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1 Introduction

A global economy and rapidly-changing market conditions have greatly intensified industry

competition. This, in turn, has led to an ever-increasing level of outsourcing/offshoring ac-

tivities by firms in order to gain cost advantage and market share (Friedman 2005, Hausman

et al. 2005). According to the Department of Commerce (2006), typical U.S. manufacturers

spend more than half of their revenue on goods and services obtained from external sup-

pliers. As a result, supply management has become a significant issue for many companies

that rely more on their suppliers for the delivery of components, products, and services.

When sourcing from outside suppliers, a buyer should consider both price and non-price

factors. One of the major non-price factors is the supplier’s delivery performance. The

benefit of fast, reliable deliveries from a supplier is quite clear from an operations manage-

ment perspective: It enables the buyer to lower inventory and provide superior service. In

other words, the more responsive the supplier is, the lower the buyer’s operating cost (e.g.,

inventory holding cost plus penalty cost for backorders).

The importance of supplier delivery performance in procurement has been emphasized

by both practitioners and academics (Burt 1989, Pyke and Johnson 2003). It has been

reported that many firms rank price, quality, and delivery performance as the top three

criteria for selecting and evaluating suppliers (Kay 2005, CAPS Research 2006). For ex-

ample, Sun Microsystems considers procurement cost and delivery performance the two

most important dimensions when choosing suppliers (Farlow et al. 1996). With the help

of recent advances in information technologies, there has been a drastic increase in the use

of online auction as a procurement tool (Rangan 1998, Wise and Morrison 2000, Pinker et

al. 2003). A challenge in procurement auction design for B2B exchanges is how to bring

non-price factors into consideration, including supplier delivery performance (Elmaghraby

2004). These observations call for theoretical research that can generate useful managerial

guidelines for procurement process design while taking delivery performance into account.

This chapter studies a buyer’s supply contract design problem under delivery perfor-

mance consideration. A supplier’s delivery performance depends on the supplier’s capacity

(if the supplier makes to order) or inventory (if the supplier makes to stock), both of which

are costly to invest. For most practical situations, the supplier is a self-interested, indepen-

dent organization. Thus the buyer needs to offer appropriate incentives to induce sufficient

capacity or inventory investment from the supplier. In addition, the supplier may have
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private information about the cost for providing fast delivery. For instance, the buyer does

not know the supplier’s exact capacity or production cost when contracting with the sup-

plier. This means the buyer often faces cost uncertainty when designing the procurement

contract.

The objective of this chapter is to identify efficient and easy-to-implement procurement

mechanisms for the buyer. We consider scenarios where the supplier is either a make-to-

order service provider or a make-to-stock manufacturer. For both scenarios, we propose

some simple mechanisms and evaluate their performances along two dimensions. First, we

compare the buyer’s profit in the simple mechanisms with the profit in the optimal (profit-

maximizing) mechanism. This sheds light on how efficient the simple mechanisms are from

the buyer’s standpoint. Second, we examine the supply chain’s performance under the

simple mechanisms by comparing it to the supply chain’s optimal solution. This reveals

whether the simple mechanisms are efficient from the entire chain’s perspective.

The rest of the chapter is organized as follows. §2 reviews the related literature. §3

studies a make-to-order supplier and §4 considers a make-to-stock supplier. §5 discusses

some contracting issues and we conclude with §6.

2 Related Literature

The models and analyses in this chapter are based on the studies by Zhang (2004), Cachon

and Zhang (2006), and Zhang (2009). We outline the model settings and summarize the

main results from these studies. Below we briefly review the representative papers in the

literature (this is by no means an exhaustive list of all related papers).

This chapter is closely related to the supply chain coordination literature. Most of the

studies in this literature focus on the design of coordination contracts for decentralized

supply chains under complete information. A comprehensive survey is provided by Cachon

(2003). A few of the most relevant papers include Cachon and Zipkin (1999) and Ray et

al. (2005) for serial inventory systems, Caldentey and Wein (2003) for production-inventory

systems, Chen et al. (2001) for distribution systems, and Bernstein and DeCroix (2006)

and Zhang (2006) for assembly systems.

Complete information is not a realistic assumption for most decentralized supply chains.

This has inspired a stream of research that studies supply chain contracting under asym-

metric information. Corbett and de Groote (2000), Corbett (2001), Corbett et al. (2004)

and Ha (2001) are some of the representative studies that consider asymmetric cost infor-

mation, whereas Cachon and Lariviere (2001), Özer and Wei (2006), and Burnetas et al.

(2007) consider asymmetric demand information in a supply chain setting. Recently, Yang

et al. (2009) analyze a manufacturer’s sourcing strategy when the supplier possesses private

information on supply disruption. Gümüş et al. (2010) study the effect of supply guarantees

when a buyer procures from two suppliers with different price and reliability characteristics.

This chapter also falls into the category of supply contracting under asymmetric informa-

tion, but with quite different model settings.

There is an extensive literature on procurement in economics. It focuses primarily on

two issues. The first is how to select a cost-efficient supplier from a potential supplier

pool, and the second is how to induce the selected supplier to invest in R&D and other

improvement efforts. These two issues have been addressed by the auction theory and the

theory of incentives. Surveys of this literature can be found in Klemperer (1999) and Laffont
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and Martimort (2002). The procurement papers in the economics literature are different

from this chapter because they do not take operations factors such as delivery performance

into consideration.

We study a multi-attribute procurement problem because the buyer cares about both

price and delivery performance. A few papers also study multi-attribute procurement. Che

(1993) and Branco (1997) study a multi-dimensional auction in which price and quality are

the two attributes in procurement. Chen et al. (2005) study procurement auction design for

a third-party auctioneer with a focus on the price and transportation cost aspects. Multi-

attribute multi-round auctions have been studied in Beil and Wein (2003), where the buyer

can learn about the suppliers in each round. Kostamis et al. (2009) consider a procurement

problem where both price and non-price factors are used for contract award decisions and

the buyer may release the information about the suppliers’ non-price factors.

Besides incentive contracts, a buyer may motivate suppliers to improve delivery per-

formance through various competition mechanisms. In particular, the buyer may adopt a

multi-sourcing strategy and allocate business to suppliers based on their past performance;

see Gilbert and Weng (1998), Ha et al. (2003), Cachon and Zhang (2007), and Benjaafar

et al. (2007) in the operations management literature for a few examples.

There are papers that study a buyer’s procurement or replenishment strategies given

exogenous suppliers characteristics (such as delivery lead time and price). Examples in-

clude Anupindi and Akella (1993), Li and Kouvelis (1999), Ramasesh et al. (1991), and

Federgruen and Yang (2008, 2009). A review of this literature can be found in Elmaghraby

(2000). In this chapter, the suppliers’ delivery performance is endogenous and can be in-

fluenced by the buyer’s procurement strategy. There is also a growing literature on supply

risk management, which analyzes mitigation strategies for buyers to manage various supply

risks (e.g., price fluctuations and supply disruption). Reviews of this literature can be found

in Tang (2006) and Tomlin (2006).

The importance of simplicity in contract design has been emphasized both in the eco-

nomics and operations management literatures. Holmstrom and Milgrom (1987) and Bhat-

tacharyya and Lafontaine (1995) point out that most real-world incentive schemes seem to

take less extreme forms than the sophisticated policies predicted by economic theory. See

Bower (1993), Chu and Sappington (2005), and the references therein for more discussion of

the performance of simple incentive contracts. In recent years, there has been a growing lit-

erature in operations management that investigates the performance of simple procurement

contracts, including Kayı̧s et al. (2007), Taylor and Plambeck (2007), and Tunca and Wu

(2009). Bolandifar et al. (2010) study the supply contract design problem for a newsvendor

who faces uncertain demand for a single selling season. They demonstrate that a simple

wholesale price could be theoretically optimal even under information asymmetry about the

supplier’s capacity cost. These papers do not consider suppliers’ delivery performance and

therefore generate quite different insights.

3 Contracting with Make-to-order Supplier

This section focuses on the scenario where the buyer sources an input from a make-to-order

supplier. For example, in the contract manufacturing industry, many firms assemble highly

customized components for their customers on a make-to-order basis (Thurm 1998 and

Bulkeley 2003). In this case, the supplier does not hold inventory and thus can be modeled
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as a queueing system. An alternative interpretation is that the buyer procures a certain

service from the supplier. The scenario where the supplier can hold inventory to improve

delivery performance will be studied in §4.

3.1 Basic Model

A buyer (e.g., a manufacturer or a retailer) procures a product or service from a supplier

(e.g., a contract manufacturer or service provider) to satisfy consumer demand. Throughout

the chapter we will use “she” for the buyer whereas “he” for the supplier. Consumer demand

follows a Poisson arrival process with rate λ. The buyer uses a base-stock policy to manage

her inventory. Let s be the base-stock level at the buyer. The buyer has to incur a cost

rate h for holding each unit of the product. In the basic model we assume that h is fixed

and independent of the procurement price the buyer pays the supplier. §3.4.2 relaxes this

assumption and demonstrates that the qualitative insight will remain unchanged. Unmet

demand at the buyer can be backlogged and there is a unit penalty cost rate b for backlogged

demand.

The supplier adopts a make-to-order production strategy and does not hold inventory.

Let μ be the capacity (production or service rate) chosen by the supplier. For a given μ, the

production time is exponentially distributed with mean 1/μ. There is a constant unit cost

rate c for maintaining a certain capacity level, which is a random draw from a distribution

F (density f) on a support [c̄, c]. We follow the literature to assume that F is log-concave,

i.e., F (c)/f(c) is an increasing function. This condition holds for most commonly used

distribution functions (see Bagnoli and Bergstrom 1995 for details). The distribution F

represents the cost uncertainty for delivering the product. Such an uncertainty may be

associated with research and development (R&D), production yield, and other random

factors. The supplier observes the realization of c, whereas the buyer does not. However,

we assume that the buyer has an unbiased belief about the distribution F .

The buyer is assumed to act as a Stackelberg leader in the contracting process. This

applies to situations where the buyer is a major player in the industry and has an advanta-

geous bargaining position. Both firms are risk-neutral and aim at maximizing the expected

payoff function per unit of time. In addition, we assume that the supplier has a zero oppor-

tunity cost (the best outside alternative yields zero profit). Including a positive opportunity

cost does not change the essence of the problem. The chronology of events is as follows:

First, the supplier’s capacity cost c is realized and only observed by the supplier; second, the

buyer offers a take-it-or-leave-it contract to the supplier; if the contract is accepted, then the

supplier invests in capacity μ and the procurement price R is determined accordingly; the

buyer then chooses the base-stock level s; finally, the system runs over an sufficiently long

horizon. In this chapter we use superscript “o” to denote the optimal mechanism for the

buyer and “∗” denote the optimal solution for the supply chain. Let E be the expectation

operation, and let a prime denote the derivative of a function of a single variable. Define

(x)+ = max(0, x) and (x)− = max(0,−x).
The above model setup is based on Zhang (2004) and Cachon and Zhang (2006). Some

modifications have been made on the notations (to maintain consistency with the notations

in §4). For example, here we use c for the capacity cost, b for the backorder cost, C for

the firms’ cost functions, and subscripts 1 and 2 to denote the buyer (stage 1) and the

supplier (stage 2), respectively. More details can be found in Cachon and Zhang (2006),

which provides a comprehensive treatment of the problem.
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Next we derive the supply chain’s optimal solution as preliminary analysis. Suppose

the supplier has a capacity level μ and the buyer adopts a base-stock level s. Let N be

the number of outstanding orders at the supplier in steady state, which follows a geometric

distribution. Then the buyer’s operating cost (inventory and backorder costs) is given by

C(μ, s) = E[h(s−N)+ + b(N − s)−] = h
µ
s− λ

μ− λ

¶
+ (h+ b)

µ
λ

μ

¶s
λ

μ− λ
. (1)

To derive a closed-form expression for the optimal s, let us assume s is large enough so that

we can treat it as a continuous variable. The buyer’s (or the supply chain’s) cost-minimizing

base-stock level can be shown to be

s∗(μ) = − ln
µµ

h

h+ b

¶µ
μ/λ− 1
ln(μ/λ)

¶¶
/ ln(μ/λ). (2)

Plugging s∗(μ) into the buyer’s operating cost function gives

C(μ) = C(μ, s∗(μ)) = h

⎡⎣1− ln
³³

h
h+b

´³
μ/λ−1
lnμ/λ

´´
lnμ/λ

− 1

μ/λ− 1

⎤⎦ . (3)

Then the supply chain total cost is Csc(c,μ) = cμ+C(μ), where the subscript sc stands for

the supply chain.

Theorem 1 The buyer’s operating cost C(μ) and the supply chain total cost Csc(c,μ) are

convex in μ ≥ λ.

The proofs can be found in Cachon and Zhang (2006) and Zhang (2009) and therefore

are omitted in this chapter. The above theorem implies that the supply chain’s optimal

capacity μ∗(c) must satisfy
C 0(μ∗) = −c. (4)

The cost functions C(μ) and Csc(c,μ) are quite complex, and there is no closed-form

expression for the supply chain’s optimal solution. Cachon and Zhang (2006) offer an ap-

proximation of these cost functions. Notice the exponential distribution is the continuous

counterpart of the geometric distribution. Hence we may use an exponential distribution

with mean E(N) to approximate the geometric distribution for N . This approximation

can be justified in a heavy-traffic queuing system (Caldentey and Wein 2003). It tends

to underestimate the average delivery lead time; however, Cachon and Zhang (2006) also

demonstrate that this approximation is quite accurate when the system utilization is rea-

sonably high. In the rest of the analysis, we will use ˆ to denote the variables under the

approximation. Specifically, the supply chain’s optimal solution is given by

μ̂∗(c) = λ+
p
α/c and ŝ∗(c) =

p
cα/h2, (5)

where α = hλ ln((h + b)/h) is a constant. We will adopt this approximation for later

analysis.

3.2 Buyer’s Procurement Mechanisms

We present the buyer’s procurement contracts in this subsection. (We will use the words

“mechanism” and “contract” exchangeably in this chapter.) Three contracts are considered:

optimal mechanism (OM), late-fee mechanism (LF), and lead-time mechanism (LT). The

performances of these contracts will then be compared in the next subsection.
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3.2.1 Optimal mechanism (OM)

The buyer needs to design a procurement mechanism to offer to the supplier. The mecha-

nism is a mapping from the supplier’s information space to the space of all possible action

and payment schedules. Based on the revelation principle (Laffont and Martimort 2002),

there exists an optimal mechanism that is both direct (i.e., the supplier’s information space

is identical to his private cost values) and truth-inducing (i.e., it is in the supplier’s best

interest to announce the true cost). Thus, without losing generality, we will restrict our

attention to direct, truth-inducing mechanisms when searching for the optimal one.

The buyer’s optimal mechanism consists of a pair of functions {μ(·), R(·)}: If the supplier
announces a cost x (which may not necessarily equal the true cost c), then the supplier will

build a capacity μ(x) and receives a unit price R(x) from the buyer. The optimal mechanism

must satisfy two constraints. The first is the incentive compatibility (IC) constraint, i.e.,

the supplier will truthfully announce his cost under the optimal mechanism:

c = argmax
x

π2(x) = R(x)λ− cμ(x), (6)

where π2 is the supplier’s profit function. The second is the individual rationality (IR)

constraint, i.e., all supplier types will participate:

π2(c) ≥ 0 for all c ∈ [c̄, c]. (7)

An implicit assumption is that even the least efficient supplier will earn a non-negative

profit. That is, the buyer is willing to contract with all supplier types. The possibility of

excluding certain supplier types will be discussed in §5.

The buyer’s mechanism design problem can be now written as

min
μ(·),R(·)

Z c̄

c

(R(x)λ+ C(μ(x))) f(x)dx

s.t. (6), (7)

(8)

where R(x)λ + C(μ(x)) is the buyer’s total cost function for a given supplier cost x. The

following theorem characterizes the buyer’s optimal procurement mechanism.

Theorem 2 The buyer’s optimal mechanism {μo(x), Ro(x)} (i.e., the solution to ( 8)) is
characterized by

C0(μo(x)) = −x− F (x)/f(x) (9)

Ro(x)λ = xμo(x) +

Z c̄

x

μo(y)dy. (10)

Recall C(μ) is the buyer’s optimal operating cost function for a given μ. From (9) and

(4), we see that there is μo(x) ≤ μ∗(x). This means that the optimal mechanism induces

a capacity level lower than the optimal solution of the supply chain. Generally, we do not

have closed-form expression for the optimal functions μo(x), Ro(x) and their associated total

cost for the buyer. However, later we will use numerical method to evaluate the optimal

mechanism.
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3.2.2 Lead-time mechanism (LT)

The optimal mechanism (OM) can maximize the buyer’s expected payoff function, but it is

quite complex and may be difficult to implement in practice. Cachon and Zhang (2006) also

consider two suboptimal, but simpler mechanisms for the buyer. The first simple mechanism

is called a lead-time mechanism (LT): The buyer posts a target (average) delivery lead time

and sets a unit price. That is, the lead-time mechanism consists of two parameters, μt

and Rt, the supplier’s required capacity and the buyer’s price per unit, respectively (the

superscript t denotes the lead time). Note there is a one-to-one relationship between the

supplier’s capacity μt and the average lead time (μt − λ)−1. The practice of specifying
a target delivery performance has been widely used in service outsourcing (Lacity and

Willcocks 1998) and online procurement auctions (Rangan 1998).

The supplier’s expected profit is π2(c) = λRt − cμt under the lead-time mechanism.
Hence the optimal unit price must be Rt(μt) = c̄μt/λ to ensure participation. Then the

buyer’s total cost can be written as

Ct1(μ
t) = C

¡
μt
¢
+ λRt

¡
μt
¢
= C

¡
μt
¢
+ c̄μt,

which is the supply chain’s cost with the highest capacity cost, Csc(c̄,μ
t). Thus the buyer

will choose the supply chain’s optimal capacity at cost c̄: μt = μ∗(c̄). Accordingly, the
buyer pays the supplier Rt(μ∗(c̄)) to ensure participation. In fact, under the lead-time
mechanism, the buyer sells the supply chain to the supplier and charges a price that is

equal to the supply chain’s optimal profit with the highest cost c̄.

3.2.3 Late-fee mechanism (LF)

The second simple mechanism studied by Cachon and Zhang (2006) is called a late-fee

mechanism (LF): The buyer pays the supplier a unit price Rf and meanwhile charges the

supplier ηf for each outstanding order per unit time. The superscript f stands for late fee.

This mechanism is quite intuitive, and has been observed in practice (Beth et al. 2003).

For transparent analysis, we take advantage of the exponential approximation for N as

described in § 3.1. Under this approximation, recall μ̂(c) = λ+
p
α/c minimizes the supply

chain’s total cost Ĉsc.

In the late-fee mechanism, the supplier is free to choose his capacity to maximize his

own profit. It is straightforward to show that the supplier’s optimal capacity depends on

the late fee ηf :

μf (c) = λ+

q
ηfλ/c.

Suppose we choose the late fee that equalizes μf (c) and μ̂(c) (i.e., the late fee will induce

a capacity that minimize the supply chain’s total cost under the approximation). This

requires

ηf = α/λ. (11)

Clearly, this may not be the buyer’s optimal late fee she would like to charge. Nevertheless,

it will be shown that this late fee yields excellent results for the buyer.

We need to check the individual rationality constraint. To ensure participation, the

buyer must pay a unit price Rf such that

π2(c̄) = R
fλ− c̄μ̂(c̄)− ηf

µ
λ

μ̂(c̄)− λ

¶
= 0,
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which gives

Rf = c̄+ 2
√
αc̄/λ. (12)

It is worth noting that with the late fee, a base-stock policy may no longer be optimal

for the buyer. This is because the buyer might have incentives to manipulate the ordering

policy to take advantage of the late fee charged to the supplier. Here we assume the buyer

is able to credibly commit to a base-stock policy. Alternative solution has been discussed in

Cachon and Zhang (2006) when the buyer is unable to make such a commitment. Assuming

that the base-stock policy is used by the buyer, then the optimal base stock level should be

s∗(μ̂(c)) (since N does not depend on s).

3.3 Comparison of Mechanisms

The simple mechanisms are intuitive and easy to implement. In addition, they do not re-

quire the supplier’s information as an input to determine the contract parameters. This is

a desirable property for two reasons. First, in many situations the supplier may be reluc-

tant to reveal his true efficiency level. Second, under the simple mechanisms, the contract

parameters can be determined even before the supplier’s cost is realized (this gives more

flexibility in contract negotiation). Despite these merits of the simple mechanisms, they do

not yield the optimal profit for the buyer. We investigate the performance of the simpler

contracts (LF and LT) relative to the optimal mechanism (OM) in this subsection. This

will help us quantify the value of using a more complex procurement contract in practice.

We first compare the procurement contracts analytically by making some simplifying as-

sumptions, then we use an extensive numerical study to confirm the generality of the insight

from the analytical comparison.

3.3.1 Analytical comparison

We compare the optimal mechanism and the late-fee mechanism analytically. The compari-

son of the optimal mechanism and the lead-time mechanism is similar and therefore omitted.

The analysis with the actual cost functions is challenging, so we use the exponential ap-

proximation introduced in §3.1. Also, we focus on uniform distribution F for the supplier’s

cost c. Recall [c, c̄] is the support of the supplier’s cost distribution. Let c̄ = θ(1 + δ) and

c = θ(1− δ), where θ is the mean cost and δ measures the cost variation.

With uniform distribution, there are F (c) = (c− c) /2δθ, f(c) = 1/2δθ, and F (c)/f(c) =
c− c. The optimal mechanism in Theorem 2 satisfies

C 0(μo) = −c− F (c) /f(c) = −2c+ c. (13)

By replacing C 0(μo) with Ĉ 0(μo) in (13), we have

μ̂o(c) = λ+

r
α

2c− c.

The buyer’s operating cost can be then written as

Ĉ(c) = Ĉ(μ̂(c), c) =
p
α (2c− c).
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From Theorem 2, with the optimal contract the buyer’s total cost is

Ĉo1(c) = Ĉ(c) + cμ̂
o(c) +

Z c̄

c

μ̂(y)dy = c̄λ+
√
α

µ
c√
2c− c +

p
2c̄− c

¶
.

It can be readily shown that in the late-fee mechanism, the buyer pays the supplier

Rfλ = c̄λ + 2
√
αc̄, incurs an operating cost Ĉ(μf (c)) =

√
αc, and collects total late fee√

αc. Thus the buyer’s total cost is

Ĉ
f
1 = R

fλ = c̄λ+ 2
√
αc̄.

Note, the buyer’s total cost is independent of c, which implies that with the late-fee mech-

anism the buyer is unable to extract any rents from efficient supplier types.

Now we are ready to compare the optimal and late-fee mechanisms. Notice that Ĉo1(c)

is increasing in c and Ĉo1(c) < Ĉ
f
1 < Ĉ

o
1(c̄). Therefore, the buyer’s expected cost with the

optimal mechanism, E[Ĉo1(c)], is approximately equal to the buyer’s expected cost with the

late-fee mechanism, Ĉ
f
1 , if Ĉ

o
1(c) is relatively flat. This is manifested by considering the

following ratio:

Ĉo1(c̄)

Ĉo1(c)
=
c̄λ+

√
α
³

c̄√
2c̄−c +

√
2c̄− c

´
c̄λ+

√
α
¡√
c+
√
2c̄− c¢ <

2 + 4δp
(1 + 3δ) (1− δ) + (1 + 3δ)

, (14)

where the inequality follows because c̄ >
√
c
√
2c̄− c. The right hand side of (14) equals

1.025 and 1.075 with δ = 0.2 and δ = 0.4, respectively. So even if the supplier’s cost can

vary up to 40% around its mean (δ = 0.4) and the demand rate is extremely small, in the

optimal mechanism the buyer’s total cost with the highest cost supplier is no more than

7.5% higher than that with the lowest cost supplier. This suggests that the cost function is

indeed flat, i.e., Ĉ
f
1 in that case cannot be more than 7.5% higher than E[Ĉo1(c)].

The above analysis suggests that the buyer’s total cost is relatively insensitive to the

supplier’s capacity cost with the optimal mechanism. That is, asymmetric information

conveys substantial protection to a supplier: An efficient supplier is able to keep essentially

all the benefit from having a low cost, even when the buyer adopts the complex, optimal

mechanism. This implies that the optimal mechanism is not very effective in extracting the

efficiency rents from the supplier. As a result, the late-fee mechanism performs very well

even if it extracts no rents at all.

Finally, it is worth pointing out that the above observation is not because the supply

chain’s cost function is flat. With the supply chain’s optimal cost we obtain the following

ratio:
Ĉ∗sc(c̄)
Ĉ∗sc(c)

=
(1 + δ)λ+ 2

p
α(1 + δ)

(1− δ)λ+ 2
p
α(1− δ)

>

r
1 + δ

1− δ
. (15)

The value of the ratio is 1.22 and 1.53 for δ = 0.2 and δ = 0.4, respectively. That is, the

supply chain’s cost with the least efficient supplier could be much higher than that with the

most efficient supplier (53% higher when δ = 0.4).

3.3.2 Numerical study

To confirm the results from the analytical comparison, Cachon and Zhang (2006) present

a comprehensive numerical study with the following design: h = 1, λ ∈ {0.1, 1, 10, 100},
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b ∈ {3, 40, 200}, c follows either a uniform or normal distribution on the interval [c, c̄],

where c = θ(1− δ) and c̄ = θ(1 + δ), θ ∈ {0.5, 5, 50, 200} and δ ∈ {0.05, 0.1, 0.2}. The value
of δ measures the magnitude of cost uncertainty. For instance, δ = 0.05 corresponds to

reasonably small uncertainty in supplier’s cost (within 5% of forecast) and the scenarios

with δ = 0.20 represents high uncertainty. With normal cost distribution, the mean is set

to be θ and the standard deviation δθ/4. The value of h is fixed because the buyer’s total

cost only depends on the relative magnitude of the parameters c, b, and h. The backorder

cost b is allowed to range from a low value of three times h to a high value of two hundred

times h. The mean capacity costs range from θ = 0.5 to θ = 200, which corresponds to very

low and very high utilizations respectively. There are totally 144 scenarios in this numerical

study for each cost distribution.

The results from the numerical study are summarized in Table 1. The percentiles of the

buyer’s percentage cost increase in each simple mechanism relative to the optimal mecha-

nism (OM) are listed. For example, with the lead-time mechanism (LT), the 90th percentile

of the buyer’s percentage cost increase relative to the optimal mechanism is only 0.24%.

That is, if the buyer adopts the lead-time mechanism rather than the optimal one, the

percentage cost increase is less than 0.24% for 90 percent of the scenarios. Among all tested

scenarios, the buyer’s maximum percentage cost increase is 3.53% (with the LF mecha-

nism and normal cost distribution). Overall, Table 1 shows that the lead-time and late-fee

mechanisms perform quite well, for both uniform and normal cost uncertainties.

Why does the optimal mechanism perform poorly in extracting the supplier’s informa-

tion rent in this model setting? An intuitive explanation is as follows. Notice the market

demand is exogenously given (and so is the supply chain’s revenue). Inducing truth telling

by using a cost-contingent service-level can reduce the supply chain’s operating cost for sat-

isfying the market demand; however, it is the buyer who is responsible for such an operating

cost. Hence the supplier has little incentive to share the true cost information unless he will

keep essentially all the benefits from a low cost realization.

Table 1. Buyer’s percentage cost increase relative to the optimal mechanism

(with a single supplier).

average 90th percentile maximum

Uniform LT 0.09% 0.24% 0.56%

cost distribution LF 0.20% 0.19% 2.85%

Normal LT 0.50% 1.20% 2.39%

cost distribution LF 0.60% 1.38% 3.53%

Cachon and Zhang (2006) also consider the firms’ incentives to renegotiate the contract

in such a problem setting. In particular, they compare the supply chain performance under

these mechanisms to the supply chain’s centralized optimal performance using the same

scenarios above. The result is given in Table 2 (the case with two suppliers is also pre-

sented; see Section 3.4.1 for the analysis of multiple competing suppliers). Interestingly, the

numerical study indicates that these mechanisms are generally associated with very small

supply chain inefficiency, i.e., there is a negligible renegotiation value for the supply chain

firms. This also suggests that supply chain coordination can be nearly achieved even when

the buyer is self-interested and chooses her own procurement mechanism under information

asymmetry.
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Table 2. Supply chain’s percentage cost increase relative to the supply chain

optimal solution, i.e., the supply chain inefficiency or the value of renegoti-

ation (with uniform cost distribution).

average 90th percentile maximum

OM 0.08% 0.23% 0.51%

Single LT 0.10% 0.30% 0.67%

supplier LF 0.25% 0.36% 3.53%

OM 0.05% 0.14% 0.30%

n = 2 LT 0.06% 0.18% 0.41%

suppliers LF 0.25% 0.39% 3.78%

There are a couple of additional observations in the more detailed numerical analysis

in Cachon and Zhang (2006). First, it has been found that ηf is nearly optimal from the

buyer’s standpoint (recall ηf is derived by equating the induced capacity with the supply

chain’s optimal capacity), and therefore it is not necessary to search for the true optimal

late fee. However, this approximation causes the LT mechanism to perform slightly better

than the LF mechanism as shown in Table 1. Second, they also test extremely large cost

uncertainty with δ = 0.40 and obtain similar results. This confirms the robustness of the

results in Tables 1 and 2.

3.4 Extensions

3.4.1 Multiple competing suppliers

We first extend the basic model to include multiple competing suppliers. In this case,

the buyer may select the most efficient supplier through competitive bidding. Suppose

there are n ≥ 2 suppliers. Each supplier’s cost ci is a random draw from a common

distribution F (density f). Let c = (c1, · · · , cn) be the cost vector of the suppliers. Similar
to the single-supplier case, the buyer’s optimal mechanism consists of a menu of contracts,

{qi(·),μi(·), Ri(·)}, i = 1, 2, ..., n. Under this mechanism, if the suppliers announce their

costs to be x = (x1, · · · , xn), then supplier i is the winner with probability qi(x) ≥ 0 andP
qi(x) = 1, supplier i receives a unit price Ri(x) from the buyer, and finally, the winner

builds capacity μi(x).

To derive the buyer’s optimal mechanism, we start with the suppliers’ bidding behavior.

Each supplier aims to maximize his own profit. Thus for supplier i we have

max
xi

πi2 = Ex−i [R
i(x)λ− qi(x)ciμi(x)],

where x−i= (x1, · · · , xi−1, xi+1, · · · , xn) and πi2 is supplier i’s expected profit. Again, by the
revelation principle, we have the following incentive compatibility and individual rationality

constraints:

ci = argmax
xi

πi2(x
i) (16)

and

πi2(c
i) ≥ 0. (17)
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Hence the buyer’s problem can be written as

min{qi(·),μi(·),Ri(·)} Ec{
P
iR

i(c)λ+
P
i[q
i(c)C(μi(c))]}

s.t. (16) and (17)
(18)

Theorem 3 The buyer’s optimal mechanism with n ≥ 2 competing suppliers is as follows:
The buyer offers the suppliers identical menu of contracts {qo(·),μo(·), Ro(·)} characterized
by

C 0(μo(x)) = −x− F (x)/f(x),
Ro(x)λ = (1− F (x))n−1xμo(x) +

Z c̄

x

(1− F (y))n−1μo(y)dy

qo(x) =

½
1 if x = min (x1, · · · , xn)
0 otherwise

.

The suppliers announce their true costs and the most efficient supplier will be chosen.

A couple of observations can be made about the above optimal mechanism with n ≥ 2
suppliers. First, the capacity function μo(x) is independent of the number of suppliers,

n. This suggests that as in the single-supplier case, the optimal mechanism results in less

capacity than optimal for the supply chain when there are multiple competing suppliers.

Second, this optimal mechanism does not have an intuitive format. Notice that every losing

bidder will receive a payment even though they do not build any capacity for the buyer.

However, it can be shown that such a strange mechanism can be implemented with an

equivalent auction where only the winner receives a payment (see Zhang 2004 for details).

A natural extension of the lead-time mechanism with a single supplier to n ≥ 2 potential
suppliers is as follows: The buyer announces the lead time the winning supplier must deliver

and then ask the suppliers to bid on price. In particular, we assume the buyer uses a

second-bid auction (i.e., the supplier with the lowest bid wins but he only needs to fulfil the

second-lowest bid). Zhang (2004) considers first-bid auctions and shows that they yield the

same expected payoff for the buyer (i.e., revenue equivalence holds in this case). However,

the revenue equivalence may fail to hold if the buyer specifies a price and asks the suppliers

to bid on lead time; this is because the lead time bids have different variances in the first-

bid and second-bid auctions. Since there is a one-to-one relationship between the average

lead time and the supplier’s capacity, it is equivalent for the buyer to announce a required

capacity, μt, rather than a lead time.

Theorem 4 In the lead-time mechanism with n ≥ 2 competing suppliers, the weakly dom-
inant strategy for a supplier with capacity cost x is to bid Rt(x) = μtx/λ. The buyer’s

expected total cost is convex in μt.

Alternatively, the buyer may specify a late fee ηf for each outstanding order and ask the

suppliers to bid on price. Again we focus on the second-bid auctions. Because the suppliers’

capacity choice depends on the late fee but not the price bid, the winner with a cost x will

choose capacity μ̂(x). As with one potential supplier, we assume the buyer sets ηf = α/λ.

Although this is not the buyer’s optimal late fee, later we show that it performs very well.

Theorem 5 In the late-fee mechanism with n ≥ 2 competing suppliers, the suppliers’ dom-
inant strategy is to bid Rf (x) = Ĉ∗sc(x)/λ and the winner chooses capacity μf (x) = μ̂(x).
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Finally, a numerical study is used to compare the mechanisms with n ≥ 2 suppliers.

Since the qualitative results are similar for different n values, here we focus on n = 2.

The parameter values are the same as in §3.3.2. Table 3 summarizes the results from this

numerical study. We see that the simple mechanisms again are nearly optimal when there

are multiple competing suppliers.

Table 3. Buyer’s percentage cost increase relative to the optimal mechanism

(with n = 2 suppliers).

average 90th percentile maximum

Uniform LT 0.18% 0.31% 0.59%

cost distribution LF 0.32% 0.31% 3.27%

Normal LT 0.02% 0.06% 0.12%

cost distribution LF 0.23% 0.27% 3.40%

3.4.2 Generalized holding cost

We have assumed in the basic model that the buyer’s inventory holding cost is a constant

and independent of the procurement price. Now we consider a generalized holding cost. Let

h be a function of the unit cost, h = h0+rv, where h0 is a constant representing the physical

holding cost, r is the interest rate and v is the buyer’s effective unit cost. Notice that the

effective unit cost may not equal the unit price R. For example, the buyer’s effective unit

cost with a late fee is the unit price minus the late fee. The buyer’s operating cost is

C(μ, v) = (h0 + rv)

⎡⎣1− ln
³³

h0+rv
h0+rv+b

´³
μ/λ−1
lnμ/λ

´´
lnμ/λ

− 1

μ/λ− 1

⎤⎦ . (19)

The evaluation of the optimal mechanism with this new holding cost structure is quite

difficult. There are two major complications. First, C(μ, v) is not always jointly convex.

Second, the payment and the capacity functions are inter-dependent in the optimality con-

ditions (i.e., they cannot be solved separately). As a result, we need to evaluate the optimal

mechanism via a full enumeration over the contract space. Specifically, we can only deter-

mine the optimal mechanism when the suppliers’ costs are drawn from a discrete distribution

and the suppliers are only allowed to choose capacities from a discrete set.

The process for evaluating the lead-time mechanism does not require an adjustment

due to the generalized holding cost. On the other hand, the late-fee mechanism requires an

adjustment because the supply chain optimal capacity with the exponential approximation,

μ̂(c), no longer takes a simple form proportional to
p
1/c. We first find the capacity that

minimizes the supply chain’s cost when c = θ (recall θ is the mean of the cost distribution):

μθ = argmin
μ
(C(μ, θ) + θμ).

Because there is no closed-form solution for μθ, a one-dimensional search is needed to find

μθ. Given the late fee ηf , the supplier’s optimal capacity is μf = λ +
p
ηfλ/θ. Equating

μθ with μf yields

ηf = θ(μθ − λ)2/λ.
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Hence, we set the late fee to coordinate the supply chain with the average cost supplier.

With a single potential supplier, R is chosen so that the high cost supplier earns zero profit:

Rf = c̄+ 2

q
ηf c̄/λ.

With two or more suppliers, an auction sets the price Rf .

To test this version of the late-fee mechanism, we take the original set of 144 scenarios

and add three interest rate levels, r = {0.05, 0.1, 0.2}, to arrive at 432 scenarios. For

each scenario, we divide the cost support [θ(1 − δ), θ(1 + δ)] into m − 1 equal intervals
and assume each are equally likely (i.e., a discrete uniform distribution). Similarly, we

divide the range [1.1λ, 10λ] into l − 1 equal intervals and use the l interval boundaries
as the feasible capacities. As m and l are increased, our discrete problem approaches the

continuous problem we studied with a fixed holding cost. However, as we already mentioned,

the computational burden increases rapidly with m and l. In our numerical study, we set

m = 5 and l = 20.

Table 4 shows the performance of the lead-time and late-fee mechanisms relative to

the optimal mechanisms. Even with this holding cost, both mechanisms are nearly optimal

with a single supplier. With multiple suppliers the mechanisms perform well, but now the

average cost increase is a noticeable 2.61% with either mechanism. We suspect that this gap

with the optimal mechanism is in large part due to the coarse discretization because the

gap decreases quickly as the number of supplier cost realizations (m) increases (a sample of

the scenarios m = 7 and m = 9 have been tested). Overall, we conclude that the lead-time

and late-fee mechanisms perform reasonably well when the holding cost is a linear function

of the buyer’s procurement cost.

Table 4. Buyer’s percentage cost increase relative to the optimal mechanism

(with generalized holding cost h = h0 + rv).

average 90th percentile maximum

Single LT 0.15% 0.66% 2.22%

supplier LF 0.18% 0.64% 3.70%

n = 2 LT 2.61% 4.53% 12.19%

suppliers LF 2.61% 4.60% 11.87%

3.4.3 Make-to-order buyer

In the basic model the buyer can hold inventory as a buffer to mitigate the consequence of

slow delivery from the supplier. One may wonder whether the main results continue to hold

when the buyer cannot hold inventory (e.g., the buyer is a make-to-order manufacturer).

This also covers an important situation where the buyer is a service provider. Hence, in

this section we investigate the performance of the lead-time and late-fee mechanisms when

s = 0.

Consider the single-supplier case. Now the buyer’s operating cost only consists of the

waiting cost: C(μ) = λb/(μ − λ). We can derive the optimal mechanism as in Theorem

2. The simple mechanisms for the buyer are as follows. The buyer’s optimal lead-time

mechanism specifies capacity μt = λ+
p
bλ/c̄ and charges unit price Rt(μt) = c̄+

p
bc̄/λ.

14



In the optimal late-fee mechanism, the late fee ηf and Rf are given by

ηf =

µ
E (
√
c)

2
√
c̄−E (√c)

¶
b, (20)

Rf = c̄+ 2

q
ηf c̄/λ. (21)

The mechanisms with multiple suppliers can be derived similarly. The details can be found

in Cachon and Zhang (2006).

Table 5 reports the results from a numerical study using the same scenarios defined

in §3.3.2 and uniform cost distribution. We see that both the lead-time and the late-fee

mechanisms perform well relative to the optimal mechanism. Thus the simple mechanisms

continue to perform well even if the buyer is unable to use inventory to buffer the supplier’s

lead time performance.

Table 5. Buyer’s percentage cost increase relative to the optimal mechanism

(with uniform cost distribution and s = 0).

average 90th percentile maximum

Single LT 0.13% 0.40% 0.55%

supplier LF 0.03% 0.08% 0.12%

n = 2 LT 0.21% 0.43% 0.51%

suppliers LF 0.14% 0.20% 0.24%

4 Contracting with Make-to-stock Supplier

We proceed in this section to study another common situation that may arise in practice:

The supplier adopts a make-to-stock strategy and thus may hold inventory to improve

customer service. Specifically, we model the supply chain as a two-echelon inventory system,

which requires quite different analysis from that in §3.

4.1 Basic Model

A buyer needs an input (say, a product) from a supplier to satisfy market demand. The

supplier’s marginal production cost c is private information and modeled as a random draw

from a log-concave distribution F (density f) with support [c, c̄]. The buyer knows the

distribution function F , but not the exact cost at the supplier. Thus F represents the cost

uncertainty faced by the buyer. This information structure is the same as in §3 except that

now c is the production cost rather than the cost rate for maintaining a certain capacity.

We consider a two-echelon inventory system under periodic review. Again we use sub-

scripts 1 and 2 for the buyer and supplier, respectively. The supplier either manufactures

the product or obtains it from an ample external source. Assume there is a constant pro-

duction or replenishment lead time L2 for the supplier. The transportation time from the

suppliers to the buyer is L1, which may also represent the assembly time at the buyer.

To maintain tractability, assume both the supplier and the buyer adopt stationary base

stock policies. Let s1 and s2 denote the local base-stock levels adopted by the buyer and

the supplier. We define the service level as the fill rate provided by the supplier (i.e., the

expected percentage of an order that can be fulfilled immediately). It is clear that there is
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a one-to-one relationship between the base stock level s2 and the fill rate. That is, all else

being equal, a more responsive delivery performance is equivalent to a higher base-stock

level s2.

The firms incur linear inventory holding cost. The buyer’s holding cost rate is h1, and the

supplier’s holding cost rate is h2 = h0+rc, where h0 is a constant and r is the interest rate.

Here we follow the basic model in §3.1 to assume that h1 is independent of the procurement

price. This applies to consignment arrangements under which the buyer pays the supplier

only after the product is sold. Also §3.4.2 demonstrates that generalizing this holding cost

assumption does not change the qualitative insight (with a make-to-order supplier).

The buyer faces a random demand in each period and the demand distribution is i.i.d.

across periods. UseDτ to denote the demand over τ periods, soDLj is the lead time demand

for stage j (j = 1, 2). Define ωτ = E(Dτ ) as the mean demand over τ periods. Let ω denote

the single-period mean demand. Let Φτ and φτ be the cumulative distribution function and

density function, respectively, of demand over τ periods. Assume Φτ (x) is differentiable for

all positive integers τ . In other words, the demand has continuous density. Furthermore,

assume Φ1(0) = 0, so only positive demand occurs in each period. Unmet demand in each

period is backlogged and the buyer incurs a backorder cost b for each backlogged unit.

The timing of the model is similar to that with a make-to-order supplier (see §3.1).

The only difference is that now the supplier chooses the base-stock level s2 instead of the

capacity level μ. Both firms are risk-neutral in this model. The buyer wants to minimize

the expected total cost in each period, i.e., the procurement price plus the operating cost.

The supplier’s objective is to maximize the expected profit per period, which equals the

procurement price paid by the buyer minus the production and inventory holding costs. For

concision, define x ∧ y = min(x, y) and x ∨ y = max(x, y).
This model is based on the two-echelon inventory system studied by Zhang (2009). He

considers a more general setting where the buyer can set price to influence market demand.

In this section we focus on a special case with exogenous demand. This simplifies the analysis

but sharpens the insight we would like to emphasize. We will follow the cost accounting

scheme proposed by Chen and Zheng (1994) for the analysis.

4.2 Buyer’s Procurement Mechanisms

4.2.1 Optimal mechanism (OM)

As preparation, we first derive the buyer’s optimal base stock level s1 given the supplier’s

base stock level s2. Define

G̃1(x) = h1(x)
+ + b(x)−.

Let y be the buyer’s inventory position in period t. Then the cost incurred at the buyer in

period t+ L1 is:

G1(y) = E[G̃1(y −DL1+1)]
= h1(y − ωL1+1) + (h1 + b)

Z ∞

y

(x− y)φL1+1(x)dx.

It can be readily shown that G1(y) is strictly convex. Let H1(s1, s2) denote the buyer’s

operating cost function (inventory holding cost plus backorder cost). Using function G1,

H1(s1, s2) can be written as

H1(s1, s2) = E[G1(s1 ∧ (s1 + s2 −DL2))], (22)
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where s1 + s2 is the echelon base stock level for the supplier. It is straightforward to show

that H1(s1, s2) is convex in s1 and, hence, there is a unique optimal base stock level s1(s2)

for given s2. We have the following Lemma.

Lemma 6 (i) s1(s2) is decreasing in s2;

(ii) s1(s2)→ ŝ1 as s2 →∞, where ŝ1 = (ΦL1+1)−1(b/(h1 + b)).

It can be shown that H1(s1(s2), s2) may not be convex in s2. However, we can prove

the following useful properties about H1(s1(s2), s2).

Lemma 7 (i)
dH1(s1(s2),s2)

ds2
= 0 for s2 = 0 and

dH1(s1(s2),s2)
ds2

< 0 for s2 > 0;

(ii)
³
dH1(s1(s2),s2)

ds2

´
/ΦL2(s2) is increasing in s2.

Now we derive the buyer’s optimal mechanism. Suppose the buyer offers a menu of

contracts {s2(·), T (·)} to the supplier. If the supplier announces the cost to be x (x is not
necessarily the true cost c), then he is supposed to receive a unit price T (x) and adopt a

base stock level s2(x). Define

H2(c, s2) = (h0 + rc){E[s2 −DL2 ]+ + ωL1}

as the supplier’s operating cost (i.e., inventory holding cost). Given the above contract, the

supplier’s profit is as follows:

π2(x) = ω(T (x)− c)−H2(c, s2(x)).

According to the revelation principle, we only need to consider the truth-inducing con-

tracts (i.e., the IC constraint):

c = argmax
x

π2(x). (23)

In addition, the buyer needs to make sure that the supplier will accept the contract even

with the highest cost c̄ (i.e., the IR constraint):

π2(c̄) ≥ 0. (24)

The buyer’s problem is then given by

min
{s2(·),T (·)}

Z c̄

c

[H1(s1, s2(x)) + ωT (x)] f(x)dx (25)

s.t. (23) and (24).

Theorem 8 The buyer’s optimal menu of contracts {so2(·), T o(·)} (i.e., the solution to (25))
is characterized by

dH1(s1(s
o
2), s

o
2)/ds

o
2

ΦL2(so2)
= −[h0 + rx+ rF (x)/f(x)] (26)

ωT o(x) = ωc̄+H2(c̄, s
o
2(c̄))−

Z c̄

x

(h0 + ry)s
o0
2 (y)Φ

L2(so2(y))dy. (27)
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Because the left-hand side of Equation (26) is increasing in s2 (see Lemma 7) and the

right-hand side is decreasing in x, we know that so2 (x) is a decreasing function in the optimal

mechanism. This implies that in the optimal mechanism, a less efficient supplier will use a

lower stocking level. Although a closed-form solution to the stocking level function so2(x) is

not available, we are able to show in the next theorem that in the optimal mechanism, the

buyer tends to induce a fill rate that is lower than the supply chain optimal. This distortion

is because the buyer wants to reduce the information rent paid to the supplier to minimize

cost. Let (s∗1, s
∗
2) denote the supply chain’s optimal inventory policy, where s

∗
1 and s

∗
2 are

the local base-stock levels at the buyer and the supplier, respectively.

Theorem 9 The stocking level specified by (26) in the optimal mechanism is lower than

the supply chain’s optimal stocking level, i.e., so2(x) ≤ s∗2(x) for all x.

4.2.2 Fixed service-level contract (FS)

A widely observed supply agreement in practice is that the buyer specifies a service-level

requirement and compensates the supplier with a price. Call this a fixed service-level

contract (FS). Practical examples of contracts involving inventory service-level agreements

can be found in Thonemann et al. (2005), Thomas (2005), and Katok et al. (2008). In such

a contract, the buyer needs to propose a price so that the supplier is willing to participate.

Note that specifying a fill rate is equivalent to specifying the base stock level s2. Given a

base stock level s2, the supplier’s total cost per period is

C2(s2) = cω +H2(c, s2).

To ensure supplier participation, the buyer needs to pay the supplier

ωT = c̄ω +H2(c̄, s2).

The buyer’s total cost in fixed service-level contract is then given by

C1(s2) = H1(s1(s2), s2) + c̄ω +H2(c̄, s2).

It can be readily shown that C1(s2) is quasiconvex and has a unique global minimizer.

To minimize total cost, the buyer will choose an s2 which is optimal for the supply chain

with production cost c̄. Hence in the fixed service-level contract, the buyer essentially sells

the supply chain to the supplier and charges a price that is equal to the supply chain’s

optimal profit with cost c̄.

4.3 Comparison of Mechanisms

In this subsection, we compare the performances of the two procurement mechanisms in

§4.2. Because obtaining closed-form expressions for the buyer’s profit is difficult in such an

inventory system, we concentrate on a numerical study for the comparison. The following

parameter values are used. Fix h0 = 1 (the result of the numerical study only depends on

the relative magnitude of the parameter values). We assume the supplier’s cost c follows

either a uniform distribution or normal distribution on the support [c, c̄], where c = θ(1−δ)
and c̄ = θ(1 + δ), θ ∈ {10, 100, 1000} and δ ∈ {0.1, 0.2, 0.3}. With normal distribution,
we set the standard deviation to be δθ/4. Note that with δ = 0.3θ, the ratio c̄/c ≈ 1.86,
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which represents an unusually high uncertainty in the supplier’s production cost. As to the

supplier’s holding cost, we set r ∈ {1%, 5%, 10%}. In view of the 15% annual opportunity

cost rate commonly found in textbooks, r = 10% is quite large for a biannually-reviewed

inventory model, not to mention even shorter review periods. In the numerical study, we

set h1 = αh(h0 + rc̄) and choose αh ∈ {2, 4} (this implies h1 > h2, which is commonly

assumed in the literature). Similarly, we let b = αbh1 and choose αb ∈ {1, 10, 40}. Finally,
the single-period demand follows a normal distribution with a mean of 20 and a standard

deviation of 5 (there is a negligible probability for negative demand), and the lead times

are L1 = 4 and L2 ∈ {2, 4, 8}. There are 486 combinations in total in this numerical study.
Among the 486 parameter combinations, the expected fill rate in the optimal mechanisms

ranges from 64% to 98%.

Table 6 presents the percentage cost increase of the FS mechanism relative to the optimal

mechanism (OM). We see that the simple mechanism is nearly optimal: The maximum cost

increase among all tested scenarios is only 0.42%. This observation has been confirmed by

additional numerical experiments conducted in Zhang (2009) (e.g., the demand follows a

gamma distribution and the supplier’s cost has a highly skewed two-point distribution).

Table 7 provides data on the supply chain efficiency in different procurement mecha-

nisms (OM and FS). (The analysis for n = 2 suppliers is given in the next subsection.)

The data represents the percentiles of the percentage cost increase in the supply chain for

different mechanisms, as compared to the supply chain optimal solution. Interestingly, both

mechanisms create negligible inefficiency to the supply chain: The maximum efficiency loss

for the supply chain is 0.09% in this numerical study.

In sum, we have extended the results from the previous section (§3 with a make-to-order

supplier) to the situation with a make-to-stock supplier. That is, the simple mechanism is

quite attractive from both the buyer’s and the system’s perspectives.

Table 6. Buyer’s percentage cost increase relative to the optimal mechanism

(with a single supplier).

average 90th percentile maximum

Uniform cost distribution FS 0.01% 0.03% 0.07%

Normal cost distribution FS 0.08% 0.18% 0.42%

Table 7. The expected supply chain inefficiency in different procurement

mechanisms (with uniform cost distribution).

average 90th percentile maximum

Single OM 0.01% 0.03% 0.08%

supplier FS 0.01% 0.04% 0.09%

n = 2 OM 0.01% 0.02% 0.06%

suppliers FS 0.01% 0.03% 0.07%

4.4 Multiple Competing Suppliers

As in §3.4.1, we may extend the basic model to consider n ≥ 2 potential suppliers. In this
case, the buyer can design a competition mechanism for the suppliers and select the most

efficient one to source from. The same notations in §3.4.1 will be used here.
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First we derive the optimal mechanism with n ≥ 2 suppliers. Consider the following
menu of contracts: {qi(·), si2(·), T i(·)}, i = 1, 2, ..., n. That is, if the suppliers announce

their costs to be x = (x1, ..., xn), then supplier i is the winner with probability qi(x) ≥ 0;
supplier i receives a payment ωT i(xi); the winner serves the buyer by using a base stock

level si2(x
i); and the losers do nothing but enjoy the payment.

The analysis starts with the supplier’s bidding behavior. Supplier i maximizes the

expected profit:

max
xi

πi2 = Ex−i [ωT
i(xi)−qi(x)(ciω +H2(ci, si2(xi))].

We focus on truth-inducing mechanisms, i.e.,

ci = argmax
xi

πi2(x
i). (28)

The participation constraint or individual rationality constraint is

πi2(c
i) ≥ 0. (29)

Then the buyer’s problem is

min
{qi(·),si2(·),T i(·)}

Ec{
Pn
i ωT

i(ci)+
Pn
i [q

i(c)H1(s1, s
i
2(c

i))]}. (30)

s.t. (28) and (29)

The following theorem gives the solution to (30).

Theorem 10 The buyer’s optimal mechanism with n ≥ 2 suppliers is as follows: The buyer
offers the suppliers identical menu of contracts {qo(·), so2(·), T o(·)} characterized by

dH1(s1(s
o
2), s

o
2)/ds

o
2

ΦL2(so2)
= −[h0 + rx+ rF (x)/f(x)]

ωT o(x) = (1− F (x))n−1[ωc̄+H2(c̄, so2(c̄))]
−
Z c̄

x

(1− F (x))n−1[(h0 + ry)so02 (y)ΦL2(so2(y))]dy

qo(x) =

½
1 if x = min (x1, · · · , xn)
0 otherwise

.

The suppliers announce their true costs and the most efficient supplier will be chosen.

Next we derive the fixed service-level mechanism with n ≥ 2 suppliers. In this mecha-
nism, the buyer specifies the fill rate (or s2 equivalently) and asks the suppliers to bid on

price. Without losing generality, we focus on the second-bid auction (it is straightforward

to verify that the first-bid auction yields the same total cost for the buyer). Under this

auction, we can show that each supplier will bid the break-even price (i.e., a supplier with

cost x will bid price x+H2(x, s2)/ω) and the buyer’s total cost is quasiconvex in s2.

Finally, we compare the performances of the above mechanisms with n = 2 suppliers.

The same scenarios in §4.3 are considered and the results are summarized in Table 8. Again,

the simple mechanism is nearly optimal in this numerical study. The results indicate that

when both procurement price and logistics performance are taken into consideration, buyers
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can simply post a target service level and then ask suppliers to bid only on their costs. This

seems to be consistent with practical observations: In some B2B industrial exchanges,

buyers post product specifications and logistics requirements and then ask suppliers to

bid on contracts (Rangan 1998). It helps us understand the challenging online procurement

auction design problems, especially when multiple factors that may affect the buyer-supplier

relationship are taken into account (see Elmaghraby 2004 for detailed discussion).

Table 8. Buyer’s percentage cost increase relative to the optimal mechanism

(with n = 2 suppliers).

average 90th percentile maximum

Uniform cost distribution FS 0.58% 0.97% 1.06%

Normal cost distribution FS 0.15% 0.26% 0.28%

5 Discussion

This section discusses several issues related to our procurement problem. First, we have

assumed that the buyer is willing to contract with all supplier types including the least

efficient one. This assumption is reasonable when the supplier has gone through a rigorous

screening process and his cost will be within an acceptable range. However, in many other

situations, the buyer may choose not to transact with the supplier if his cost is prohibitively

high. For instance, the buyer may utilize a cut-off policy to exclude highly inefficient supplier

types. Zhang (2009) considers the impact of such a cut-off policy in the setting described

in §4. It has been found that a fixed service-level (FS) contract continues to perform very

well. Similar findings can be obtained for the setting in §3. Thus the results from §3 and

§4 are robust when the cut-off policy is allowed.

The observation that using a fixed service level is nearly optimal gives rise to an inter-

esting question: Can we generalize such a result to other procurement attributes? That

is, can we always use a fixed attribute rather than a complex menu in supply contract

design under asymmetric information? The answer is not positive. Zhang (2009) includes

price-sensitive demand in the above two-echelon inventory system. In his model, the buyer

can set price to influence market demand; or equivalently, the buyer needs to determine the

purchase quantity in each period. He shows that using a fixed purchase quantity may cause

significant profit loss for the buyer, which implies that a complex menu for the quantity

attribute could be highly valuable. He then proceeds to investigate why the service-level

and quantity attributes have distinct implications for supply contract design. The following

intuition has been offered. For both model settings in this chapter, the market demand is

exogenously given; and, because using a cost-contingent service level only reduces the sup-

ply chain’s operating cost for satisfying the fixed demand, the supplier has little incentive to

share the true cost information unless he will keep the majority from a low cost realization.

In contrast, when the market demand is endogenously determined, the buyer will be able

to set a low price to induce more demand when the supplier’s cost is low. Thus a cost-

contingent quantity attribute will increase the demand and revenue for the supply chain,

which benefits both the buyer and the supplier. As a result, the supplier is more willing to

share true cost information and its associated benefits with the buyer. This explains why

the optimal menu for the quantity attribute is more valuable for the buyer.
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An implicit assumption underlying the analysis in this chapter is that both supply chain

firms’ actions are enforceable. In §3, the two parties can enforce a contract based on the

supplier’s capacity (or lead time), and in §4 the supplier must commit to the specified

base-stock level. This is not a restrictive assumption when the firms care about long-

term relationship or when there is a third party who is able to verify and enforce the firms’

actions. When enforcement becomes an issue, the buyer has to take it into consideration and

modify the supply contract accordingly. An incentive scheme has been proposed in Zhang

(2009) for the buyer to induce desired supplier actions. More discussion of the impact of

the enforcement issue can be found in Cachon and Lariviere (2001) and Bolandifar et al.

(2010).

6 Conclusion and Future Research

Outsourcing/offshoring has been increasingly used by the industry during the past few

decades. This trend brings supply management under the spotlight because many compa-

nies today depend critically on their suppliers for the delivery of components, products, and

services. The purpose of this chapter is to study a buyer’s procurement problem while tak-

ing a key operational element into consideration: supplier’s delivery performance. It is quite

clear that superior delivery performance is beneficial to the buyer, because more responsive

deliveries reduce the buyer’s operating cost (e.g., inventory and backorder costs). Respon-

sive deliveries require capacity or inventory investments at the supplier, both of which are

costly. As a result, the buyer needs to carefully design incentive schemes to induce the right

action from the supplier. Most studies in the literature on supply contracting assume there

is complete information in the supply chain. However, in practice, firms in a decentralized

supply chain are independent organizations and may not have perfect information about

each other. It is not uncommon that the buyer faces uncertainties about the supplier’s

cost structure when negotiating the supply contract. Therefore, in this chapter we focus on

the buyer’s supply contract design problem under both asymmetric cost information and

delivery performance consideration. In particular, we aim to derive some useful managerial

guidelines for practitioners when making procurement decisions.

Two problem scenarios have been considered in this chapter. In the first scenario, the

supplier is a make-to-order manufacturer or a service provider; so we model the supplier

as a queueing server (the delivery performance is determined by the average delivery lead

time). In the second, the supplier is a make-to-stock manufacturer and may hold inventory

to improve customer service (the delivery performance is the fill rate at the supplier). We

present these two scenarios in separate sections because their model settings and analyses

are quite different. For each scenario, we first derive the buyer’s optimal (profit-maximizing)

mechanism, which consists of a nonlinear menu of contracts. Then we propose some simple,

but suboptimal mechanisms for the buyer. The simple mechanisms only specify a target

delivery performance and do not require the supplier’s cost information as an input. By

comparing the simple mechanisms to the optimal benchmark, we find that fixing the delivery

performance attribute yields nearly-optimal outcome for the buyer. Such a finding is quite

robust: It applies to both scenarios and remains unchanged in various extensions of the

basic model. The explanation of this result is as follows. Using a complex menu on the

delivery performance attribute (i.e., a cost-contingent lead time or fill rate) may reduce

the supply chain’s operating cost for satisfying market demand. However, the buyer is
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ultimately responsible for such a cost, so the supplier has little incentive to share his true

cost information with the buyer unless he can keep the majority of the benefit from the cost

reduction. This means that for the delivery performance attribute, even using the optimal

menu cannot extract much information rent from a low-cost supplier. Therefore, the simple

mechanisms perform very well (relative to the optimal mechanism), although they do not

extract any information rent from the supplier.

On one hand, the above finding suggests that in the presence of asymmetric information,

the buyer only needs to use a fixed number (rather than a complex menu) to ensure sat-

isfactory delivery performance from the supplier. It bodes well for procurement managers

because a relatively simple contract term can be used to take care of the delivery perfor-

mance attribute in the procurement process. This is consistent with the practical observa-

tions in various industries where buyer-supplier contracts often involve simple service-level

agreements (Lacity and Willcocks 1998, Thonemann at al. 2005, Katok at al. 2008). On

the other hand, our results indicate that instead of resorting to the complex, optimal pro-

curement contract, the buyer should try to reduce the information disadvantage by learning

more about the supplier’s cost structure. A better understanding of the supplier’s operat-

ing process, technology, and other cost-related activities will bring significant savings in the

supply contracting process.

This research can be extended in several directions. First, it has been assumed in

both scenarios that unsatisfied demand at the buyer can be backlogged. An alternative

assumption is that there are lost sales. It would be worthwhile to investigate whether the

lost-sales assumption will change the results. Second, in many situations, the supplier’s

delivery performance may depend on the random yield at the supplier. For instance, due

to quality-related problems, only a fraction of the production at the supplier will be useful

and delivered to the buyer. Supply disruption may occur as an extreme case if the yield

is sufficiently low. How the buyer should design supply contract to induce yield-improving

effort is an interesting and open research topic. Finally, this chapter focuses on sole-sourcing

where the buyer selects only one supplier with whom to transact. A potential direction for

future research is to study a similar contracting problem with multi-sourcing.
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