can be completely
determined by the latest demand signal i. This is called a perfect signal.

Normally, 0 < p <1 indicates the general demand signal.

3.2. Costs

Due to a long production lead time, the supplier has to build capacity beforehand
at a unit cost c,. With the capacity prepared in advance, the supplier has two production
opportunities. She can produce via the regular mode with a cheap unit cost ¢; at the
beginning of the production season. In addition, she can produce via the emergency mode
at an expensive unit cost ¢, at the beginning of the sales season. With a two-mode pro-
duction system, the supplier offers two wholesale prices w; and w, to the retailer. As-
sume that ¢; < ¢, and w; < w, which are exogenously determined. Such assumptions
create two trade-offs for both the supplier and the retailer. To determine the profit-max-
imizing order strategies, the retailer has to evaluate the trade-off between a more accurate
forecast and a higher unit cost after demand information updates. Similarly, the supplier
has to evaluate the trade-off between an overcapacity risk and a higher wholesale price
after demand information updates.

3.3. The Decision Progress in Three Strategies

The decision progress of three production and order strategies are expressed as fol-
lows, respectively.

(1) Strategy 1 (Advance order with the regular mode): As shown in Figure 2, at t =
to, the retailer first determines the order quantity Qf based on the early demand infor-
mation x atunit wholesale price w,. Then, the supplier prepares capacity M atunit cost
¢o and produces M{ in the regular mode at unit cost ¢;. By adopting a “make-to-order”
policy, we obtain M} = M{ = Q3.

(A1)
(A12)

| Long production season

[ T

f Demand information updating
A

Retailer : Q)
Supplier: M) =M=0Q),

Short sales season |

—_——— s —1 h

I
I
I
(B.1.1) Early demand information : x ~ f(t) (B.2.1) Realized demand signal: [ =i ~ 2_’(1)
(BB.1.2) New demand signal: [ ~ g(j} (B.2.2) Updated demand information: x| 7~ A(x| f)

Figure 2. The decision progress of strategy 1.
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(2) Strategy 2 (Delay order with the emergency mode): As shown in Figure 3, at t =
to, the supplier first prepares capacity MZ based on the early demand information x at
unit cost cy. Then, at t = t,, the retailer determines order quantity Q7 based on the up-
dated demand information x|i atunit wholesale price w,. To provide timely order fulfil-
ment, the supplier will produce M3 in the emergency mode at unit cost ¢,. Due to the
initial prepared capacity limit, we obtain Q7 = M7 < M¢.

(A2.1) Retailer : le
(A.1.1) Supplier: A, (A.2.2) Supplier : M7 = min {M&,Qﬁ}

!

Long production season Short sales season |

T
Demand information updating

~

___}_-—» e b

N
]
|
(B.1.1) Early demand information : x ~ f(x) (B.2.1) Realized demand signal: =i~ g(i)
(B.1.2) New demand signal: 1 ~ g(l ) (B.2.2) Updated demand information: x|i ~ (x| i)

Figure 3. The decision progress of strategy 2.

(3) Strategy 3 (Two-mode of delayed order production system): As shown in Figure
4, at t = t,, according to the early demand information x, the supplier prepares capacity
M§ at unit cost ¢, and produces M3 in the regular mode at unit cost ¢,. At t = ¢, the
retailer determines order quantity Q3 based on the updated demand information x|i at
unit wholesale price w,. If Q3 > M3, then the supplier produces M3 in the emergency
mode at unit cost ¢, in the case of shortage. In addition, due to initial prepared capacity
limit, we obtain Q3 < M§.

(A.L.1) Supplicr: Mf“ (A.2.1) Retailer : Q;
(A.1.2) Supplier: M} (A.2.2) Supplier : A1 = [min {02}, 0 - 13

| l

| Long production season | Short sales season | <
>
| — T _ | | &
& Demand information updating 7 5
A ~
1 1
| |
1
(B.1.1) Early demand information : x ~ f(x] (B.2.1) Realized demand signal: [ =i ~ g(:)
(B3.1.2) New demand signal: T ~ ‘«,-(1) (B.2.2) Updated demand information: x|i~ I:[,r|i]

Figure 4. The decision progress of strategy 3.

3.4. Notation and Assumption

After considering the existing literature and realistic situations, some research as-
sumptions for demand information updates are presented as follows: (1) i is expressed
in the same unit as total demand with a lower support i,;, = 0 [31]; (2) the demand in-
formation updates make the demand forecast more accurate than the original forecast
[28,29]; (3) the random variable x|i isincreasingin i [8]; (4) when i; < i,, the cumulative
distribution H(x|i) for x given i satisfies H(x|i;) = H(x[i,) [52]; (5) the demand infor-
mation and the conditional distribution of the final demand is symmetric for all supply
chain parties [28,29,52]; and (6) all distributions are continuous, differentiable, invertible
and independent of the cost and price [30].

Furthermore, to avoid meaningless situations and non-trivial cases, similarly to [33],
assume that p > w, > w; > ¢, > ¢y > ¢y > vy > V5 > v, where p is retail price, and v,,
vs and v, are the salvage values of unused capacity, unused capacity and unsold prod-
uct, respectively. Without a loss of generality, the holding cost and penalty cost are as-
sumed to be zero [51].
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For simplicity, the notation is summarized in Table 2.
Table 2. Notations and explanations.
Notation Explanation
Early demand information
I New demand signal
i Realized demand signal
x|i Updated demand information
p Retail price
Co Capacity cost
ol Production cost in the regular mode
(o Production cost in the emergency mode
Vo Salvage value of unused capacity
Vg Salvage value of unused product
vy Salvage value of unsold product
Wy Wholesale price in an advance order
w, Wholesale price in a delay order
K Advance order quantity in strategy k, where k =1, 2, 3 (decision
0 variable)
X Delay order quantity in strategy k, where k = 1, 2, 3 (decision
@ variable)
M Capacity quantity in strategy k, where k = 1, 2, 3 (decision variable)
MK Regular production quantity in strategy k, where k =1, 2, 3 (decision
! variable)
MK Emergency production quantity in strategy k, where k=1,2,3
z (decision variable)
k() Expected profit of the retailer in strategy k, where k =1,2,3
¥ () Expected profit of the supplier in strategy k, where k =1, 2, 3
f©), FC) Probability density and distribution function of x
g, GO Probability density and distribution function of I

h(x|i), H(x|i) Probability density and distribution function of x|i when [ =i

4. The Decision Analysis
4.1. Strategy 1: Advance Order with Regular Mode

In this case, the retailer faces a newsvendor problem with uncertain market demand,
while the supplier faces a production problem with deterministic demand from the re-
tailer. Hence, the retailer takes all demand risk and the supplier takes no demand risk.
Similarly to [3], let m(Qg) be the retailer’s expected profit function in strategy 1. Then,
the retailer’s problem is expressed as optimization problem (P1).

(P1): Maximize mr(Q})
Qo

subjectto Qf =0,

where 7} (Qg) = Epy{p min{x, Q5} — w1Qg + v-(Q5 — x)*}. Then, proposition 1 shows the
retailer’s optimal order quantity Q3" in strategy 1.

Proposition 1. m}(Qg) is concave in Q5 and Q5" = F~* (i__‘:l)'

When the retailer chooses to order in advance without demand information updates, Proposi-
tion 1 shows that the retailer’s optimal advance order quantity depends on the advance wholesale

price, retail price, and the salvage value of unsold products. This is consistent with classical
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research results in supply chain management. Based on the optimal Qg*, the retailer’s expected
profit in strategy 1 is

mt = (p—w)Qd — (p— 1) [ F@)dx. @)

Under strategy 1, the supplier prepares capacity M§ and produces M7 in the regular mode
with M§ = M{ = Q3. Then, the supplier’s expected profit function is

nsl(M(}:M%) =Ww; Q(} - COM& - CIM(}'

Since the supplier adopts “make-to-order” policy, then M{* = M{* = Q*. Hence, the sup-

plier’s expected profit in strategy 1 is

s = (W = ¢o — 1) Q5" (©)

4.2. Strategy 2: Delay Order with Emergency Mode

In this case, the retailer faces a newsvendor problem with demand information up-
dates, while the supplier faces a production problem with uncertain capacity from the
retailer. Compared with strategy 1, part of the demand risk is transferred from the retailer
to the supplier in strategy 2. Hence, the retailer takes overstock risk and the supplier bears
overcapacity risk due to demand uncertainty. The backward induction is utilized to solve
the supply chain members’ problem.

First, at t = t;, given Mg and I =i, let w2(M§,i; Q7) be the retailer’s expected profit
function in strategy 2. Then, the retailer’s problem is expressed as optimization problem
(P2).

(P2): Max(‘i?gnize nz(M§,i; QF)

subjectto 0 < Q7 < Mg,

where  m2(M3, QD) = Eqylpmin{x, 07} — w,Qf +4,(Q2 — 0%} . Let  Qfli=
Ht (% |i), where H1(- |i) is the inverse function of H(: |i). Then, proposition 2 estab-

lishes the retailer’s optimal order quantity Q7* in strategy 2.

Proposition 2. Given M, I =i in sales season, w?(M¢E,i; Q%) is concave in QF, and Q% =

(@Rl i i<y, o
min{Qf|i, M{} = {Mg, if 0> iy where iyz satisfies Q7 |iyz = Mg.
Proposition 2 shows that when the retailer chooses to make a delay order when de-
mand information is updated, the retailer’s optimal delay order quantity depends not only
on the realized demand signal but also on the supplier’s initial capacity restriction. It in-
dicates that the supplier’s advance capacity decision and updated demand information
constrain the retailer’s ordering behavior. This also implies that the value of the retailer’s
demand information update will be limited due to capacity restrictions. There exists a
signal threshold iy2 such that the retailer’s optimal delay order quantity just equals the
supplier’s initial prepared capacity quantity. From Proposition 2, when the realized de-
mand signal is smaller than the information threshold value, i.e., i < ng, the supplier’s
capacity is sufficient to satisfy the retailer’s order, ie., Qf* = Qf|i < M§. By adopting a
“make-to-order” policy, the supplier’s optimal production quantity is M2* = QZ|i. For this
case, the expected profit of the retailer and the supplier is

2 (M2, 55 Q210) = (p — w)Q2li — (0 — v) [ Fxli)dx, 4)

”sz(Mg'l'; lell) = (w, _CZ)Q12|i+V0(Mg_Q12|i)- ®)
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However, when the realized demand signal is larger than the threshold value, i.e.,
i > i)z, then the supplier’s capacity is insufficient to satisfy the retailer’s order, i.e., Qili >
M§. Since ©}(M§,i; Q*) is unimodal, then Qf* = M§. The supplier’s optimal production
quantity in the emergency mode is M2* = M¢. In this case, the expected profits of the re-
tailer and the supplier at the beginning of sales season are

r2(M, i M3) = (p — )M — (p — v,) [ F(x|)dx, (6)

”sz(Mg'i; Mg) = (w; — Cz)Mg- ()

Next, at t = t,, let mZ(M§) be the supplier expected profit function in strategy 2.
Then, the supplier’s problem is expressed as optimization problem (P3).

(P3): Maximize f (M§)
Mg

subjectto M2 >0 (P3)
i [e0)
where n2(M3) = —¢oM3 + J,"0 n2(M3, i; Q1)) dG (i) + Jo (M3, i; M§) dG (D).
0

Following the proposition gives the supplier’s optimal capacity quantity in strategy
2.
ey . . . . . Wo—Ca—C
Proposition 3. ©Z(M§) is concave in Mg, and M§* satisfies G (lMg*) = ﬁ
Proposition 3 shows that the supplier’s optimal capacity quantity not only depends
on the initial capacity cost but is also influenced by the emergency production cost. Fol-
lowing Proposition 3, the retailer’s realized optimal order in strategy 2 is Q** =
min{Q?|i, MZ*}, and his expected profit at the beginning of the sales season is

w2 = )" [ - w et - 0 =) [F Hexlddx] a6 ) + [ [0 - o
WM = (p = v,) [ HCxl0)dx] dG D).

Similarly, the supplier’s expected profit in strategy 2 is

m§ = —coMg" + folMg*[(Wz — ) QF i + vo(M§™ — QF D] dG () +
7 Tws — c)ME 1 dG (D).

oo
2%
Mg

©)

4.3. Strategy 3: Delay Order with Two-Mode Production

In this case, the retailer still faces a newsvendor problem with demand information
updates, while the supplier faces a two-stage production problem with uncertain demand
from the retailer. The retailer’s order decision in strategy 3 is consistent with his counter-
part in strategy 2. However, the supplier prepares capacity and produces using a two-
mode production system to fulfill the retailer’s order. Compared with strategy 1 or 2, the
supplier takes both overcapacity risk and overproduction risk in strategy 3. Hence, this
paper further studies the supplier’s optimal production decision in the two-mode produc-
tion system.

First, at t = t;, given M§, M3, and I =i, it is optimal for the retailer to order Q3,
then there exist three scenarios associated with the supplier's emergency production
quantity M3 as follows: (1) If Q3 < M7 < M§, that is, the regular production quantity is
enough to satisfy the retailer’s order quantity, then the emergency production is M3 = 0,
the unused product in the regular mode is M7 — Q3, and the unused capacity is M§ — M3;
() If M} < @} < Mg, that is, the regular production quantity is not enough but initial ca-
pacity quantity is sufficient to satisfy the retailer’s order quantity, then the emergency
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production is M3 = Q3 — M3, the unused product is 0, and the unused capacity is M§ —
Q3; 3)If Mj < M§ < Q3, thatis, both the regular production quantity and initial capacity
quantity is sufficient to satisfy the retailer’s order quantity, then the emergency produc-
tionis M3 = M§ — M3, the unused product is 0, and the unused capacity is 0. Taking the
above three cases into consideration, the supplier's expected profit in strategy 3 at the
beginning of the sales season is given by

ﬂss(Mg'Mls'iiM;) = WzQi% - Cz[min{Mg,Qf}—Mf’]*' + UO[MS’ -

max{M3, Q3}]* + vy (M7 — Q3)*. (10)

where the first term is revenue from selling products, the second term is production cost
in the emergency mode, the third term is the salvage value of unused capacity, and the
fourth term is the salvage value of unused product.

For the retailer, the decision making at the beginning of the sales season is identical
to strategy 2 except for the capacity quantity, which should be replaced by M§.Let Q3|i =
Qli=H1 (w |i). Then, the retailer’s optimal order quantity at ¢t = t; in Strategy 3 is

pP—vr 3
Q3i, if i<iyz
3x _ o035 13 — 8

= min{Q3|i, M3} = e
L e ME, if i= [

expected profit of the retailer is

where iy satisfies Q7|iyz = M. Similarly, the

m3(M3,i; Q310), if i<iyz
M3, Q3 =] L L (11)

w2 (Mg, i; Mg), if lZLMg,

where

31i ,

T (M3, 5 Q311) = (p — wy)Q31i — (p — v) [ H(xli)dx, (12)
3

T3 (M3, M3) = (p —w)MZ — (p — v,) [ H(x|i)dx. (13)

With the optimal order quantity Q3" following [50], there exist two threshold values
iyz and iys with iys > iys such that Qf’|ng = M3 and Qf|iM% = M3, which leads to
the following: (1) When i < iys < iy3, then Qi = Qf|i <M} < M§ and M3* =0; (2)
When iys <i< iy, then M{ < Qi =0Qf|i< M§ and M3* =Qi|i—M;; (3) When
iys < i3 <1 then M{ < Qf" = M§ and M3 = Mg — Mj. Therefore, an equivalent form
of Equation (4.13) is given as follows
n3(M3, M3,i;0), if 1< iy < iys

m3(M3, M3, i; M3) = { w3 (M3, M3, 1; Q3 i — M?), if Iy S TS Dy (14)
3 (Mg, M3, 5 M3 — M2), if i< iys < iy,

where

3 (M3, M3,i;0) = w,Q3|i + vo(M§ — M3) + v (M3 — Q30), (15)
w3 (M3, M3, 1; Q3 i = M3) = w, Q3 |i — c(QF i — M3) + vo(M§ — Q3 ), (16)

w3 (M3, M3, i; Mg — M7) = w; MG — c;(M§ — M5). 17)

Next, at t = t,, let 73(M§, M;) be the supplier expected profit function in strategy 3.
Then, the supplier’s problem is expressed as optimization problem (P4).

(P4): Maximijze 3 (M3, M3)
M§ M3 s

subjectto M3 = M3 >0,

where
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i 3 i 3
nd (M3, M7) = —coM§ — c,M? + [ w3 (M3, M3,5;0) dG (D) + [, " m3 (M3, M7, §; QF i — M7) dG (1) +
. " (18)
S m3 (M3, M3, i; M§ — M3) dG ().
Mg
The following proposition gives the supplier’s optimal capacity quantity and optimal
regular production quantity in strategy 3.

Proposition 4. n3(M3, M3) is joint concave in M§ and M3, and Mg* satisfies G(ng*) =
2220 3 = min{M3, M3*} where satisfies G (1\73) =24

wy—ca—vy Co+vg—vs

Comparing Propositions 3 and 4, it can be found that the supplier will prepare the
same quantity of capacity in strategies 2 and 3. In strategy 2, the supplier who only adopts
emergency production mode faces a high production cost but a deterministic order from
the retailer. However, in strategy 3, the supplier who only adopts two modes to carry out
separate production could face a lower average production cost but takes a risk of over/
under-capacity. Following Proposition 4, the retailer’s realized optimal order in strategy
3is Q3" = min{Q3|i, M§*}, and his expected profit is

73 = folM%* @ - w3l - - v) fOQ%'iF(xli)dx] dG (@) + fl:: |-

2 (19)
WM = (p =) [, F(xi)dx| dG (D).

Similarly, the supplier’s expected profit in strategy 3 at the beginning of production
season is

i 34
13 = —coM3* — M + [ [y Qi + vo(M3* — M3*) + v (M3* —
i 3%
QIDGQ) + [, [wyQ3li — ¢ (Q31i = M%) + vo(ME" — QFIDIAGD +  (20)
M7

Jo o wa M3 = e (M3" = MP)] G D).
0

5. Strategy Selection

In this section, this paper studies the optimal production and order strategy for the
supplier and the retailer, respectively. With different demand information update qual-
ity, the retailer and the supplier may have different selections. Without a loss of generality,
this paper analyzes the value of demand information updates in two special cases: imper-
fect information with p = 0 and perfect information with p = 1. When p € (0,1), it is
challenging to obtain analytical results of the optimal strategy selection for the supplier
and the retailer. Hence, this paper will conduct a numerical analysis in Section 6 to show
the optimal strategy selection for the supplier and the retailer.
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5.1. Imperfect Demand Signal with p = 0

When p = 0, the demand signal observed during the production does not have any
impact on the demand uncertainty. Hence, the demand distribution at the beginning of
the sales season satisfies F(x|i) = F(x). When p = 0 under strategy 1, the expected profit
of the retailer is

71(0) = (p — w)QE(0) — (p — v [X P F(x)dx, (21)

p—wy

and the optimal order quantity of the retailer is Qg(0) = F~! (p_v ) Similarly, under

strategy 2, the expected profit of the retailer is

72(0) = (p — w)Q2(0) — (0 — v) [A O F(x)dx, (22)

p—wz
pP—Vr
retailer’s expected profit and the order quantity are consistent with his counterpart under
strategy 2, i.e, m2(0) = 73(0) and Q%(0) = Q;(0). Since w; < w,, then Q§(0) > QZ(0) =
Q3(0). Therefore, the retailer will always choose strategy 1 when the demand signal is
imperfect (see schematic diagram, Figure 5).

and the optimal order quantity of the retailer is Q#(0) = F~! ( ) Under strategy 3, the

74(0)

Strategy ] —m

W,

Figure 5. Optimal order strategy for the retailer with imperfect information.

Next, the strategy preference from the supplier’s perspective with p = 0 is studied.
Under strategy 1, adopting a “make-to-order” policy, the supplier’s optimal capacity
quantity and regular production quantity equal the retailer’s optimal order quantity, i.e.,
Mg (0) = M1 (0) = Q3(0). Then, the expected profit of the supplier is

m5(0) = Wy — ¢o — ¢1)Q5(0). (23)

The demand information is symmetric for both members. Thus, under strategy 2, the
supplier would prepare capacity M¢(0) = Q#(0) and then produce MZ(0) = Qf(0) inthe
emergency mode. Then, the expected profit of the supplier is

ﬂsz(o) =W, —¢o — CZ)Q%(O)- (24)

Similarly, under strategy 3, the supplier would prepare capacity M§(0) = @Q3(0) and
then produce M3 (0) = Q3(0) in the regular mode. Then, the expected profit of the sup-
plier is

m3(0) = (W — o — ¢1)Q{ (0). (25)
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Since ¢, >c¢; and Q#(0) = Q3(0), then m2(0) < w3(0). However, since w; < w,
and Q§(0) > Q#(0), the relationship between 71(0) and 73(0) is not so clear.

Based on the above discussion, the optimal strategy selection for the supplier with
imperfect information is as follows.

Proposition 5. When p =0, there exist two threshold values w,1(0) and w,,(0) with
Wy, (0) < wy,(0) such that:

(D If wy < wy < wyy(0), then w1 (0) > 13(0) > 1Z(0), the supplier prefers strategy 1;

(2) If wy5(0) < wy < wyq(0), then 2(0) > w3 (0) > w2(0), the supplier prefers stratey
3

(3) If wy1(0) < w, < p, then m3(0) > 2(0) > 11(0), the supplier prefers strategy 3;
where

Q3 (0)

wy1(0) = ¢+ ¢y + (W — o —¢y) sz(o)’ (26)
Q5(0)

Wo2(0) = ¢+ ¢ + Wy —cp — 1) 5. (27)
Qi (0)

Proposition 5 shows that when the demand signal is imperfect, the supplier’s optimal
strategy selection depends on w, (see schematic diagram Figure 6). If the retailer chooses
to make a delay order, the supplier could charge a higher wholesale price (i.e.,, w, > w,),
while the retailer would place a smaller order quantity (i.e., Q3(0) > QZ(0) = Q3(0)).
When w, is at a low level (i.e, w; <w, < w,,(0)), the supplier prefers the retailer to
place order in advance. When w, is at a moderate level (i.e., w,,(0) < w, < w,,(0)), the
supplier prefers to achieve a larger profit from a delay order. For this case, either strategy
3 or strategy 2 is superior to strategy 1. It is worth noting that the supplier has the first-
move advantage in strategy 3 compared with strategy 2. Without strategy 3, the supplier
still prefers the retailer to make an advance order due to 73 (0) > 7Z(0). When w, isata
high level (i.e., w,1(0) < w, < p), the supplier always prefers the retailer to make a delay
order to obtain more profit. From Proposition 5, even though the demand information is
not updated, the supplier still needs a trade-off between a higher wholesale price and a
smaller order quantity from the retailer. This is consistent with the classical supply chain
wholesale price contract theory.

T I
|| —7'(0)
| [ &
| | ——T =)

K—Strategy 14I _J_ }(0)
|
|
|
|
|

/

I
I
7£(0) l
| \
I
| !
:(—Strategy 3
| \
| \
| I
I 1
w) Wss (O) Wa, (0) P
W,

Figure 6. Optimal order strategy for the supplier with imperfect information.
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Based on the above discussion, only when w; < w, < w,,(0), there exists a strategy
equilibrium in which both the supplier and the retailer prefer strategy 1 (see schematic
diagram Figure 7). Otherwise, the retailer’s strategy preference is not consistent with the
supplier’s strategy preference. Therefore, to induce the retailer to choose a strategy con-
sistent to hers, the supplier could adjust the w, in the interval [w;, w,,(0)].

Strategy 1
Retailer €--------——-—-—-—-—-- " f _eig X ----------------- 3
Equilibrium | | | R
(Strategy 1) ‘ | [ "w
o w;,(0) Wai (0) p =
Supplier ¢-====s-ssc==- Pl e ) 2 e 4
Strategy 1 Strategy 3

Figure 7. Equilibrium strategy with imperfect information.

Theorem 1. When p = 0, if and only if wy < w, < w,,(0), there exists a strategy equilibrium
such that both the supplier and the retailer prefer strategy 1.

From Theorem 1, when the demand signal is imperfect, the retailer always prefers to
make an advance order to avoid a larger wholesale price w,. Although the supplier has
an intention to make a delay order to obtain more profit when w,,(0) < w, <p, it can-
not be accepted by the retailer. Hence, in order to achieve supply chain cooperation, it is
beneficial for the supplier to set w, in the interval [w;, w,,(0)]. Then, in the case of p =
0, the equilibrium strategy only can be strategy 1.

5.2. Perfect Demand Signal with p = 1

When p=1, p' =u+ @ and ¢’ = 0. The demand during the sales season can

G-

be completely determined by the realized demand signal i, i.e., x|i = u + Tm)o Hence,

once the retailer observes I = i at the beginning of the sales season, then he would order
min {,u + @ M(’)‘(l)} with k =1, 2, 3. For this special case, the supply chain members’
optimal strategy selection is studied. First, the retailer’s optimal ordering strategy is ana-
lyzed. Under strategy 1, the expected profit of the retailer is

7 (1) = Egy[p minfx, Q5(1)} + v-(Q5 (1) — ) — w,Q5(1)]

Q3 (1) (28)
=@-w)QM - @-v) [ Fl)dx,
. . . . . 1 _ -1 (P—W1
and the optimal ordering quantity of the retailer is Qj(1) = F (—p_vr).
Similarly, under strategy 2, the expected profit of the retailer is
m2(1) = By [ (p — wz) min {u + 2%, M3 (1)
(29)

= (p—wy) [f;“ﬁ“) [+ S a6 + 7 ME) da(i)],

(ME(1)-u)s
o

where iy =m+ , and MZ(1) is the supplier’s capacity quantity under strat-

egy 2. The retailer’s optimal ordering quantity is Q%(1) = min {u + e 2 (1)}.

S
Under strategy 3, from Propositions 3 and 4, MZ(1) = M3 (1). Then, Q#(1) = Q;(1) =

(i-m)o

min {y +— ,Mg(l)}. Hence, the retailer’s expected profit is consistent with his coun-
terpart under strategy 2, i.e., w3(1) = 3(1). The following proposition shows the optimal

strategy selection of the retailer when the demand signal is perfect.

Proposition 6. When p = 1, then there exists a threshold value w,, (1) such that:
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(1) If wy < wy < wyy (1), then mt(1) < m2(1) = n2(1), the retailer prefers strategy 2 or 3;
(2) If wy; (1) < wy < p, then w}(1) = nZ(1) = n3 (1), the retailer prefers strategy 1; where
E(x) [p min{x,Q&(1)}+vr(Q3(1)—x)+—W1Q3(1)]

E{i} [min{u+ (i—lﬂ) U,Mg (1)}]

wy (1) =p (30)

Proposition 6 shows that even though the demand signal is perfect, the retailer’s op-
timal strategy selection still depends on w, (see schematic diagram Figure 8). When the
retailer places an order at ¢t = t;, he would have more accurate demand information (i.e.,
var(x|i) < var(x)), while he also would be charged a higher wholesale price (i.e., w, >
w;). The retailer has to evaluate the trade-off between more accurate demand information
and a higher wholesale price at t = t;. From Proposition 6, only when w, is at a low
level (i.e., w; < w, < w,;(1)), the retailer would obtain more profit under strategy 2 or 3
compared with strategy 1. However, when w, is at a high level (i.e., w,1(1) < w, < p), it
is costly for the retailer to make a delay order.

\

} 20

w ()

1 =)
\
\
\
\

nt (1) §—Strategy |——
i |
\
\
\
\
K—Strategy 2 or 3=
\
\
|
N sy (l) P

W,

Figure 8. Optimal order strategy for the retailer with perfect information.

Next, the strategy selection from the supplier’s perspective with p =1 is studied.
Under strategy 1, by “make-to-order” policy, M} (1) = M{(1) = Q3(1) and the expected
profit of the supplier is

m5(1) = Wy — o — ) Q5 (D). @31)

Under strategy 2, the supplier needs to prepare capacity M§(1) in advance at t = t.
Then, by adopting a “make-to-order” policy, she would produce M3 (1) = Q#(1) =

(i-m)o

min {,u + , M2 (1)} in the emergency mode at t = t;. For this case, the expected profit

N

of the supplier is

m2(1) = —coM(1) + By [ (W, — )03 (1) + vo(ME(1) — 02(1))]
” . (32)
= Wy = ¢ = CIMFD) = W, — ¢ =) | ;"8 (M3 D) = = %) d6 ()|

Under strategy 3, the supplier prepares capacity M3(1) and produces M3 (1) at ¢t =
to in the regular mode. Then, the supplier produces [min{Mj(1), Q3 (1)} — M3 (1)]* at
t = t; in the emergency mode. In this case, the expected profit of the supplier is
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m3(1)
= —coMF (1) — e M3 (1) + Egy [w203 (1) = cp[min{M3 (1), 03 (1)} = ME(D]I* + vy [M3 (1) —
max{M3 (1), 3 (DY]* + v, (MZ(1) — Q3 ()] %)
= W, — ¢ — cIMA(D) — (w; — ¢ —v) J,"8 (MF(D) — = E22) dG (D) + (¢, — cIME(D) —

i ,
(cz +vo = v9) ;"1 (M3 (1) — i - E22%) dG (),

(MS(l)—u)s (M%(l)—u)s

where iz, =m+ and iysqy =m+
Note that, M2(1) = MO (1) and Q2(1) = Q3(1). Thus

w5 (1) — w3 (1)

= —(c) — c)M? N A (LA (34)
= —(c; —c)MP (1) + (c; + v Us)fo (Ml(l) p—— )dG(l),

Because of ¢, > ¢; > vg, neither strategy 2 nor strategy 3 is the dominant strategy
when the realized demand signal is perfect. Differently from the case of p = 0, in this case,
the supplier not only needs to make a trade-off between a higher wholesale price and a
lower ordering quantity, but also has to make a trade-off between a higher wholesale price
and a higher production cost, which leads to the following proposition.

Proposition 7. When p =1, there exist three threshold values c,(1), w,,(1) and w,3(1)
such that:

(1) When ¢; < ¢; < ¢c;(1), then m2(1) = w3(1), wys(1) = wyy (1) and: If wy <w, <
Wy5(1), then ml(1) = w2(1) = nd(1), and thus, the supplier prefers strateqy 1; If wy,(1) <
w, <p, n2(1) = ni(1),n2(1) = n3(1), thus, the supplzer prefers strategy 2.

(2) When ¢;(1) < ¢; <wy, then w2(1) < w3 (1), wys(1) < wyy(1) and: If wy < w, <
Wyy (1), then mi(1) = n3(1) = n2(1), and thus, the supplier prefers strategy 1; If (w,5(1) <
w, <p, m3(1) = nl(1),73(1) = nZ(1), and thus, the supplier prefers strategy 3;
where

6, (1) = MW+ mf“l“)(M%(l)—u E5)ac@ (35)
2 i i
w31, (7 ()-8 0o

(cat+co)MG(D)~(ca+v0) [, "MBD) (2 (1) - ~UT9) 46 i)+ (wy —co—c1) Q3 (1)
Wy, (1) = (36)
22 - 7
Mé(l)—fo 5D (M (1)-u-E%)ag i)

¢ (1)-n3(1)

Mo(l)(

Wwo3(1) = wy (1) + (37)

M-, (M3 W-u-)ac

From Proposition 7, when the demand signal is perfect, the supplier’s optimal strat-
egy selection depends on both the wholesale price in a delay order (i.e,, w;) and the pro-
duction cost in the emergency mode (i.e., ¢;). There exist two trade-offs that affect the
supplier’s strategy selection. First, comparing strategies 2 and 3, the supplier’s optimal
strategy selection depends on c,. The supplier faces a higher average production cost in
strategy 2 while takes a greater risk of overproduction and overcapacity in strategy 3.
Hence, the supplier has to make a trade-off between a higher average production cost and
a bigger overproduction risk between strategies 2 and 3. Second, comparing strategies 1,
and 2 or 3, the supplier’s optimal strategy selection depends on w,. Because of the trade-
off between a higher wholesale price and a larger overproduction risk in strategy 2 or 3,
the supplier does not always choose one strategy over the other. To be more specific, when
c; is atalow level (i.e., ¢; < ¢, < c,(1)), it is beneficial for the supplier to choose strategy
2 rather than strategy 3 to avoid overproduction risk (see schematic diagram Figure 9(1)).
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Then, when w, is atalow level (i.e., w; < w, < w,,(1)), the supplier would choose strat-
egy 1 without overproduction risk. When w, is at a high level (i.e.,, w,,(1) < w, < p), the
supplier prefers strategy 2 to obtain more profit. A similar discussion is shown in sche-
matic diagram Figure 9(2).

C<c < cz(l) cz(l)< C, < W,

! 1 T T
1 1 [—==0 @ [0
|| —— =) || m— 1)
= =0 i )
| i | i
| |
K—Strategy l—ﬂl : K—Strategy lql :
7 (1) ' — () ' ]
| : | :
| | | |
HStr:ategy 22— :( Stl:'ategy 3
| | | |
| | | |
W Wi (l ) Waz (I) 2 W Wiy (I) Way (] ) &
W, w,

Figure 9. Optimal strategy selection for the supplier with perfect information.

Finally, the strategy equilibrium of production and ordering with p = 1 is analyzed.
Let

2 .
Mo(l)(Mg(1)—#—(L_m)a)dG(i)

i
(c2+co)ME (1)~ (ca+v0) fo S

+(W1—co—c1)QR (D) +mE(1 38
p(l) — (;:;12(;0 c1)Qo (1) 7‘7-'7‘( ) , ( )
ma)-f," 0 (i) -p-EaG )
then wy,(1) —w,;(1) = p(1) —p and
w2(1)-n3(1)
ws(1) — wpy (1) = ng(l)s — . (39)
mg)-J,"0 (M3 ) -u-E1ag iy

According to Proposition 7(1), when ¢; < ¢; < (1), then wy3(1) = w,,(1) and
m2(1) — m3(1) = 0. Hence, wy3(1) = wy,(1). If p(1) = p, then wy,(1) = wy,(1). There-
fore, wy3(1) = wy,(1) = w,4(1). In this case, only when w,; (1) < w, < w,,(1), the strat-
egy equilibrium exists in which both members prefer strategy 1 (see schematic diagram
Figure 10(1)). If p(1) < p, then w,,(1) < w,;(1). Therefore, w,3(1) = w,;(1) = wy,(1). In
this case, only when w,,(1) < w, < w,;(1), the strategy equilibrium exists in which both
members prefer strategy 2 (see schematic diagram Figure 10(2)). According to Proposition
7(2), when c¢,(1) <c, <w;, then wy3(1) < w,,(1) and 7w2(1) —m3(1) < 0. Hence,
Wwy3(1) £ wyq(1). Similarly, if p(1) = p, then wy,(1) = w1 (1) and w,,(1) = wy;(1) =
w,3(1). Therefore, only when wy;(1) £ w, < w,,(1), the strategy equilibrium exists in
which both members prefer strategy 1 (see schematic diagram Figure 10(3)). If p(1) <p,
then wy,(1) < w,1(1) and wy;(1) = wy,(1) = wy3(1). Therefore, only when w,,(1) <
w, < wy;(1), the strategy equilibrium exists in which both members prefer strategy 3 (see
schematic diagram Figure 10(4)).
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Figure 10. Strategy equilibrium with perfect information.

Theorem 2. When p = 1, then
(1) When p(1) = p, if and

only if w1 (1) < wy < wyy(1), there exists a strategy equilib-

rium such that both the supplier and the retailer prefer strategy 1;

(2) When p(1) < p and ¢;

< ¢ £ ¢, (1), if and only if Wy, (1) < wy < wyq (1), there ex-

ists a strategy equilibrium such that both the supplier and the retailer prefer strategy 2;
(3)If p(1) < p and c,(1) < c; < wy, if and only if wy, (1) < wy < wyy (1), there exists a
strategy equilibrium such that both the supplier and the retailer prefer strategy 3.

Unlike Theorem 1 with p

= 0, when p = 1, Theorem 2 shows that all three strategies

discussed in this paper are likely to be the equilibrium strategy under certain conditions.
The equilibrium strategy is influenced by the wholesale price in a delay order (i.e., w,),
the production cost in the emergency mode (i.e., ¢,) and the retail price (i.e., p). In most
business practices, the wholesale price is determined by the supplier. Therefore, to ma-

nipulate the retailer to choose

a strategy consistent with hers, the supplier can adjust the

wholesale price to achieve supply chain cooperation and profit-maximizing.
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6. Numerical Simulation

In this section, the equilibrium of production and ordering strategy with a general
demand information update quality (i.e., 0 < p < 1) is studied through numerical simu-
lation. Similarly to [28,30], the relevant parameters settings for demand obeying a nor-
mal distribution are as follows: u =200, o0 =60, m =100, s =30; referring to [33,37], some
other parameters can be set as follows: ¢, =20, ¢; =40, ¢, =45, vy =18, vz =35, v, =30,
w; =65, w, =85, p =100, p = V3/2. To facilitate the analysis, when a parameter is ana-
lyzed, the values of the other parameters remain at the initial setting as shown above.

First, this section analyzes how the wholesale prices w, affects the profits and strat-
egy selection of supply chain members. Without loss of generality, assume that the whole-
sale price in advance orders is fixed (i.e,, w; = 65), and only the wholesale price in a delay
order is variable, which ranges from 66 to 99 (i.e., 65 < w, < 99). Given p = V372, Figure
11 shows the profits of supply chain members with three strategies. From Figure 11, the
profits of the retailer and the supplier under strategy 1 are fixed (i.e., m} = 5330.92, n; =
1000). However, under strategies 2 and 3, the retailer’s profit decreases in w,. There exists
a threshold value w;}! = 68.36 such that n} = 2 = 3. When 65 < w, < 68.36, then
n;y < mf =n3, and the retailer chooses strategies 2 and 3. When 68.36 < w, < 100, then
n; =2 = n3, and the retailer chooses strategy 1. For the supplier, her profit is concave
with respect to w, under strategies 2 and 3. To be more specific, there will exist two
threshold values wy = 67.48 and w? = 70.85 such that 7} = and nZ = 1, respec-
tively. When 65 < w, < 67.48, then n; > nd > nZ and the supplier prefers strategy 1.
When 67.46 < w, < 70.85 and 70.85 < w, <99, then nd > n! >n? and nl > n2 >nl,
and the supplier prefers strategy 3. Therefore, there exists an equilibrium region 67.48 <
w, < 68.36, in which both the retailer and the supplier prefer strategy 3. This is consistent
with Theorem 2(3).

6000

5000 -

4000 |-

3000 -

Profits

2000 -

1000

2

Figure 11. The equilibrium of production and ordering strategy with w, given p.

The range of w, is divided into four cases through the threshold values w, w; and
wZ. Next, for a given w,, the profits of the supply chain members with respect to the qual-
ity of demand information updates (i.e., p) are analyzed under different cases. The p var-
ies from 0.1 to 0.9. Specifically, Figure 12(1) presents the supply chain members’ profits
when w; <w, =66 < wy. Similarly, Figure 12(2)—(4) present the cases of wi < w, =
68 <wi, wh<w,=70<w? and wZ <w, =72 < p, respectively. In the above four
cases, under strategy 1, the supply chain members’ profits are fixed as p increases. This
is reasonable since under strategy 1, neither the supplier nor the retailer can take ad-
vantage of demand information updates under strategy 1. Under strategies 2 and 3, the
retailer’s profit always increases in p, while the supplier’s profit keeps decreasing in p.
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Profits

Profits

6000

(1) w1<w2=66<ws

This is because when the retailer adopts delay orders, he could take advantage of demand
information updates. As p increases, the accuracy of the demand forecast is higher and
the mismatch between the retailer’s order and the market demand is smaller. As a result,
the retailer’s profit increases. However, due to a long production season, the supplier
needs to prepare capacity in advance. Once the retailer makes a delay order after demand
information updates, the mismatch between the supplier’s production and the retailer’s
order increases as p increases. Hence, the supplier’s profit decreases.

1 1 - 1
(2) ws<w2-68<wr
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Figure 12. The equilibrium of production and ordering strategy with p given w,.

Furthermore, for the retailer, he must make a trade-off between a high wholesale
price (i.e,, w,) and more accurate demand information (i.e., p) at t = t,; Similarly, for the
supplier, she has to make a trade-off between a high revenue from the retailer (i.e., w;)
and a large overproduction risk (i.e., p) at t = t,. Hence, there are some differences be-
tween the retailer’s and supplier’s strategy selection as follows. As can be seen from Figure
12(1), since w, — w; is small, the retailer always benefits more from demand information
updates (i.e.,, mZ =m; > m}). Hence, the retailer prefers strategies 2 and 3 when w; <
w, = 66 < wl. However, there exists a p; =0.36 such that 7l = 73 > nl. When 0 <p <
p1 =0.36, the supplier could benefit from demand information updates with a high reve-
nue from the retailer (i.e., ©3 > 3 > n2). Then, the supplier prefers strategy 3. When p; <
p < 1, the supplier cannot benefit from demand information updates with a great over-
production risk (i.e, mi>mn3 >nZ). Then, the supplier prefers strategy 1. This is
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consistent with [22]. And there exists an equilibrium region (w,, p) = (wy,wy) % (0,p,) in
which both the retailer and the supplier prefer strategy 3. From Figure 12(2), when w,
increases to wi < w, = 68 < w;}, both the retailer and the supplier could benefit from de-
mand information updates. Therefore, there exists an equilibrium area (w,,p) =
(wd,w}) x (0,1) in which both the retailer and the supplier prefer strategy 3. However,
when w, increases to w} <w, =70 <w? and wZ <w, =72 < p, since w, — w; is big,
only the supplier can benefit from demand information updates. Hence, there does not
exist any equilibrium area.

Finally, according to the discussion in Figure 12, for a given demand information
update quality, it can be concluded that the equilibrium of production and ordering strat-
egy mainly depends on the wholesale price in delay orders. In addition, it can be seen
from Figure 12 that, for a given w,, the equilibrium of production and ordering strategy
also depends on the quality of demand information updates. The strategic selection of
both suppliers and retailers will be affected by w, and p. Therefore, Figure 13 draws an
equilibrium graph of production and ordering strategy for the supplier and the retailer.
The optimal strategy selection of supply chain members is divided into three regions. In
region I, both the retailer and the supplier prefer strategy 3, which is also a unique equi-
librium. However, in regions II and III, the retailer and the supplier have different prefer-
ences. Thus, there does not exist a strategy equilibrium. The final strategy selection de-
pends on individual supply chain members’ negotiating powers. If the retailer’s negotiat-
ing power is higher, in regions II and III, strategy 1 would be adopted by the supply chain
even if it is non-equilibrium. Otherwise, the final strategy chosen by the supply chain is
strategy 3.

100
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III: No-equilibrium
BS | 1

751 |

wl=6836
r

> =0 36 i
S [I: No-equilibrium

0.4 0.5 0.6 0.7 0.8 0.9
#

Figure 13. The equilibrium area of production and ordering strategy with p and w,.

7. Conclusions and Management Insights
7.1. Conclusions and Theoretical Contribution

This paper investigates the management problems of production and order in a two-
echelon supply chain with demand information updates and capacity restrictions. Due to

a long production lead time, the supplier needs to prepare capacity in advance. The de-
mand information is updated during the supplier’s production season. The retailer can
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order before or after demand information updates, which is denoted as an advance order
or delay order. If the retailer chooses to make an advance order, the supplier adopts the
regular mode; if the retailer chooses to make a delay order, the supplier adopts the emer-
gency mode or a two-mode production system. Under the above settings, this paper stud-
ies the supplier’s optimal production strategy and the retailer’s optimal order strategy in
three Stackelberg game models. By comparing the expected profits of supply chain mem-
bers under three production and ordering strategies, this paper further explores the strat-
egy preference of supply chain members and obtains a strategy equilibrium under certain
conditions. The research shows that the strategy preference of supply chain members is
affected by the wholesale price under a delay order, the emergency production cost, and
the quality of demand information updates.

Specifically, the theoretical results show the following: (1) If updated demand infor-
mation is imperfect, the strategy preference of supply chain members is only related to
the wholesale price under a delay order. Only when the wholesale price under a delay
order is at a low level, strategy 1 is a unique strategy equilibrium which is preferred by
both the supplier and the retailer. (2) If updated demand information is perfect, the strat-
egy preference of supply chain members is related not only to the wholesale price under
a delay order but also to the emergency production costs. When the retail price is at a high
level, only when the wholesale price under a delay order is at middle level, strategy 1 is a
unique strategy equilibrium. When the retail price is at a low level, only when the emer-
gency production cost is at a low level, strategy 2 is a unique strategy equilibrium; other-
wise, strategy 3 is a unique strategy equilibrium. (3) If updated demand information is
general, the strategy preference of supply chain members is related by both the wholesale
price under a delay order and the quality of demand information updates. Only when
both the wholesale price under a delay order and the quality of demand information up-
dates are at a low level or the wholesale price under a delay order is at a middle level,
strategy 3 is a unique strategy equilibrium.

7.2. Management Insights and Practical Application

Our work points out two important managerial insights. First, when the wholesale
price under a delay order is at a high level, he should choose to make an advance order to
reduce the order cost; otherwise, he should choose delay orders to reduce the order risk.
Second, the supplier who needs to produce in advance could set the appropriate whole-
sale price under a delay order to induce the retailer to choose an order strategy consistent
with hers. For example, if the supplier prefers strategy 2 or 3, she should set a smaller
wholesale price under a delay order to induce the retailer to choose delay orders. On the
contrary, if the supplier prefers strategy 1, a larger wholesale price should be set under
delayed orders to induce the retailer to choose to make advance orders.

The practical application of this paper is reflected in the following three aspects: First,
it elaborates the actual value of demand information update to the retailer. When the
wholesale price after demand information update is too high, the retailer will choose to
order before the demand information is updated even though demand information up-
date is perfect. It suggests that the value of demand information update is limited. Hence,
retail enterprises need to consider the potential operating costs of demand information
updates when attempting to update demand information. Second, the supplier with a
long production lead time can offset the losses caused by demand information updates by
increasing wholesale prices after demand information is updated, thereby reducing the
retailer’s gains. Third, demand information update can reduce demand uncertainty,
which is of great significance for improving the overall benefits of the supply chain. How-
ever, the separation of production and order decisions under demand information up-
dates exacerbates the double marginal effect of the supply chain. Therefore, it is neces-
sary for supply chain members to negotiate wholesale prices to reduce decision conflicts
in an environment where demand information is updated.
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7.3. Future Research

The paper can be extended in the following two possible directions. First, this study
assumes that the supplier’s wholesale price after demand information updates is exoge-
nous. The previous discussion shows that the supplier can adjust the wholesale price after
demand information updates to reduce losses and capture the retailer’s gain. Hence, de-
termining how to utilize updated demand information to set appropriate wholesale prices
after demand information updates become a crucial challenge for the supplier. Second,
the current model of this research only studies production and ordering strategies with
the wholesale price contract. In fact, flexible contracts, such as options contracts, are in-
creasingly used in supply chain management due to higher demand risks. As a natural
extension of our work, future studies could consider the role of options in the supply chain
coordination with demand information updates.
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Appendix A

Proof of Proposition 1. In strategy 1, the retailer’s expected profit function is

1 (@8) = p (04 — [ FOdx) — wiQd + vy [ F(x)dx

= (- w0t - (0 —v) [ F)dx.
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0 —Vr

Proof of Proposition 2. In strategy 2, at t = t;, given M2, and I = i, the retailer’s expected
profit function is

2 2
ni(ME,i;Q3) =p (le - fOQl H(x|i)dx) - w,0% + v, fOQl H(x|i)dx
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H? (%H), where H™I(:|i) is the inverse function of H( |i). Since Q7 < M¢Z, the re-

tailer’s optimal order quantity Q7* satisfies Q2* = min{Q7|i, M}.
In addition, if the random variable x|i is stochastically increasing in i, then there
exists a threshold value of iyz with Qfliyz = M§ such that Q" = min{Qf|i, M7} =
Qi if i<y,
MZ, if >y
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Proof of Proposition 3. In strategy 2, at t = t,, the supplier’s expected profit function is
i
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Proof of Proposition 4. In strategy 3, at t = t,, the supplier’s expected profit function is
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fies M3* = min{W, M§} o

Proof of Proposition 5. When p = 0, 72(0) < 73(0). Let An}=2(0) be the profit differ-
ence between m1(0) and m2(0). Then,

Arg=2(0) = w3 (0) — m2(0) = (w; — ¢o — ¢1)Q5(0) — (W — o — ) Q5 (0).

ATT2(0) _ 2 1-2 . o 1-2(()) —

—— = —Q7(0) <0, then Am;~2(0) is decreasing in w,. Let An;7(0) =0,
2

—Cn— 1
then w,;(0) = ¢, + ¢, + X2 DNO
Q1 (0)

When w; < w, < w,,(0), then 71(0) = 72(0); when w,,(0) < w, < p, then ©1(0) <
72(0); Similarly, there exists

Since

> w;.

(W1—co—¢1)Q5 (0)
HO
When w; < w, < w,,(0), then 71(0) = 73(0); when w,,(0) < w, < p, then n1(0) <

72(0); Similarly, the following situations also exist:

When w; < w, < w,,(0), then n1(0)=nr2(0), ni(0)=n3(0), thus, ml(0)=
n2(0) = n2(0), thus, the supplier chooses strategy 1; when w,,(0) < w, < w,,(0), then
73 (0) = nZ(0), m3(0) < w3(0), thus, 73(0) = n}(0) = n2(0), thus, the supplier chooses
strategy 3; and when w,;,(0) <w, <p, then wl(0) <73(0) and 7;(0) < 7Z(0), thus,
73(0) = n2(0) = 73 (0), thus, the supplier chooses strategy 3. O

W < sz(o) = Cp + Cq + < WZI(O)‘

Proof of Proposition 6. When p = 1, based on Equations (5.8) and (5.9), the retailer’s ex-
pected profits under three order strategies are given by m;}(1) = (p —wy)Q5(1) —

@ -v) [PPFCdx  and 1) =721 = (- wy) {f(f“‘z’(” |1+ =22 a6 (i) +

fl;: : MZ(1) dG(i)}. Similarly to the discussion in [52], let A}~2(1) be the gap between
0 1

the retailer’s profit difference between 7} (1) and nZ(1). Then,
Aﬂ.'rl_z(l) — (p _ W1)Qé(1) _ (p _ Ur) foQé(l) F(x)dx _ (p _ Wz) {folMg(l) [H + (i—;ﬂ)ﬂ] dG(l) + fi:i:n Mg(l) dG(L)}

AAm}2(1)

Note that
ow,

i i )
R [ﬂ +W] dG(i) + [7° MZ(1)dG(i) . By definition,
0 s M3 ()

i 2 i . i
[ Mo [,u + w] dG(D) + [T MZ(1)dG(i) = min {,u + M,Mg(l)} is the retailer’s
0 s lM%(l) N

dATTE=2(1)

w2
obvious. Then, Aw}~%(1) is increasing in w,. Denote w,;(1) as the solution of equation

Aml=2(1) = 0. Then,

optimal order quantity when the demand information is updated. Thus, >0 is
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(r-wQd () -(p—-v,) [P0V F(x)ax

wy <wz (1) =p——

1,00+ M ag (i) fi; j( ) MZ(DAGQ)
0 1

_ Epq[p min{x, Qg (1)} +v-(Q5 (1)—x)* —w, Q3 (1)]
=p- (i-m)a < p
Eg [mm{u+ M2 (1)}]

Since Am}~%(1) is increasing in w,, when wy; < w, < w,,(1), An}72(1) <0, then,
(1) < 72(1) = 73(1); When wy,(1) <w, <p, Arl™2(1) =0, then, wi(1) =w2(1) =
3
w2 (1). o

Proof of Proposition 7. Let Al %(1) be the profit difference between 7}(1) and mZ(1).
Then,

ATE2(1) = Wy — € = )QB(D) — (v, — € — MF(D) + (w, — € — w) ;"5 (ME(1) — 1= 22%) G 0.

aAmi=2(1)
aWZ -

i
Since —ME) + [, (Mg (D) - = %) dG ()| < 0, then,
0

(o +c)MF (1)~ (ca+v,) |, ”0(”(1\42(1) —u=)aG (i) +(wy — =€) Q4 (1)
wy <wyy(1) = <p,

M3 )=, "0 (b2 (1)~ - %) ag ()

such that Arl=2(1) = 0.
Let Ar273(1) be the profit difference between 72(1) and 73(1). Then,

A3 (1) = —(c; = OMI(D) + (& + v — vy) 11 (M3 D) — - 7) g 1),

aAmZ~3(1) _

Since
aCz

i
-M3(1) + fOMi(l) (Mf’(l) —u-— U m)a) dG (i) < 0,then,

M3+ (r—v5) LD (3 (1) -9 ag (i)
C1<C2(1)—Cll Vo”f (1 u ) l,

M - J-Ml(l)(Mlg(l)_u (i— m)a)dG(l)
such that Ar273(1) = 0.
Let A} 3(1) be the profit difference between 7}(1) and 73(1). Then,

ATI3(1) = (W — o — e)@B(D) = (W, = ¢ — cIMED) + (w; — ¢ — ) [y (M3(D) = — 229 a6 i) -
(c2 = eOMPD) + (e + v = v5) [, "1 (M3(D) — = E2) a6 (),

aAmi~3(1) _
— =

i
Since -M3(1) + MG M3(1) — _ma m)o dG(i) < 0, then,
0

m2(1)-m3(1)
wy <wpz(1) = wy (1) + = <p,

M1, (M3 -~ a0

such that Arl=3(1) = 0.

Since Am273(1) is decreasing in c,, when ¢, € [c1,¢,(1)), 72(1) > n3(1), wys(1) >
W, (1), then (1) if w, € [wy, w,,(1)), then 3 (1) > mZ(1) > n3(1), thus, the supplier pre-
fers strategy 1; if w, € (Wy,(1),p], then m2(1) > mi (1), w2(1) > n3(1), thus, the supplier
prefers strategy 2. When ¢, € (cz(l) wy], m2(1) < w3(1) and wy,3(1) < wy,(1), then (1) if
w, € [wy, wy3(1)), then w3 (1) > n3(1) > n2(1), thus, the supplier prefers strategy 1; if
wy € (Wy3(1),p], m3(1) > mi (1), m3(1) > m2(1), thus, the supplier prefers strategy 3. O
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