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Incentive-Compatible in Dominant Strategies Mechanism Design

for an Assembler under Asymmetric Information

Abstract

Assembly systems, in which various components are sourced from multiple suppliers and

assembled into the final product, which is sold to external customers, are found in a variety of

industries. In many practical settings, the assembler possesses incomplete information regarding

the marginal cost of each supplier. This lack of complete information poses a challenge for the

assembler in designing contract mechanisms. In this paper, we investigate the assembler’s con-

tract design problem by proposing a contracting mechanism that can significantly outperform

an alternative mechanism that was previously presented in the literature, especially when the

uncertainty regarding customer demand is significant. Our mechanism is incentive compatible

in dominating strategies (ICDS) and maximizes the assembler’s expected profit while ensuring

that every supplier truthfully reveals their own production cost, regardless of how the other

suppliers might behave. In this ICDS mechanism, the assembler orders the same number of

components from each supplier. This “balanced ordering” property does not hold for the alter-

native mechanism from the literature. Finally, to simplify the proposed ICDS mechanism, we

introduce a hybrid mechanism, under which the complexity of the contract offered to a given

supplier depends on the importance of that supplier to the assembler’s overall profit. We con-

duct a set of numerical experiments to demonstrate that, in many cases, this proposed hybrid

mechanism provides performance close to that of the optimal mechanism, and can significantly

outperform the alternative mechanism from the literature.

Keywords: Procurement, Assembly Systems, Contract Design, Incentive Compatible in Dom-

inating Strategies.
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1 Introduction

Assembly production systems can be found in a wide variety of industries, including automotive,

heavy equipment, and consumer electronics manufacturing. In these industries, assemblers will

often outsource the production of the components in order to capitalize on the suppliers’ technical

expertise and to take advantage of the economies-of-scale in the suppliers’ production processes.

However, these component suppliers may not always be willing to share their cost information

with the assembler, out of concern that the assembler may take advantage of such information

to reduce the payment to the supplier. Further, multi-national enterprises (MNEs) often procure

components from hundreds of suppliers across the globe. Inevitably, a number of these suppliers will

be first-time trading partners of the MNE, implying that the MNE will have limited information

regarding those suppliers’ costs. Even when the relationship with the trading partner is long-

standing, suppliers will often experience fluctuations in raw material costs, due to volatility in

commodity markets (Levy and Ferazani, 2006), which would make any cost data obtained by the

assembler during the previous contracting cycles no longer valid. For these reasons, an important

question is how an assembler should best design the contracts offered to the suppliers in order to

cope with information asymmetry regarding the suppliers’ marginal production costs, particularly

in settings with uncertain demand for the final product.

The literature discusses a number of different contracting mechanisms that can be used by an

assembler in settings with asymmetric information (see Section 1.2 for more details). For example,

Fang et al. (2014), hereafter referred to as FRW, derive a mechanism in which the contract offered

to each supplier depends only on that supplier’s cost, and not on the costs of the other suppliers.

Thus, the mechanism is straightforward to understand and to implement, even in settings with a

very large number of suppliers. However, the resulting order quantities may not be balanced, i.e.,

the assembler may order a different number of components from each supplier. Such an unbalanced

ordering policy is clearly inefficient and can potentially lead to significant waste, in the sense that

it may result in more unused components.

Motivated by this observation, in this paper we propose an alternative contracting mechanism

(the incentive compatible in dominating strategies, or ICDS, mechanism) in which the assembler
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offers the suppliers a menu of contracts under which the payments and procurement quantities are

contingent on the reported costs of all suppliers. Given this menu, each supplier independently

reports their marginal cost. After receiving the reports from all suppliers, the assembler deter-

mines the procurement quantity and payment for each supplier, according to the contract menu

that was previously announced. While the ICDS mechanism is clearly more complex to compute

and implement than the FRW mechanism, particularly when the number of suppliers is large, we

will demonstrate that balanced ordering, under which the assembler orders the same number of

components from each supplier, is always optimal under the ICDS mechanism, and that the ICDS

mechanism will always perform at least as well as the FRW mechanism.

Practical settings often require assemblers to contract with a large number of suppliers, where

not all suppliers are of equal importance to, or have equal impact on, the assembler’s profit. How-

ever, when the number of suppliers is moderate to large, the ICDS mechanism becomes too complex

to implement, while the FRW mechanism offers poor performance. To address this issue, we propose

an alternative hybrid mechanism, under which the assembler employs the ICDS mechanism only

for the most important suppliers, using a simpler mechanism for the remaining suppliers. Using a

numerical study, we will demonstrate that this hybrid mechanism can perform quite well relative

to the ICDS mechanism and can significantly outperform the FRW mechanism, particularly when

(1) there is significant uncertainty regarding the suppliers’ costs, (2) there is significant uncertainty

regarding the end-customer demand, and (3) the number of suppliers is large.

The analysis of the alternative contracting mechanisms (the ICDS, FRW, and hybrid mecha-

nisms) contained in this paper provides important practical guidance for assemblers regarding when

the use of more complex contracting mechanisms, such as the ICDS mechanism, can be warranted.

For example, we will demonstrate that using the ICDS mechanism adds the most value for the as-

sembler, compared to both the hybrid and FRW mechanisms, when there is significant uncertainty

regarding the end-product demand. In other words, when demand uncertainty is significant, it is

important for the assembler to use a mechanism in which the contract parameters are dependent

on all suppliers’ costs. By doing so, the assembler can make use of as much information as possible

regarding the suppliers’ costs when setting the order quantity. We also find that more complex

(and hence more sophisticated) mechanisms are necessary when the assembler has significant un-
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certainty regarding the suppliers’ costs. Thus, a key insight obtained from this research is that

while simplicity and ease of implementation are of practical importance, in complex settings with

information asymmetry, they should not be the only objective in contract design.

1.1 Literature Review

In this paper, we consider an assembler who must contract with a set of suppliers who possess

private information regarding their marginal production costs. The contracts specify the quantity

that will be provided by each supplier, as well as the payment from the assembler. For this setting,

we propose an incentive compatible in dominating strategies (ICDS) mechanism (Bergemann and

Välimäki, 2006), designed to maximize the assembler’s profit, while ensuring that every supplier

truthfully reports their cost, regardless of whether the other suppliers report truthfully. In the

literature on mechanism design (Section 2.1 of Bergemann and Välimäki, 2006 and Jehiel et al.

2006), there are three main types of incentive compatible (IC) mechanisms: Bayesian incentive

compatible (BIC), ex post incentive compatible (EPIC), and incentive compatible in dominating

strategies (ICDS). In a BIC mechanism, each supplier uses the (publicly available) joint distribution

of the suppliers’ marginal costs to evaluate the expected utility associated with different reporting

strategies. The BIC mechanism requires that each supplier obtains the highest expected utility

by truthfully reporting his cost, given that all other suppliers also report truthfully. In an EPIC

mechanism, each supplier prefers truth-telling even after knowing the other suppliers’ reported

costs (which are assumed to be truthful). In an ICDS mechanism, each supplier prefers truth-

telling regardless of whether the other suppliers’ report truthfully. Of these three mechanisms, the

ICDS constraints are the most stringent, while the BIC constraints are the weakest (Chung and

Ely 2007), where weaker constraints imply (weakly) higher expected profit for the assembler.

The main criticism of BIC mechanisms (e.g., Wilson 1987) is the assumption that the joint

distribution the suppliers’ marginal costs is publicly known. In practice, assemblers often source

from a geographically-dispersed set of suppliers, who may have little information regarding each

other’s cost structure. Thus, the assumption that the joint distribution is known to all suppliers is

unlikely to hold. To overcome this difficulty, researchers consider either EPIC or ICDS mechanisms,

which do not require the joint distribution to be public information. The key difference between
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the EPIC and ICDS mechanisms is subtle. In an ICDS mechanism, each supplier ignores the other

suppliers’ reporting strategies. In contrast, in an EPIC mechanism, each supplier assumes that

other suppliers truthfully report their costs. In settings with private valuations (which holds in our

model since, given the payments and quantities, a supplier’s profit depends only on his own type),

the EPIC and ICDS mechanisms are equivalent (Chung and Ely 2007).

There is previous work in the economics literature considering ICDS mechanisms, which are

sometimes referred to as dominant-strategy incentive-compatibility (DSIC) mechanisms. A formal

definition of the ICDS mechanism can be found in Definition 2 of Bergemann and Valimaki (2006).

ICDS mechanisms, which do not require that each supplier knows the joint probability distribution

for the suppliers’ unit costs, are often discussed in the context of Wilson’s (1987) criticism of the

BIC mechanisms’ overreliance on common knowledge assumptions. Bergemann and Morris (2005)

and Chung and Ely (2006) develop theoretical motivations for the ICDS mechanism. In addition,

there is a stream of the economics literature considering the relative performance of the ICDS and

BIC mechanisms. See Appendix B for a discussion of this literature, as well as a comparison of the

ICDS and BIC mechanisms for our assembly setting.

While ICDS mechanisms have been well-studied in economics, they have not been applied in

the operations management literature (with the exception of Chaturvedi and Martinez-de-Albeniz,

2011, as discussed below). In addition, our approach to the model and analysis differs from that

generally used in the economics literature. For example, the problem considered in Section 3 of

Melumad, et al. (1995) has some similarity to our model. However, that previous work does not

explicitly consider issues specific to the assembly setting, such as demand uncertainty and the

question of whether the order quantities are balanced. Further, that previous work considers just

two agents (suppliers) with independent costs (and hence the authors find that the ICDS and BIC

mechanisms are equivalent). In summary, to the best of our knowledge, our paper is among the

first to study ICDS mechanisms for an assembly setting with asymmetric information regarding

the suppliers’ costs. In doing so, we take a different perspective from the economics literature, as

discussed above, by focusing on explicitly characterizing the optimal ICDS procurement mechanism

for the assembler, including both payments and order quantities, in the context of a general number

of suppliers and uncertain demand for the final product. We also allow the suppliers costs to be
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generally correlated, a setting which has not been thoroughly studied in the economics literature.

Besides FRW, the most closely-related work to our paper is Hu and Qi (2017), who also study

mechanism design for an assembler under asymmetric information regarding the suppliers’ costs,

but under the BIC solution framework. Their model assumes that the customer demand is linear

in price, the final product requires just two components (i.e., there are just two suppliers), and

the marginal cost of each supplier is independently-distributed. As discussed in Appendix B, the

BIC mechanism can in some cases outperform an ICDS mechanism. However, the use of an ICDS

mechanism allows us to consider a general number of suppliers (components), as well as any degree

of correlation between the suppliers’ costs. In addition, because our ICDS mechanism does not

require the assumption that all suppliers know the joint probability distribution of the marginal

costs, our setting is more practical (robust) than that considered in Hu and Qi (2017). Furthermore,

by considering uncertain demand, we are able to provide insights into the impact of this uncertainty

on the assembler’s optimal decisions.

Finally, while there exists a large body of supply chain management literature considering

contractual mechanisms under asymmetric information, the majority of that literature involves a

single agent and a single component. In contrast, our model considers multiple agents (suppliers)

and multiple components. There are a few previous works that consider settings with multiple

agents and/or components. Kayis et al. (2013) consider a two-agent model in which the tier-2

agent supplies the semi-finished good to the tier-1 agent and then the tier-1 agent supplies the

finished good to the buyer. The agents possess private cost information and the buyer assesses

the benefit of delegating procurement to the tier-1 agent. While Kayis et al. (2013) consider a

serial supply chain, our model studies an assembly supply chain. Yang et al. (2012) examine the

benefit of allowing two suppliers, who possess private information regarding their disruption risks,

to compete. While the goods produced by the two suppliers in Yang et al. (2012) are substitutes,

in our model the goods are complements. Finally, Chaturvedi and Mart́ınez-de-Albéniz (2011)

develop an ICDS procurement mechanism for a setting in which multiple suppliers possess private

information regarding their cost and reliability. However, they consider substitute goods in an

auction setting, while our model considers complementary goods in an assembly system.
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1.2 Managerial Insights and Contributions

We conclude this section with a summary of the insights and contributions provided by this paper.

• We derive the optimal ICDS mechanism for an assembler and demonstrate that this optimal
mechanism always exists, which implies that an ICDS mechanism can be used by an assembler
to cope with asymmetric information regarding her suppliers’ marginal costs.

• We prove that balanced ordering is optimal under the ICDS mechanism. This is in contrast
to the unbalanced ordering result for the FRW mechanism. The optimality of balanced
ordering is particularly important in assembly industries such as consumer electronics, where
component overstocking can be quite costly due to obsolescence.

• We demonstrate that the ICDS mechanism always outperforms the FRW mechanism, which
can be ineffective in extracting cost information from the suppliers when the number of
suppliers is greater than two, and we characterize the conditions under which the ICDS
mechanism offers the most value relative to the FRW mechanism.

• We find that the value of using the ICDS mechanism increases with the uncertainty in demand
due to the fact that, in contrast to the FRW mechanism, the ICDS mechanism allows the
buyer to make quantity decisions using information on all of the suppliers’ costs. Since many
assemblers operate in settings with significant demand uncertainty (e.g., in the consumer
electronics industry), this result provides an important insight that can assist assemblers in
managing their procurement.

• We develop and propose an easier-to-implement hybrid mechanism which effectively balances
complexity of implementation and performance, enhancing performance relative to the simpler
FRW mechanism, while offering reduced complexity relative to the ICDS mechanism.

The rest of the paper is organized as follows. Section 2 derives the optimal ICDS mechanism for

a setting with a general number of suppliers and binary types, and presents an easy-to-implement

hybrid mechanism. Section 3 presents the results of a numerical study in which we demonstrate

that the ICDS mechanism can significantly outperform the FRW mechanism, and evaluate the

performance of the proposed hybrid mechanism. Section 4 extends the basic model to a setting

with continuous types. Section 5 concludes the analysis. All proofs can be found in Appendix A.

All appendices can be found in the online supplement.

2 Assembler’s Problem: Formulation and Analysis

In this paper, we consider a model in which an assembler acts as an uninformed principal, while

the n suppliers act as the informed agents who possess private information regarding the marginal
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production cost for the component that they produce. We refer to the assembler as “she” and to

each of the suppliers as “he.” We assume that each unit of final product requires one unit of each

of the n components. Each supplier produces a single type of component and contracts with the

assembler to provide a certain quantity of that component in exchange for a payment. We first

characterize the optimal ICDS mechanism when the suppliers’ types (production costs) are binary.

In Section 4, we extend the analysis to consider a continuous distribution for the suppliers’ types.

2.1 ICDS Model Formulation

We consider an assembler who sells a product that is assembled from n ≥ 2 distinct components.

The final product is sold at a fixed selling price of r per unit, and requires (without loss of generality)

one unit of each component. The external demand for the final product, denoted by D, is a

non-negative random variable with cumulative distribution function (CDF) denoted by F (·) and

probability density function (PDF) denoted by f (·). Prior to observing the final product demand,

the assembler procures components from the n different suppliers, indexed by i ∈ {1, 2, ..., n},

where supplier i produces only component i. The assembler’s cost to assemble the final product

is normalized to zero. We define S (q) = rE[min (D, q)] as the expected sales revenue when q

units of the final product can be assembled. The first derivative of S (q) with respect to q is

S′ (q) = r (1− F (q)) and the second derivative is S′′ (q) = −rf (q) < 0. After observing the

external customer demand, the assembler uses the available components to assemble the final

product. Any unsatisfied demand is lost and any unused components are salvaged with zero value.

The assembler knows that supplier i may be either a low-cost type, denoted by type-l, or a

high-cost type, denoted by type-h. We use ti ∈ {l, h} to represent the type of supplier i. If supplier

i is type-ti, his production cost is ci (ti) > 0 per unit. For supplier i, we use ∆i = ci(h)− ci(l) > 0

to denote the cost difference between the high-cost type and the low-cost type. There are 2n

possible combinations of the suppliers’ types. We use bold-face variables to represent vectors. Let

t = (t1, t2, ..., tn) denote the vector of all supplier types and t−i = (t1, ..., ti−1, ti+1, ..., tn) denote the

vector of all types excluding ti. Let β (t) denote the joint probability that the vector of suppliers’

types is t. Let β (ti|t−i) denote the conditional probability that supplier i is type ti when the

vector of the other n − 1 suppliers’ types is t−i. For any given t, we define c (t) =
∑n

i=1 ci(ti) as
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the total cost to produce one unit of the final product. We assume that c (h) ≡
∑n

i=1 ci(h) < r,

which ensures that the assembler always produces a positive amount of the final product.

The assembler announces a procurement mechanism (i.e., a contract menu) and asks each

supplier to report their marginal cost of production accordingly. The revelation principle states that

it suffices for the assembler to only consider mechanisms that are direct and incentive-compatible

(Myerson 1979). A mechanism specifies a message space for each supplier i. After observing his

type to be ti, supplier i chooses to report a message from that message space to the assembler.

A mechanism is called a direct mechanism if the message space is the same as the supplier’s type

space. With binary types, the direct message space is thus {l, h} for all i. As discussed in detail

below, in an incentive-compatible mechanism, each supplier finds it beneficial to truthfully report

his true type, i.e., supplier i with type ti reports the message ti.

After receiving the reported types from all n suppliers, t = (t1, t2, ..., tn), the assembler procures

qi (t) units of component i from supplier i and makes a payment of Pi (t) to supplier i. The payments

and procurement quantities are contingent on the reported types of all suppliers. In contrast, the

FRW mechanism takes the form {Pi (ti) , qi (ti)}. Therefore, the FRW mechanism could be derived

by adding the following constraints into our model: Pi (ti, t−i) = Pi (ti) and qi (ti, t−i) = qi (ti).

Thus, the mechanism developed in this paper always provides the assembler with an expected profit

at least as high as that provided by the FRW mechanism. Further, in Section 3 we demonstrate

that these extra constraints in the FRW mechanism can significantly reduce the assembler’s profit.

Without loss of generality, we divide the payment to supplier i, Pi (t), into two parts such that

Pi (t) = wi (t) + ci (ti) qi (t) , (1)

where wi (t) represents the markup, ci (ti) is supplier i’s reported cost per unit, and qi (t) is the

procurement quantity. Thus, ci (ti) qi (t) is the total production cost incurred by supplier i, based

on supplier i’s reported cost. In other words, each contract in the ICDS mechanism consists of a

fixed payment (the markup), a variable (per unit) payment, which is the same as the supplier’s

reported per unit cost, and a quantity qi (t), which depends on the reported types of all suppliers.

Finally, we normalize the reservation value of each supplier to be zero.

Let q (t) = (q1 (t) , q2 (t) , . . . , qn (t)) be the vector of procurement quantities if the vector of
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reported types is t. The assembler’s expected profit, denoted by Z, can be written as the total

supply chain expected profit, minus any rents paid to the suppliers:

Z =
∑
t

β (t)

S (min (q (t)))−
n∑
i=1

ci (ti) qi (t)︸ ︷︷ ︸
Total profit of the supply chain

−
n∑
i=1

wi (t)︸ ︷︷ ︸
Total rents

 . (2)

As discussed next, the model constraints will ensure that all suppliers truthfully report their types.

As described in Appendix B, there are a number of different types of incentive-compatible

mechanisms. We focus on designing a mechanism that is incentive-compatible in dominant strategies

(ICDS). Under such a mechanism, each supplier finds it optimal to truthfully report their type,

regardless of what the other suppliers report. If the suppliers’ true types are given by t and if

each supplier reports truthfully, wi (t) represents the information rent (or the surplus) earned by

supplier i. However, if supplier i, whose true type is ti, misrepresents his private cost information

by reporting his type to be t′i 6= ti, then supplier i may suffer a cost overrun if he understates his

true cost, or achieve a cost reduction if he overstates his true cost. To ensure that each supplier i

prefers truth-revealing regardless of what other suppliers might report, when supplier i is of type

ti, the ICDS constraints specify that the payments must satisfy

Pi (ti, t−i)− ci(ti)qi (ti, t−i) ≥ Pi
(
t′i, t−i

)
− ci (ti) qi

(
t′i, t−i

)
, (3)

for any i, ti 6= t′i, and t−i. Using (1), constraints (3) can be written as

wi (ti, t−i) ≥ wi
(
t′i, t−i

)
+
[
ci
(
t′i
)
− ci (ti)

]
qi
(
t′i, t−i

)
, (4)

for any i, ti 6= t′i, and t−i. Notice that these constraints must hold for any t−i, i.e., regardless of

the other suppliers’ (reported) types.

The right-hand-side (RHS) of (4) indicates that if supplier-i misrepresents his cost to be

ci (t′i) 6= ci (ti), the assembler would change the procurement quantity from qi (ti, t−i) to qi (t′i, t−i).

Given that constraint (4) is satisfied, a type-ti supplier-i receives a surplus (rent) of wi (t) in the

equilibrium in which truth-revealing is the dominating strategy. Thus, the individual rationality
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(IR) constraints, which guarantee that the suppliers earn a non-negative surplus in the equilibrium,

can be written as wi (t) ≥ 0.

The ICDS constraints (4) must hold for any type for supplier i. For example, if supplier i is

type-l, then ti = l and t′i = h, and (4) becomes wi(l, t−i) ≥ wi(h, t−i) + [ci(h)− ci(l)]qi(h, t−i). On

the other hand, if ti = h and t′i = l, then (4) becomes wi(h, t−i) ≥ wi(l, t−i)+[ci(l)−ci(h)]qi(l, t−i).

Since the type of supplier i is not known, both of these ICDS constraints must hold. If we add these

constraints together and re-arrange terms, we have that [qi(h, t−i)− qi(l, t−i)][ci(h)− ci(l)] ≤ 0, or,

alternatively, [qi(l, t−i)− qi(h, t−i)][ci(l)− ci(h)] ≤ 0. In other words, for any ti, t
′
i ∈ {l, h}, ti 6= t′i,

and any t−i, we have the following constraint, which we refer to as the feasibility constraint:

[
ci (ti)− ci

(
t′i
)] [

qi (ti, t−i)− qi
(
t′i, t−i

)]
≤ 0, (5)

The procurement quantities for a feasible mechanism must satisfy (5). Thus, if a supplier reports a

higher cost, i.e., if a type-ti supplier i reports the type t′i, with ci (t′i) > ci (ti), the assembler must

procure fewer components from this supplier, i.e., qi (t′i, t−i) ≤ qi (ti, t−i), with all else unchanged.

In summary, the assembler’s optimization problem is to maximize (2) subject to (4) and the IR

constraints, i.e., wi (t) ≥ 0. Before we discuss the solution to this problem, we next consider the

solutions of two benchmark mechanisms.

2.2 Benchmark Mechanisms

As noted above, we assume c (h) =
∑n

i=1 ci(h) < r. In this case, a feasible solution for the assembler

is to apply a näıve mechanism, defined below, in which she assumes that every supplier is the high-

cost type. Under the näıve mechanism, all suppliers agree to the contracts offered by the assembler,

with the low-cost suppliers earning a positive rent, and the high-cost suppliers earning zero rent.

Definition 1 In the näıve mechanism, the assembler procures q0 units of component i from supplier

i with payment ci (h) q0, where q0 satisfies F (q0) = r−c(h)
r , i.e., q0 is the newsvendor solution

when the selling price is r and the procurement cost is c (h). The assembler’s expected profit is

Z0 = S (q0)− c (h) q0, while the surplus (or rent) earned by a type-ti supplier i is [ci(h)− ci(ti)] q0.
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It is also useful to consider the assembler’s solution when full information is available, i.e., when

she is aware of all suppliers’ costs. In this case, the assembler’s expected profit can be written as

Z =
∑
t

β (t)

[
S (min (q (t)))−

n∑
i=1

ci (ti) qi (t)

]
, (6)

where t is the vector of the suppliers’ true costs. It is straightforward to show that the full-

information order quantities are balanced, i.e., q1 (t) = q2 (t) = . . . = qn (t). Therefore, the

optimal balanced procurement quantity, denoted by q̄ (t), satisfies F (q̄ (t)) = r−c(t)
r , where c (t) =∑n

i=1 ci(ti), and the assembler’s expected profit with full information is Z̄, where

Z̄ =
∑
t

β (t) [S (q̄ (t))− c (t) q̄ (t)] . (7)

2.3 Relaxed Problem Definition and Solution

To derive the optimal mechanism, we first omit some constraints. We then find a solution to the

relaxed problem, i.e., the problem in which we omit some constraints, and check whether the relaxed

solution satisfies the omitted constraints. If so, we have the optimal solution to the full problem.

The assembler’s problem is to maximize (2) subject to (4) and the IR constraints, wi(t) ≥ 0.

With two possible types (l and h) for each supplier, we can divide the constraints (4) into two sets.

The downward IC constraints ensure that the low-type suppliers truthfully report their type, i.e.,

wi (l, t−i) ≥ wi (h, t−i) + ∆i qi (h, t−i) , (8)

where ∆i = ci(h) − ci(l) > 0. Similarly, the upward IC constraints ensure that the high-type

suppliers truthfully report their type, i.e.,

wi (h, t−i) ≥ wi (l, t−i)−∆i qi (l, t−i) . (9)

Because the RHS of the upward constraint (9) contains a negative term, i.e., −∆iqi (l, t−i), we

conjecture that this constraint is easier to satisfy than the downward constraint (8). Therefore, we

define the relaxed problem as the assembler’s problem, but with all of the upward constraints (9)

omitted (see Appendix E). For this relaxed problem, we have the following result:

11



Lemma 1 In the relaxed problem in which constraints (9) are removed, for any given t, the optimal

procurement quantities are balanced, i.e., they satisfy q1 (t) = q2 (t) = ... = qn (t).

This balanced order quantity result (which, as will be seen, also holds for the optimal ICDS mecha-

nism) stands in contrast to the result in FRW. The reason for this difference is that our mechanism,

unlike the FRW mechanism, allows the assembler to determine the procurement quantities based

on all suppliers’ reported types. Thus, we find that the nature of the mechanism not only affects

the assembler’s profits, but also the resulting order quantities, with the ICDS mechanism providing

the additional benefits associated with balanced order quantities, such as reduced waste.

We can now drop the subscript i and use q (t) to represent the order quantity given the types,

t, for the relaxed problem. The feasibility constraint (5) thus becomes

q (l, t−i) ≥ q (h, t−i) , for any t−i, (10)

which indicates that when one particular supplier reports a high cost, the quantity supplied by all

suppliers weakly decreases.

2.3.1 Optimal Rents for the Relaxed Problem

We next consider how to set the rents for the relaxed problem. Suppose the order quantities, q (t),

are feasible and exogenously specified. The assembler’s expected sales revenue equals S (q (t)).

Given the order quantities, the assembler seeks to minimize the total expected rents paid to the

suppliers, subject to (8), which implies that all of the downward IC constraints (which have not

been relaxed) must be binding at the optimal solution. Therefore, we have the following result:

Lemma 2 Given q(t), the optimal rents for the relaxed problem are:

wi (l, t−i) = ∆iq (h, t−i) and wi (h, t−i) = 0, for any t−i. (11)

If supplier i is high-cost, he receives zero rent, regardless of the other suppliers’ types. However,

if supplier i is low-cost, he receives positive information rent equal to the cost reduction he would

achieve if he mimics a high-cost supplier.
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We can now rewrite the assembler’s expected profit. Let L (t) = {i|ti = l} be the set of suppliers

that are low-cost when the vector of types is t and let H (t) = {i|ti = h} be the set of suppliers

that are high-cost. Substituting the optimal rents in (11) into the assembler’s profit in (2), we can

write the assembler’s profit for the relaxed problem, denoted by ZR, given q (t), as follows:

ZR =
∑
t

β (t)

[
S (q (t))− c (t) q (t)−

n∑
i=1

wi (t)

]

=
∑
t

β(t)S(q(t))−
∑
t

β (t)

[
c (t) q (t) +

n∑
i=1

wi (t)

]

=
∑
t

β(t)S(q(t))−
∑
t

β (t)

c (t) q (t) +
∑
i∈L(t)

∆iq (h, t−i)


=

∑
t

β(t)S(q(t))−
∑
t

q(t)

β(t)c(t) +
∑
i∈H(t)

∆iβ(l, t−i)


=

∑
t

β(t)S(q(t))−
∑
t

β(t)q(t)

c(t) +
1

β (t)

∑
i∈H(t)

∆iβ(l, t−i)


=

∑
t

β(t)

S(q(t))− q(t)

c (t) +
1

β (t)

∑
i∈H(t)

∆iβ(l, t−i)

 . (12)

In (12), the third step replaces the rents, wi (t), with their optimal values, as defined in (11).

Since wi (h, t−i) = 0, for any t−i, i.e., the optimal rent earned by any high-cost supplier is equal to

0, in the third step, rather than summing the optimal rents over all i, we sum only for the low-cost

suppliers, i.e., we sum over i ∈ L (t). The fourth step groups terms according to the q(t) they

involve. Notice that, in the third step, the order quantities, i.e., q(h, t−i), are for the case in which

supplier i is high-cost. Thus, the sum in the final term of the fourth step of (12) is over i ∈ H (t).

Finally, to make this derivation more clear, we provide Example 1 below which demonstrates the

derivation of (12) for a setting with two suppliers.

For expositional simplicity, we define the virtual cost, v (t), as follows:

v (t) = c (t) +
1

β (t)

∑
i∈H(t)

∆iβ (l, t−i) . (13)
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Using equation (13), we can re-write the assembler’s profit, ZR, given q (t), as follows:

ZR =
∑
t

β(t) [S(q(t))− v(t)q(t)] . (14)

To illustrate these results, we provide the following example.

Example 1 Consider a case with n = 2 suppliers. We have H (l, l) = ∅, H (l, h) = {2}, H(h, l) =

{1}, and H(h, h) = {1, 2}. Using (13), we find that the virtual costs are as follows:



v(l, l) = c (l, l) ,

v(l, h) = c (l, h) + β(l,l)
β(l,h)∆2,

v(h, l) = c (h, l) + β(l,l)
β(h,l)∆1,

v(h, h) = c(h, h) + β(l,h)
β(h,h)∆1 + β(h,l)

β(h,h)∆2.

(15)

We now explain how to derive these virtual costs and optimal rents by using the following downward

IC constraints, obtained from (8):



w1 (l, l) ≥ w1 (h, l) + ∆1q (h, l) ,

w2 (l, l) ≥ w2 (l, h) + ∆2q (l, h) ,

w1 (l, h) ≥ w1 (h, h) + ∆1q (h, h) ,

w2 (h, l) ≥ w2 (h, h) + ∆1q (h, h) .

(16)

The assembler seeks to minimize the total expected rents. Because w1 (h, l) only appears on the

RHS of the first downward constraint, its optimal value must be zero. This result implies that

w1 (l, l) = ∆1q (h, l). Similarly, we find that the other optimal rents satisfy w2 (l, l) = ∆2q (l, h),

w1 (l, h) = ∆1q (h, h), w2 (h, l) = ∆2q (h, h), and w2(l, h) = w1 (h, h) = w2(h, h) = 0. Using these
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rents, we find that the assembler’s expected profit can be written as:

ZR =
∑
t

β (t) [S (q (t))− c(t)q (t)]−

 β (l, l) (∆1q (h, l) + ∆2q (l, h))

+β (l, h) ∆1q (h, h) + β (h, l) ∆2q (h, h)


= β (l, l) [S (q (l, l))− c(l, l)q (l, l)]

+β (l, h)

[
S (q (l, h))− c(l, h)q (l, h)− β (l, l)

β (l, h)
∆2q (l, h)

]
+β (h, l)

[
S (q (h, l))− c(h, l)q (h, l)− β (l, l)

β (h, l)
∆1q (h, l)

]

+β (h, h)

 S (q (h, h))− c(h, h)q (h, h)

− β(l,h)
β(h,h)∆1q (h, h)− β(h,l)

β(h,h)∆2q (h, h)

 . (17)

In the first step in (17), we plug the optimal rents into the first equation in (12). In the second

step in (17), we simplify the expression by grouping terms according to the q(t) they involve. This

is equivalent to the fourth step in (12). Using the virtual costs shown in equation (15), we observe

that equation (17) indeed equals (14).

2.3.2 Optimal Order Quantities for the Relaxed Problem

Equation (14) specifies the assembler’s expected profit for the relaxed problem, given the order

quantities q (t). We next find the order quantities to maximize (14), subject to the feasibility con-

straint (10). After obtaining these optimal order quantities, we can use equation (11) to determine

the corresponding optimal rents. We proceed in two steps. In step 1, we assume that the virtual

costs, v (t), as defined in (13), satisfy the following monotonicity condition:

v (l, t−i) ≤ v (h, t−i) , for any t−i. (18)

As will be seen, if (18) holds, the feasibility constraint (10) is satisfied. Then, in step 2, we consider

how to find the optimal order quantities when (18) does not hold.

Step 1: If condition (18) holds, we can characterize the optimal order quantities as follows:

Proposition 1 Suppose that condition (18) holds. For the relaxed problem, the assembler’s optimal
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order quantity, denoted by Q (t), satisfies

F (Q (t)) =

(
r − v (t)

r

)+

for any given t, (19)

where (z)+ = max (0, z), and her optimal profit is ZR =
∑

t β (t) [S (Q (t))− v (t)Q (t)] < Z̄,

where Z̄ is the full-information profit, as given in (7).

Thus, the optimal order quantities for the assembler can be found by using a newsvendor

solution, but with the actual costs, c (t), replaced by the virtual costs, v (t). As discussed in Hu

and Qi (2017), who analyze the optimal BIC mechanism for an assembler, the form of the virtual

costs is standard in the economics literature, i.e., the virtual costs defined in (13) include the

marginal production cost plus the rent paid to the supplier. Hence, the resulting order quantities

are less than the full-information order quantities, as characterized in Section 2.2.

It is now clear that condition (18) guarantees that the optimal order quantities in (19) satisfy

the feasibility constraint (10). Since Proposition 1 requires that the virtual costs satisfy condition

(18), it is important to identify conditions under which (18) holds, as discussed in the following

corollary.

Corollary 1 When the suppliers’ types are independently distributed, i.e., β (ti|t−i) = β (ti) for

any ti, i, and t−i, the virtual costs satisfy condition (18).

In Appendix A, we provide a discussion of our measure of the correlation, denoted by ρ, between

types in a two-supplier setting. We then use the two-supplier model to show that whenever the cost

distribution is non-positively correlated, condition (18), and thus Proposition 1, holds. In Section 4,

we discuss the continuous-type model. To ensure that the virtual costs are monotonic, which is the

equivalent of (18) in a continuous-type model, we assume that the probability density functions are

log-concave, which is commonly assumed in the literature. For example, the multivariate Normal

distribution satisfies the log-concavity property (Bagnoli and Bergstorm, 2005).

Step 2: If condition (18) does not hold, a “partial pooling” result is optimal for the order quantities,

as we now demonstrate. Recall that we need to find the order quantities to maximize the assembler’s

profit, as given in (14), while satisfying the feasibility constraint (10). To understand the solution,
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consider the case in which v (l, t−i) > v (h, t−i) for a particular pair of t and i. In the assembler’s

profit, the relevant terms, i.e., those involving q (l, t−i) and q (h, t−i), are as follows:

β (l, t−i) [S (q (l, t−i))− v (l, t−i) q (l, t−i)] + β (h, t−i) [S (q (h, t−i))− v (h, t−i) q (h, t−i)] . (20)

This relevant portion of the assembler’s profit is concave in both q (l, t−i) and q (h, t−i). If we ignore

the feasibility constraint (10), which requires q (l, t−i) ≥ q (h, t−i), we find that the unconstrained

optimal order quantities satisfy q (l, t−i) < q (h, t−i). This is due to the fact that (20) is separable

in q (l, t−i) and q (h, t−i), which implies that solving for q (l, t−i) and q (h, t−i) is equivalent to

solving two separate newsvendor problems, with objective functions S (q (l, t−i))−v (l, t−i) q (l, t−i)

and S (q (h, t−i)) − v (h, t−i) q (h, t−i). Since v (l, t−i) > v (h, t−i), the optimal quantities satisfy

q (l, t−i) < q (h, t−i). Thus, the concavity of the objective function ensures that the optimal

order quantities under the feasibility constraint satisfy q (l, t−i) = q (h, t−i). We let q (l, t−i) =

q (h, t−i) = Q (t−i) and rewrite (20) as:

β (l, t−i) [S (Q (t−i))− v (l, t−i)Q (t−i)] + β (h, t−i) [S (Q (t−i))− v (h, t−i)Q (t−i)]

= [β (l, t−i) + β (h, t−i)]

{
S (Q (t−i))−

β (l, t−i) v (l, t−i) + β (h, t−i) v (h, t−i)

β (l, t−i) + β (h, t−i)
Q (t−i)

}
. (21)

Solving the first-order condition, we find that the optimal pooled order quantity, Q (t−i), satisfies

F (Q (t−i)) =

(
r − v (t−i)

r

)+

, (22)

where v (t−i) is called the pooled virtual cost, and is given by

v (t−i) =
β (l, t−i) v (l, t−i) + β (h, t−i) v (h, t−i)

β (l, t−i) + β (h, t−i)
. (23)

The pooling solution outlined in Step 2 applies when (18) is violated for a given t and a

single value of i. When there are more than two suppliers, it is possible for the condition to be

violated for more than one i. For example, in a three-supplier case, we may have v(h, l, h) >

v(h, h, h) and v(h, h, l) > v(h, h, h). In this case, pooling still occurs, but the solution can be more
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complex. In our example, depending on the specific input parameters, there are multiple possible

pooling solutions, including: (i) q(h, l, h) = q(h, h, l) = q(h, h, h); (ii) q(h, l, h) = q(h, h, h) and (iii)

q(h, h, l) = q(h, h, h). In each case, analogous to (22) and (23), the pooled quantity is computed

based on a weighted average of the virtual costs, while the remaining quantities are set using (19).

For settings in which (18) is violated for multiple i, the pooled solution can be found by formulating

the Lagrangean and considering the complementary slackness conditions, similar to the approach

used in Section 2.5 of Vohra (2012). Details regarding how to apply this solution procedure to

the assembly setting can be found in Appendix F. Finally, recall that by Corollary 1, when the

supplier’s costs are independent, (18) holds and pooling is not required.

2.3.3 Solution Procedure for the Relaxed Problem

To summarize, we have characterized the optimal order quantities in two cases, i.e., as given by (19)

when condition (18) holds and by (22) when condition (18) does not hold. A complete solution

procedure requires us to first determine whether or not condition (18) holds, and then proceed

accordingly. Thus, the complete solution procedure for the relaxed problem is as follows:

• Apply (13) to determine the virtual costs for all possible vectors of types.

• Determine whether or not the virtual costs satisfy condition (18).

– If condition (18) holds for a given vector of types, apply (19) in Proposition 1 to deter-
mine the optimal order quantities.

– If condition (18) does not hold for a given vector of types, determine the appropriate
pooling and the pooled virtual cost, and then apply (22) to determine the optimal pooled
order quantity.

• After obtaining the order quantities, apply (11) to determine the corresponding markups.

2.4 Optimal ICDS Mechanism

We next consider the solution to the assembler’s problem, which is to maximize (2) subject to (4)

and the IR constraints, i.e., wi(t) ≥ 0. We start by checking whether the solution to the relaxed

problem, as characterized in Section 2.3, satisfies the omitted constraints (9). Using the optimal
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rents for the relaxed problem, as given in (11), we find that the omitted constraints (9) become:

wi (h, t−i) = 0 ≥ ∆i [q (h, t−i)− qi (l, t−i)] , (24)

which holds whenever the feasibility constraint (10) is satisfied. Since the solution to the relaxed

problem, as characterized in Section 2.3, satisfies (10), we conclude that the relaxed solution solves

the fully constrained model. Formally, we have the following result:

Proposition 2 The optimal solution for the relaxed problem solves the assembler’s fully constrained

problem, i.e., maximize (2) subject to (4) and wi(t) ≥ 0. Therefore, the optimal ICDS mechanism

always exists and can be found using the steps described in Section 2.3.3. In addition, the optimal

procurement quantities are balanced, i.e., they satisfy q1 (t) = q2 (t) = ... = qn (t).

We can now apply the envelope theorem to understand how the input parameters affect the

assembler’s optimal profit. Equation (14) indicates that the assembler’s optimal profit is decreasing

with respect to the virtual cost. Since an increase in ci(h) results in a larger value of v (t), we know

that the assembler’s optimal profit decreases with ci(h). However, the change in the assembler’s

profit is indefinite with respect to ci (l), with ci (h) fixed. An increase in ci (l), with all else un-

changed, would increase the first term of v (t) in equation (13). However, ∆i = ci (h)− ci (l) would

decrease. A reduced ∆i could lower the second term of v (t) in equation (13).

Finally, note that the optimal ICDS mechanism does not require the suppliers to know the joint

probability distribution of the types, β (t). The assembler is the only player who must possess

knowledge of β (t). From an implementation perspective, this observation is critical given that the

suppliers may be geographically dispersed and have little knowledge of each other’s cost structure.

2.5 A Hybrid Mechanism

While the ICDS mechanism, as characterized above, outperforms the FRW mechanism, it is also

more complex to implement. Therefore, to reduce the computational effort and complexity of the

contracts, we propose an easier to implement hybrid mechanism.

The idea behind the hybrid mechanism is that assemblers often contract with a very large num-

ber of suppliers. However, not all suppliers (or components) are of equal importance to, or have
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equal impact on, the assembler. Since we assume that the final product requires a single unit of

each component, volume is not a determinant of the importance of a given supplier. Therefore,

it makes sense to measure the importance of a given supplier by ∆i, which represents the degree

of uncertainty the assembler has regarding supplier i’s cost1. The ICDS mechanism is designed to

maximize the assembler’s profit when there is uncertainty regarding the suppliers’ costs. However,

for suppliers with low uncertainty, using the optimal mechanism may be of marginal value, while

creating additional complexity related to implementation. Thus, the proposed hybrid mechanism

uses the sophisticated ICDS mechanism for suppliers with high uncertainty (large ∆i) and the sim-

pler näıve mechanism (see Definition 1), for suppliers with low uncertainty (small ∆i). Specifically,

our proposed mechanism works as follows:

• First, the assembler sorts the suppliers (components) such that ∆i is decreasing with i. In
other words, the suppliers should be indexed so that ∆1 ≥ ∆2 ≥ · · · ≥ ∆n.

• Second, the assembler chooses an integer k ∈ {0, 1, 2, ..., n} to determine the complexity of
the hybrid mechanism. As will be seen, a larger value of k implies a higher level of complexity
and higher profit for the assembler. The assembler invites the first k suppliers, i.e., supplier
j for j ∈ {1, . . . , k}, as indexed in the first step, to participate in the ICDS mechanism.

• Third, the assembler contacts the remaining n − k suppliers and offers a wholesale price
contract to each of them. The wholesale price contract specifies that the assembler will pay
cj (h) for each unit of component j procured from supplier j, for j ∈ {k + 1, ..., n}. This
ensures that all suppliers accept the offered contract and earn non-negative surplus. If the
assembler offered these suppliers a contract in which they were paid an amount less than cj(h),
some suppliers (i.e., those who are truly high-cost) would find the contract unprofitable, and
thus they would choose not to participate in the contract. Since the assembler requires all
components to make the final product, he must design a mechanism in which all suppliers
accept the offered contracts. The contract offer to the remaining n − k suppliers does not
specify the quantity to be procured until after the first k suppliers have reported their types.

• Fourth, the first k suppliers participate in the ICDS mechanism and independently report
their types. The assembler determines the payments and order quantity, q (t1, t2, ..., tk), for
these k suppliers. The assembler also orders q (t1, t2, ..., tk) from the remaining n−k suppliers.

The order quantity under the hybrid mechanism is still balanced. However, it now depends on

only k suppliers’ reported types. For any given k, to find the optimal hybrid mechanism, we simply

1As can be seen in equation (11), the rent paid to each supplier is increasing with that supplier’s ∆i. In addition,
as discussed above, the assembler’s profit decreases as ci(h) increases, with all else fixed, which implies that, for a
given ci(l), the assembler’s profit decreases as ∆i = ci(h) − ci(l) increases.
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add the following constraints to the ICDS model described in the previous section:

q (t1, t2, ..., tk, tk+1, ..., tn) = q (t1, t2, ..., tk) for any (tk+1, ..., tn) and (t1, t2, ..., tk) . (25)

Constraints (25) ensure that the order quantity depends only on the reported types of the first k

suppliers. Therefore, under the hybrid mechanism, the assembler wishes to maximize the expected

profit in equation (14), subject to the hybrid constraints (25), the downward IC constraints (8),

and the feasibility constraints (5). See Appendix E for the complete formulation of the hybrid

problem. Constraints (25) create additional “partial pooling” in the ICDS solution.

To compute the hybrid mechanism, we first use the procedure described in Section 2.3 to

determine the virtual costs, v (t1, t2, ..., tn), for the original ICDS model. Note that, due to the

feasibility constraints, (5), this may involve some partial pooling. Then, we use v (t1, t2, ..., tn) as

the inputs to equation (26) below to determine the hybrid virtual costs, denoted by ṽ (t1, t2, ..., tk):

ṽ (t1, t2, ..., tk) = E [v (t1, t2, ..., tk, tk+1, ..., tn|t1, t2, ..., tk)] , (26)

where the expectation is taken with respect to (tk+1, ..., tn), i.e., with respect to the types of the

n− k suppliers not included in the ICDS mechanism. We then have the following result:

Proposition 3 For a given k ∈ {0, 1, 2, ..., n}, the optimal hybrid mechanism has the following

properties:

1) The balanced order quantity q̃ (t1, t2, ..., tk) satisfies

F (q̃ (t1, t2, ..., tk)) =

(
r − ṽ (t1, t2, ..., tk)

r

)+

. (27)

2) The rent for supplier i ∈ {1, 2, ..., k} is

wi
(
l, t̃−i

)
= ∆iq

(
h, t̃−i

)
and wi

(
h, t̃−i

)
= 0, for any t̃−i,

where the type vector is t̃ = (t1, t2, ..., tk), which has k elements.
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3) The payment to the remaining n− k suppliers equals

Pi (t1, t2, ..., tk) = ci (h) q̃ (t1, t2, ..., tk) for i ∈ {k + 1, ..., n}.

4) The assembler’s expected profit equals Z̃ =
∑

t̃ β
(
t̃
) [
S
(
q̃
(
t̃
))
− ṽ(t)q̃

(
t̃
)]

.

For example, consider a case with n = 3 and k = 2, where ∆1 > ∆2 > ∆3. The assembler

designs an ICDS mechanism for suppliers 1 and 2, and offers supplier 3 a wholesale price contract

with payment of c3(h) per unit. The ICDS mechanism has q̃(t1, t2) = q̃(t1, t2, h) = q̃(t1, t2, l), which

can be computed from (27) using

ṽ(t1, t2) =
β(t1, t2, l)

β(t1, t2, l) + β(t1, t2, h)
v(t1, t2, l) +

β(t1, t2, h)

β(t1, t2, l) + β(t1, t2, h)
v(t1, t2, h),

where v(t1, t2, l) and v(t1, t2, h) are found using the procedure described in Section 2.3 for the ICDS

mechanism with n = 2.

There are two important special cases for the hybrid mechanism. When k = 0, there is only one

hybrid virtual cost, which is ṽ (t1, t2, ..., tn) = E[v (t1, t2, ..., tn)] = c (h) =
∑n

i=1 ci(h). Thus, the

order quantity is independent of the suppliers’ types. Notice that this special case reduces to the

näıve mechanism, as defined in Section 2.2, in which the assembler assumes that all suppliers are

high-cost. The second special case is when k = n. In this case, the hybrid mechanism is the same

as the ICDS mechanism because ṽ (t1, t2, ..., tn) = E[v (t1, t2, ..., tn|t1, t2, ..., tn)] = v (t1, t2, ..., tn).

In summary, the hybrid mechanism is easier to implement than the ICDS mechanism when

k < n. In addition, both the complexity of the hybrid mechanism and the assembler’s expected

profit are increasing in k. Therefore, when applying the hybrid mechanism and choosing the

best k, the assembler must trade-off the benefits of reduced complexity with the loss of profit

associated with a lower k. In Section 3.2, we present a comprehensive numerical study to evaluate

the performance of the hybrid mechanism and demonstrate this trade-off.
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3 Numerical Study

In this section, we present the results of a comprehensive numerical study which we use to demon-

strate that the ICDS mechanism can significantly outperform the FRW mechanism. We also

demonstrate that the proposed hybrid mechanism can outperform the FRW mechanism and, in

some cases, achieves an expected profit for the assembler that is close to the optimal expected

profit under the ICDS mechanism. In Section 3.1, to compare the ICDS and FRW mechanisms,

we consider a setting with n = 2. In Section 3.2, we consider more realistic problem instances with

n ∈ {4, 6, 8, 10} suppliers in order to also evaluate the performance of the hybrid mechanism.

3.1 Performance of ICDS and FRW Mechanisms for n = 2 Suppliers

For a setting with n = 2, we created a set of 2,400 (= 5× 6× 4× 4× 5) test problems, as follows:

• The high-cost suppliers’ unit production costs: c1(h) ∈ {5, 7, 9, 11, 13} and c2(h) ∈ {2, 3, 4, 5, 6, 7}.

• The low-cost suppliers’ unit production costs are assigned fixed values: c1(l) = 3 and c2(l) = 1.

• The probability that the supplier is high-cost: p1(h) ∈ {0.2, 0.4, 0.6, 0.8} and p2(h) ∈ {0.2, 0.4, 0.6, 0.8}.
We assumed that β(t1, t2) = p1(t1)p2(t2), i.e., the suppliers’ types are independent.

• Demand is uniformly distributed on the interval [500-α, 500+α], for α ∈ {100, 200, 300, 400, 500},
where α is a measure of the level of uncertainty in demand. Higher α implies more uncertainty.

• In all of the experiments, the selling price r is fixed at 30.

Since the feasible region for the ICDS mechanism is less constrained than for the FRW mech-

anism, the optimal ICDS mechanism provides the assembler with higher profit than the optimal

FRW mechanism. Across the 2,400 test problems, the average percentage increase in profit under

the ICDS mechanism, relative to the FRW mechanism, was 10.38%, with a standard deviation of

13.78%. Thus, the numerical results indicate that the increase in profit under the ICDS mechanism

can be substantial. Figure 1 demonstrates the performance of the ICDS mechanism, relative to the

FRW mechanism, for various problem parameters. We summarize the key results below:

• The gain from the ICDS mechanism is increasing in ∆i = ci(h)− ci(l), for i ∈ {1, 2}. Thus,
when there is more uncertainty regarding the suppliers’ unit costs, it is particularly important
for the assembler to use the ICDS mechanism, rather than the simpler FRW mechanism.

• The gain from the ICDS mechanism is increasing with the level of uncertainty in demand, α.
This is due to the fact that the ICDS mechanism allows the buyer to make quantity decisions
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Figure 1: Percentage Gain in Assembler’s Expected Profit under the ICDS Mechanism, Relative to
the FRW Mechanism

using information on all of the suppliers’ costs, while the FRW mechanism does not. Thus,
coordination of the quantity decision becomes more important when the demand uncertainty
increases, i.e., when the uncertainty in demand is high, setting the order quantity properly,
by incorporating information regarding all suppliers’ types, becomes critical.

• The gain from the ICDS mechanism is decreasing in the marginal probability that a supplier
is the high-cost type, p1(h). Thus, when there is a small probability that one of the suppliers
is high-cost, it is important for the assembler to use the ICDS mechanism. Recall that
a high-cost supplier does not receive information rent under either the ICDS or the FRW
mechanisms. Thus, as the probability that a supplier is high-cost increases, the performance
of the two mechanisms becomes more similar.

3.2 Performance of ICDS, Hybrid, and FRW Mechanisms

In practice, assemblers often need to contract with a large number of distinct suppliers. Therefore,

we conducted an additional set of experiments with n ∈ {4, 6, 8, 10} suppliers. We are interested in

assessing the performance of the hybrid mechanism and the ICDS mechanism, relative to the FRW

mechanism. To do so, we consider 800 problem instances using the following parameter values:

• Fixed c(l) problem instances: We fix the low cost across the set of suppliers, i.e., we set
ci(l) = c(l) for i = 1, . . . , n, but we allow the high cost, ci(h), to vary across the suppliers.
We consider four different values of c(l), i.e., c(l) ∈ {1, 6, 11, 16}. For a given c(l), we set
ci(h) = 30− i for supplier i = 1, . . . , n.

• Fixed c(h) problem instances: We fix the high cost across the set of suppliers, i.e., we set
ci(h) = c(h) for i = 1, . . . , n, but we allow the low cost, ci(l), to vary across the suppliers.
We consider four different values of c(h), i.e., c(h) ∈ {11, 16, 21, 26}. For a given c(h), we set
ci(l) = i for supplier i = 1, . . . , n.

24



• In each set of problem instances, the marginal probability distribution for the suppliers’ unit
costs is set to be the same for all 10 suppliers, i.e., we set pi(h) = p(h) for i = 1, . . . , n, and
we consider four different values, i.e., we set p(h) ∈ {0.2, 0.4, 0.6, 0.8}. We assume that each
supplier’s type is independent of the other suppliers’ types.

• In each set of problem instances, the range for the uniform distribution of demand is [1000−
α, 1000 + α] for α ∈ {200, 400, 600, 800, 1000}.

• In each set of problem instances, the selling price for the end-product is r ∈ {270, 280, 290, 300, 310}.
These values ensure that c (h) =

∑n
i=1 ci(h) < r in all experiments.

For a given n, we have 400 (= 4 × 4 × 5 × 5) problem instances with a fixed c(l) and another

400 (= 4× 4× 5× 5) problem instances with a fixed c(h). For each, we solve for the optimal FRW,

hybrid, and ICDS mechanism. Thus, we solve a total of 2400 problems for each n ∈ {4, 6, 8, 10}.

Recall that ∆i = ci(h)−ci(l) measures the degree of uncertainty regarding supplier i’s costs. In

the fixed c(l) and c(h) problem instances, we have ∆i = 30−c(l)− i and ∆i = c(h)− i, respectively,

for i = 1, . . . , n. Thus, for the fixed c(l) and c(h) problem instances, ∆i is decreasing in c(l) and

increasing in c(h), respectively. Finally, also recall that the hybrid mechanism selects the k suppliers

with the largest ∆i for contracting under the ICDS mechanism.

The experimental results, for the fixed c(l) and fixed c(h) instances, for n = 10, are shown in

Tables 3 and 4, respectively, in Appendix C. The tables show the percentage gain (i.e., percentage

increase in expected profits for the assembler) from using the hybrid (with k = 3) and ICDS

mechanisms, relative to the FRW mechanism. On average, the profit from the hybrid (ICDS)

mechanism is 29.5% (67.3%) higher than the profit from the FRW mechanism for the fixed c(l)

problem instances, and 38.8% (90.6%) higher for the fixed c(h) problem instances. Table 5 in

Appendix D presents additional experimental results to further demonstrate this point.

As shown in Tables 3 and 4, the impact of the key input parameters is consistent with the results

provided in Section 3.1 for n = 2. In particular, the value of the more sophisticated hybrid and

ICDS mechanisms, compared to the FRW mechanism, is increasing in the uncertainty regarding

demand (α), the probability that the supplier is low-cost (p(l) = 1 − p(h)), and the uncertainty

regarding the suppliers’ costs (smaller c(l) and larger c(h)). In addition, the more sophisticated

mechanisms add more value when the profit margin, i.e., the unit selling price (r), is small.

We can also use these experiments to compare the performance of the hybrid and ICDS mech-

anisms. For the fixed c(l) (fixed c(h)) problems with n = 10, the ICDS mechanism provides, on
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Figure 2: Percentage Gain from Hybrid and ICDS Mechanisms Relative to FRW Mechanism

average, a 21% (14%) gain relative to the hybrid mechanism with k = 3. Therefore, using the

ICDS mechanism, rather than the hybrid mechanism, is more important for the fixed c(l) problems

than for the fixed c(h) problems. For n = 10, the average ∆i = ci(h) − ci(l) is 16.5 (13) for the

fixed c(l) (fixed c(h)) problems. Thus, the value of the ICDS mechanism, relative to the hybrid

mechanism, is greatest when there is more uncertainty regarding the suppliers’ unit costs (i.e.,

larger ∆i). Further, using the ICDS mechanism is most critical when demand uncertainty is high

(large α), the assembler’s expected profit margin is low (small r), and the probability a supplier is

high-cost is low (small p(h)). For the last point, recall that the näıve mechanism used as part of

the hybrid mechanism assumes the suppliers have high cost. Thus, the hybrid mechanism performs

worse when that assumption is less likely to be correct.

3.2.1 Impact of Number of Suppliers on ICDS, Hybrid, and FRW Mechanisms

Next, we study the impact of the number of suppliers on the relative performance of the ICDS,

hybrid and FRW mechanisms. We consider n ∈ {4, 6, 8, 10} and, for the hybrid mechanism, we set

k = n/2. The percentage gains from using the ICDS and hybrid mechanisms, relative to the FRW

mechanism, are shown in Figure 2, for the fixed c(h) problem instances2.

Figure 2(a) shows the impact of the uncertainty in demand (α), while Figure 2(b) shows the

impact of the uncertainty regarding the suppliers’ costs (average value of ∆i across the suppliers).

2Figure 2 does not show the cases with α = 1000 and c(h) = 26 (average ∆i = 22.5). The percentage gains for
these cases are very large (between 193% and 331%) and require an axis scale that makes the results difficult to see.
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The figures demonstrate that the percentage gains from using the more sophisticated ICDS and

hybrid mechanisms, relative to the FRW mechanism, increase significantly as the number of sup-

pliers increases, with the greatest gains when there is high uncertainty regarding demand and high

uncertainty regarding the suppliers’ costs. As discussed in Section 1, many assemblers (e.g., those

in the automotive industry) operate in environments with a very large number of suppliers and

a high degree of uncertainty in both demand and their suppliers’ costs. The results in Figure 2

suggest that by using the hybrid or ICDS mechanisms, rather than the simpler FRW mechanism,

the assembler can significantly improve her profit.

We next explain the poor performance of the FRW mechanism relative to the hybrid and ICDS

mechanisms when n becomes large. In all of our numerical experiments with n = 10, we find that

the FRW mechanism (as determined using Algorithm 1 in Fang et al. (2014)) reduces to the näıve

mechanism. Further investigation reveals that, when there is a large number of suppliers or when

the suppliers have similar cost structure, Step 2 of Algorithm 1 in Fang et al. (2014) causes the

optimal order quantities for the suppliers to merge into a single order quantity. When this happens,

Theorem 2 in Fang et al. (2014) implies that the optimal solution of the FRW mechanism is identical

to that of the näıve mechanism. Therefore, for all of the parameter settings used in our experiments

with n = 10, the FRW mechanism reduces to näıve mechanism, in which the assembler assumes

that all suppliers are high-cost. Hence, for all of these settings, the FRW mechanism cannot be used

by the assembler to eliminate any of the inefficiency caused by information asymmetry. Thus, for

practical settings with a moderate to large number of suppliers, a more sophisticated mechanism,

such as the hybrid or ICDS mechanisms, is required for the assembler to effectively cope with

asymmetric information regarding the suppliers’ costs.

3.2.2 Impact of k on Performance of Hybrid Mechanism

The hybrid mechanism requires the assembler to determine k, i.e., the number of suppliers to

contract with under an ICDS mechanism. As noted above, both the complexity of the hybrid

mechanism, and the assembler’s expected profit, are increasing in k. To provide insights that

can be used by an assembler to determine the appropriate value of k, we present results for the

experiments described in Section 3.2 for the case with n = 10. In these experiments, we vary the
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value of k.

Figure 3 shows the percentage loss under the hybrid mechanism, relative to the ICDS mech-

anism, for the fixed c(h) problem instances. Figure 3(a) considers the impact of k and the level

of demand uncertainty, measured by α, while Figure 3(b) considers the impact of k and the level

of uncertainty regarding the suppliers’ costs, as measured by the average value of ∆i across the

n = 10 suppliers. The figures indicate that the loss from using the hybrid mechanism decreases as

k increases, and increases in both α and the average ∆i. These results imply that using a large

value of k is particularly important for assemblers that face high demand uncertainty and significant

uncertainty regarding their suppliers’ costs.

4 Extensions to Continuous-type Model

Finally, we consider the continuous version of the model, which is identical to the model considered

in Section 2, except that we now assume that the suppliers’ costs (or types) follow a continuous

joint distribution. Specifically, we use a non-negative random variable, denoted by xi, to represent

the cost for supplier i to produce one unit of component i. Let x = (x1, x2, ..., xn) denote the

vector of costs and let x−i = (x1, ..., xi−1, xi+1, ..., xn) denote the vector of costs excluding xi. The

joint probability density function of x is given by g (x) = gi (xi|x−i) g−i (x−i), where gi (xi|x−i)

is the conditional density function of xi, and g−i (x−i) is the joint probability density function
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of x−i. In the special case where the costs are independent, gi (xi|x−i) = gi (xi) and g (x) =

g1 (x1)× g2 (x2)× . . .× g (xn). Similarly, we define the associated cumulative distribution functions

G (x), Gi (xi|x−i), and G−i (x−i). We also assume that each supplier’s per unit cost has a finite

upper bound, i.e., xi ≤ x̄i < ∞, and that r >
∑n

i=1 x̄i, which implies that the näıve mechanism

allows the assembler to earn a positive expected profit.

Each supplier has private information regarding their costs, while the assembler only knows the

distribution of the costs. The assembler commits to a mechanism and asks each supplier to indepen-

dently send a message, mi, regarding their cost, xi. The mechanism is a mapping from the vector of

the suppliers’ reported costs, m = (m1,m2, . . . ,mn), to the procurement quantity vector, q (m) =

(q1 (m) , q2 (m) , . . . , qn (m)), and the payment vector, P (m) = (P1 (m) , P2 (m) , . . . , Pn (m)). Fol-

lowing the standard mechanism design literature (Myerson 1979), we focus on the truth-revealing

equilibrium where the reported costs are the same as the suppliers’ true costs, i.e, x = m.

The assembler’s objective is to maximize her expected profit, while ensuring that each supplier

reports their true costs. We formulate the assembler’s problem as follows

max Z = Ex

[
S (min(q (x)))−

n∑
i=1

Pi (x)

]
, (28)

subject to

Pi (xi,x−i)− xiqi (xi,x−i) ≥ Pi (mi,x−i)− xiqi (mi,x−i) , ∀mi 6= xi, i, xi,x−i, (29)

Pi (xi,x−i)− xiqi (xi,x−i) ≥ 0, ∀i, xi,x−i. (30)

The expectation in (28) is with respect to the cost vector x and min(q (x)) = mini{qi(x)} is the min-

imum of the procurement quantities from all suppliers. We refer to the constraints in (29) as the IC

constraints in dominant strategies for the continuous model, which guarantee that truth-revealing

is a dominating strategy for each supplier. The constraints in (30) are the individual rationality

(IR) constraints, which ensure that each supplier earns a non-negative profit in equilibrium.

To solve the above mechanism design problem, we start with the definition of the virtual cost
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for our continuous model, which for supplier i can be written as

Ji (xi|x−i) = xi +
Gi (xi|x−i)
gi (xi|x−i)

. (31)

It is interesting to note that (31) extends the standard virtual cost definition in multi-agent mecha-

nism design to a setting in which the suppliers’ costs are not necessarily independent. If the suppli-

ers’ costs are independent, the virtual cost becomes Ji (xi|x−i) = xi + Gi (xi) /gi (xi) = Ji (xi) ,

which is identical to the virtual cost obtained in a single-supplier model, e.g., Theorem 1 of

Chaturvedi and Mart́ınez-de-Albéniz (2011). If the distribution of the suppliers’ costs satisfies

the log-concave property, the virtual cost Ji (xi|x−i) is non-decreasing with respect to xi. Log-

concave distributions include many well-known distributions, such as the Uniform, Normal, and

Weibull, that are commonly used in the mechanism design literature (Bagnoli and Bergstrom 2005).

Following a standard approach, we first establish the properties of feasible mechanisms. We

then characterize the optimal mechanism for the assembler. We start by presenting Lemma 3,

which provides a set of conditions that are equivalent to the IC and IR constraints, (29) and (30).

Lemma 3 The payment function, P(m) = (P1(m), P2(m), . . . , Pn(m)), and the ordering policy,

q(m) = (q1(m), q2(m), . . . , qn(m)), are feasible if and only if, for all i, xi, and x−i, the following

conditions hold:

∂qi (xi,x−i)

∂xi
≤ 0, (32)

∂Pi (xi,x−i)

∂xi
− xi

∂qi (xi,x−i)

∂xi
= 0, (33)

Pi (xi,x−i)− xiqi (xi,x−i) ≥ 0. (34)

Condition (32) indicates that, in a feasible mechanism, the order quantity from each supplier is non-

increasing with respect to the unit cost. This condition is referred to as the monotonicity constraint

in the mechanism design literature. Condition (33) is essentially the first order condition for each

supplier’s optimization problem, and is referred to as the local IC constraint. Condition (34) gives

the IR constraints. Lemma 3 implies that these conditions together ensure that truth-revealing is
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the best strategy for each supplier, and thus they are equivalent to the IC constraints in the original

mechanism design formulation. We are now ready to solve the assembler’s optimization problem.

The following proposition characterizes the optimal procurement mechanism.

Proposition 4 Suppose the virtual costs, Ji (xi| x−i), are non-decreasing with respect to xi. In
the continuous model, the assembler’s optimal mechanism exhibits the following properties:

1) The order quantities are balanced, i.e., q1 (x) = q2 (x) = . . . = qn (x) = Q (x), which satisfies

F (Q (x)) =

(
r −

∑n
i=1 Ji (xi|x−i)

r

)+

. (35)

2) The payment to supplier i equals

Pi (xi,x−i) = xiQ (x) +

∫ x̄i

xi

Q (x,x−i) dx. (36)

3) The assembler’s expected profit equals

Z∗ = Ex

[
S (Q (x))−

(
n∑
i=1

Ji (xi|x−i)

)
Q (x)

]
. (37)

Proposition 4 shows that the optimal mechanism for the continuous model resembles that for the

discrete model. As in the discrete case, the optimal order quantity in (35) is a newsvendor quantity,

but with the actual costs replaced by the virtual costs. Since the virtual cost is non-decreasing with

respect to xi, we have that the order quantity is decreasing in supplier i’s unit cost. The payment

to supplier i is given in (36), where the second term represents the markup paid to supplier i. This

expression indicates that the markup is decreasing with respect to xi. Thus, a supplier with a low

unit cost receives a larger information rent than does a supplier with a high unit cost.

5 Conclusions and Managerial Insights

In this paper, we have considered the question of how an assembler can cope with information

asymmetry regarding her suppliers’ marginal costs, particularly in settings with high demand un-

certainty. We also considered the question of when using more complex contracting mechanisms,

rather than simpler and easier to implement mechanisms, can add the most value for the assembler.

To answer these questions, we compared three potential mechanisms, the FRW, hybrid, and ICDS

mechanisms, where the latter two mechanisms are developed in this paper. We first characterized
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the optimal incentive compatible in dominant strategies (ICDS) mechanism for the assembler, under

which the contracts offered to one supplier depend on all of the suppliers’ types. We demonstrated

how the assembler can compute the optimal ICDS contracts and we proved that the optimal pro-

curement quantities are balanced, i.e., the same quantity is ordered from each supplier. We then

compared the ICDS mechanism to the FRW mechanism, which requires the contracts offered to

each supplier be a function only of that supplier’s type, and thus is simpler to compute and im-

plement. We found that the ICDS mechanism can significantly outperform the FRW mechanism,

particularly when (1) there is significant uncertainty in the suppliers’ costs, (2) there is significant

uncertainty in the final product demand, and (3) the probability that a supplier is low-cost is large.

Further analysis of the FRW mechanism demonstrated that, for realistic problem sizes (i.e.,

with a moderate to large number of suppliers), the optimal FRW mechanism is identical to the

näıve mechanism, under which the assembler assumes that all suppliers are high-cost and offers

simple wholesale price contracts based on that assumption. Therefore, the results obtained in this

paper clearly indicate that, in many realistic problem instances, the FRW mechanism, unlike the

ICDS mechanism, cannot be used by the assembler to eliminate any of the inefficiency caused by

information asymmetry regarding the suppliers’ costs.

We also compared the ICDS and FRW mechanisms to a newly proposed hybrid mechanism. In

developing the hybrid mechanism, we were motivated by the observation that, when the number of

suppliers is moderate to large, the ICDS mechanism becomes complex to implement, while the FRW

mechanism offers poor performance. Thus, the hybrid mechanism was designed to offer improved

performance relative to the FRW mechanism, while being easier to implement than the ICDS

mechanism, particularly when the number of suppliers is moderate to large. In such a setting, not

all suppliers (or components) are of equal importance to, or have equal impact on, the assembler.

For example, in the optimal ICDS mechanism, the rent paid by the assembler to a given supplier is

increasing with the level of uncertainty regarding that supplier’s cost, while the assembler’s profit

is decreasing in this uncertainty. Thus, in the hybrid mechanism, we measure the importance of

a given supplier based on the degree of uncertainty the assembler has regarding that supplier’s

cost. The hybrid mechanism then uses the ICDS mechanism for a subset of suppliers with high

uncertainty and the simpler näıve mechanism for the remaining suppliers with low uncertainty.
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From our numerical experiments, we found that the hybrid mechanism can achieve a perfor-

mance close to that of the ICDS mechanism and can significantly outperform the FRW mechanism.

However, we found that increasing the degree of sophistication of the contract mechanism (i.e., in-

creasing the value of k in the hybrid mechanism) is particularly beneficial in environments in which

the assembler faces significant uncertainty regarding the end-customer demand and the suppliers’

costs. In addition, we find that using the hybrid mechanism, rather than the FRW mechanism,

is particularly important when (1) there is significant uncertainty in the suppliers’ costs, (2) the

marginal probability that a supplier is high-cost is small, (3) the number of suppliers is large, and

(4) there is significant uncertainty in the final product demand. We also find that using the opti-

mal ICDS mechanism, rather than the hybrid mechanism, is most critical when (1) the uncertainty

regarding the suppliers’ costs is large, (2) the assembler’s expected profit margin is small, and (3)

demand uncertainty is significant.

This final observation highlights a contribution of this paper relative to the economics literature.

In the economics literature, there are numerous articles that consider the supplier’s pricing game

when the buyer possesses private demand information. In contrast, we consider a setting in which

the suppliers possess private cost information, while the assembler faces uncertain final product

demand. Among the economics articles that consider private cost information at an upstream stage,

we are not aware of any that explicitly consider the impact of demand uncertainty at the downstream

buyer. However, as we demonstrate in this paper, the magnitude of that demand uncertainty can

have a significant impact on the value of using more sophisticated contract forms, such as the

ICDS mechanism, relative to simpler mechanisms. In particular, when demand uncertainty is

significant, it becomes critical for the buyer to apply a mechanism in which the contract parameters

are dependent on all suppliers’ types, so that she is able to make use of as much information as

possible regarding the suppliers’ costs when setting the order quantity.

Overall, our results demonstrate that in complex settings, such as those with a large number

of suppliers or significant uncertainty, simple mechanisms, such as the FRW mechanism, can be

almost completely ineffective in extracting cost information from the suppliers. In such settings,

more sophisticated mechanisms, such as the hybrid and ICDS mechanisms, are necessary for the

assembler to successfully cope with such information asymmetry. Furthermore, the additional
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complexity of the ICDS and hybrid mechanisms enables balanced ordering (and reduced waste)

due to the fact that the order quantities are (potentially) a function of all of the suppliers’ types,

rather than a single supplier type, as in the FRW mechanism. Thus, a key insight obtained from

this research is that while simplicity is of practical importance, in complex settings with information

asymmetry, it should not be the only objective in mechanism design.

References

Bagnoli, M., T. Bergstorm. 2005. Log-concavity probability and its applications. Economic Theory.

26(2): 445–469.

Bergemann, D., S. Morris. 2005. Robust Mechanism Design. Econometrica. 73(6): 1771-1813.
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