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a b s t r a c t

We consider a decentralized supply chain, whereby a supplier sells a product to a group of independent

buyers, and develop a strategy for the supplier to offer an all-units price discount or cash rebate for

orders that are synchronized with its replenishments. As synchronized orders can be met with

inventory directly from receiving to shipping without warehousing, the proposed strategy streamlines

system inventory flows to minimize inventory and, hence, the related costs. On the other hand, by

increasing the replenishment interval of the supplier, the proposed strategy is able to induce buyers to

order in large quantities and hence achieve the objectives of quantity discounts. We show that the

proposed strategy can achieve nearly optimal (minimum) system cost, and is much more effective than

the existing coordination strategies for decentralized supply chains in the literature.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

Supply chain coordination has attracted considerable interest
from both academics and practitioners. Many firms have realized
that collaborating with their supply chain members can substan-
tially improve their profits and enhance their strategic position-
ing. However, supply chain members are often separate economic
entities that act independently and opportunistically to optimize
their individual profits. The challenge, then, is to create useful and
effective coordination mechanisms that are able to improve
performance not only for the party that takes the initiative, but
also for the entire supply chain (Li and Wang, 2007; Arshinder
et al., 2008).

Previous research into this problem has focused on using
quantity discount policies for suppliers to induce independent
buyers to increase their order quantities so as to reduce ordering
and order processing costs. Crowther (1964) first demonstrated
that quantity discounts could substantially improve channel
efficiency. Subsequently, various quantity discount policies were
developed under different channel conditions (see, e.g. Dolan,
1978; Monahan, 1984; Lal and Staelin, 1984; Joglekar and
Tharthare, 1990; Parlar and Wang, 1994; Weng, 1995; Wang
and Wu, 2000; Munson and Rosenblatt, 2001; Wang, 2002;
Altintas et al., 2008; Bellantuono et al., 2009). These studies

showed that quantity discounts are able to produce significant
benefits for independent suppliers and buyers.

However, the benefits from quantity discounts usually repre-
sent only a small portion of the maximum potential benefits of
supply chain coordination (Wang, 2002). Consider a two-echelon
supply chain whereby a supplier sells a product to a group of
independent retailers. In addition to the benefits of quantity
discounts, there are at least two other important benefits that
the supplier can exploit. First, the supplier can induce buyers to
synchronize their orders with its replenishments so that such
orders can be met directly with inventory from receiving to
shipping without warehousing, hence reducing its inventory and
inventory holding cost. Secondly, the supplier can consolidate
orders at common points in time so that such orders can be
delivered and/or processed more efficiently, hence reducing its
delivery and/or order processing costs.

Recent studies have addressed this issue by combining quan-
tity discounts and a power-of-two or integer-ratio policy (Wang,
2001, 2004). A power-of-two or integer-ratio policy requires
buyers to order in intervals that are power-of-two or integer-
ratio multiples of the supplier’s constant replenishment interval,
and is able to achieve at least 98% of optimality for a centralized
supply chain (Roundy, 1985, 1986). These studies advance the
understanding of supply chain coordination by showing that the
combination of quantity discounts and time coordination that
synchronizes supply chain inventory decisions and activities
can produce significant benefits over traditional quantity dis-
counts. However, there is still a significant benefit that cannot be
obtained by these mechanisms.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ijpe

Int. J. Production Economics

0925-5273/$ - see front matter & 2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.ijpe.2011.04.013

n Corresponding author. Tel.: þ65 6790 5002; fax: þ65 6792 4217.

E-mail addresses: aqnwang@ntu.edu.sg (Q. Wang), mzwu@ntu.edu.sg (Z. Wu).
1 Tel.: þ65 6790 4445.

Int. J. Production Economics 132 (2011) 230–239

www.elsevier.com/locate/ijpe
dx.doi.org/10.1016/j.ijpe.2011.04.013
mailto:aqnwang@ntu.edu.sg
mailto:mzwu@ntu.edu.sg
dx.doi.org/10.1016/j.ijpe.2011.04.013


This study develops the following new strategy: the supplier
takes the initiative to set up a constant replenishment interval
and provides an all-units price discount or cash rebate for orders
that can be delivered at the arrival points of its replenishments.
As an example, let the supplier order once a week and receive
deliveries on Monday. The supplier then offers a price discount or
cash rebate for every unit that can be delivered on Monday.
Buyers remain independent economic agents and act rationally to
minimize their relevant costs. The supplier offers a sufficiently
large benefit to induce buyers to comply with the coordination
mechanism and imposes no other conditions on their ordering
decisions. Following previous quantity discount studies, we
develop the supplier’s optimal strategy and the buyers’ optimal
ordering decisions as (equilibrium) solutions to a Stackelberg
game, in which the supplier acts as the leader and the buyers act
as followers (Tirole, 1988).

The proposed strategy differs from a coordination strategy that
combines quantity discounts and time coordination in several
aspects. First, the supplier offers a quantity discount for any order
at any point in time that meets a minimum quantity requirement
under the latter strategy (Chen et al., 2001; Wang, 2004). In contrast,
the supplier offers a price discount for every unit that is ordered at
(and only at) an arrival point of a replenishment from the outside
source under the former strategy. We refer to this discount scheme
as time discount. Second, while the two incentive schemes share a
common purpose of inducing buyers to comply with the coordina-
tion mechanism, the primary purpose of a quantity discount is to
induce buyers to increase their order quantities, whereas the
primary purpose of a time discount is to induce buyers to synchro-
nize their orders with replenishments at the supplier. Finally, in
response to the different incentive schemes that are adopted by the
supplier, a buyer will always order in the same replenishment
interval or order quantity under the latter strategy. However, a
buyer may place a large order at a point with time discount and
smaller orders subsequently under the former strategy. The former
strategy provides a more effective mechanism to streamline inven-
tory flow in the supply chain. We demonstrate in a numerical study
that the proposed strategy is able to reduce system inventory by
more than 6.6% and system inventory related cost by more than
4.6% as compared to the coordination strategy that combines
quantity discounts and an integer-ratio policy. Furthermore, the
proposed strategy is able to achieve a system cost that is not more
than 2% higher than the minimum system cost in the numerical
study. In addition, we also show that these observations are robust
with respect to changes in the supply chain demand and cost
structure. Therefore, the proposed strategy provides a highly effec-
tive coordination strategy for a decentralized supply chain.

These findings provide useful insights into the coordination of
decentralized supply chains. First, time coordination provides a
significant dimension for supply chain coordination. The pro-
posed strategy focuses on time coordination and is able to achieve
almost minimum system cost. In contrast, a substantial portion of
the potential supply chain coordination benefit cannot be
achieved by quantity discounts. Second, the findings provide a
new interpretation, as well as a new application strategy, for
quantity discounts. The proposed strategy offers only a simple
price discount and is able to achieve better results than a strategy
that combines a full quantity discount schedule and an integer-
ratio coordination scheme. This suggests that time coordination is
able to achieve the benefits of quantity discounts.

The remainder of the paper is organized as follows. Section 2
provides a brief review of the related literature. Section 3
develops a two-echelon supply chain model. Section 4 develops
the optimal coordination strategy. The benefits of the strategy are
demonstrated numerically in Section 5. Finally, concluding
remarks are provided in Section 6.

2. Literature review

This study draws on and contributes to the current literature
in supply chain coordination. Specifically, it is related to two
categories of studies: those on the development of quantity
discount policies and those on the synchronization of supply
chain replenishment activities. We refer the reader to Dolan
(1987) for an excellent synopsis of the motivations and manage-
rial implications of quantity discount policies, and Silver et al.
(1998) and Munson and Rosenblatt (1998) for reviews of the
more recent literature on quantity discounts. Some recent devel-
opments on quantity discounts include Wang (2005) and Altintas
et al. (2008). As the literature on quantity discounts has been well
reviewed, we focus on studies in the second category.

Time coordination that synchronizes supply chain inventory
activities was first considered within the context of a centralized
supply chain. When there are heterogeneous buyers, and no
restrictions are imposed on the timing of their replenishment
orders, a full replenishment strategy that minimizes system cost
typically entails non-stationary replenishment intervals for chan-
nel members (Graves and Schwarz, 1977). The structure of such a
policy is often exceedingly complex and, thus, of little practical
use. To overcome this difficulty, Roundy (1985, 1986) developed
coordination mechanisms that required buyers to place orders in
power-of-two or integer-ratio multiples of the supplier’s replen-
ishment interval. These policies are simple, able to achieve over
98% system optimality, and have subsequently applied exten-
sively to various distribution network and cost structures
(Roundy, 1989; Mitchell, 1986; Muchstadt and Roundy, 1987;
Jackson et al., 1988; Iyogun and Atkins, 1993).

Recently, the power-of-two and integer-ratio policies have
been applied to coordinate activities in a decentralized supply
chain. Chen et al. (2001) first adopted the power-of-two policy for
a supplier to coordinate independent buyers’ replenishments in a
decentralized distribution system. A common discount policy was
developed to maximize system profit under the power-of-two
requirement. However, because buyers get most of the benefits
and the supplier may suffer a substantial loss under this discount
scheme, each buyer must pay the supplier a franchise fee that
was determined through individual negotiations. This strategy
was later extended to a more general setting in which buyers
were retailers competing for a common market (Bernstein and
Federgruen, 2003).

Because individual incentive schemes may not always be
permissible due to legal and implementation considerations,
Wang (2001) considered the problem under the condition that
no side-payments were allowed, and developed a mechanism that
incorporated a power-of-two time coordination policy and a
common quantity discount pricing policy. Although this coordi-
nation strategy was generally not able to achieve perfect coordi-
nation, it was able to substantially improve system profits over
the baseline case of no time coordination. Furthermore, Wang
(2004) later showed that an integer-ratio time coordination policy
provided a more realistic, and generally more effective, strategy
for the coordination of a decentralized supply chain.

In the meantime, Viswanathan and Piplani (2001) considered
time coordination in a special case in which buyers’ ordering
cycles were restricted to being integer multiples of the supplier’s
replenishment interval, and Klastorin et al. (2002) studied
another special case in which buyers’ ordering cycles were
restricted to being no longer than that of the supplier. The latter
study also assumed that the supplier’s replenishment interval
was exogenously given, and considered the use of quantity
discounts to induce buyers to place larger orders at the supplier’s
replenishment points. However, according to Roundy (1985), the
effectiveness of an optimal nested policy can be arbitrarily close
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