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This paper studies a supplier competition model in situations with flexible resources where suppliers face
diseconomies of scale. Under such a situation, it is generally believed that a buyer may split an order across
different suppliers; and even if the buyer chooses only one supplier, the winning supplier may subcontract
part of the work to the others. Our results, however, show that the buyer always prefers to commit to
single-sourcing prior to running a procurement auction. This is because such commitment eliminates the
‘assurance’ of getting a positive order from the buyer, thus intensifying supplier competition. We also find
that subcontracting may be beneficial (detrimental) to the buyer if the subcontract is determined by the
winning (losing) supplier of the bidding game. Finally, we show that, for the case with linear costs, the buyer

is always better off when subcontracting is considered.
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1. Introduction

Advances in information and communication technology have opened new channels for firms’ pro-
curement functions. A growing number of companies are rethinking their sourcing strategies and
switching from bilateral negotiation to competitive bidding, because they can now easily access
different suppliers and maintain reasonable competition (Tunca and Wu 2009). For example, Sun
Microsystems awarded almost 70% of its annual procurement contracts using auctions, worth
US$2.7 billion (Carbone 2007). More recently, Maersk is turning to cloud computing services to
make better procurement decisions for its global shipping and oil businesses, and 89% of its pro-
curement business was awarded by using e-auctions in 2014 (Norton 2015).

In this procurement regime, an understanding of supplier bidding behavior will help buying
firms design better sourcing rules, and hence improve procurement performance. A typical trade-
off suppliers face is to keep their prices competitive enough (in order to win the bidding game)
and meanwhile make as much profit as possible when winning the game. Such a trade-off is even
more challenging when supplier costs exhibit diseconomies of scale because it involves sophisticated

bidding formats rather than prices only. Diseconomies of scale arise in settings with multiple



flexible resources that can be used. For example, when a manufacturer owns multiple production
plants, the production cost at each plant may be different due to a combination of factors, such
as geographical locations, employee wages, and material costs. In this case, the manufacturer will
produce for costumer orders by using low-cost plants first; thus it faces increasing marginal costs
as the production quantity increases. In the contract cleaning industry, large contractors usually
work with a number of other contractors or individual traders/cleaners (IBIS 2014). Since the
prime contractor uses the cheapest service first, it will naturally face increasing marginal cleaning
costs. Disconomies of scale also occur when there are steep increases in costs with addition of a
new shift, technological and productivity changes, labor slowdowns, etc. (Kesavan and Mani 2015).
In particular, in labor-intensive industries such as contract cleaning, the unit hiring cost increases
in the number of workers because of the increasing difficulty of finding workers.

In bidding situations with diseconomies of scale, it may be cost-effective for a buyer to split
an order across different suppliers (Burke et al. 2007, Bernstein et al. 2013). Even if the buyer
awards its entire order to a single supplier, the winning supplier may subcontract part of the
work to the others later. Indeed, subcontracting has become a prominent business practice in a
broad range of industries such as contract manufacturing and contract cleaning services (Atamturk
and Hochbaum 2001). Different from outsourcing, subcontracting typically refers to the situation
in which a prime contractor procures an item or service that the contractor is normally capable
of producing using its own facilities (Van Mieghem 1999). One can think of outsourcing as the
special case of subcontracting in which the contractor has no in-house facilities and depends on
the subcontractor for the entire product volume.

In general, subcontracting is undertaken based on the need for additional production or service.
A prime contractor may depend on a subcontractor to meet the balance of the order since oth-
erwise higher costs will be incurred (Van Liemt 2007). For example, in the Bangladesh garment
industry, if factories miss a shipping deadline, they have to rush the shipment by airfreight, at their
own expense, or give buyers a 5% discount as a penalty (Lahiri and Passariello 2013). Large gar-
ment factories in Bangladesh even take orders based on subcontracting capacity. According to the
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managing director of the Bangladesh office of Synergies Worldwide, “...[garment factories] may
have a two-million capacity and they will take orders for four-million ...” (Lahiri and Passariello
2013). Overall, subcontracting is driven by some form of diseconomies of scale in the sense that
contractors face higher marginal costs when a customer’s order becomes larger.

Although suppliers may benefit from subcontracting, it remains unclear whether subcontracting
also benefits buyers. In practice, some firms allow subcontracting for their cleaning jobs, such as

Westfield Group, while others do not, such as Mirvac Group (Wynhausen 2008). Understanding

the impact of subcontracting is important for buyers because it allows them to design better



sourcing rules. In addition, with multiple units to buy, a firm’s critical decision is whether to split
an order among multiple suppliers (multi-sourcing) or award the entire order to a single supplier
(single-sourcing) (Elmaghraby 2000). Intuitively, the buyer’s choice between single-sourcing and
multi-sourcing may be affected by which strategy benefits the supply chain as a whole, which
in turn depends on suppliers’ cost structure. When supplier costs exhibit diseconomies of scale,
multi-sourcing may generate more values to a supply chain; in this case, the buyer may be able to
capture a share of surpluses. The existing research on sourcing strategies has been focused on ex-
post decisions for buyers given exogenous supply contracts (Talluri and Narasimhan 2004, Talluri
et al. 2013). It is then interesting to investigate how the pre-commitment on sourcing strategies
affects competition between suppliers and the buyer’s procurement performance.

Motivated by the above observations, this paper studies a supplier competition model where
supplier costs exhibit diseconomies of scale, with a focus on the impact of single-sourcing com-
mitment and subcontracting. Specifically, we ask the following questions: (i) Does a buyer benefit
from making a commitment to sourcing from only one supplier? (ii) If so, how does subsequent
subcontracting between suppliers affect their competitive behaviors, and the buyer’s profit? To
answer these questions, we consider two procurement scenarios: (i) single-sourcing commitment,
in which the buyer commits to purchasing from only one supplier, but suppliers have the option
to subcontract with each other subsequently; and (ii) order splitting, in which the buyer does not
make a single-sourcing commitment and thus may split an order. The goal is to obtain a better
understanding of how those sourcing arrangements affect buyer procurement performance. To this
end, we first characterize the equilibrium for suppliers under each scenario. Then we compare these
two scenarios to examine whether the buyer has incentives to make a single-sourcing commitment
before running a bidding process. Under the situation with single-sourcing commitment, we also
examine the benchmark case where subcontracting is not considered. The comparison between the
case with subcontracting and that without subcontracting allows us to investigate the effect of
subcontracting on supplier competition in the bidding game.

The main results of this paper are summarized as follows. First, in the situation with single-
sourcing commitment, we model subcontracting negotiation between competing suppliers within
the Stackelberg framework, in which either the winning or losing supplier offers the subcontract to
the other. We find that, when the winning supplier determines the subcontract (and hence has more
bargaining power in subcontracting), the buyer will make a higher profit whereas each supplier
makes a lower profit than when the losing supplier determines the subcontract. The intuition of
this prisoner’s dilemma result is that the winning supplier’s higher bargaining power translates
to a greater profit-making opportunity in subcontracting. This makes winning the bidding game

even more lucrative, which then leads to more fierce competition between suppliers. Consequently,



the buyer (each supplier) becomes better (worse) off in equilibrium. Contrary to the conventional
wisdom that subcontracting softens the competition between suppliers (Marion 2015), our results
show that subcontracting may benefit the buyer if the subcontract is designed by the winning
supplier of the bidding game. This highlights the important impact of bargaining power split in
subcontracting negotiation on buyer procurement performance.

Second, in the situation without commitment, we show that in equilibrium suppliers self-
coordinate with each other to achieve the supply chain optimal outcome. Each supplier makes a
profit equal to its marginal contribution to the supply chain as a whole, and the buyer takes the
remaining profit. This mirrors a result by Cachon and Kok (2010) who show that when manu-
facturers each submit a two-part tariff contract to a common retailer, the supply chain will be
coordinated in equilibrium. Our model extends their model in two ways: first we consider scale
diseconomies; second suppliers in our model each submit a supply function in light of the nonlin-
ear cost. Here a supply function specifies different payments for different quantities, and it covers
two-part tariff contracts as a special case.

Third, our analysis shows that the buyer is better off making a single-sourcing commitment,
whether or not subcontracting is considered. The result is mainly driven by the intensified compe-
tition due to the buyer’s single-sourcing commitment. Without commitment, suppliers may feel a
sense of security that they can get some business from the buyer and hence bid less aggressively.
Consequently, despite the fact that splitting an order generates a higher supply chain profit, the
buyer prefers to commit to single-sourcing.

The main contributions of this paper are two-fold. First, many operations management models
assume that firms have linear total costs. To our knowledge, the strategic interaction among suppli-
ers facing scale diseconomies has not been well explored in the operations management literature.
This paper attempts to fill this gap by incorporating subcontracting and commitment into the
supplier competition model. We find some contrasting results between the case with diseconomies
of scale and that with linear costs, highlighting the importance of studying diseconomies of scale.
Second, the model enables us to investigate how single-sourcing commitment and subcontracting
affect the competition dynamics for suppliers, while providing valuable guidance on firms’ procure-
ment practices. An important insight is that buyers may commit to single-sourcing when running
a bidding process. In addition, given the tight tie between subcontracting and supplier bidding,
it is important for buying firms to gain an understanding of the subcontracting market in which
their suppliers might participate.

The remainder of this paper is organized as follows: We review the relevant literature in Section
2 and set up the model in Section 3. Section 4 and Section 5 study the two procurement scenarios,

respectively. Section 6 compares these scenarios based on each player’s profit. In Section 7 we



extend our baseline model by considering linear costs, and discuss the managerial insights. For
convenience, we summarize the key symbols in Table 1 which can be found at the end of this paper.

All the proofs are relegated to an online appendix.

2. Literature Review

This paper examines supplier contract competition under diseconomies of scale. There is a rich
literature on supply chain contracting; see Lariviere (1999) and Cachon (2003) for excellent litera-
ture reviews. This literature focuses on one-to-one or one-to-many supply chains in which supplier
costs are linear (Cachon 2003). Several papers have begun to study supply contract competition.
Babich et al. (2007) study a supplier competition model where a buyer purchases a homogeneous
product from multiple unreliable suppliers. Wu and Kleindorfer (2005) and Martinez-de Albéniz
and Simchi-Levi (2009) examine supplier competition in a supply option market. Cachon and Kok
(2010) consider a setting in which two manufacturers sell differentiated products to a retailer,
and examine how different contract forms affect competition between manufacturers. Gallego and
Talebian (2014) examine competing manufacturers’ decisions on commissions and sales targets.
The current paper contributes to this literature by examining a situation in which suppliers face
diseconomies of scale. In addition, we incorporate subcontracting and single-sourcing commitment
into the supplier competition model, which allows evaluation of their impacts on supplier bidding
behaviors and supply chain performance.

In the scenario of single-sourcing commitment with subcontracting, the game involves both com-
petition (i.e., supplier bidding) and cooperation (i.e., subcontracting). The co-existence of compe-
tition and cooperation has been considered by operations management researchers; see Nagarajan
and Sosic (2008) for a literature review. Notably, Nagarajan and Sosic (2007) study strategic
alliance formation among firms who sell substitutable products in a common market. The authors
consider both alliance formation, and price and inventory competition. In development-intensive
supply chains, Usta et al. (2015) study how a powerful buyer can use supplier cooperation as a
lever to improve profits by considering low price commitment and diversified sourcing through
egalitarian allocations. Similar arrangements also occur in the inventory transshipment literature
where the focus is on understanding newsvendors’ ordering decisions (Rudi et al. 2001, Zhao et al.
2005, Li et al. 2016). Our paper differs from this literature in that: (a) the cooperation in our model
is in the form of subcontracting, which is different from the strategic alliance formation in cooper-
ative games; (b) we model supplier cooperation as an endogenous decision (in the subcontracting
game), whereas the supplier cooperation in existing models is exogenous in the sense that there is
no strategic interaction between suppliers.

Subcontracting alone has received some attention from the economics and operations manage-

ment communities. Kamien et al. (1989) examine a duopoly competition model where symmetric



firms make production and subcontracting decisions. Van Mieghem (1999) studies an investment
game in which manufacturers first decide on their capacity investment levels, and then choose pro-
duction and sales quantities with the consideration of subcontracting. Marion (2015) empirically
investigates the effect of subcontracting on firm bidding strategies in California highway construc-
tion auctions. The author finds that, while subcontracting may improve productivity efficiency, it
softens the horizontal subcontractors’ bidding strategies. This literature does not consider supply
chain settings, and hence does not involve the buyer’s optimization problem. In contrast, we study
a many-to-one supply chain where the buyer is a profit maximizer. In addition to the scenario of
single-sourcing commitment, we also consider the order splitting scenario in which the buyer does
not commit to single-sourcing. By comparing these scenarios, we are able to reveal insights into
the value of such commitment for the buyer.

The comparison between the two procurement scenarios resembles that between delegation and
control mechanisms in the principal-agent literature, in which a buyer purchases multiple products
that are each produced by different privately informed suppliers. In the control case (similar to this
study’s order splitting), the buyer purchases from each supplier directly, while in the delegation
case (similar to this study’s single-sourcing commitment), the buyer purchases only from a primary
supplier who is delegated to purchase the other products. The main result is that the buyer prefers
the control case because there is a cascading effect of information rent in the delegation case
(Mookherjee 2006). Our model differs from the above papers in three aspects. First, this literature
examines the buyer’s optimal procurement mechanism, whereas our paper studies a Stackelberg
game with suppliers being the leaders. Second, in our commitment model, the competitors in the
bidding game can be collaborators in the subcontracting game, a feature missing in mechanism
design models. Third, our result is in sharp contrast with theirs—we find that single-sourcing
commitment outperforms order splitting from the buyer’s perspective.

Finally, the paper is loosely related to the literature on multi-unit procurement auctions; see
Elmaghraby (2000) for a collection of papers on supplier competition and procurement auctions.
In a setting where a buyer purchases multiple units of an item, various auction formats can be
applied, such as split-award auction (Anton and Yao 1989, 1992), multi-unit auction (Ausubel and
Milgrom 2006), and menu auction (Bernheim and Whinston 1986). With a fixed purchase quantity,
this literature focuses on price discovery and order allocation. With an endogenous amount, Chen
(2007) proposes a supply contract auction in which the buyer first designs a quantity-payment
schedule and then auctions off this contract by inviting each supplier to bid a lump-sum fee.
Dasgupta and Spulber (1989) study a similar problem and develop a quantity auction in which
each supplier bids a supply quantity instead of a lump-sum fee. Contrasting with this literature,
our intention is not to design an optimal auction mechanism for the buyer. Instead, the buyer—as

a Stackelberg follower—makes ordering decisions after receiving supplier bids.



3. Model Setup

We consider a supply chain with two suppliers (“he”) and one buyer (“she”), where the buyer
purchases a homogeneous product or service from these two suppliers. For easy reference, we will
focus on a product supply chain. Each player is risk neutral and maximizes their own profits. The
buyer has an expected revenue of R(q) if she purchases g units of the product. We assume R(q) is
a finite, increasing, and concave function of ¢ >0, and R(0) = 0. This revenue function covers the
newsvendor setting as a special case. Suppose demand D follows a distribution with cdf F'(d). With
the unit selling price r and zero penalty for unmet demand and zero salvage costs for excessive
orders, the revenue function is given by R(q) =rE[min(D,q)] =r (¢— [ F(r)dr), which can be
readily checked to be increasing and concave with R(0) =0.

Each supplier i’s cost is denoted by C;(q), where i = 1,2. To model diseconomies of scale, we
assume the cost function C;(q) is twice differentiable, increasing and strictly convex, i.e., Ci(g) >0
and C/(q) >0, Yg > 0. Also, C;(0) = 0. The convex cost functions have been commonly used to
capture scale diseconomies in operations management; see, for example, Majumder and Srinivasan
(2008) and Ha et al. (2011). The diseconomies of scale are also supported by many empirical
evidences in industries where firms use the cheapest resource first, then the second cheapest, and
so forth (Kamien et al. 1989, Baldick et al. 2004, Mollick 2004).

To address our research questions, we consider two procurement scenarios: (i) single-sourcing
commitment, in which the buyer commits to purchasing from only one supplier before the suppliers
submit their bids and the winning supplier can subsequently subcontract with the losing supplier;
and (ii) order splitting, in which the buyer does not make any commitment regarding the number
of winners in the bidding game. Single-sourcing commitment involves supplier bidding in the first
stage and subcontracting negotiation in the second stage. We model the subcontracting game in
the Stackelberg framework where either the winning or losing supplier offers a subcontract to the
other.

In a situation with order splitting, the timeline of the game is as follows: First, each supplier
submits a function bid to the buyer. Second, the buyer decides how much to purchase from each
supplier. Third, the suppliers with positive orders begin production and deliver the product to the
buyer. Finally, the buyer sells the product to the market and collects revenue from consumers. In a
situation with single-sourcing commitment, the timeline differs mainly in that the winning supplier
may subcontract with the losing supplier subsequently. See Figure 1 for the detailed sequence of
events for each scenario.

In our model, the suppliers are Stackelberg leaders and the buyer is a follower. The suppliers com-
pete for the buyer’s procurement contract. We consider a full information setting where suppliers

are aware of each other’s cost but the buyer does not know the supplier costs. This assumption fits
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Figure 1 The timeline under each scenario

situations where the production technologies and business environments are relatively transparent.
Similar game settings have been commonly used in operations management; see, e.g., Cachon and
Kok (2010) and Martinez-de Albéniz and Simchi-Levi (2009).

As a preliminary step, we now examine the integrated supply chain problems that are equivalent
to the buyer’s problems when suppliers charge only their costs. We choose the order quantity from

each supplier to maximize the supply chain profit:

max {II(g1,q2) = R(q1 +q2) — C1(q1) — C2(q2) : q1, 92 > 0}.

To avoid triviality, we assume that there is an interior solution for the above problem, which implies
that splitting an order is optimal from the supply chain’s perspective. We can show that II is jointly
concave in ¢; and ¢o; thus the optimal interior solution (gi,q2) is characterized by the following

conditions:
R(q1 + @) = C1(@1) = C5(q2). (1)

Let Q = ¢, + > be the supply chain optimal total quantity and IT = I1(g1, @2) be the supply chain
optimal profit. Now consider the case where supplier ¢ is the sole supplier where ¢ = 1, 2. If the buyer
purchases from supplier i only, then the supply chain problem is max {II;(¢) = R(q) — C;(q) : ¢ > 0}.

Since II;(q) is concave in ¢, the optimal solution @Q; can be found from the condition:

R(Q;)=Cl(Q;) fori=1,2. (2)

Define II; as the supply chain optimal profit when supplier i is the sole supplier, so II; = I1,(Q;).
Note that we have IT > max(Il;,1I,), and Q > Q; > ¢; where i =1,2. We refer to Il —II; as supplier
1’s marginal contribution to the supply chain system, where j =3 — .

Throughout the paper we use the following example to illustrate the equilibrium strategies and

payoffs for each scenario.



EXAMPLE 1. Suppose the revenue function is R(q) = g —¢*/2, and the cost functions are C,(q) =
q?/2 and C5(q) = ¢*. Tt can be readily shown that the supply chain optimal solution is (gi,72) =
(2/5,1/5), the total quantity is Q = 3/5, and the supply chain optimal profit is IT = 3/10. If supplier
1 is the sole supplier, the optimal quantity is Q; = 1/2, and the single-sourcing supply chain optimal
profit is II; = 1/4. Similarly, if supplier 2 is the sole supplier, the optimal quantity is Q, = 1/3, and
the single-sourcing supply chain optimal profit is II, = 1/6.

In the following sections, we characterize the equilibria for suppliers under both single-sourcing

commitment and order splitting. Then we make a comparison between them.

4. Single-Sourcing Commitment

Under the scenario of single-sourcing commitment, the buyer commits to purchasing from only one
supplier before suppliers submit their bids, so only one supplier will be chosen by the buyer. Each
supplier i offers a payment-quantity bid (7;,Q;) to the buyer, where i =1,2. If the buyer selects
the bid (73, Q;), then her expected profit is given by,

WB(Tz'aQi):R(Qi)_Ti- (3)

The buyer chooses the bid that gives her a larger profit. If the two bids give the buyer the
same profit, we need to specify a tie-breaking rule. Because suppliers engage in an all-or-nothing
competition in the bidding game, randomly selecting a supplier in case of a tie leads to discontinuous
payoff functions. The same issue also occurs in the Bertrand competition model with differentiated
costs. It is a well-known result that this type of discontinuous game fails to have a pure strategy
Nash equilibrium (Tirole 1988). One of the ways to avoid this issue in the literature is to assume
that ties are broken in favor of the low-cost supplier (Tirole 1988, Simon and Zame 1990). We
follow suit by assuming that, in case of a tie, the buyer prefers the supplier who gives a higher
supply chain profit. This reflects the fact that the supplier with cost advantage can always submit
a bid that gives the buyer a slightly higher profit so that he will win the game. If the supply chain
profits for both suppliers are identical (i.e., both suppliers are equally cost-efficient), the buyer will

randomly select a supplier.

4.1. Competition without subcontracting

To examine whether the buyer benefits from subcontracting, we first look at the benchmark case
in which subcontracting is not considered. Given supplier j’s bid (T},Q;), we look at supplier
i’s best response in choosing (T}, Q;), where i = 1,2 and j =3 — 4. If supplier i wins, i.e., when
w5(T;, Qi) > mp(T;,Q;), his profit is given by m; (T}, Q;) =T; — Ci(Q;). If supplier 7 loses, i.e., when
m5(T;, Qi) < mp(T;,Q;), his profit will be zero, where the function 75 is given in (3). In case of a

tie, the buyer will break ties in favor of the low-cost supplier.
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Each supplier ¢ maximizes his own profit by choosing an optimal bid. We now characterize the

equilibrium in Proposition 1.

PrOPOSITION 1 (Equilibrium without subcontracting). Suppose subcontracting is not
considered, then:

(a) There exists a unique Nash equilibrium {(T7",Q%), (T3, Q%) } where, for i=1,2 and j =3 —1,
Qr=Q; and T = Ci(Q;) + max(0, 1T, — I1;);

(b) in equilibrium, supplier i’s profit is w} = max(0,II; — II;), the buyer’s profit is ©} =
min(II;,I1;), and the supply chain profit is II" = max(II,,II;).

Proposition 1 shows that each supplier i bids a quantity Q" = @Q;, meaning that each supplier
submits a bid with the quantity maximizing the supply chain profit when he is the sole supplier.
This is because, by choosing the quantity @Q;, supplier i is in the best position to compete with the
rivalry supplier j.

Part (b) of the proposition reveals that, if II; = IT;, the buyer randomly selects a supplier and
both suppliers make zero profits; if II; > II;, according to our tie-breaking rule, the buyer will select
supplier 7. In equilibrium supplier ¢ makes a profit of II, — II;, supplier j makes zero profits, and
the buyer’s profit is II;. This model can be thought of as an extension of Bertrand duopoly model
into the supply chain setting, where each supplier offers a price as well as a quantity. The above
equilibrium outcome echoes the Bertrand competition outcome where the undercutting behavior
occurs (Tirole 1988).

ExAMPLE 2. We illustrate the above equilibrium using the run-through example given in Exam-
ple 1. Based on Proposition 1, the equilibrium strategies are: (T7*,Q7) = (5/24,1/2) and (T3, Q%) =
(1/9,1/3). In equilibrium the buyer will select supplier 1, and the profit split is: 7} =1/12, 7j =0,
and 7% =1/6. The supply chain profit is II" = 1/4.

4.2. Competition with subcontracting

In the presence of subcontracting, the game involves two stages: In the first stage, suppliers compete
by offering quantity-payment bids and the buyer selects the bid that gives her a larger profit;
and in the second stage, subcontracting may occur between the winning supplier and the losing
supplier of the bidding game. To model the subcontracting negotiation, we adopt the Stackelberg
framework, which has been used extensively in the operations management literature. Depending
on which player is the Stackelberg leader, we consider two cases: (1) the winning supplier is the
leader, and (2) the losing supplier is the leader. In the subcontracting game, the leader offers
a take-it-or-leave-it subcontract to the follower, who then decides whether or not to accept the

subcontract.
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We solve this multi-stage game by following the standard backward induction approach: we
begin by examining the subcontracting game and then analyze the bidding game. Note that at the
time of subcontracting the buyer has decided which supplier to select. Without loss of generality,
suppose supplier k wins the bidding game where k € {1,2}, so the winning bid is (T}, Q). In the
following analysis of subcontracting game, we shall use m =3 — k to denote the losing supplier of
the bidding game. Given the winning bid (7}, Q) and the subcontracting amount ¢, define the

total gain from subcontracting as follows:

Ap(q;Qr) = Cru(Qr) — Cu(Qr — q) — Cru(q), (4)

which equals the difference in costs when subcontracting occurs.

4.2.1. Winning supplier as the leader In this case, the winning supplier k£ designs a sub-
contract (t,,,q,,) and offers it to the losing supplier m, where m =3 — k. Here we use subscript
m for the subcontract to indicate that it is supplier m that receives payment t,, for producing g,,

units of the product. Supplier £’s subcontracting problem is formulated as follows,

maX{Wk - Tk - Ck(Qk: - CIm) _tm : 0 S dm S Qk;tm - Cm(Qm) Z 0}7

where the constraint t¢,, — C,,(¢.,) > 0 states that the losing supplier m cannot make less profit
than his reservation profit, which is normalized to zero. Since the objective function m; decreases
in t,,, the constraint must be binding for the optimal solution. Thus, the above problem reduces
to, max {m, =Ty — Cx(Qr — @) — Crn(qm) : 0 < @, < Qy}. It is straightforward to show that 7y is
concave in ¢,,. Therefore, the optimal subcontracting quantity, denoted by ¢,,, can be obtained by

solving the first order condition:
CI/c(Qk - dwn) = Cr/n(qu)- (5)

The above equation shows that given the total production quantity @y, it is optimal for supplier
k to subcontract §,, units to supplier m and produce @, — §,, units himself. We note that ¢, also
maximizes the total gain from subcontracting. That is, ¢,, is a maximizer of Ay (q; @Q;) for an given
Q-

The optimal payment f,, can be obtained from the binding constraint, i.e., £, = Cp,(¢m). In
a nutshell, the optimal subcontract (f,,,d,.) is obtained by solving equation (5) and equation
ty = Cp(Gm). As a result, the losing supplier makes zero profits from subcontracting, while the
winning supplier takes all the gains from subcontracting, which is given by Ay (Gpm; Qr)-

Having examined the subcontracting game, we are now ready to analyze the suppliers’ bidding
problem, with each supplier anticipating the second stage’s subcontracting decision. Here, we use

the subscripts ¢ and j for supplier indices to distinguish from those in the analysis of subcontracting
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game, where i = 1,2 and j = 3 —i. Each supplier ¢ submits a bidding contract (7}, Q;). The buyer’s
profit of choosing (7}, Q;) is given by 75(T;,Q;) = R(Q;) — T;, which is the same as (3).

By offering the contract (T}, Q;), supplier i may win, lose, or there is a tie for the buyer’s decision.
Specifically, if 75(T},Q;) > 7m5(T},Q;), then supplier ¢ wins the bidding game, and makes a profit
of T, — C;(Q; — §;) — C;(g;)- Note that this profit includes the gains from both subcontracting and
bidding. If 75(T;, Q) < m5(T},Q;), then supplier ¢ loses, and makes a profit of 0. If there is a tie,
the buyer will choose the supplier that gives a higher supply chain profit.

The next step is to solve the best response problem for each supplier, and then derive the Nash

equilibrium for suppliers. The following proposition summarizes the equilibrium outcomes.

PrROPOSITION 2 (Equilibrium with subcontracting). Suppose the winning supplier deter-
mines the subcontract, then:

(a) There exists a unique subgame perfect Nash equilibrium {(Q¥, T, ¢y, t¥), (QY, T, ¢, 1)}
where, fori=1,2,j=3—1i, Q¥ =Q, ¢* =q;, T} = Ci(@:) + C;(q;), and t¥ = C;(g;).

(b) in equilibrium, each supplier i’s profit is m* =0, the buyer’s profit is % =11, and the supply
chain profit is I =11.

Proposition 2 shows that, if the subcontract is determined by the winning supplier, then both
suppliers submit the same bid to the buyer in the bidding game. That is, each supplier bids the
same quantity, Q¥ = Q¥ = @, and charges the same amount, T} = Ty = Cy (@) + C5(g). This
suggests that the existence of subcontracting smooths out the asymmetry in supplier costs, and
leads to a head-to-head competition. We note that the bidding quantity Q is the supply chain
optimal total quantity, which is greater than the bidding quantity when subcontracting does not
occur, i.e., Q¥ > QT for i=1,2.

Another observation from the proposition is that, in equilibrium the buyer randomly selects a
supplier as the winning supplier. If supplier i is selected by the buyer, he will subcontract g; to
supplier j. Each supplier makes zero profits, and the buyer takes all the supply chain optimal
profits. The intuition of this result is that: The subcontracting option makes winning the bidding
game more profitable, because they can reap all the gains from subcontracting. Therefore, suppliers
bid more aggressively, anticipating the large gain from subcontracting once they win the bidding
game.

ExAMPLE 3. We use Example 1 to illustrate the equilibrium for suppliers. Proposition 2
shows that the equilibrium strategies are symmetric, which are given by (77",QY) = (13°,QY) =
(3/25,3/5). In equilibrium the buyer will randomly select a supplier, say supplier 1. Then supplier

AW

1 offers a subcontract (£¥,4y) = (1/25,1/5) to supplier 2. As a result, supplier 1 produces 2/5 units
of the product and supplier 2 produces 1/5 units. The equilibrium profit split is: 7}’ = 7y’ =0, and

7% = 3/10. The supply chain profit is II* = 3/10.
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4.2.2. Losing supplier as the leader In this case, the losing supplier m designs a subcon-
tract (t,,,¢») and offers it to the winning supplier k. Supplier m’s subcontracting problem is to

maximize his profit by choosing the subcontract (¢,,,qm):

max {ﬂ-’m - tnL - Cm(Qm) :0 S dm S Qk?Tk - Ck(Qk - q"L) - tm Z Tk - Ck(Qk)} ) (6)

where the constraint states that the winning supplier £ has to make as much profit as he would
make without subcontracting. Again, the constraint must be binding. The losing supplier m’s
problem reduces to, max {7, = Cy(Qr) — Cr(Qx — ¢m) — Crn(qm) : 0 < g < Qi } . The optimal sub-
contracting quantity, §,,, is obtained by solving the equation, C}(Qx — §m) = C! (Gm). Note that
this is the same as (5). This shows that, regardless of which supplier determines the subcontract,
the total gain will be maximized. The optimal payment ,, is determined by the binding constraint,
so we have t,, = Cj,(Q1) — Cx(Qx — ¢m). In this case, the winning supplier receives zero profits from
subcontracting, while the losing supplier takes all the gains from subcontracting, which is given by
Ak(Gm; Q)

We now examine the first stage’s supplier bidding problem. Given supplier j’s bid (7},Q;),
supplier 4’s problem is to maximize his profit by choosing (73, Q;). If 75(T}, Q) > 75(1},Q;), then
supplier ¢ wins the bidding game, and makes a profit of T; — C;(Q;). If m5(T;, Q;) < m5(T};,Q;), then
supplier ¢ loses, and makes a profit of A;(¢;;@;). Note that this is the gain from subcontracting.
If there is a tie, the buyer will choose the supplier that gives a higher supply chain profit.

Supplier i’s objective is to maximize his profit by choosing (7}, @;), taking into account the sub-
contracting decision in the later stage. As opposed to the benchmark case without subcontracting,
supplier i’s reservation profit (when he loses) is positive (i.e., A;(g;;Q;) > 0). We now characterize

the equilibrium for suppliers as shown in Proposition 3.

PrOPOSITION 3 (Equilibrium with subcontracting). Suppose the losing supplier deter-

mines the subcontract, then:

(a) There exists a unique subgame perfect Nash equilibrium {(Q%, T}, 45, t5), (Qz,Tzl, g, t)} where,

fori=1,2 j 3—i, Q' =Qi, ¢\ is obtained by solving C{(Q; — ') = C(q}), T} = Ci(Q;) +max|[IL; +
Ai(ﬁé& Qz) (qw Q])]7 and té‘ = z(Qz) - Z(Qz - qj);
(b) in equzlzbmum, each supplier i’s profit is ! = max[IL; + A; (¢4 Qi) —11;, A (g4 Q;)], the buyer’s

profit is wly = min[Il; — A;(G5 Q;), I; — Ay(GL; Q)] and the supply chain pmﬁt is TI' = max][IT; +
Ai(@éﬁ Qz)a I; + A (QMQJ)]
The proposition shows that if the subcontract is determined by the losing supplier of the bidding

game, supplier i will offer a bid with the quantity Q! = Q,. Note that Q; maximizes the supply chain

profit when supplier ¢ is the sole supplier. If supplier ¢ wins the bidding game, he will subcontract
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cjé units to supplier j, and produce Q; — (j} himself. In equilibrium both suppliers produce a positive
number of products, and the production amounts are allocated in a way that the suppliers’ marginal
costs are identical (i.e., C[(Q; — ¢}) = C}(q})).

We also know from the above proposition that each supplier i’s profit is no smaller than the reser-
vation profit A;(g}; Q;), which is the gain from the subcontracting game. In equilibrium the buyer’s
profit is 7k = min[IT; — A;(¢4; Q:), 1L — A; (¢ Q;)]. As opposed to the case without subcontracting,
the buyer’s profit is smaller when subcontracting is considered. This suggests that a positive reser-
vation profit (when losing the bidding game) makes suppliers compete less aggressively, because
even when they lose the bidding game, they can still make a profit from subcontracting. In Section
6, we will discuss in detail the impact of subcontracting on supplier bidding behaviors and the
buyer’s profit.

EXAMPLE 4. Again we use Example 1 to illustrate the equilibrium for suppliers. From Propo-
sition 3 we know the equilibrium strategies are given by (T},Q%) = (1/4,1/2) and (T%,Q)) =
(11/72,1/3). In equilibrium the buyer will select supplier 1. Then supplier 1 offers a subcontract
(t,4%) = (5/72,1/6) to supplier 2. As a result, supplier 1 produces 1/3 units of the product and
supplier 2 produces 1/6 units. The equilibrium profit split is: 7! =1/24, 7} =1/24, and 7%, = 5/24.
The supply chain profit is II' = 7/24.

5. Order Splitting
Under the situation of order splitting, the buyer does not make a single-sourcing commitment so
she may split the order between suppliers. In light of the nonlinear (convex) costs, we assume that
each supplier submits a function bid, which specifies different payments for different quantities; see
similar arrangements in the supply function equilibrium literature (Klemperer and Meyer 1989).
Specifically, we assume each supplier i’s strategy is chosen from T; being the set of functions T;(q)
satisfying: (a) T}(g) >0 and T}'(¢) > 0 for ¢ > 0; (b) 7;(0) =0 and we allow for a discontinuity at
0; (¢) T!(q) > C!(q) for g > 0. First, supplier bids are increasing, convex, and twice differentiable
everywhere except at the origin. Second, T;(0) = 0 reflects the fact that if supplier 7 is not chosen,
the buyer does not pay anything to him. We also allow the discontinuity at ¢ = 0. Finally, the
suppliers—as rational players—do not set the marginal price below the marginal cost, so (b) and
(c) together imply that T;(q) > C;(q) for ¢ > 0.

Following the backward induction approach, we start with the buyer’s problem, and then char-

acterize the equilibrium for suppliers.

5.1. Buyer’s problem
Given the supplier bids {7} (q),T>(q)}, the buyer’s problem is to maximize her profit by choosing

the purchase amount from each supplier:

max {75(q1,q2) = R(q1 + ¢2) — Ti(q1) — T2(q2) : 1,2 > 0} . (7)
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Due to the possible discontinuity of T;(¢) at ¢ =0 where ¢ = 1,2, we consider two cases regarding
the buyer’s ordering decision: dual-sourcing, in which the buyer purchases from both suppliers, and
single-sourcing, in which the buyer purchases from only one supplier.
If the buyer adopts the dual-sourcing strategy, the optimal solution (¢, ¢%) must satisfy the
conditions:
R(q’ +¢')=Ti(a7) = T5(a;)- (8)
Let 78 = 75(qP, ) be the buyer’s dual-sourcing optimal profit. If the buyer single-sources from
supplier 7, her problem is max{n’(q) = R(q) — Ti(q) : ¢ > 0}, where i =1,2. The optimal solution

q7 can be found by solving the condition,
R'(¢7)=T(q}). (9)

Let 7%, = 7% (¢”) be the buyer’s optimal profit when purchasing from supplier i.

There are three local maxima for the buyer’s choice, and the buyer will choose the sourcing
strategy that gives her the largest profit, i.e., max (75,75, 7%). Note that the buyer’s optimal
choice may not be unique. Following Cachon and Kok (2010), we assume the buyer breaks ties in
favor of purchasing from more suppliers. That is, if 75 = max (7}, 7%), the buyer will purchase

from both suppliers.

5.2. Equilibrium Analysis
In this section, we study the equilibrium for suppliers. We begin by investigating each supplier’s

best response in choosing an optimal function bid.

5.2.1. Suppliers’ best responses Without loss of generality, we look at supplier i’s optimal
choice of T;(¢) in response to supplier j’s bid T;(q). Define the buyer’s order quantity as qf if
she purchases from supplier j only, and accordingly the buyer’s profit is denoted by 7['%. When
determining an optimal bid, suppliers need to take into account the buyer’s optimal ordering

decision. Anticipating the buyer’s decision, supplier 7 aims to maximize his profit by choosing T;(q):

max m;(Ti(q)) =Ti(q;) — Ci(q;) (10)
T;(q)€T;
s.t. (q:aq;) =argmax{mp(q;,q;) := R(¢: + ¢;) — Ti(q:) — Tj(q;) : i, q; > 0}, (11)

where the constraint concerns the buyer’s optimization problem, and (q;“,q;‘) is short for
(q; (T3,T}),q;(T3,T;)), denoting her order quantities given the bids T;(¢q) and Tj(q). As mentioned
earlier, the problem faced by the suppliers and the buyer forms a Stackelberg game with mul-
tiple leaders, and thus the best response problem for each supplier involves bilevel optimization
(Dempe 2002). This has greatly challenged the equilibrium analysis for suppliers. We first obtain

the necessary conditions for supplier i’s best response as shown in Lemma 1.
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LEMMA 1. Given T;(q), suppose Ti(q) is optimal for supplier i, then 75(q’ (TZ,TJ),qJ*(TZ,T])) =
7l and,

(a) T/(Q:) =CUQ:), if ¢;(T;,T;) =0; or

(b) Ti(q}(T, 7)) = Cilg}(T,Ty) where R'(q}(T.Ty) + ¢(T.Ty) = Cilq(T,Ty) =
T(q; (T, 1)), if ¢; (L, T;) > 0.

Lemma 1 shows that for supplier i’s best response, the buyer makes a profit equal to 77%, which is
the buyer’s profit when sourcing from supplier j only. So supplier ¢ takes all the additional supply
chain surplus when he joins the supply chain. It is achievable because: (1) 7/(-) and Tj(-) are well
defined (except at zero), and (2) the order quantity depends on T; and T} only via their derivatives.
In view of the buyer’s optimal decision and 7}(-), supplier ¢ will set the value of T;(g) as high as
possible (while keeping the slope unchanged). As a result, for an optimal solution Ti(q), the buyer’s
profit must equal 75, i.e., WB(q;‘(ff’i,I“j),q;f(Ti,Z/’j)) =l

The above lemma also reveals that supplier i essentially competes on how to share the buyer’s
demand with supplier j. Supplier i can first decide his desired demand allocation, and then chooses
the bid so that the buyer’s optimal choice is indeed his desired order split. Because of the possible
discontinuity at zero, supplier ¢ needs to consider both the case where the buyer chooses to purchase
from him only (i.e., part (a)) and the case where the buyer splits her order (i.e., part (b)). As
discussed earlier, supplier ¢ will extract all the surpluses and leave the buyer her reservation profit
only. Thus, it is to supplier i’s best interest to maximize the total surpluses. A necessary condition
for the supplier i’s optimal bid is that the derivative of T}(-) equals that of C;(-) at the buyer’s

order quantity as shown in the lemma.

5.2.2. Equilibrium characterization A Nash equilibrium is a pair of bids {7} (¢), T} (q)},
which are mutual best responses for each supplier. Let 75, 7}, 77 be the equilibrium profits of the

buyer, supplier i, and supplier j, respectively. We have the following equilibrium result.

PrROPOSITION 4 (Equilibrium with order splitting). A pair of bids {1} (q),15(q)} is a Nash
equilibrium if and only if, for i=1,2 and j =3 —1,

(a) T;'(q:) = Ci(@) and T;'(Q;) = C}(Qi);

(b) T7(a@) = Ci(@,) + T —11; and T;(Q:) = Cy(Q;) + 11 - I1;.

In equilibrium, the buyer’s optimal choice is first best, i.e., (q;‘,q;-‘) =(Gi,q;), and the profit split

amongst players is: 7y =11, +11; =11 and w7 =11 —II;. The total supply chain profit is 1I* =1I.
Proposition 4 establishes the necessary and sufficient conditions for equilibrium bids. There are

two critical points for each supplier i’s bid, namely, (¢;, T;*(¢)) and (Q;, T;*(Q;)). When choosing

the bid, each supplier needs to reconcile the case in which the buyer purchases from both suppliers
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with the case in which the buyer purchases from him only. The condition (b) in Proposition 4
states that each supplier makes the same profit between these two cases. The condition (a) follows
directly from Lemma 1, which gives the optimality conditions on the derivatives of supplier bids.

The sketch of the proof for Proposition 4 is as follows. It starts by showing that there exists no
equilibrium where the buyer purchases from only one supplier. In equilibria where the buyer sources
from both suppliers, the proof reveals that the buyer is indifferent between purchasing from only
one supplier and purchasing from both suppliers. The intuition of this result is that: if the buyer’s
single-sourcing profit from a supplier is smaller, then the other supplier can slightly increase the
bid price while making sure that the buyer’s original dual-sourcing choice remains optimal. Hence,
the buyer’s profits of single-sourcing and dual-sourcing must be identical. According to the tie-
breaking rule, the buyer will purchase from both suppliers. That is, the buyer’s choice is first best
in equilibrium, showing that suppliers self-coordinate to achieve the supply chain optimal outcome.
The proposition further shows that the equilibrium profit split is a Vickrey-Clarke-Groves (VCG)
result: Each supplier ¢ makes a profit that equals his marginal contribution to the supply chain
system, and the buyer takes the remaining profit. The literature on VCG mechanisms concerns
designing efficient mechanisms to elicit agents to truthfully reveal their private cost information,
and the agents each are allocated a profit in proportion to their marginal contributions (Ausubel
and Milgrom 2006). The distinction of our study is that we are interested in how suppliers compete
with each other rather than designing a mechanism for a buyer, and each supplier is paid according
to their bids.

The equilibrium bidding strategy is not unique, but all equilibria lead to the same profit split
and the same buyer choice. Any bid T; € T, that crosses the two points, (g;,C;(q;) +1I —1I;) and
(Qi,Ci(Q;) + I —T1;), and has the slopes of C!(g;) and C/(Q;) at these two points can be an
equilibrium strategy for supplier i. For example, the bids obtained by shifting up the cost functions
by their marginal contributions form an equilibrium, where, for i =1,2 and j =3 —14, T;7(0) =0
and T (q) = Ci(q) + I1 —II; for ¢ > 0. That is, suppliers each add a constant margin to their cost
functions everywhere except at the origin. This bidding contract can be regarded as an extension
of a two-part tariff contract to the situations where supplier costs exhibit diseconomies of scale.

ExaMPLE 5. We return to Example 1 to illustrate the above equilibrium. We know the supply
chain optimal choice is (q1,32) = (2/5,1/5), and the supply chain optimal profit is IT = 3/10. For
the single-sourcing supply chain problems, we have II; = 1/4;II, = 1/6, and Q, = 1/2;Q, = 1/3.
The following strategies form an equilibrium: 77(0) = 75 (0) =0, T7(q) = ¢*/2+2/15 and T (q) =
q*> 4+ 1/20, for ¢ > 0. The buyer’s choice in equilibrium is (¢},q;) = (2/5,1/5), and the profit split
is: mf =11 -1, =2/15, 3 =11 —1I; = 1/20, and 7} =II — 77 — 75 = 7/60. The supply chain profit
is II* =1I=3/10.
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6. Impacts of Subcontracting, Commitment and Scale Diseconomies

In this section, we answer the questions regarding the impacts of subcontracting and single-sourcing
commitment on equilibrium outcomes, with an aim to develop insights into firms’ sourcing prac-
tices. We also analyze the case where supplier costs are linear, and demonstrate the effect of scale

diseconomies on equilibrium outcomes.

6.1. Impact of subcontracting
How does subsequent subcontracting affect supplier bidding strategies and the buyer’s procurement
performance?” We now make a comparison between single-sourcing commitment without subcon-

tracting and that with subcontracting.
PROPOSITION 5. We have: (a) 7% > > 7, (b) m <7l <7l fori=1,2; (¢) II* > II' > 1.

Part (a) of Proposition 5 shows that when the winning supplier determines the subcontract, the
buyer benefits from subcontracting in equilibrium (i.e., 7% > 7% ), while when the losing supplier
determines the subcontract, subcontracting hurts the buyer in equilibrium (i.e., 7 < 7%). Part
(b), however, shows that the results are reversed for each supplier. Specifically, for the high-cost
supplier, say k € {1,2}, we have 7 = 77 = 0, which is smaller than 7} > 0. For the low-cost supplier
3 —k, we have 7% , <75, <mk ,. From Part (c) we know the total supply chain profit is higher
when subcontracting is possible; this is understandable because subcontracting makes production
allocation more efficient and hence leads to a higher supply chain profit.

Conventional wisdom suggests that the availability of subsequent subcontracting may soften
the competition between suppliers in the bidding game, and thus the buyer may be worse off in
the case of subcontracting (Marion 2015). In contrast, we find that, if the winning supplier offers
the subcontract, the buyer may find subcontracting beneficial. We identify two driving forces of
subcontracting that lead to this result: (1) the positive effect of efficiency improvement, which
means that the buyer may gain a share of surpluses when the supply chain profit is improved;
(2) the negative effect of reservation profit, which implies that a higher reservation profit will
make suppliers bid less aggressively and thus hurt the buyer. The buyer’s preference between
subcontracting and non-subcontracting depends on which effect dominates the other. First consider
the case when the winning supplier offers the subcontract. On the one hand, the supply chain profit
is higher with subcontracting. This is the positive effect of subcontracting in terms of efficiency
improvement. On the other hand, each supplier i’s reservation profit (when he loses) is zero, whether
or not subcontracting is considered. As a result, the efficiency improvement effects dominates the
reservation profit effect, and thus the buyer becomes better off when subcontracting occurs. Next
consider the case when the losing supplier offers the subcontract. We know that the supply chain

profit is larger with subcontracting. However, the reservation profit of each supplier is positive
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(i.e., Al(cjé,Ql) > 0). Taken together, we find the negative effect of reservation profit outweighs
the positive effect of efficiency improvement, so the buyer is worse off when subcontracting is
considered.

Whether the winning or losing supplier determines the subcontract represents the two polar
cases of bargaining power split in subcontracting. The player who determines the subcontract has
high bargaining power. The above result suggests that the bargaining power split in subcontract-
ing negotiation plays an important role in determining the impact of subcontracting on supplier
bidding. Specifically, Proposition 5 suggests that, with a higher bargaining power for the winning
supplier, each supplier bids a higher quantity, both the buyer’s profit and the supply chain profit
are larger, while each supplier’s profit is smaller. The intuition is that, if the winning supplier’s
bargaining power in subcontracting becomes higher, the losing supplier’s profit-making opportu-
nity from subcontracting becomes smaller, while the winning supplier’s profit becomes larger. As
a result, suppliers bid more aggressively, anticipating that they can make more profits from sub-
contracting once they win. This also motivates suppliers to bid a higher quantity because of the
subcontracting opportunity with the other supplier (i.e., Q¥ > Q). Therefore, when the winning
supplier enjoys higher bargaining power, in equilibrium each supplier becomes worse off, while the
buyer is better off. The prisoner’s dilemma in a dynamic game has been observed in other contexts.
For example, Allaz and Vila (1993) show that, in a Cournot competition setting with forward
markets, each firm sells forward in equilibrium, but is worse off than if the forward market does

not exist.

6.2. Impact of single-sourcing commitment
What is the impact of single-sourcing commitment? In this section, we make the comparison
between order splitting and single-sourcing commitment according to each player’s equilibrium

profit. Proposition 6 summarizes the results.

PROPOSITION 6. We have: (a) 7% > )y, 7t <7f, 1" <II*; (b) % > 7ty > 7fy, 7¥ < 7l < 7},
I < I1v =1T*.

Overall, the above proposition reveals that single-sourcing commitment outperforms order split-
ting from the buyer’s perspective, while the reverse is true from the suppliers’ perspective, whether
or not subcontracting is considered. The intuitive reason the buyer is better off under a single-
sourcing commitment without subcontracting, as opposed to order splitting, is relatively straight-
forward. If the buyer does not commit to single-sourcing, suppliers may feel “assured” that they
will win at least part of the buyer’s business. The result suggests that this “assurance” softens the
competition between suppliers. As a result, the buyer prefers to make a single-sourcing commit-

ment.
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The comparison between order splitting and single-sourcing commitment with subcontracting
is less intuitive. Under order splitting, the buyer directly purchases from both suppliers, while
under single-sourcing commitment, the losing supplier does not contract with the buyer directly,
but signs the subcontract with the winning supplier later. It implies that, under single-sourcing
commitment, the assurance of getting some production jobs is postponed until the subcontracting
stage. Our results suggest that, in this case, suppliers compete more aggressively in the bidding
game. As a result, the buyer is better off making a commitment, while each supplier becomes worse
off with commitment.

Proposition 6 suggests that single-sourcing is always better from the buyer’s perspective. Some
cautions are worth mentioning here. The existing literature on sourcing strategies has been focused
on the buyer’s decision after they receive contracts from suppliers, and there may be a number
of factors that affect a buyer’s choice between single-sourcing and multi-sourcing (Talluri et al.
2013). Admittedly, this paper does not capture every one of these factors. Instead, our model
focuses on costs, and singles out the effects of subcontracting and single-sourcing commitment
on supplier competition under diseconomies of scale. The key message from the proposition is
that by committing to single-sourcing, the competition between suppliers will be intensified. As a
consequence, the buyer may find it beneficial to make this commitment even when suppliers’ costs

exhibit diseconomies of scale.

6.3. Impact of Scale Diseconomies
So far our model has focused on the case where suppliers face diseconomies of scale. To analyze the
impact of this assumption, we now consider the case where suppliers have linear costs. Suppose the
cost functions are C;(q) = ¢;q where ¢; is supplier i’s unit cost, and all the other parameters remain
the same as in the baseline model. Without loss of generality we assume ¢; < ¢o, which implies
that supplier 1 has cost advantages (in a weak sense). Whenever there is no confusion we will
continue to use the previous notation system for the analysis. For example, II;, and Q; respectively
denote the optimal supply chain profit and quantity when supplier ¢ is the sole supplier. Recall that
Q; is obtained by solving the equation R'(Q;) = ¢;, and II; = R(Q;) — ¢;Q;. With ¢; < ¢, we can
show that IT; > II, and Q; > Q,. In the case of linear costs, from the supply chain point of view,
the buyer will purchase from the most cost-effective supplier only. Therefore, the order splitting
scenario becomes trivial since the buyer will never split her order.

In what follows, we will focus our attention on single-sourcing commitment. As before, we will
analyze three games under single-sourcing commitment, and then compare their equilibrium out-

comes. Proposition 7 summarizes the outcomes for the case of linear costs.
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PROPOSITION 7. Suppose suppliers have linear costs and ¢, < co, we have the following results:
fori=1,2 and j =3 —1,

(a) under single-sourcing commitment without subcontracting, there exists a unique equilibrium
{(Tr,QM), (T, Q3)}, where Q7 = Q; and T = ¢;Q; +max (0,11, —I1;); the buyer’s profit is w5 = 11,
each supplier i’s profit is ' = max(0,1I; —II;), and the supply chain profit is II" =11,

(b) under single-sourcing commitment with subcontracting where the winning sup-
plier offers the subcontract, there exists a wunique subgame perfect Nash equilibrium
{(Ty,Qv,ty,¢y), (T3, Qy 11, G1)}, where QF = Qy, T) = c1Qy, ¥ =0, and G =0; the buyer’s
profit is iy =111, each supplier i’s profit is " =0, and the supply chain profit is IIY =11, ;

(c) under single-sourcing commitment with subcontracting where the losing supplier offers the
subcontract, there exists a unique subgame perfect Nash equilibrium {(T,Q",t,,44), (TL, Q4,4 ,¢4)},
where QL = Q;, T} = ¢;Q; +max(0, I, — I1;), fé =0, and (j;- =0; the buyer’s profit is mi =1y, each
supplier i’s profit is i = max(0,I; — I1;), and the supply chain profit is II' =1I,;

(d) 78 >7h =np, 70 <nml=xP, and II* =1I' =TI".

Part (a) to Part (c) characterize the equilibria for suppliers under the three cases of single-
sourcing commitment. We observe from Part (a) and Part (c) that, when the losing supplier offers a
subcontract in the subcontracting game, single-sourcing commitment with subcontracting reduces
to single-sourcing commitment without subcontracting (i.e., the equilibrium outcomes in these two
cases are the same). In equilibrium, supplier 1 wins the bidding game, the buyer’s profit is IIy,
supplier 1’s profit is II; — II,, and supplier 2’s profit is 0. Part (b) demonstrates that, in the case
where the winning supplier offers the subcontract, both suppliers offer the same bid (¢;Q1,Q:). In
line with Proposition 2, the existence of subcontracting smooths out the cost asymmetry between
suppliers, and leads to a head-to-head competition. In equilibrium the buyer takes all the supply
chain profit I, and both suppliers end up with zero profits.

Another observation from Proposition 7 is that subcontracting never occurs even though sub-
contracting is allowed. This is because in equilibrium the supplier with the lower cost always wins
the bidding game, and there is no benefit of subcontracting to the winning supplier. As a result,
only the low-cost supplier produces for the buyer’s order. This result is in contrast to that with
diseconomies of scale where both suppliers will produce a positive amount of the product.

Part (d) of the proposition shows that in situations with linear costs, the buyer benefits from
subcontracting when the subcontract is determined by the winning supplier of the bidding game,
while she is indifferent when the subcontract is determined by the losing supplier. When the win-
ning supplier determines the subcontract, the subcontracting option allows the cost-disadvantaged
supplier to subcontract the production job to the cost-advantaged supplier. This makes the cost-

disadvantaged supplier bid more aggressively. Since the cost-advantaged supplier has to react in
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a similar manner, in equilibrium the possibility of subcontracting makes both suppliers worse off,
while the buyer becomes better off. This driving force, however, vanishes when the subcontract
is determined by the losing supplier, and subcontracting option does not play a role in suppliers’
bidding strategies.

The above result is in contrast with Proposition 5 where subcontracting may benefit or hurt the
buyer. In particular, Proposition 5 shows that, when the subcontract is determined by the losing
supplier, the buyer becomes worse off. This highlights the important role played by diseconomies
of scale in determining the equilibrium outcomes. Due to diseconomies of scale, subcontracting
improves the supply chain profit, but at the same time, increases suppliers’ reservation profits. Our
results show that the negative effect of increasing reservation profits outweighs the positive effect
of efficiency improvement. In the case of linear costs, however, each supplier’s reservation profit
remains the same as that without subcontracting. Moreover, subcontracting does not improve the
supply chain profit. Consequently, equilibrium outcomes will not be affected by subcontracting.
Such discrepancy is largely attributed to the fact that subcontracting will never occur in the case
of linear costs because it is always the cost-advantaged supplier that wins the bidding game. Even

though subcontracting is allowed, subcontracting option becomes irrelevant.

7. Concluding Remarks

This paper studies supply contract competition under diseconomies of scale by considering single-
sourcing commitment and subcontracting. In the first model, the buyer commits to purchasing
from only one supplier. In this case, we study the impact of subsequent subcontracting on suppliers’
competitive bahaviors. The analysis shows that the buyer benefits from subcontracting when the
winning supplier determines the subcontract. The second model is the order-splitting scenario, in
which the buyer does not make a single-sourcing commitment. We find that, in equilibrium, the
buyer’s optimal choice is always supply chain optimal. Each supplier’s profit equals its marginal
contribution to the supply chain system, and the buyer takes the remaining profit. By comparing
the two models, we find that the buyer prefers to commit to single-sourcing. This result is robust
to situations where there is a positive managerial cost of dealing with suppliers. If the administra-
tive cost is taken into account, the buyer will have an even greater preference for single-sourcing
commitment.

We believe the above results may offer some implications for procurement practices. Based on
these results, our recommendation for procurement practitioners is to commit to single-sourcing
prior to running a bidding process. For example, they could announce to suppliers in the Request
for Quotations (RFQs) that the order will not be divided. Such commitment will eliminate the
supplier’s assurance of getting some businesses from the buyer. Therefore, it intensifies the com-

petition between suppliers, which will benefit the buyer. In addition, our study suggests that it is
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important for buyers to better understand the subcontract market in which their suppliers par-
ticipate (i.e., who determines the subcontract). Specifically, the suppliers’ bargaining power split
in subcontracting affects their bidding behaviors and the buyer’s procurement performance. In
practice, it may be difficult for the buyer to identify the bargaining power split in subcontracting
negotiations between the winning and the losing suppliers. A rule of thumb is to consider how
concentrated the subcontracting market is. For example, if there are few other subcontractors in
the market, the losing supplier (as a subcontractor) may have high bargaining power. In this case,
subcontracting might be detrimental for the buyer.

In our paper, we assume suppliers know each other’s cost but the buyer does not know sup-
plier costs. This fits some settings better than the others. An interesting extension of the paper
is to examine the incomplete information setting in which suppliers each have private informa-
tion regarding their own costs. This extension certainly enriches our model, but will also present
significant challenges because it involves solving a Bayesian Nash equilibrium for suppliers with

nonlinear costs. We leave this extension for future research.
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Table 1 The summary of key symbols

Notation

Interpretation

Q

Supply chain optimal total quantity

qi Supply chain optimal quantity from supplier ¢
Q; Single-sourcing supply chain optimal quantity from supplier ¢
II Supply chain optimal profit
11, Single-sourcing supply chain optimal profit from supplier @
e Supplier i’s bidding payment in equilibrium under SC-N
» Supplier i’s bidding quantity in equilibrium under SC-N
m Supplier i’s profit in equilibrium under SC-N
T Buyer’s profit in equilibrium under SC-N
I Supply chain profit in equilibrium under SC-N
q; Subcontracted amount if buyer chooses supplier ¢ in equilibrium under SC-W
ty Subcontracting payment if the buyer chooses supplier ¢ in equilibrium under SC-W
T Supplier i’s bidding payment in equilibrium under SC-W
v Supplier i’s bidding quantity in equilibrium under SC-W
e Supplier i’s profit in equilibrium under SC-W
T Buyer’s profit in equilibrium under SC-W
I Supply chain profit in equilibrium under SC-W
cjj» Subcontracted amount if buyer chooses supplier ¢ in equilibrium under SC-L
fé Subcontracting payment if the buyer chooses supplier ¢ in equilibrium under SC-L
T! Supplier i’s bidding payment in equilibrium under SC-L
Q' Supplier i’s bidding quantity in equilibrium under SC-L
! Supplier i’s profit in equilibrium under SC-L
il Buyer’s profit in equilibrium under SC-L
I Supply chain profit in equilibrium under SC-L
qP Dual-sourcing buyer’s optimal order from supplier ¢
q> Single-sourcing buyer’s optimal order from supplier 4
qr Buyer’s optimal order from supplier ¢ when supplier i offers at cost
q; Buyer’s optimal order from supplier j when supplier ¢ offers at cost
i Dual-sourcing buyer’s optimal profit
T Single-sourcing buyer’s optimal profit for supplier ¢
T>(q) Supplier i’s bid in equilibrium under order splitting
q; Buyer’s order from supplier ¢ in equilibrium under order splitting
i Supplier ¢’s profit in equilibrium under order splitting
s Buyer’s profit in equilibrium under order splitting
ik Supply chain profit in equilibrium under order splitting

Note: SC-N denotes no subcontracting; SC-W (L) denotes that winning (losing) supplier determines the subcontract.
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