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Abstract  This tutorial discusses theoretical and behavioral aspects of contract design with an
emphasis on complexity as a design factor. We first introduce optimal contracts under
different complete and asymmetric information settings. We then demonstrate how
simple quantity discount contracts can effectively eliminate inefficiencies under some
conditions. We present behavioral aspects of contract design and discuss trade-offs
between contract design and contract performance. Finally, we introduce the concept
of dynamic procurement as a means to implement nonlinear pricing schemes, and we
establish a link between dynamic procurement and quantity discounts.
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1. Introduction

Outsourcing forces manufacturers to increasingly rely on external suppliers to procure goods
and services. Today, approximately half of the revenue generated in the U.S. manufacturing
industry is spent on procurement (U.S. Department of Commerce [64]). Moreover, because
products and their production processes have become more complex, firms are now buying
more complex items and services. Hence it is critical for firms to streamline these intricate
procurement processes to maintain a competitive edge in the market. Many factors influence
the design of procurement contracts such as price, availability, cost, and delivery schedule.
In this tutorial, we provide a brief overview of some of the commonly used procurement con-
tracts (price-only contracts and quantity discount contracts) and discuss contract complezity
as a design factor.

Price-only contracts are common in the supply chain management literature,! motivated
by the observation that “many supply-chain transactions are governed by simple [price-only]
contracts defined only by a per-unit wholesale price” (Lariviere and Porteus [39], p. 293).
Price-only contracts have been used for a wide variety of products and services, including
paper (Norske Skog [47]); alarm systems (Visual Defence [65]); pharmaceuticals (Cui et al.
[19]); software (Robinson [52]); components for airplanes (Boeing [7]); electronics design,
assembly, and components including polycrystaline silicon (Space Daily [58]); healthcare
services (FD Wire [23]); and security services in the Iraq war (HT Media [30]).

The price-only contract is simple because it requires only the specification of a single
parameter: the wholesale price. On the other hand, the literature praises the more complex
quantity discount contract because it has been shown theoretically to increase sales, reduce
costs, increase channel efficiency, allow for self-selected price discrimination, and eliminate

1 See, for example, Anupindi and Bassok [3], Bernstein and DeCroix [5], Bernstein and Federgruen [6],
Cachon [12], Cachon and Lariviere [13], Chen et al. [17], Cui et al. [19], Gerchak and Wang [26], Guo
et al. [28], Lariviere and Porteus [39], Majumder and Srinivasan [41], Taylor and Plambeck [60], Tomlin [62],
Wang and Gerchak [66], and references therein.
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inefficiencies as a result of information asymmetry (Altintas et al. [2], Burnetas et al. [11],
Chu and Sappington [18], Jeuland and Shugan [31]). And indeed, quantity discount contracts
are also observed regularly in practice. However, there is evidence that quantity discounts
do not perform consistently in practice (Altintas et al. [2]). One underlying reason for this
inconsistency was identified by a recent Adesso Solutions [1] study, which found that fewer
than 10% of participating suppliers believe their discounts and promotions management
are effective. This lack of guidance in designing quantity discounts is also the reason that
discounts and promotions have been described by Sellers and Reese [56] as “the dumbest
marketing ploy ever.”

Given the conflicting theoretical and practical accounts of simple contracts (price-only
contracts) and more complex contracts (quantity discount contracts), in this tutorial our
goal is to compare the two and evaluate contract complexity as a design factor. The rest
of this tutorial is organized as follows. In §2, we analyze a stylized two-stage supply chain
with one supplier and one manufacturer under complete information. In §3, we relax the
assumption of complete information and characterize the optimal contracts for a setting with
asymmetric cost information by restricting ourselves to screening-based contract design.
(We characterize the optimal contracts for a setting with asymmetric demand information
in the appendix.) Our goals in studying the settings with asymmetric information are (1) to
establish that optimal contracts are in the form of quantity discounts and (2) to demon-
strate that, especially under asymmetric information, these contracts may be arbitrarily
complex (i.e., the optimal quantity discount scheme may require arbitrarily many prices and
discount breaks). In §84 and 5, we limit the complexity of these quantity discount contracts
by restricting the number of prices and discount breaks that the contract may have. We
theoretically assess the performance of these simpler contracts under asymmetric cost infor-
mation in §4. In §5, we assess the performance of these simpler contracts under asymmetric
demand information by using human subject experiments. Finally, in §6, we show that firms
may implement optimal contracts with repeated interactions of dynamic procurement.

Throughout this tutorial, subscripts under expectation operators denote the random vari-
able over which expectation is taken. We use the convention (z)* for max(x,0). Comparison
terms such as greater, smaller, increasing, and decreasing should be interpreted in the weak
sense (allowing for equality). We have omitted the proofs, and we refer the reader to respec-
tive papers for detailed analyses.

2. Optimal Contracts Under Complete Information

Consider a simple stylized two-stage supply chain with one supplier and one manufacturer,
where the manufacturer (she) buys goods from the supplier (he) and sells them in an end-
consumer market.? The supplier’s unit cost of production is c¢. The manufacturer faces a
market where the price is inversely related to the quantity sold. For simplicity, we assume
a linear demand curve P = a — bq, where P is the market price, a is the market potential,
b is the price sensitivity, and ¢ is the quantity sold by the manufacturer. Assume that all of
this information is common knowledge.

Let us analyze the simple price-only contract where the supplier charges the manufacturer
w per unit under this setting. The supplier’s (S) and the manufacturer’s (M) profits are
IIg = (w — ¢)q and I = (a — bg — w)gq, respectively. The supply chain’s profits are IT =
Il + 1Ty = (a — bg — ¢)q. Note that the choice of w only indirectly affects the total supply
chain profits through the choice of q.

2 The material in this section follows Erhun and Keskinocak [20] closely.
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TABLE 1. Price-only contract vs. centralized supply chain.

Decentralized supply chain Centralized supply chain
Supplier’s wholesale price (w) w=(a+c)/2 w
Manufacturer’s quantity (q) g=(a—c)/(4b) q = (a—c)/(2b)
Market price (P) P=(3a+c)/4 P =(a+c)/2
Supplier’s profit (IIs) s = (a—c)?/(8b) Mg = (w—c)q*
Manufacturer’s profit (ITar) My = (a—c)?/(16b) I3, = (P" —w)q”
Total supply chain profits (II) I =3(a—c)?/(16b) IT* = (a —c)?/(4b)

2.1. Decentralized Supply Chain

As in most real-world supply chains, suppose that the supplier and the manufacturer are
two independently owned and managed firms, where each party is trying to maximize his or
her own profits. The supplier chooses the unit wholesale price w, and after observing w, the
manufacturer chooses the order quantity ¢q. Note that this is a dynamic game of complete
information® with two players, supplier and manufacturer, where the supplier moves first and
the manufacturer moves second. Hence, we can solve this game using backward induction.

Given w, first we need to find the manufacturer’s best response ¢(w). The manufacturer
will choose ¢ to maximize IIy; = (a — bg — w)q. This is a concave function of ¢, and hence
from the first-order condition we get

GHM_ _ _CL—’LU
B4 =a—2g—w=0 = q(w)= 5%

Next, given the manufacturer’s best response g(w) = (a —w)/(2b), the supplier maximizes
Ilg = (w—c)g=(w—c)(a—w)/(2b). This is a concave function of w, and from the first-order

condition we get

Ollg a+c

7:a/—u}—w+C:0 = W= .

ow 2
The equilibrium solution for this decentralized supply chain is given in Table 1. In this
contractual setting, the supplier gets two-thirds of the supply chain profits, and the man-
ufacturer gets only one-third. This is partly because of the first-mover advantage of the
supplier.

Now, let us consider a centralized (integrated) supply chain where both the manufacturer

and the supplier are part of the same organization and are managed by the same entity.

2.2. Centralized Supply Chain

Assume that there is a single decision maker who is concerned with maximizing the entire
chain’s profits IT = (a — bg — ¢)q. The solution for the centralized supply chain is given in
Table 1. We see that the quantity sold as well as the profits are higher and the price is lower
in the centralized than in the decentralized supply chain. Hence, both the supply chain and
the consumers are better off with the centralized scenario. A closer look would reveal that
w has no impact on the market price, quantity, or the supply chain profits. However, the
choice of w in the centralized supply chain is still important, because it determines how
the profits will be allocated between the supplier and the manufacturer. We can interpret
w as a form of transfer payment from the manufacturer to the supplier. By choosing w
appropriately, the additional gain can be distributed between the manufacturer and the
supplier so that both are (weakly) better off. For example, if we set w = (a + 3¢)/4, then

3 For a compact and rigorous analytical treatment of game theory, we refer the reader to Cachon and
Netessine [15]. For an in-depth analysis, any of the following would be a good start: Fudenberg and Tirole [24],
Gibbons [27], Mas-Colell et al. [44], Myerson [46], and Osborne and Rubinstein [48].
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w—c=P*—w=(a—c)/4, and each party’s profits are (a — c)?/(8b). Note that this is
the same as the supplier’s profits in the decentralized supply chain. Hence, if the supplier
and the manufacturer split the profits equally in the centralized supply chain, the supplier
is at least as well off and the manufacturer is strictly better off than in the decentralized
supply chain.

In the decentralized supply chain, the outcomes are worse for all the parties involved
(supplier, manufacturer, supply chain, and consumer) compared to the centralized supply
chain, because in the decentralized supply chain both the manufacturer and the supplier
independently try to maximize their own profits; i.e., they each try to secure a margin,
P —w and w — ¢, respectively. This effect is called “double marginalization”.

In this stylized model, the profit loss in the decentralized supply chain as a result of
double marginalization is 25% (also referred to as the double marginalization loss). It is
clearly in the firms’ interest to eliminate or reduce double marginalization, especially if
this can be done while allocating the additional profits to the firms such that both firms
benefit. This simple model suggests that vertical integration could be one possible way of
eliminating double marginalization. However, vertical integration is usually not desirable,
or not practical. Can we change the terms of the trade (i.e., devise contracts) so that
independently managed companies act as if they are vertically integrated? This concept
is known as “supply chain coordination.” In this stylized model, the manufacturer should
choose the optimal centralized supply chain quantity ¢* = (a — ¢)/(2b) in any coordinating
contract.

So far we have assumed that w is fixed per unit. However, in many applications suppliers
offer quantity discounts. In quantity discount contracts, if the manufacturer purchases more
units, the unit price decreases. There are two common forms of quantity discount: the all-
unit discount and the incremental discount. In the all-unit discount, the price for every unit
ordered decreases if the order size passes a certain threshold. In the incremental discount,
only the price for the units ordered beyond the threshold is reduced. We assume an all-unit
discount; the supplier charges w(q), where w is a decreasing function of ¢. In practice, w(q) is
typically a step function, but for simplicity, we assume it is continuous and differentiable.

Let R(q) be the manufacturer’s (expected) revenue when she stocks ¢ units of the final
product, where R(q) is a finite, concave function of ¢, with R(0) =0. We assume R'(0) > ¢
(otherwise, production is never profitable). Note that we do not make assumptions regard-
ing demand in this case; demand may be deterministic or stochastic. For example, with a
deterministic, price-dependent linear demand curve R(q) = (a — bq)q, in a newsvendor set-
ting with stochastic demand D, a selling price of p per unit, and a salvage value of zero,
R(q) =pEp[min(D, q)].

The manufacturer’s (expected) profit in the decentralized supply chain is II; = R(q) —
w(q)q. The decentralized supply chain has the same optimal quantity as the centralized
supply chain if ITy; is an affine transformation of II. Hence, we need

I =R(¢") —w(q")g" = (R(q") —cq”) = w(q*)Z(l—a)<Rf]z*)> +ac

If the supplier sets the wholesale price as w(q) = (1 — a)(R(q)/q) + ac, there is a trade-off
for the manufacturer: If she chooses ¢ < ¢*, she will pay too much per unit, increasing her
marginal cost. If she chooses ¢ > ¢*, then the unit price will decrease but the marginal
revenue will decrease more, making the extra unit unprofitable. Hence, the optimal quantity
choice for the manufacturer is ¢*.

The supplier’s profit in this case is g = (w(g*) — ¢)g*:

g = <(1Q)R(Q*)+ac_c>q* =1-a)R(¢")—(1—a)ecg*=(1— ).

*
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Under the quantity discount contract, the manufacturer’s (and the supplier’s) profit is
proportional to the centralized supply chain’s profit; that is, quantity discount contracts
eliminate double marginalization and coordinate the supply chain. There are other con-
tract structures that achieve coordination in such simple settings; e.g., buyback contracts
(Pasternack [50]) where the manufacturer can return leftover units to the supplier at the
end of the selling season for b per unit, where b < w, and revenue-sharing contracts (Cachon
and Lariviere [14]) where the manufacturer shares a fraction a < 1 of her revenues with
the supplier. We refer the reader to Tsay et al. [63] and Cachon [12] for excellent reviews
on supply chain contracts and Laffont and Martimort [36] and Salanié [55] for an in-depth
analysis on contract theory.

3. Optimal Contracts Under Asymmetric Cost Information

As we discussed in §2, today’s global supply chains are mostly decentralized. This decentral-
ization has many advantages, including lower production costs and faster time to market.
However, it also has several disadvantages, including loss of control of supply chain function-
alities and inefficiencies as a result of incentive issues among different players. A common
cause of these incentive issues is the information asymmetry among supply chain partners. In
this section, we are interested in a setting with such incentive issues. We study the manufac-
turer’s procurement contract when the supplier is privately informed about his production
cost. The manufacturer’s prior information on the supplier’s cost plays an important role in
the design of the contract. The material in this section follows Kayis [35] closely.

A manufacturer procures materials from her supplier. The supplier incurs a cost of ¢ per
unit to produce a component and deliver it to the manufacturer. The supplier’s cost (which
we also refer as the supplier’s type) is his private information at the time of contracting.
The manufacturer does not know ¢ with certainty but knows only that ¢ has probability
density function (pdf) f(c) with associated cumulative distribution function (cdf) F(c) and
support € := [¢,¢], where 0 < ¢ < & < co. This prior information is common knowledge.
Let h(c):=F(c)/f(c), and define total cost as

k(c) :=c+ h(c), (1)

which will play an important role in the subsequent analysis.

The manufacturer has (expected) revenue R((Q)) when she stocks @ units of the final prod-
uct, where R(Q) is a finite, increasing, and strictly concave function of @, with R(0) = 0. Note
that, once again, we do not make assumptions regarding demand; it may be deterministic
or stochastic. For example, in a newsvendor setting with stochastic demand D for the final
product, a selling price of p per unit, and a salvage value of zero, R(Q) = pEp[min(D, Q)].
Finally, we assume R’(0) > ¢ (otherwise, production is never profitable). The manufacturer
and the supplier are risk neutral: each seeks to maximize his or her own expected profit.

To find the manufacturer’s optimal contract in this setting, we use the revelation principle
(Myerson [45]). The revelation principle states that any Bayesian Nash equilibrium of any
Bayesian game can be represented by an incentive-compatible direct mechanism, i.e., a direct
revelation mechanism. In a direct mechanism, the only action of the player with the private
information (the supplier in our setting) is to submit a claim about his or her type. A direct
mechanism is incentive compatible if it is a Bayesian Nash equilibrium for that player to
tell the truth. Using the revelation principle, the manufacturer (the mechanism designer)
can simply focus on the mechanisms that have truth-telling equilibria, and if she finds the
optimal mechanism among them, then it is the optimal one among the entire set of feasible
mechanisms.

Taking the manufacturer’s perspective and using the revelation principle (Laffont and
Martimort [36], Myerson [45]), we adopt the assumption that the manufacturer can imple-
ment arbitrarily complex contracts, contingent on the cost reported by the supplier. The
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manufacturer designs a menu of contracts {Q(c),t(c)}ceq that maximizes her (expected)
ex ante payoff from the contract, where Q(c) is the quantity to be procured from the sup-
plier, and ¢(c) is the payment from the manufacturer to the supplier, contingent on the cost ¢
reported by the supplier. Then the supplier selects a contract from this menu by announcing
his cost ¢. The program that the manufacturer has to solve to find the optimal menu is

P1: TIPRC:= max . E.[R(Q(c)) —t(c)]
Q:Q—R

t:Q—R
st. t(c) —cQ(c) >0 Vee (IRe),

t(c) —cQc) >t(¢) —cQ(é) Ve, ée (IC).

The manufacturer’s objective is to maximize her (expected) profit, which is equal to the
(expected) total revenue from having Q(c) units, less the expected transfer payment to the
supplier. The (IR.) constraints are individual rationality (IR), or participation constraints:
the supplier with cost ¢ should get at least his reservation profit, which is normalized to 0,
to accept the contract. The (IC.:) constraints are incentive compatibility (IC) constraints:
the supplier with cost ¢ has the option to choose (Q(¢),t(¢)), the contract designed for type
¢ # ¢, but prefers to choose (Q(c),t(c)). The optimal contract under this simple setting is
characterized by the following proposition.

Proposition 1. Assume that k(c) is increasing in c¢. The manufacturer’s optimal menu
of contracts {Q°(c),t%(c)} satisfies

c C — + (& ¢ C
@@ ={ (@ we) @@+ [ el
In the newsvendor setting, the manufacturer’s optimal order quantity simplifies to

QC(C) _ G—l (p_ k(c)),
p

where G denotes the cdf of demand. Because the manufacturer does not know the supplier’s
cost, the optimal contract does not coordinate the supply chain. The optimal procurement
quantity in Proposition 1 implies that the manufacturer has to pay k(c) per unit for each
quantity procured instead of the actual cost c. Thus, the coordinating quantity is produced
only when ¢ = ¢, because h(c) = 0. Otherwise, the manufacturer procures less than the
coordinating quantity. We also observe that the inefficiency decreases as ¢ decreases, because
Q(c) is nonincreasing in ¢. The manufacturer achieves a higher level of coordination when the
supplier’s cost is lower by leaving the supplier a higher profit, which is simply equal to t(c) —
cQ(c) = [ Q(r)dr. This underproduction is an inefficiency arising from asymmetric cost
information. The underlying reason for this inefficiency is that, because of the asymmetric
cost information, the manufacturer has to pay an “information rent” t¢(c) — cQ¢(c) >0 to
the supplier; that is, the manufacturer pays the supplier more than his cost.

In practice, the manufacturer may prefer to offer a quantity-contingent payment scheme
rather than asking for the cost report to determine payments and quantities. However, the
optimal cost-contingent menu of contracts {Q°(c),t(c)} can easily be transformed to an
equivalent quantity-contingent payment {7¢(Q)} as follows:

t°(c) if @ =Q°(c) for some c €,

0 otherwise.

ro-|

This equivalence of quantity-contingent and cost-contingent payments is known as the tax-
ation principle (Martimort and Stole [43]).

To assess the complexity of the contract from a practical point of view, we need to examine
the form of the optimal contract. Proposition 2 shows that the optimal quantity-contingent
payment is concave in the purchased quantity.
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Proposition 2. The manufacturer’s optimal quantity-contingent payment, T°(Q), is a

concave function of @ for Q € (Q°[c], Q°[d]].

Concavity of the payment function 7¢(Q)) means that the manufacturer’s optimal contract
is a quantity discount contract. As the total quantity increases, the price per unit that the
manufacturer pays the supplier decreases. To implement this optimal contract, however, she
may have to specify an infinite number of quantity breaks in the contract. In the appendix,
we study a setting where the manufacturer is privately informed about her demand, and
we demonstrate that the supplier’s optimal contract is once again an arbitrarily complex
quantity discount contract. However, it has long been recognized in the economics literature
that “real world incentive schemes appear to take less extreme forms than the finely tuned
rules predicted by...theory” (Holmstréom and Milgrom [29], p. 304). Hence it may not
be very practical for the manufacturer or the supplier to enforce such arbitrarily complex
quantity discount contracts. Next, we will limit the complexity of these optimal contracts
by restricting the number of price breaks a contract may have, and we will assess the
performance of these simpler contracts first theoretically under asymmetric cost information
in §4 and then with human subject experiments in §5.

4. Efficiency of Simple Contracts Under
Asymmetric Cost Information

It has been suggested in the literature that the optimal complex contracts can be imple-
mented via a menu of linear contracts (i.e., the tangents of the optimal complex contracts;
see, for example, Laffont and Martimort [36], Laffont and Tirole [37], Reichelstein [51],
Rogerson [53]). Each item in the menu is intended for a particular cost realization of the
supplier and has two parts: a fixed payment and a fixed per-unit price. The continuity of
the uncertainty about the supplier’s cost, however, requires the number of contracts in this
menu to be infinite, which raises the question of practicality. Bower [10] and Gasmi et al.
[25] address this problem by limiting the number of menu items to one, and they iden-
tify conditions where this one-item menu, consisting simply of a fixed-price contract, can
perform nearly as well as the optimal complex contract. Rogerson [54] generalizes this con-
tract by limiting the number of menu items to two. In Rogerson’s [54] model, the supplier
can exert costly effort to decrease the production cost from a supplier-specific level only
known to himself. The manufacturer can only observe the actual cost after the supplier’s
cost-reduction effort. The first item in the menu is a cost-reimbursement contract, where
the manufacturer reimburses the supplier’s actual cost, and the second item is a fixed-price
contract. The author finds that this two-item menu always captures at least 75% of the
profit that the optimal complex contract achieves when the cost of effort is quadratic and the
prior information on supplier’s base cost is a uniform distribution. Chu and Sappington [18]
argue that Rogerson’s [54] simple two-item menu may capture much less than 75% of the
profit when the cost distribution is skewed to the right. The authors propose another simple
two-item menu with a 73% lower bound on performance when the prior information is a
power distribution. In this section, we are interested in the worst-case performance of simple
contracts without any distributional assumptions, as well as the relative effect of increasing
the number of parameters, and hence the complexity, in the contracts that the manufacturer
offers. We revisit the model in §3. Once again, the material in this section follows Kayig [35]
closely.

We relax the assumption that the manufacturer can implement arbitrarily complex con-
tracts as in Proposition 2. In particular, we are interested in the increase in the manu-
facturer’s expected profit as a result of an increase in the complexity of the contract. We
measure the complexity of the contract by the number of contract terms. Specifically, we
restrict our attention to a menu of contracts {Q;,%;}i=0,1,....n, where n is a fixed finite inte-
ger, and for each 7, t; represents the total payment the manufacturer offers to the supplier
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in exchange for @); units. To eliminate trivial cases, we assume 0 =ty <t; <--- <t, and
0=Qy < Q1< < Q. Inclusion of the null contract, to = Q¢ = 0, allows for the possibility
that the manufacturer does not procure from the supplier.

To find the manufacturer’s expected profit under this menu of contracts, we need to study
the supplier’s contract selection problem first. The supplier must choose one contract from
the menu {Q;,%; }i=0,1,....n. He will prefer the contract i to the contract ¢ —1 if and only if his
profit is greater with the contract i, or t; — cQ; > t;—1 — cQ;—1. Thus a supplier prefers the
contract i to contract ¢ — 1 if his cost ¢ is strictly greater than s; := (t; —¢;—1)/(Qi — Qi—1).
Without loss of generality, we restrict attention to menus with s; <s;_; for 1 =2,3,... n.
(If s; < s;—1 did not hold, the supplier would never choose the contract {Q;_1,t;—1}, and
there would be an equivalent menu with n — 1 contracts {Q;,¢;}.) Then, the supplier selects
the contract {Q;—1,t;—1} when his cost is between s; :== (¢; —t;-1)/(Q; — Qi—1) and s;_1,
for i =2,3,...,n. Also without loss of generality, we assume that ¢ < s,, and s; < ¢ to reflect
the fact that the supplier’s cost is distributed between ¢ and ¢. For brevity of exposition,
in all subsequent analysis, we will specify the menu of contracts in terms of the unit prices
s; rather than the total payments t;. Given the values s; and @; for i =0,1,...,n, the total
payment t; is

j<i

ti:ZSj(Qj—Qj—ﬂ- (2)
j=1

In the operations management literature, the menu {Q;, s; }i=1,... » is called an incremental
quantity discount contract.* Up to @1 units, the manufacturer offers to pay s; per unit. For
an additional Q) < Q2 — ()1 units, the manufacturer pays the respective unit price sg, which
is less than s;, and so on. Hence, the total payment to a supplier delivering @; units is
exactly equal to the right-hand side of Equation (2). The parameter ); is called a quantity
break. A menu with n =1 is equivalent to offering a single price in exchange for ()1 units;
thus we refer to this special contract as a price-only contract.

Given the supplier’s contract selection problem, the manufacturer’s expected profit given
the unit prices s; and quantity breaks Q; can be written as

n j<i
1 (5.Q) = 31 o) - Flos] |70~ (@5~ @) )|
i=1 j=1
where s,11=¢,s=(s1,...,5n), and Q= (Q1,...,Qx). We find the manufacturer’s expected

profit, conditioning on the cost of the supplier. When the supplier has cost ¢ between s; and
Si+1, he will choose the contract ¢ and deliver ); units. The manufacturer receives her total
expected revenue from the market from having @; units and pays ¢; to the supplier.

We are interested in the worst-case performance of an optimal incremental quantity dis-
count contract with n quantity breaks. To establish an upper bound on the optimality gap
of a quantity discount contract, i.e., HII\)/IRC — mast1’[5\7/})(S,Q)7 we need to find a bound
over the set of all possible prior information sets of the manufacturer on the supplier’s cost.
To find this bound, we use the following inequality:

PR — max 1157(s, Q) < IRFC — 117 (s¥, QV) < min | max(ITRF — 115 (5. Q)| := U (m),
where {sY,QY} € arg minsyQ[maXF(Hll\j/[RC = Hs\z)(s,Q))]. The first inequality follows from
the optimality principle for maxs q HE\Z) (s,Q), and the second one follows from the optimal-
ity of {sY,QU}. To solve for the inner maximization problem in the right-hand side of (3),
we use the general-moment bound problem.

4 Under all-unit discounts, the manufacturer’s and the supplier’s objective functions are discontinuous at
price breaks. Furthermore, the supplier’s decisions are functions of not only the prices but also the quantity
breaks. The characteristics of all-unit discounts complicate their analysis considerably; hence, we restrict
ourselves to incremental quantity discounts in this analysis.
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We are interested in the shape of the upper bound function U(n), which is the worst-case
performance of a simple contract with n terms. Proposition 3 shows the recursive relationship
between consecutive values of this function.

Proposition 3. The upper bound for the optimality gap, U(n), has the following proper-
ties for n > 1:

max(’;Mj? , wM<c>) <UMm) <U(n-1), 3)
where
rar(e) = max(R(Q) — Q). ()

Forn=1, U(1) =max(mp(c)/2, 70 (C)).

There are two observations: the manufacturer can always decrease the upper bound
by adding one more contract to the menu of simple contracts she offers. More impor-
tantly, though, the manufacturer is guaranteed a worst-case optimality gap of no more than
max(mps(c)/(n+1),ma(¢)). Clearly, the decreasing rate of this guarantee for a simple con-
tract is diminishing in the number of quantity breaks n. This result implies that a limited
number of quantity breaks in the incremental quantity discount contracts is sufficient to
ensure that the maximum expected profit loss is kept below a certain level.

To assess the magnitude of the optimality gap of different simple contracts, we undertake
a numerical study in a newsvendor setting with the following parameters. Without loss
of generality, we normalize the selling price p to 1. Demand is a uniformly distributed
random variable with D € [Mp(1—Vp), Mp(1+ Vp)], with Mp normalized to 1 and Vp €
{0.1,0.2,...,1}. We consider a uniform distribution for the supplier’s cost ¢ and specify the
minimum cost ¢ € {0,0.1,...,0.9} and maximum cost ¢ € {c+0.1,¢+0.2,...,2}. This study
covers most of the possible parametric combinations with 1,550 experiments.

Table 2 compares the manufacturer’s expected profit loss from using a price-only contract
and a quantity discount contract with n =2. The results show that the maximum optimal-
ity gap of 11% with price-only contracts is reduced to 4% when the manufacturer uses a
quantity discount contract. Similarly, the flexibility to offer a quantity discount contract
leads to a significant decrease in optimality gap for all summary statistics. To further study
the relationship between the efficiency of incremental quantity discount contracts and the
number of quantity breaks, we calculate the maximum optimality gap as a function of n in
Corollary 1 when both the demand of the newsvendor and the supplier’s cost are uniformly
distributed.

Corollary 1 supports the result presented in Proposition 3 that having only a limited
number of quantity breaks may be sufficient to ensure that the maximum expected profit
loss is kept below a certain threshold.

Corollary 1. Assume that D ~U[0,2Mp] and ¢ ~ Ulc,é]. The mazimum percentage loss
in the manufacturer’s expected profit from using an incremental quantity discount contract
with n quantity breaks rather than the optimal complex contract is equal to 1/(2n+1)2.

TABLE 2. The percentage loss in the manufacturer’s expected profit from using (i) the price-only
contract and (ii) the quantity discount contract with (n = 2), rather than the complex optimal
contract.

10th 90th No. of

Mean  Min  percentile Median percentile Max cases

Price-only contract 5.618 0.037 0.792 5.106 10.918 11.115 1,550
Quantity discount contract 1.950 0.023 0.386 1.784 3.871 4.065 1,550
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For the case of uniformly distributed demand and supplier cost, the maximum optimality
gap is less than 1% with just five quantity breaks. These results suggest that even though
the manufacturer is always better off with more quantity breaks, a small number of quantity
breaks for the incremental quantity discount contract is sufficient to ensure that she receives
near-optimal profit.

5. A Behavioral Analysis of the Efficiency of Simple Contracts
Under Asymmetric Demand Information

In the previous section, we showed that under asymmetric cost information simple contracts
perform remarkably well. In the numerical analyses, we observed a maximum optimality gap
of 11% with price-only contracts. With only two price breaks, this gap can be reduced to
below 4% with quantity discount contracts. However, under asymmetric demand information
(see the appendix), the gap between simple contracts and optimal contracts can be more
substantial. Especially when the manufacturer faces a high demand risk, the value of the
optimal contract is high because providing flexibility in terms of quantities and payments
helps the manufacturer partially alleviate this risk, and hence increases the total quantity
and the supplier’s profit. Thus, there are conflicting theoretical and practical accounts of
the simple price-only contract and the more complex all-unit quantity discount contracts
under asymmetric demand information. Given these conflicting accounts, we compare them
in an experimental setting to develop contract design guidelines for suppliers in Kalkanci
et al. [34]; the material in this section follows that work closely.

Using human subject experiments, we test the theoretical prediction that, under asymmet-
ric information, suppliers’ profits increase as the complexity of the contract (i.e., the number
of price breaks and thus the number of decisions about contract parameters) increases.
In particular, we study a two-tier supply chain with a single (human) supplier and a sin-
gle (computerized) manufacturer where the manufacturer faces a newsvendor setting and
has better information on demand than the supplier. The supplier determines the pricing
scheme, and the manufacturer selects an order quantity. In this setting, the key theoretical
predictions are as follows: (1) Suppliers’ profits increase as the complexity of the contract
increases. (2) Supply chain efficiency increases as the complexity of the contract increases.
(3) Manufacturers’ profits decrease as the complexity of the contract increases. Table 3 sum-
marizes the supplier’s and the manufacturer’s decisions as well as the average profits based
on theoretical predictions and experimental observations under different contracts between
the supplier and the manufacturer. In a price-only contract (one-price contract), the supplier
sets a single wholesale price wy, and the manufacturer procures the quantity she chooses. We
also study two all-unit quantity discount contracts. In the quantity discount contract with
two prices (two-price contract), the supplier quotes two prices (w; > ws) and a single price
break Q. If the manufacturer orders less than ), she pays w; per unit. Otherwise, she
pays a cheaper unit price ws. In the quantity discount contract with three prices (three-price
contract), the supplier quotes three prices (w; > we > ws) and two price breaks (@1 < Q2).
If the manufacturer orders less than (1, she pays wi per unit. If she orders more than @
but less than @2, she pays a cheaper unit price ws. If she orders more than @2, she pays an
even cheaper unit price of ws.’

Table 4 reports the comparison of the supplier, manufacturer, and total supply chain
profits with theoretical predictions. From the table, we conclude that suppliers’ profits are
significantly lower than predicted by theory; that is, suppliers cannot use the contracts
as effectively as theory predicts. Consistent with theoretical results, a two-price contract

5 Theoretically, increasingly complex contracts would benefit the supplier. In the experimental setting of
Kalkanci et al. [34], because the mean demand is one of three types (low, medium, and high), up to three
different prices with a minimum quantity commitment Qo would be enough to separate these types, and
more prices would have no additional benefit for the supplier or the supply chain.
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TABLE 3. The observed (Obs.) and optimal (Opt.) contract parameters, procurement quantities,
and the supplier, manufacturer, and total supply chain profits for our parameter set under different
contracts (rounded).

Manufacturer’s decisions

Supplier’s decisions

Procurement
Prices Price breaks Expected quantities Expected
w1 w2 W3 Q1 Q2 profit qr  qum qu Expected profit

One-price

Obs. 142 6,722 28 70 108 3,270

Opt. 160 7,200 20 60 100 2,000
Two-price

Obs. 163 142 102 7,065 21 78 112 2,841

Opt. 184 152 160 8,640 8 48 160 704
Three-price

Obs. 161 143 126 81 129 6,840 24 83 126 3,619

Opt. 200 177 147 84 160 9,576 0 &4 160 669

Notes. In all experiments, 19 subjects were assigned the role of supplier using a one-price, two-price, or
three-price contract, and they played against a computerized buyer for 40 periods. The observed values
reported are the average values for each treatment.

leads to higher profits for the supplier than a one-price contract (p = 0.048). However, the
observed improvement is less than what is predicted by theory (p < 0.001). Moreover, the
difference between two-price and three-price contracts is not significant (two-sided p = 0.26).
In fact, suppliers do not even make significantly higher profits employing a three-price
contract than a one-price contract (two-sided p = 0.587). These results demonstrate that
there is potential improvement to suppliers’ expected profit from using quantity discounts.
However, simpler contracts such as a price-only contract or a quantity discount contract
with a low number of price breaks may be sufficient for a supplier designing contracts under
asymmetric demand information. Similarly, total supply chain profits are not significantly
different under different types of contracts (two-sided p-values are 0.724, 0.233, and 0.123
for the comparisons of one-price and two-price, two-price and three-price, and one-price
and three-price contracts, respectively); that is, statistically, players do not achieve better
channel coordination with more complex quantity discount contracts. Furthermore, as can be
seen from Table 4, one-price and two-price contracts perform better and lead to significantly
higher total supply chain profits compared to theoretical predictions; that is, when simpler
contracts such as a price-only contract or a quantity discount contract with a low number
of price breaks are employed, human subjects achieve better channel coordination than

TABLE 4. Means and standard deviations (in parentheses) for the supplier’s, manufacturer’s, and
total supply chain profits and comparison of respective profits with theoretical predictions.

Supplier’s profit Manufacturer’s profit Total profit

Experiment Experiment Experiment
Experiment  vs. theory  Experiment  vs. theory  Experiment  vs. theory

One-price 6,722.16 Lower 3,269.60 Higher 9,991.76 Higher
(539.88) (p<0.001) (1,313.69) (p<0.001) (887.96) (p<0.001)

Two-price 7,065.03 Lower 2,841.30 Higher 9,906.34 Higher
(480.46) (p<0.001) (1,382.18)  (p<0.001) (1,094.1) (p=0.02)

Three-price 6,840.1 Lower 3,619.23 Higher 10,459.33 Not

(726.95)  (p<0.001)  (1,829.79) (p<0.001)  (1,319.75) significant
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theory predicts. Finally, in our experiments, manufacturers’ profits are not significantly
different under different contracts (two-sided p-values are 0.374, 0.120, and 0.506 for the
comparisons of one-price and two-price, two-price and three-price, and one-price and three-
price contracts, respectively); that is, suppliers cannot use the additional complexity of
their contracts to extract manufacturers’ profits as effectively as theory predicts. Table 4
also supports this observation: manufacturers (suppliers) earn significantly more (less) than
theory predicts under each contract; that is, we observe a more equitable distribution of
profits between suppliers and manufacturers compared to what is theoretically predicted.

Human subjects in our experiments deviate from the expected profit-maximizing behavior
and act boundedly rational. They exhibit a bias toward decisions that they have already
chosen and inertia that slows the movement to new decisions. These subject behaviors can
be described with three decision biases: a probabilistic choice bias (which captures bounded
rationality and describes how a subject deviates probabilistically from the decision that
maximizes his score), a reinforcement bias (which captures the inertia and describes why a
subject may favor the choices he made in the past, even if those choices were not the best),
and a memory bias (which captures how far a subject looks into the past to calculate his
scores). These three decision biases can be modeled effectively using an experience-weighted
attraction EWA model (Camerer and Ho [16], Bostian et al. [9]), in which a subject assigns
a score to all of his possible decision choices and then updates these scores over time based
on his counterfactual profits and previous decisions. Estimations with the EWA model show
that our subjects exhibit all three of these biases. Furthermore, the EWA model effectively
captures the relative performance of price-only and quantity discount contracts, as well as
the directional changes of decisions from theory. These estimations show that as the contract
complexity increases, human subjects increasingly rely on simple heuristics by favoring the
choices that they made in the recent past (even if those choices were not the best). This
finding is consistent with Simon’s [57] seminal work on human reliance on simpler decision
rules when faced with complexity and is in line with the intuitive notion that “the harder
the decision, the more willing we are to use a less precise rule of thumb if it saves us a
headache” (Armour and Daly [4], p. 2).

Kalkanc et al. [33] extend this analysis by experimentally studying the trade-off between
the contract complexity and economic inefficiencies under a setting with human-to-human
interactions. Their human-to-human experiments provide support for the conclusions above
for the human-to-computer experiments and extend these results to more general settings.
Human subjects, as suppliers, achieve similar profits under simpler contracts (i.e., a price-
only contract or a quantity discount contract with a low number of price breaks) compared to
the more complex quantity discount contracts. Based on human-to-computer and human-to-
human experiments, we conclude that there is a nontrivial trade-off between the complexity
and inefficiency of all-unit quantity discount contracts: the notion that complex contracts
can optimize the supplier’s profit is flawed and requires deeper consideration. Thus, it is
crucial to consider contract complexity as a design factor. Simpler contracts, such as a price-
only contract or a quantity discount contract with a low number of price breaks, may be
sufficient for a supplier designing contracts under asymmetric demand information.

6. Dynamic Procurement

Our discussions so far suggest that designing quantity discount contracts can be challenging.
In this section, we propose that dynamic procurement, a sequential negotiation process
prevalent in practice, may be used as a means to implement nonlinear pricing such as
quantity discounts and may lead to a simple yet efficient contract design. The material in
this section follows Erhun et al. [21, 22] closely.

Dynamic procurement, i.e., simple price-only contracts repeated over time (possibly with
different prices), is a commonly observed practice in a vertical channel. To manage demand
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risk, a manufacturer may prefer to procure goods dynamically over time. Other commonly
observed reasons for dynamic procurement include spreading payments over a period of time;
minimizing potential capacity risks (supplier’s or manufacturer’s); supplier’s decreasing costs
over time, which may translate to lower prices (e.g., as in the electronics industry); and
forward buying. In this section, we argue that dynamic procurement can also serve as a tool
to influence future prices by showing that dynamic procurement benefits the players even if
the demand is deterministic, i.e., when the commonly known and intuitive benefits due to
risk hedging are not present.

We study a model where there are N possible periods for procurement before the man-
ufacturer’s production/selling season begins. The supplier and the manufacturer maximize
their profits. The supplier’s decisions are the wholesale prices for each period, w, (n =
1,...,N). The manufacturer’s decisions are the procurement quantities for each period, ¢,
(n=1,...,N), and the production quantity, Qn. (We set Qo =0 and ¢o =0.) The mar-
ket is characterized by a linear inverse demand function P(Qx)=a —bQy, where a is the
market potential, b is the price sensitivity, and P(Qy) is the per-unit market price of the
product for Qn. We assume that the manufacturer’s unit cost of production is zero. How-
ever, the analysis of a positive, constant production cost (¢ < a) case is trivial. Because
(a—bQ)Q —cQ = ((a—c)—bQ)Q, we can simply modify the demand intercept a such that
a=a— c, and the analysis follows.

The sequence of events in each period n of the N-period game is as follows: (i) Given
previous procurement quantities (¢;, j =1,...,n—1), the supplier determines the wholesale
price wy,. (ii) Given previous procurement quantities (¢j, 7 =1,...,n —1) and the current
wholesale price (wy,), the manufacturer determines her procurement quantity ¢,. (iii) In the
last period N, the manufacturer chooses her production quantity Qn and procures extra
quantity, if necessary. The market clears only once at the end of the Nth period; i.e., there
is only a single selling opportunity to end consumers.

We use backward induction and obtain the pure-strategy subgame perfect equilibrium
(SPE). Proposition 4 characterizes this equilibrium.

Proposition 4. The unique pure-strateqy SPE for the N-period dynamic procurement
model is as follows. Forn=1,...,N —1, let n=N —n. Then,

a a 2n+1 2n
= — :R2N — r = = _—
q1 AND’ w1 N <2>7 dn+1 ( o >Qm Wn+1 <2n+1>wm

where K1 =1, and Ky = kN:_ll((Qk + 1)/(2k + 2)). The production quantity is Qn =
2521 qn=10a/(2b) — (a/(4b)) K. As N tends to infinity, QN tends to a/(2b).

From Proposition 4, the production quantity for the N-period model is Qn = a/(2b) —
(a/(4b))Kn. As N increases, Ky decreases, and the production quantity increases. There-
fore, the double marginalization effect decreases and the efficiency increases and approaches
that of the centralized solution. The last period’s wholesale price decreases (a/2 N\, 3a/8
5a/16 N\ -+ \, 0), whereas the first-period wholesale price increases (a/2  9a/16
75a/128 A~ ---), as N increases. The total production quantity, @y, increases (a/(4b)
5a/(16b) ~11a/(32b) /- 7~ a/(2b)), and the market price of the product (following the
relationship P(Qn) = a — bQn) decreases (3a/4 \(11a/16 N\, 21a/32 N\, --- N\, a/2). Even
though the quantity in the first period decreases as N increases (¢ = a/(4Nb)), the manu-
facturer procures in each period; that is, trading occurs in all N periods. The manufacturer
is willing to procure goods at a given period (at a higher price) because she knows that by
doing so the best response for the supplier is to lower the price in the subsequent periods.

For a fixed N, the quantity that the manufacturer procures in each period increases
and the wholesale price decreases over time. As N increases, the double marginalization
effect decreases, and the supplier’s and the manufacturer’s profits both increase. Dynamic
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procurement not only increases the supply chain efficiency but also naturally allocates the
surplus to the supplier and the manufacturer such that both parties benefit. Independent
of the values of a and b, the supplier’s profit converges to approximately 64% of the total
profits, and the manufacturer’s profit converges to approximately 36% of the total profits
in the presence of additional procurement periods. Even for small values of N, dynamic
procurement decreases the inefficiency considerably. For example, for N = 3, the inefficiency
is already less than 10% (compared to 25% for N =1).

Next, we consider a two-period extension of our main model where the end-consumer
market can be in one of two states (indexed by ): a “high” demand state, i = h, or a “low”
demand state, i =[. The probability that the demand market will be in state ¢ is ¢;, ¢ =1, h,
such that ¢p + ¢; = 1. The manufacturer and the supplier learn the state of the demand
sometime during the planning horizon. Therefore, the information update splits the planning
horizon into two periods, possibly of unequal lengths. The manufacturer can procure goods
in both periods before the selling season begins. We assume that b, = b; = 1; i.e., the market
is characterized by a linear inverse demand function P;(Q;) = a; — Q;, where P;(Q;) is the
price of the product when @; is the quantity sold by the manufacturer in the end-consumer
market when the demand is in state ¢, and a; is the market potential in state ¢. We assume
that 0 < a; < ap; that is, the market potential is positive in both states and higher under
the high demand state.

In this two-period model, the supplier announces the first-period wholesale price at the
beginning of the first period. He announces the second-period wholesale price at the begin-
ning of the second period after the demand state is revealed. The manufacturer chooses
the first-period procurement quantity before the demand state is revealed. She chooses the
second-period procurement quantity after the demand state is revealed. The market clears
at the end of the second period. The proposition below shows how dynamic procurement
extends to the situations with uncertain demand.

Proposition 5. When demand is uncertain, the prices and quantities are set as follows:

Y Pnan +dra1) onan + dra; . 3a; \’
( 16 T3 ) Zf¢h<(ah—@l) ’

9
Pnan , an otherwise;
16 8

+ +
(@) (s
o= ((5-0) (%-%) ). i=ne

Depending on the demand state, dynamic prices may increase (advance purchase discount)
or decrease (markdown) over time. Dynamic procurement works for the supplier even under
uncertain demand; the supplier’s profit increases with dynamic procurement. However, for
the manufacturer, the value of dynamic procurement depends on when the supplier sets the
price in a single procurement situation. If the supplier sets the price after the uncertainty is
revealed (no-commitment model), then the manufacturer’s expected profits are also higher.
Because both players benefit, it is a natural consequence that dynamic procurement elimi-
nates supply chain inefficiencies compared to the no-commitment case. If the supplier sets
the price before the uncertainty is revealed (early commitment model), the manufacturer’s
expected profits may either increase or decrease under dynamic procurement. Especially
when the difference between the market potentials of the high and low demand states is
considerable, the manufacturer becomes worse off with dynamic procurement compared to
the early commitment model. However, when the supplier chooses his capacity as well as
the prices, for a wide range of parameters, dynamic procurement is the best alternative for
all parties, including the end consumers.

Our results show that firms may implement nonlinear pricing schemes, such as quantity
discounts, through repeated interactions of dynamic procurement. Kalkanci et al. [34] argue

(wi,q1) =




Downloaded from informs.org by [216.73.216.144] on 14 July 2026, at 08:01 . For personal use only, al rights reserved.

Erhun: Contract Complexity and Performance
Tutorials in Operations Research, © 2011 INFORMS 143

that such a sequential negotiation process may also lead to better contracts under asymmet-
ric information. The behavioral academic literature supports their conjecture in two ways.
First, Ozer et al. [49] show that human subjects reveal some of their private information
truthfully in laboratory experiments even when there are incentives to hide information, con-
trary to predictions regarding the theory of self-interested agents. Second, Lim and Ho [40]
argue that subjects can use quantity discount mechanisms quite effectively under complete
information. Therefore, under the setting we analyze in the appendix and §5, an oppor-
tunity to collect more information about the manufacturer’s demand type should benefit
the supplier. The sequential negotiation process provides him this opportunity. Note that
even when the level of information asymmetry between the supplier and the manufacturer
increases, each step of the negotiation process will stay the same; that is, when the sup-
plier’s initial uncertainty increases, the negotiation process may take longer but will not be
more complex.
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Appendix. Optimal Contracts Under Asymmetric
Demand Information

In this section, we are interested in a supplier’s contract when the manufacturer is privately informed
about her demand. The supplier’s prior information on the manufacturer’s demand plays an impor-
tant role in the design of the contract. The material in this section follows Kalkanci and Erhun
[32] closely.

We study a setting consisting of a single manufacturer and a single supplier. The supplier’s
unit production cost is ¢ > 0. The manufacturer sells the final product to end consumers at an
exogenously specified market price of p. We normalize the manufacturer’s cost to zero, and we
restrict our attention to the situation where production is profitable; i.e., 0 < ¢ < p. Any unmet
demand is lost without a stockout penalty. There is no salvage value for leftover products.

We focus on a one-time interaction between the manufacturer and the supplier. The manufacturer
and the supplier contract on the production quantity and the manufacturer’s corresponding payment
to the supplier. Then, the supplier produces the contracted quantity, delivers it to the manufacturer,
and receives his payment before the end-consumer demand is realized. This process is complicated
by the fact that by being closer to the end-consumer market, the manufacturer is better informed
about the demand, which we model as

Demand = p + a,

where p is the demand forecast, and « is a random fluctuation. The demand forecast (which we
also refer to as the manufacturer’s type) is the manufacturer’s private information at the time
of contracting. The supplier does not know p with certainty but does know its distribution. We
represent the pdf of this common prior distribution as g(p) and the cdf as G(u), which has finite
and positive support A := [u, fi]. The mean and standard deviation of u are o and og, respectively.
Neither the manufacturer nor the supplier observe the value of « during contracting, which makes
ours a newsvendor setting. We assume that « follows a continuous distribution with cdf ®(-) and
pdf ¢(-). The mean and standard deviation of o are 0 and o1, respectively. We bound « below
by «, which enables us to study markets with a minimum guaranteed size.

We define the hazard rates of a and p as he(-):=¢(-)/(1—®(-)) and hye(-):=g(-)/(1-G(+)),
respectively. For clarity of exposition, we also define hy(-) := (1 —G(-))/g(-). In the analysis of
complex contracts and principal-agent models, it is common to assume that he(-) and hg(-) are
increasing. The assumption that hgy(-) is increasing (e.g., Laffont and Tirole [38], Martimort [42])
ensures that the manufacturer’s order quantity is increasing with respect to her demand forecast.
The assumption that he(-) is increasing (e.g., Taylor and Xiao [61]) ensures that the supplier’s
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objective is unimodal for each demand forecast. Many frequently used distributions have increas-
ing hazard rates, such as the uniform, normal, and exponential distributions (Bolton and Dewa-
tripont [8]). Moreover, we assume that o+ g > 0, which ensures that the demand will be nonnegative
even for the lowest demand forecast. Finally, hg(-), he(-), ®(+), and G(-) are assumed to be twice
differentiable.

Using the revelation principle (Laffont and Martimort [36], Myerson [45]), we can restrict our
attention to the class of truth-telling menus of contracts in the form of {¢(u),y(u)}, where t(u) is the
payment to the supplier from the manufacturer with type u, and y(u) is a type-u, manufacturer’s
procurement quantity for all u € [u, i]. The supplier’s problem can then be defined as

I
P2 T2°C.= max /aw—mmmmw
1) S,

s.t. pEo[min(p+a,y(p)] —t(n) 20, Vuelp, i,

pEa[min(u+a,y(p))] — t(p) = pEa[min(p+ o, y(2))] — t(4), V€ [p, pl.

The supplier’s objective is to maximize his expected profit, which is equal to the total payment to
him from the manufacturer with type u, less the production cost. The constraints are the IR and IC
constraints, respectively. The IR constraints ensure that for any type, the manufacturer will make as
much expected profit as she could without participating in any contract. The IC constraints reflect
the fact that a manufacturer with type p prefers to choose {t(u),y(p)} over any other {¢(f),y(Q)},
which ensures truth telling. To analyze the equilibrium under asymmetric information, let Y(y)
be the derivative of the supplier’s objective function with respect to the quantity at type p in the
region where y > pu+ a:

T(y) = —c+p(l—2(y—p) (1 —he(u)he(y —p)).

Let T'(y) be the total payment to the supplier when the manufacturer orders y units. The optimal
contract under this setting is characterized by the following proposition.

Proposition 6. A manufacturer of type p buys the quantity y(u), where

G- {nte T+ <0,
= {Y: T(y) =0} otherwise.

The supplier’s payment scheme satisfies the following conditions:

(1) T(y(p)) = pEalmin(p+a,y(p))] */Hp<1>(y(7)77) dr.
(2a) If y(p) = p+ «, the payment satisfies

max (c,p — he(p)pp(a)) < T' (1 + o) < min(p, he(p)pp(e) +c).
(2b) If y(u) > p+ «, the payment satisfies

T'(y(p)) = hg (1) pd(y(p) — ) +c.

When the supplier has limited information on the manufacturer’s demand forecast, asking the
manufacturer for her forecast would lead to a bias because the supplier extracts the manufacturer’s
total profit when he knows her demand forecast; that is, the manufacturer would be better off
declaring that her forecast is low and buying a quantity that is intended for a manufacturer with
a low demand forecast. Because the supplier is aware of this incentive problem, he cannot base
his decisions on any information shared by the manufacturer. Instead, he differentiates among
manufacturers with different forecasts and makes sure that manufacturers with higher demand
forecasts do not buy lower quantities. To enable the differentiation, the supplier provides discounts
to a manufacturer with a higher forecast and increases her safety stock. This procurement structure
is fundamentally different than one would expect. Intuitively, the manufacturer’s safety stock should
increase with the coefficient of variation, favoring manufacturers with low forecasts. We conclude
that, under asymmetric information, the supplier’s pricing decisions are affected more by incentive
concerns than by concerns as a result of the uncertainty in demand, and once again the optimal
contract is a quantity discount contract.
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