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OPTIMAL FORWARD CONTRACT DESIGN IN A SUPPLY CHAIN WITH
ASYMMETRIC COST INFORMATION

YUANYUAN LUO*

Abstract. In a buyer-led supply chain, the buyer utilizes a forward contract to effectively cope with
the risk brought about by uncertainty in demand and raw material prices. However, the production
cost, as private information of the supplier, will inevitably affect the formulation of a forward contract.
This study constructs a procurement system consisting of a buyer, a supplier, and an imperfect spot
market to explore how the buyer designs the forward contract under asymmetric cost information. By
applying the principal-agent theory, this study allows the buyer to maximize profits while disclosing
the supplier’s cost information. The results obtained indicate that in order to screen the cost type, the
forward order quantity from the high-cost supplier is downward distorted. Asymmetric cost information
reduces the buyer’s profits, but brings additional information rent to the supplier. Interestingly, it is
also observed that asymmetric material cost information can discourage the buyer from engaging in
speculative activities in the spot market. While the existence of a well-developed raw material spot
market with a reduced price provides the buyer with an alternative means of procurement, which
mitigates the negative impacts of his cost information disadvantages.
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1. INTRODUCTION

Enterprises are currently facing the dual uncertainties of demand and price with the increasingly fierce market
competition and the volatile product demand. Particularly, when they engage in the trade of commodities with
lengthy lead times such as semiconductors, agricultural products, commodity metals, and chemical items, which
are characterized by unpredictable trends [20]. Thus, finding ways to make the supply of products match the
demand as much as possible is a prevalent challenge encountered by those enterprises.

Taking into account the unpredictable demand, it is advisable to make preparations for procurement well
ahead of the selling season. With the development and popularization of internet technology, the utilization of
B2B spot markets is considered an efficient approach for mitigating the risks associated with supply-demand
imbalances in the supply chain. In China, B2B spot markets have been witnessed to make great progress in
the past few years. According to related data analysis, the total value of trade in China’s commodity electronic
trading market amounted to RMB15 600 billion by the end of 2020. As the end of 2019, the electronic trading
market had attracted over 1million investors and included more than 5000 member units. The market’s par-

Keywords. Forward contract, principal-agent theory, asymmetric cost information, imperfect B2B spot markets.

College of Management and Economics, Tianjin University, 300072, P.R. China.
*Corresponding author: yuanyuanluo@tju.edu.cn

© The authors. Published by EDP Sciences, ROADEF, SMAI 2024

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/ro/2024209
https://www.rairo-ro.org
mailto:yuanyuanluo@tju.edu.cn
https://creativecommons.org/licenses/by/4.0

5030 Y. LUO

ticipation has been steadily increasing®. Obviously, the boom and burst of spot markets not only broadens the
channels for enterprises’ transactions, but also disrupts the traditional practice where supply chain members
rely solely on specific contracts to establish long-term cooperation relationships. This shift promotes a more
rational distribution of market resources and enhances transaction efficiency. However, the spot market with
essentially negligible lead time naturally in a higher and more volatile price for extra flexibility [19]. In addition,
factors such as economic conditions, government policies and the misalignment of industry cycles lead to an
illiquid transaction environment in the spot market, making transactions more difficult [27]. Hence, the spot
market is flawed with the unpredictable changes in the transaction. For instance, Indonesia, a country abundant
in natural resources, has been reported by Financial Times that due to the government’s implementation of a
ban on palm oil exports on April 28, 2022, Indonesian palm oil producers suffered from a sell-off, with Triputra
Agro Persada, a company listed in Jakarta, experiencing a decline of almost 7%, while its competitor Astra
Agro Lestari saw a decline of over 4%>2.

Concerned about fluctuating spot market prices and the uncertain supply of raw materials affected by market
liquidity, the benefits of the spot market are limited. As a result, downstream firms may face difficulties procuring
necessary products at the appropriate price and within the required timeframe in an imperfect spot market.
Conversely, to secure components at a specified future time for a specific price, a forward contract can legally
grant the buyer the obligation and right to execute the forward to complete a transaction in the event that
a specific “state of nature” occurs [22]. The buyer typically employs such a long-term contract to ensure that
her procurement is less affected by fluctuations in the spot market. As for suppliers, they may face the risk
of exorbitant prices and being unable to find counter parties. These risks also drive the supplier to pick a
forward contract to lock in his own earnings. To some extent, the forward contract has been widely applied
across sectors since it provides guarantees for the stable development of the supply chain members. Empirical
evidence demonstrates that incorporating forward contracts in the pre-sale of real estate provides participants
with stability [23], which indeed helps secure funds for builders and reducing the likelihood of defaults. Moreover,
smallholders in developing nations experience significant poverty due to their exposure to frequent spot price
changes and natural calamities. Thus, the prevalent utilization of forward contracts can help the buyers form a
long-term, stable supply chain partnership with vulnerable farmers [10].

Long term contract transactions and spot transactions are mutually beneficial and interdependent. Although
forward contract transactions can guarantee the acquisition of a specific quantity of commodities at a prede-
termined price, their rigidity limits the ability to make strategic modifications within a company. Compared
with the former transactions, spot transactions with short lead time bring downstream companies unparalleled
flexibility, enabling them to negotiate supply contracts with greater autonomy. Actually, the purchaser has the
opportunity to promptly acquire or dispose of goods in B2B spot markets when her stock levels are either insuf-
ficient or excessive relative to current demand [27]. Consequently, a buyer is willing to acquire goods in advance
through a contract and then adjust her inventory levels through spot trading once demand is detected. Taking
Hewlett Packard (HP) as an example, HP enters into the contractual agreements to fulfill 85% of its purchasing
requirements, while reserving the remaining 15% for the spot market. This strategic approach enables HP to
effectively implement a portfolio strategy in its sourcing decisions, contributing to its status as a prominent firm
[2]. Naturally, to better improve decision-making flexibility and reduce uncertain risks in price and demand, it
is common for enterprises to combine these two transaction methods in supply chains across various industries
such as fashion apparels [30], energy [7] and electronics [3].

Despite the extensive applicability of the two transactions, there are still some questions that need to be
settled. Essentially, the forward contract signed between upstream and downstream parties in a supply chain
forms a contractual relationship. Supply chain members who sign the contract are always inconsistent in their
goals, which will cause certain conflicts. In particular, with the aim of maximizing their own financial gains,
some supply chain members usually conceal their own information to diminish the earnings of others [11,16,17].

1 See https://baijiahao.baidu.com/s?id=1800400432176004429&wfr=spider&for=pc.
2 See https://www.ft.com/content/38b6df62-e863-4bal-8274-138ccb2b061b.
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Production cost, as private information held by the supplier, inevitably causes the optimal decision-making of
an enterprise to deviate from the level under symmetric information, which in turn restricts firms’ sustainable
development [14]. Thus, the purpose of this paper is to examine how to formulate forward incentive mechanisms
to compel the supplier to disclose true production cost information, sequentially mitigating the potential risk
of price and demand fluctuations. Furthermore, the influences of an imperfect spot market on the procurement
strategy of a downstream buyer who lacks cost information is also worthy of being explored.

To address the above questions, this work establishes a model by principal-agent theory to capture the role
of asymmetric cost information and an imperfect spot market on the forward contract. It is assumed that the
downstream buyer has two ways for its procurement: entering into a forward contract with the supplier, and
purchasing directly from the spot market once the demand is determined. To incentivize the supplier to disclose
accurate cost information, the buyer, as the leader in the supply chain, offers a menu of contracts based on
her judgment of the supplier and spot market. Meanwhile, the supplier, who possesses private cost information
organizes his production according to the terms of the contract. This study presents novel viewpoints on mixed
procurement in the presence of asymmetric cost information. Specifically, it generates analytical outcomes that
outline the best practices for the buyer to acquire procurement through a forward contract and the imperfect
spot market. It also designs appropriate incentive mechanisms to disclose cost information. Moreover, several
intriguing conclusions are obtained from the comparison of procurement strategies in various information states
and market conditions. For thorough views, please see Section 7.

The subsequent sections of this work are structured as follows. Section 2 conducts a comprehensive review of
the literature related to this study. Section 3 provides the model and assumptions. Optimal forward incentive
contract under symmetric information is presented in Section 4. Optimal forward incentive contract under
asymmetric information is given in Section 5. Numerical study is arranged in Section 6. Section 7 summarizes
the conclusions.

2. LITERATURE REVIEW

There exists a substantial collection of supply chain literature that specifically examines different facets of
the matching supply with demand. To the best of my knowledge, there are two primary branches of literature
that are pertinent to this research: one is procurement through long-term contracts and/or spot markets, and
the other is information asymmetry.

The presence of the spot market allows participants to utilize its platform by selling surplus inventory
or purchasing products to meet excess market demand, hence accelerating the rate of resource circulation.
Nevertheless, in the face of a relatively imperfect spot market, it is necessary for supply chain participants to
enter into a contractual agreement in order to guarantee the stable supply and sales of goods. Forward, as a
type of financial derivative, can be introduced into the supply chain to mitigate the impact of market volatility.
Accordingly, there has been a significant increase in research due to the strong growth of spot markets and the
widespread use of forward contracts in recent years. Cachon and Lariviere [3] study the formulation of forward
and option contracts. In their study, the manufacturer with superior market information is recognized as the
primary participant. The contracts are provided to assist the supplier in identifying the reliability of the market
information through a signal transmission. Dong and Liu [5] characterize the behavior of two risk-averse firms
involved in a forward contract by constructing a Nash game. They derive an analytical solution for the contract
parameters and discover that the participants in the supply chain can benefit from risk avoidance through a
forward contract. This finding explains why forward contracts continue to be present in the spot market with
good liquidity and no trade delays. Li et al. [15] analyze the decision-making process of the buyer who chooses
between periodically purchasing products from the spot market or signing a long-term contract when facing a
dynamic market. They derive that the buyer will opt for signing the long-term contract when the price volatility
increases, while they will choose to purchase products in the more flexible spot market when there is an increase
in demand volatility. Goel and Gutierrez [9] formulate procurement and distribution strategies that integrate
the observed spot and futures prices from commodity markets, demonstrating how this price knowledge can
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be leveraged to improve the effectiveness of a supply chain. Xing et al. [25] introduce market liquidity and
explore the decisions regarding the reseller’s forward order volume and product sales price in an imperfect
spot market. Xu et al. [27] integrate the spot market with two distinct forms of long-term agreements, namely
forward contracts and option contracts. Taking into account the buyer’s risk attitude and the effects of multiple
purchases, they examine the impact of the spot market on decision-making. In the context of unpredictable
supply and demand, Merzifonluoglu [18] addresses the research gap through an analysis of risk-averse sourcing
decisions involving forward contracts, option contracts, and spot markets. Zhao et al. [30] develop a two-stage
model that incorporates demand information updating to assess the influence of supply competition between the
spot market and the option contract market. Consider a two-echelon supply chain with suppliers’ competition,
Xing et al. [26] analyze the designs of procurement contracts and the equilibrium contract structures which
specify the trade-off between index-based contracts and fixed-price contracts. When confronted with a supplier
who has cost advantage or a more consistent supply, Ai and Xu [1] investigate the sourcing strategies of a
monopolistic retailer in a spot market where the price is determined by the trading quantity. Fan et al. [6]
consider the factors that affect the decision of a downstream buyer to execute a forward contract in a B2B
procurement platform. It has been observed that the willingness of chain members to sign the forward contract
is greater when there are substantial fluctuations in the spot market. Xu et al. [28] explore the impact of an
imperfect spot market on supply chain coordination and decision-making. The results show that after signing the
forward contract, the spot market can benefit the manufacturer, but the supplier’s profits may be negatively
impacted in some circumstances. Supply chain coordination can be achieved through the implementation of
revenue-sharing contracts.

Another stream of research related to this paper is the study of the role of asymmetric information. The
transparency of information plays an important role in the supply chain. Typically, the party who has private
information will conceal it and leverage it as a bargaining chip against his counterparty, undermining the
precision of the opposing party’s decisions. Hence, how to reveal the true information of the disguised party is
an urgent problem that needs to be jointly solved by the theoretical and industrial communities. To facilitate
the sharing of reliable forecast demand information possessed by the manufacturer, Ozer and Wei [21] estimate
the formulation of contracts (a nonlinear capacity reservation contract and an advance purchase contract) by
modeling screening and signaling games, respectively. Cao et al. [4] explore the optimal wholesale contract
formulation problem for a dual-channel supply chain where the seller’s sales cost is private information. Kegui
et al. [13] apply incentive mechanism theory to derive the optimal contracts for the government to stimulate
emission reduction in a scenario where there is asymmetric information regarding technology and investment.
Zhao et al. [31] examine the manufacturer’s approach in creating a non-linear contract that exposes the third
parties’ private recycling efficiency information. The study conducted by Huang et al. [12] reveals that in a dual-
channel supply chain, the asymmetric information regarding producer sales cost leads to the distortion of chain
members’ respective sales volume in the opposite direction. Therefore, the asymmetry of cost information will not
necessarily affect the channel efficiency. Lu and Meng [16] establish a principal-agent model to analyze how the
government formulates the BOT contract to maximize social welfare when enterprises have access to investment
cost information. Gao et al. [8] are engaged in the dynamic contract design of procurement for the buyer, and
they deeply investigate the interaction of the supplier’s private cost information and cost learning ability on
the performance of the chain members. In the context of asymmetric information, channel intrusion has also
received some scholars’ attention. Zhang et al. [29] establish a signaling game with manufacturer intrusion under
asymmetric demand information. They explore the impact of demand information structure on manufacturer
intrusion and product quality. Hou et al. [11] examine the decision of a retailer to share demand information
when faced with encroachment by a supplier. Zheng et al. [32] consider the information-sharing decision of a
better-informed online retailer in the context of the platform economy. They find that the online retailer will
share demand information when the commission rate given to the retailer is high and market competition is not
fierce. Matsui [17] suggests that the downstream buyer with demand advantages chooses to disclose information
to obtain more profits when the upstream supplier is threatened by competition.
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TABLE 1. Contribution of this work (v': covered).

Forward Asymmetric Impact of an imperfect

Authors contract ?OSt . spot market
information

Goel and Gutierrez [9] Vv A one-way purchase spot market
Xu et al. [27] v v
Merzifonluoglu [18] v
Zhao et al. [30] v A perfect spot market
Ai and Xu [1] v
Fan et al. [6] v A perfect spot market
Xu et al. [28] v A perfect spot market
Kegui et al. [13] v
Zhao et al. [31] v
Huang et al. [12] v
This work v v v

In contrast to previous research, this study focuses on the buyer’s approach to developing a forward contract to
identify the true cost types of the supplier in an imperfect spot market. Specifically, it examines how to formulate
the forward contract incentive mechanism to force the supplier to reveal true production cost information,
and mainly explores the combined impact of asymmetric information and an imperfect spot market on the
procurement behavior of the less-informed downstream buyer. The results of this study enrich the existing
research on the forward contract and cost information asymmetry. Table 1 summarizes the major differences
from the previous studies.

3. MODEL AND ASSUMPTIONS

Consider a two-tier supply chain consisting of a single supplier (he) and a single buyer (she) with an imperfect
spot market, where the buyer, who has a relatively stronger bargaining power (a buyer’s market), acts as a
contract leader. The supplier is responsible for the production and delivery of raw materials, and the buyer
carries out minimal processing on these raw materials to manufacture final products and then manages her
sales. Due to the short sales season and a lengthy lead time for related commodities, the supplier is unable to
conduct secondary replenishment within a short period. However, prior to the start of a new season, the buyer
can secure a specific quantity of reserved goods at a predetermined unit reservation price by entering into a
forward contract with the supplier. Under this contractual relationship, as the main participant in production,
the supplier holds private knowledge regarding the production cost C;, i € {L,H}, 0 < Cp, < Cpy, where L and
H represent low production cost and high production cost. While the buyer is only aware of the distribution of
this cost information. i.e., P.(Cx) = 3, P.(Cr) =1— 3 (0 < 8 < 1); B is the probability of the high-cost state.

The development sequence of the entire transaction is as follows: At time T (the contract phase), the buyer
predicts the spot price P and the market demand D for the final product at time T3. After that, the buyer
offers a menu of forward contracts that includes the total payment and reservation quantity (7;,q;) i € {H, L}.
Accordingly, to ensure that his expected profits are greater than reservation utility, the supplier, depending on
his own type ¢ chooses to accept or reject the corresponding contract. Once the supplier accepts the contract,
production begins immediately. At time 77 (the spot market phase), the final product market demand and the
spot market price of the material are realized. The supplier delivers the materials, and the buyer pays and
decides whether to interact in the spot market to meet demand or sell excess materials based on the realized
demand. It is worth noting that with the concerns about the imperfect spot market, the buyer may not be
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Payment Final products

Final product

----Contract---- Buyer market

Raw materials Sales revenue

The trade of raw materials

Spot market

FIGURE 1. Process for signing the forward contract and the transaction.

TABLE 2. Notation.

Symbol Description

(Ti,q:), t € {H,L} The forward contract provided by the buyer includes the total payment T; and the reservation
quantity gi;

D The random demand for the final product, D € [0,00) has a mean of pp and a variance of
ob; G(x), g(x) are the distribution function and probability density function, respectively;
G(x) is monotonically increasing and differentiable in the interval D € [0, 00), and G(z) =

1—G(z);
P Spot market price, P € [P, P] has a mean of up and a variance of o3;
Ci, i€ {H,L} Supplier’s unit material production cost;
r Unit retail price of the final product, an exogenous variable;
m Market liquidity;
l Unit out-of-stock penalty for the buyer;
v Unit salvage value of the material unsold by the buyer;
TS Supplier’s profits;
B Buyer’s profits.

able to successfully trade raw materials in the spot market. Following Xing et al. [25] and Xu et al. [27], it
is assumed that whether the spot transactions can be completed within a certain period of time is subject to
market liquidity m. That is, the buyer can find the counterparty to complete the transaction with a probability
of m (0 < m < 1), but only obtain the residual value v with a deal collapse probability of 1 — m. After the
rational procurement, the buyer conducts a process with negligible costs to produce final products. At time
T,, the buyer engages in sales activities, obtaining profits at a unit price r. If the additional demand for the
final product is not met, the buyer will suffer a shortage penalty I. A more intuitive transaction description is
depicted in Figure 1.
The corresponding symbol definitions are listed in Table 2.

Assumption 1. The spot market cannot be manipulated due to its enormous number of participants. Conse-
quently, the raw material’s spot price P is an exogenous stochastic variable (see, e.g., [5,24,30]).

Assumption 2. It is set that Cr, > mup + (1 — m)v to ensure that the supplier participates in signing the
forward contract.
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Assumption 3. To preserve consumer goodwill and establish a stable cooperative relationship with customers,
the sale price r is assumed to be an exogenous variable and high enough to give the buyer an incentive to accept
the risk of spot market price volatility and erratic demand in exchange for a decent profit margin (v < P <7r)

(see, e.g., [25]).

The supply chain members’ profits are closely related to contract formulation and market volatility. Based on
a menu of forward contracts provided by the buyer, the supplier sets the production schedule for raw materials,
and delivers materials for compensation once production is completed.

Therefore, the profit function of supplier type i (¢ € {H, L}) is expressed as follows:

TS, = T, — C’iqi, 1€ {H,L} (1)

From the supplier’s profit function, it can be seen that the supplier can obtain a stable total payment T;
from the buyer, which helps he form a long-term relationship with the downstream buyer. C;q; represents the
supplier’s production cost, determined by his own efficiency in production.

Given the uncertainty of the demand for the final product, the buyer encounters two distinct market scenarios:
(1) If D > g, the buyer’s current inventory of raw materials is inadequate to meet the subsequent demand for
processing and sales. In this case, the buyer needs to obtain additional materials from the spot market. However,
due to the imperfections of the spot market, there is a risk that resources may not be available in a timely
manner, leading to potential penalties for the buyer due to the shortfall; (2) If D < ¢, the buyer possesses
excess materials. If the transaction in the spot market is successful, the buyer can sell the surplus materials to
gain additional profits. Otherwise, the buyer will only receive the remaining value of the unsold materials.

Thus, the profit function of the buyer after trading with the supplier type i is as follows:

7p, =rmin{D,q} + [m(r—P)— (1 —=m)l](D—q)" 4+ [mP+ (1 —m)](¢; —D)" =T, i € {H,L}. (2)

Here, t* = max {0, t}.

In the buyer’s profit function, the first term represents the profits obtained from transforming the forward
contract materials into end products to fulfill the need of the market; the second term indicates the profits gained
from effectively procuring raw materials in the spot market for processing and sales, as well as the penalty due
to stock shortages; the third term is the profits derived from selling surplus raw materials to the market and
the residual value obtained; the last term represents the remuneration disbursed by the buyer to the supplier.

4. OPTIMAL FORWARD INCENTIVE CONTRACT UNDER SYMMETRIC INFORMATION

This section examines the scenario where cost information is symmetric. The superscript “E” denotes the
forward contract in the context of symmetric information. With the aim of maximizing her own profits in an
imperfect spot market, the challenge encountered by the buyer is to ascertain the terms of the contract: (T ,¢F),
i € {H, L}, ensuring that the supplier’s profits are always greater or equal to her reservation revenue. Without
loss of generality, set reservation revenue of the supplier to 0.

The forward contract model under symmetric information is given as follows:

max 775 = 8FE [ng (Tg,qg)] +(1-p)F [ngL (TLE,qf)]

TETE qF ¢F

subject to: 3)
w5, (TH,ai) >0, (IR-1)
w5 (TF,qF) 2 0. (IR-2)

The following theorem can be obtained through solving the above optimization problem. For convenience, all
the proofs are given in the Appendix A.
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Theorem 1. Under symmetric cost information, the optimal forward contracts provided by the buyer to the
high-cost supplier and the low-cost supplier are:

(1) For the high-cost supplier,

)

* — 1—m)(r+l)+mup—C
ap =G7! {( (1)(—7—rt)zj+lﬁi) H}

TE' = CpGt |y —On |

(2) For the low-cost supplier,

E* _ ~—1 | (A=m)(r+)+mpup—C
a =G 1[ (17m)(r+ll:5) L}

)

()

TE = G [t
Theorem 1 provides the analytical expression of the optimal forward contracts under symmetric information.
Since the buyer fully knows the supplier’s cost type, the supplier can only obtain reservation utility. Namely,
the supplier’s marginal revenue equals its marginal cost. All revenue is captured by the buyer.
Next, the impacts of important parameters on the forward contract are explored. It is easy to see from The-
orem 1 that the monotonicity of the total payment and the pre-determined quantity for the buyer is consistent
except for the cost parameter.

Corollary 1. Under symmetric information, the optimal pre-order quantity of the buyer decreases as the sup-
plier’s cost increases, but increases as the expected price of the spot market and shortage penalty increase. As
for the impact of market liquidity, it varies depending on the expected price of the material spot market: when
up > C;, the buyer will increase the quantity as the liquidity increases; otherwise, the buyer will reduce the order
quantity.

From Corollary 1, when the supplier’s production cost is relatively expensive, the buyer prefers to purchase
raw materials from the spot market to reduce the amount purchased from the supplier. Nevertheless, if the
buyer anticipates a high spot market price for the material, she will augment the quantity requested from
the supplier. On the one hand, she can lock in her own procurement costs in advance. On the other hand, if
the amount purchased exceeds the demand, the excess may also be successfully sold at a better price, which
results in a certain surplus in the buyer’s order quantity. Regarding the impact of stock-out penalties on the
buyer, when the penalty imposed is relatively severe, she will increase the order quantity of raw materials to
ensure a stable supply of final products and avoid incurring serious penalties. Finally, when the expected price
of materials exceeds the supplier’s production cost, with the increasing market liquidity, if the order quantity
exceeds market demand, it can be promptly sold in the spot market. Therefore, the buyer perceives that raising
the order quantity of raw materials from the supplier can fulfill her speculative desires, and the flexibility of the
buyer’s order will further increase, especially when the market is highly liquid.

5. OPTIMAL FORWARD INCENTIVE CONTRACT UNDER ASYMMETRIC INFORMATION

The value of information can be viewed as the difference between the revenue resulting from its utilization
and the expenses incurred in acquiring the information for managerial decision-making purposes. Since the cost
of obtaining information for the party with an information advantage can be negligible, he will be motivated
to exploit this superior information to increase his own profits. Specifically, he will deliberately deceive other
chain members by providing false information about himself, leading to the distortion of the decisions made by
other members compared with the actual situation. Hence, this section demonstrates how a buyer with poor
information formulates a menu of forward contracts to induce the suppliers to disclose their true production
cost information. To address this issue, the principle of revelation needs to be applied. Based on this approach,
the buyer designs an incentive compatibility mechanism to attract the supplier to choose the most beneficial
forward contract based on his own production cost type.
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The superscript “F” is used to indicate the forward contract in the presence of asymmetric cost information.
At the beginning, the buyer can develop two types of forward contracts (T}, ¢k), (T£, ¢f') ) for suppliers to
choose from. If the high-cost supplier chooses (T}, ¢f;) and the low-cost supplier chooses (TF, ¢, the buyer
can accurately identify the true production cost of the suppliers’ through their choice of the contract.

The forward contract model under asymmetric information is given as follows:

. np = BE [rg, (Ta,qn)] + (1= BE [rp, (T1,a1)]
subject to:
WsH (Thrazr) =0, (IR-1) -
s, (Tr,ar) 20, (IR-2)
WgH (Th.air) = =5, (TLar) (IC-1)
g, (TEar) = 75, (T aip) - (1C-2)

Here, constraint conditions (IR-1) and (IR-2) represent the individual rationality constraints of the suppliers,
which ensure that the suppliers receive revenue that is not less than their reservation utility, thereby incentivizing
them to accept the contracts. Constraint conditions (IC-1) and (IC-2) are the incentive compatibility constraints
of the suppliers, indicating that the supplier’s disguised revenue is not greater than its real revenue, which deters
the supplier from lying about the true cost type. Accordingly, the supplier refrains from providing misleading
information and chooses the contract based on her true cost type. Solving the optimization problem (6) yields
the following theorem.

Theorem 2. Under asymmetric information, the optimal forward contracts provided by the buyer to high-cost
and low-cost suppliers are respectively given as:

(1) For the high-cost supplier,

* — Cyg—(1-8)Cr—(1—m)Bv—Lm
aff =G 1 Costepo e |

17 = [ - i piane).

(2) For the low-cost supplier,
*_ =1 _ Cr—(1-—m)v—mpp
=G |:1 (I—m)(r+i—v) :| ’
Tf" = Craf” + (Cu — Cr)afy -
From Theorem 2, one can further obtain Corollaries 2 and 3.

Corollary 2. Comparing the optimal forward contract under symmetric and asymmetric information, it can
be seen that the optimal order quantity obtained by the low-cost supplier remains unchanged, while the optimal
order quantity obtained by the high-cost supplier is distorted downward due to asymmetric information.

Corollary 3. Comparing the optimal forward contract under symmetric and asymmetric information, it can
be observed that the high-cost supplier receives only reservation utility, while the low-cost supplier receives not
only retained utility but also additional rent Z¥. ZF ezhibits an upward trend as qﬂ* increases. Here, Z¥ =

(Cu = CL)aly = (Cy — CL)G™! [1 = 5()10Lm)((1r+7)5)v ﬂmﬂp}

From Corollaries 2 and 3, it is evident that the low-cost supplier aims to maximize his gains by disguising
himself as the high-cost one. Consequently, the buyer will reduce the forward order quantity from the high-cost
supplier and diminish the information rent of the low-cost supplier.
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Corollary 4. The buyer’s forward order quantity from the high-cost supplier will decrease as the production cost
of the supplier increases, but increase as the proportion of high-cost suppliers in the market, the expected price in
the spot market and the shortage penalty increase. When the expected price in the spot market up > M,

the buyer’s forward booking quantity from the high-cost supplier will increase with respect to market liquidity.

As is shown in Corollary 4, when the market has a higher proportion of high-cost suppliers, the difficulty for
the buyer to screen both types of suppliers will decrease. Accordingly, the downward distortion in the ordering
volume received by the high-cost supplier will be mitigated. Namely, his ordering volume will increase as (3
increases.

Comparing Corollary 4 with Corollary 1, regardless of the buyer’s knowledge of the supplier’s cost type, it is
evident that the changes of buyer’s forward order quantity from the high-cost supplier exhibit the same trend
in production cost, expected price, out-of-stock penalty and liquidity. However, the degree of variation will be
affected by the asymmetry of cost information. Namely, the rate of change will be different.

Specifically, as the cost expenses incurred by the high-cost supplier rise and the penalties for being out of stock
decrease, the advantages obtained by the low-cost supplier’s deceptive behavior will grow. Consequently, the
buyer will decrease her purchases from the high-cost supplier even more to avoid being tricked by the low-cost
one. Overall, when the production cost rises and out-of-stock penalty diminishes, the presence of asymmetric
cost information leads to a higher rate of change in the amount of orders with the supplier who has higher cost.

Compared with symmetric information, the buyer is more cautious under asymmetric cost information regard-
ing the market liquidity. In a highly liquid market, it is only when the expected price of the spot material market
is higher that the buyer will consider it profitable to reserve sufficient quantity of raw materials in advance from
the high-cost supplier. The rationale for this can be elucidated as follows, the buyer who engages in speculative
activities must endure the adverse effects of asymmetric information. Hence, only when the expected spot price
is sufficiently high and the spot market has an increase in liquidity, the buyer is motivated to participate in
speculative transactions by purchasing larger order quantities through the forward contract.

To better demonstrate the impact of several crucial factors on the extent of distortion in the forward order
volume from the high-cost supplier, consider a simple case where the market demand D follows uniform dis-
tribution U0, K]. The subsequent corollary provides the effects of crucial parameters on the distortion of the
forward booking volume.

Corollary 5. Under asymmetric cost information with a prior uniform distribution of the demand, the degree
of distortion in forward bookings obtained by the high-cost supplier will increase as the cost and liquidity of the
spot market increase. However, this distortion will be reduced as the fraction of high-cost suppliers in the market
increases, and it is unrelated to the expected price in the spot market.

According to Corollaries 1, 4 and 5, under asymmetric information, the reservation volume of the high-cost
supplier will be distorted downward, and the degree of distortion is related to the proportion of the high-cost
suppliers in the buyer’s predictive perspective. As the ratio increases, it will decrease the level of misjudgment
of the low-cost supplier, hence reducing the level of distortion in the order volume for the high-cost supplier.
However, when the production cost is high and out-of-stock penalty is less severe, the low-cost supplier will
experience a rise in profits from disguises, while the buyer will attempt to decrease forward orders from the
high-cost supplier in order to decrease procurement expenses and avoid deceptive practices by the low-cost
suppliers, which leads to a greater downward distortion.

Regarding the spot market, the expected price in the spot market will not change the degree of distortion
of the reservation volume of the high-cost supplier, but the degree of distortion of the reservation volume will
be affected by spot market liquidity. As the level of market liquidity rises, the extent of distortion will also
grow. This can be illustrated by two spot market situations. When the expected spot price is high, an efficient
spot market will encourage the buyer to engage in speculative activities. That is, the buyer will augment her
purchases from the supplier to fulfill demand, while simultaneously sell surplus materials on the spot market
for a profit. This will enhance the motivation for the low-cost supplier to conceal his true identity. The buyer
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FIGURE 2. The impact of the cost information on the order and information rent. (a) The
impact on the distortion of order quantity. (b) The impact on the information rent.

can only exacerbate the degree of downward distortions in the amount of orders to cease this act of deceit. If
the expected spot price is relatively low and the market liquidity is strong, the buyer and supplier will not be
constrained by the transactions between them. It is more convenient to find trading partners in a spot market.
As a result, to reduce expenditures, the buyer will be more inclined to purchase in the spot market or from the
low-cost supplier, and the buyer can further reduce the quantity of reservations from the high-cost supplier and
pay a small amount of rent to complete the screening.

6. NUMERICAL STUDY

Due to the complexity of the optimal decisions and associated profit functions, this section turns to numerical
analysis to obtain further managerial insights. Throughout this section, this work primarily presents three
aspects that influence the strategies and performance of the chain members, including cost information, an
imperfect spot market and the final product market with uncertain demand. For the consistency in analysis, it
is set that the sales price of the final product is r = 270, the shortage penalty is [ = 25, the residual value of
raw materials is v = 15, and the cost of the low-cost supplier is C, = 45.

6.1. The impact of cost information

To ensure that the basic assumptions of the model hold, the market price of raw material P and the market
demand D are assumed to follow the uniform distribution U[40, 60] and U0, 100], respectively.

Figure 2 illustrates how the cost information affects the distortion of order quantity from the high-cost
supplier and the information rent of low-cost supplier. It is shown that under asymmetric information, the
distortion of the buyer’s requested quantity from the high-cost supplier increases as the cost difference grows,
but the likelihood of encountering a high-cost supplier decreases. Typically, to identify the type of a supplier,
the buyer pays information rent to the low-cost supplier. However, when the cost difference is too large, the
low-cost supplier is able to generate significant profits by disguising himself as a high-cost supplier. In order
to avoid this situation, the buyer will intentionally reduce the order volume from the high-cost supplier and
reduce the rent payment to the low-cost supplier. It is worth noting that when the probability of encountering a
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FIGURE 3. The impact of cost information on the buyer’s profits. (a) The impact of cost
difference on the buyer’s profits. (b) The impact of 3 on the buyer’s profits.

high-cost supplier is low, the buyer will pay higher rent to identify the type of supplier, but as the cost difference
increases, the rent received by the low-cost supplier will fall. The rationale behind this is that when the cost
difference increases, the buyer becomes increasingly reluctant to pay exorbitant fees to identify high proportion
of low-cost suppliers. Furthermore, the presence of the spot market as an additional source of supply enhances
this incentive.

In the following, to explore the impact of cost information on the buyer’s profits, I set 3 = 0.5 and Cy = 55 in
subfigure of Figure 3 respectively. Obviously, it can be seen that under the two information states, the buyer’s
profits decrease as the cost difference and the proportion of high-cost suppliers increase, with profits under
asymmetric information being worse than those under symmetric information. As already stated, the buyer’s
procurement cost and the rent paid to the supplier will rise with respect to the disparity in production cost
caused by significant variations in technological efficiency. Consequently, the buyer’s profits will diminish as the
cost difference increases. The greater the cost difference is, the greater the downward distortion of the buyer’s
profits are.

When there exists cost asymmetry, the effect of the proportion of the high-cost suppliers on the distortion
of the buyer’s profits is not monotonous. Specifically, if the proportion increases, the likelihood of the buyer
engaging with the high-cost supplier increases, reducing her tendency to misjudge the low-cost supplier. There-
fore, it can be clearly observed from the figure that as the proportion increases, the degree of the buyer’s profits
distortion caused by asymmetric information will be weakened. Whereas, if the proportion of the high-cost
suppliers in the market is low, the buyer must incur a certain expenses to identify them, because the challenge
of identification will escalate at this time. Accordingly, in this particular scenario, the extent of distortion in
the buyer’s profits will increase as the value of 3 increases.

6.2. The impact of an imperfect spot market

The spot market is measured by two elements: the market liquidity and the expected price of the spot market.
To better analyze the impacts of these two factors, this paper fixes the production cost for the high-cost supplier
Cpy = 50 and the probability of encountering the high-cost supplier 5 = 0.6. Additionally, these examples focus
on analyzing three scenarios with different levels of liquidity: low liquidity with m = 0.3, medium liquidity with
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FIGURE 4. The impact of an imperfect spot market on the order quantity. (a) The impact on
qu- (b) The impact on the distortion of the order quantity.

m = 0.5, and high liquidity with m = 0.7. They are also set to compute the optimal decisions and the expected
profits for pup from 47.5 to 55 as shown in Figures 4 and 5 to keep the expected spot price in a reasonable range.

Figure 4 examines the implications of an imperfect spot market for the buyer’s rational procurement strategy.
It is observed that the order quantity from the high-cost supplier is strongly affected by the mixed effect of the
expected spot price and the market liquidity. There are two situations are explored here. (1) If the expected
spot market price exceeds the cost of a high-cost supplier, the buyer will be more inclined to sign a forward
contract with the supplier to lock in the cost. Especially, with a strong liquidity spot market, the buyer can
more easily unload excess reservations at a better price, and the buyer’s incentive of the speculation will be
increased. Therefore, the buyer will further raise her reservations. However, due to asymmetry information,
signing a contract requires a certain rent for screening purposes. Accordingly, as the spot market liquidity
becomes greater, the buyer will become more dependent on the supplier, and she will be more easily affected by
asymmetric cost information, which intensifies the distortion of the order quantity from the high-cost supplier.
(2) When the expected spot market price is less than the cost of a high-cost supplier, the buyer will tend to
purchase in the spot market to avoid high procurement costs and information rent, and this willingness will
become more eager with a strong liquidity spot market, prompting the buyer to sharply reduce reservation.
From the Figure 4b, it is also found that even the expected spot price is low, the distortion of order quantity
from the high-cost supplier will be aggravated as the liquidity increases. The reason behind this is different
from the previous scenario, such downward distortion is from a more reliable spot supply, which reduces the
expense associated with the information rent, thus enabling further reduction in order volume from the high-cost
supplier.

In sum, under the asymmetric cost information, the expected spot price does not affect the impact of spot
market liquidity on the distortion of the order quantity from the high-cost supplier, but it does affect the buyer’s
reliance on the forward contract.

Here, a further investigation is conducted on how an imperfect spot market affects the performance of the
chain members. The parameters are set the same as those in Figure 4. As depicted in Figures 5 and 6, since a
spot market with increased liquidity may more effectively support the buyer’s transactions in the spot market,
irrespective of the buyer’s knowledge of cost information, the presence of the spot market offers exceptional
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FIGURE 6. The impact of an imperfect spot market on the buyer’s profits. (a) The impact on
the buyer’s profits. (b) The impact on the distortion of the buyer’s profits.

convenience, leading to increased profits for her as liquidity in the spot market improves. However, only when
the supplier possess a cost advantage can the liquidity directly affect his earnings. In the presence of asymmetric
information, the influence of market liquidity on the profits of participants in the supply chain will be subjected
to expected spot price.

Obviously, the expected price in the spot market will serve as the reference point for buyers’ behavioral
decisions. When the expected price is high, the buyer’s speculative incentive will be reinforced, leading to an
increase in the acquisition of raw materials through the forward contract. Thus, the buyer becomes more suscep-
tible to asymmetric information, which allows the supplier to increase his information rent, further escalating
the decrease in the buyer’s earnings. But, when the expected spot price is low, it becomes more cost-effective
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FIGURE 7. The impact of the final product market on the buyer’s profits. (a) The impact on
the order quantity and rent. (b) The impact on the buyer’s profits.

for the buyer to meet her demand through spot sourcing. Consequently, a further decrease in the buyer’s order
quantity from the supplier results in a diminished impact from the asymmetric information. The buyer just
needs to invest a minimal amount of information rent to identify the type of the supplier.

6.3. The impact of the final product market

Figure 7 reports the impact of the final product market when C'y = 55, 8 = 0.5 and m = 0.5. It is shown that
as the volatility of the final product market demand increases, the forward contract is more attractive to the
buyer, resulting in a greater impact from information asymmetry. Specifically, when the demand uncertainty op
grows larger, the degree of distortion in the reservation volume of the high-cost supplier and the information rent
will increase accordingly, resulting in a decrease in the buyer’s profits but a increase in the supplier’s earnings.

7. CONCLUSION

With the development of economic globalization and technological progress, the individualized demand of
consumers has become a scarce resource. It is no longer a seller’s market where supply is in short, but a buyer’s
market dominated by the downstream firm who grasps the demand of the terminal market. In order to better
cope with the risks associated with variable demand and price fluctuations, the integration of the spot market,
financial innovation tools and the supply chain has garnered increasing attention. In practice, the extensive
utilization of financial contracts, such as the forward contract, has enabled the buyer to obtain considerable
benefits in the practical fields of rapidly evolving product categories, such as fashion and electronics. Never-
theless, this contract is unable to adequately mitigate the adverse consequences resulting from the supplier’s
private cost information. The main goal of this study is to explore how the buyer might effectively combine an
imperfect spot market to develop screening forward contracts.

To better explore the management insights, this study has accomplished the following work. Firstly, the
principal-agent theory is applied to formulate the buyers strategic forward contracting and spot market trading
under asymmetric cost information. Subsequently, based on the revelation principle, this paper obtains the
optimal contracts under different information states. Moreover, by conducting a thorough analysis of contract
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specifications and numerical examples, this work examines the impacts of asymmetric cost information and
imperfect spot market conditions on the strategic forward contracting and the performance of chain members.

According to the results, the forward quantity from the high-cost supplier is distorted downward to screen the
cost type under asymmetric cost information. Specifically, the greater the difference in production cost and the
lower the probability of encountering the high-cost supplier are, the greater the forward quantity from the high-
cost supplier will be distorted. The existence of asymmetric information will reduce the buyer’s own revenue,
while the low-cost supplier can obtain additional information rent under asymmetric information. In addition,
I discover that a spot market with higher liquidity does consistently enhance a buyer’s profitability. However,
in the presence of asymmetric information, the influence of market liquidity on the profits of participants in
the supply chain will be subjected to expected spot price. With a highly liquid spot market, asymmetric cost
information can dampen the speculation of a buyer. In turn, when the expected price in the spot market is
low, the spot market with high liquidity can serve as a buyer’s additional procurement channel, allowing her to
decrease reliance on the supplier, which mitigates the adverse impact of asymmetric information. In the last,
although the forward contract is viewed as an important tool to resist fluctuations in markets, the role of a
forward contract will be affected by information asymmetry. Obviously, having suffered from a large fluctuation
in market demand, the buyer is more likely to stabilize the supply of raw materials through a forward contract.
However, implementing this strategy will inevitably amplify negative repercussions for the buyer due to her
information disadvantage.

This framework serves as a first approach to analyze the design of a forward contract with an imperfect
spot market in the presence of asymmetric cost information. To summarize, this study presents the following
contributions. First, given the asymmetric cost information, this work derives a menu of forward contracts to
help the buyer screen the supplier, which can not only exclude suppliers with inferior production technology, but
also prevent the low-cost supplier from disguising. Second, to mitigate the risks associated with fluctuations in
the market, this study provides valuable insights for managers, assisting them in rational procurement selection
between the forward contract and an imperfect spot market. Lastly, this paper further investigated the interac-
tion of the supplier’s private cost information and the buyer’s trading in imperfect spot market. Interestingly,
it is found that asymmetric material cost information can discourage the buyer from engaging in speculative
activities in the spot market. While the existence of a well-developed raw material spot market with a relatively
lower price can offer the buyer alternative ways to make procurement and mitigate the negative impacts of his
cost information disadvantages.

Inevitably, there is a cross-cutting relationship between supply chain management and finance. Introducing
the forward contract into the supply chain can effectively control the uncertainty caused by market fluctuations.
This study provides insights into how the buyer should modify her forward contracting strategies with the
supplier who has private cost information to synchronize with the thriving business generated by the rise of
B2B spot markets. Despite some important results are already obtained in the paper, it is promising to do
further investigations to address some limitations in this work. In the future, this research can be extended
in the following aspects. This study operates under the assumption that both the supplier and buyer possess
rationality, without taking into account their individual risk preferences. The game model can be enhanced by
incorporating risk attitudes. An another intriguing avenue for the research is the integration of forward and
option contracts, as well as other complementary contracts in the presence of asymmetric information.

APPENDIX A.

Proof of Theorem 1. Under symmetric information, if the constraints in the problem (3) are not tight, the buyer
can still obtain higher returns by reducing payments to the supplier. Therefore, when the forward contract is
optimal, there must be ng (T-E, qlE) =0,TF = CiqF.

K2
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To determine if there is a maximum point for the buyer’s profits in the optimization problem (A.1), the
constraint conditions need to be incorporated into the objective function, and calculate the negative definite
verification of the Hessian matrix of 7% with respect to ¢% and ¢F.

The expected profits of the buyer are:
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Calculating the second partial derivatives and mixed second partial derivatives of 75 with respect to ¢& and
E .
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From the above formula, it is obtained ~—gBs ~—gbs — 5B > 0, so the Hessian matrix composed of the
O(QL) D(QH) 8qL 8qH

second-order partial derivatives and mixed partial derivatives of the buyer’s profit with respect to ¢¥ and ¢&
is negative definite. The buyer’s profit function is jointly concave with respect to ¢¥ and ¢f. The stationary
point is the maximum point, and the optimal reservation quantity of each type can be obtained by making its
first-order derivative with respect to ¢¥ and ¢% equal to 0.

% =7rG (q7) + [(L=m)l = m (r — pp)] G (qi7) + [mpp + (1 = m)v] G (q7) = Cu =0,

!

5 =rG(qf) + (1 =m)l = m (r — pp)| G (¢7) + [mpp + (1 =m)v] G (¢f) — Cr = 0.

The optimal forward reservation quantity is:

E* 1| A=m)(r+)+mup—Cu
qH =G |: (1—m)(r+l—v) ] ’
(A.2)
E —G-! A=—m)(r+D)+mup—Cr
v = (1—m)(r+l—v) :
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It is easy to find qg* <qF *. This solution can satisfy the constraint condition (IC-1), thus it is the optimal
solution of the problem. Substituting the optimal predetermined quantity obtained into (A.1), the optimal total
payment can be obtained. Theorem 1 is proved. O

* N (I1—m)(r+)+mup—C; _ A=m)(r+)+mupp—0C;
Proof of Corollary 1. Recall that ¢¥” = G~! [ (1)7m)()r+lf{)’) . Denote J = ¢ (1£m)()r+lf$ . Note that

G~ is monotonically increasing. So the monotonicity of ¢”(+) is consistent with that of J(-). It is calculated
that

dJ 1 oqF”
a0 = U-mr+i—v ~Yac <%
oJ m dgE”

= >0, —— >0,
oup  (1—m)(r+1—v) Oup

aJ Ci—v+mv—mup dq;

— = >0, —— >0,
ol I—m)(r+1-v)2 ol
67‘] _ pup —C
om  (1—m)2(r+1—wv)
when up > Cj, g—;i >0, Bgi* > 0.
Corollary 1 is proved. O

Proof of Theorem 2. Under asymmetric information, the supplier’s production cost C; is the supplier’s private
information. Solving the optimization problem (6) requires simplifying and relaxing the constraints. Given that
Cy > Cp, as long as constraints (IR-1) and (IC-2) are met, constraint (IR-2) is automatically satisfied, so
constraint (IR-2) can be ignored. In addition, constraints (IR-1) and (IC-2) must be tight, otherwise, it can
always increase the amount of T4 and T} by an equal amount of § units to satisfy all constraints, which will
reduce the buyer’s objective function value. By tightening constraints (IR-1) and (IC-2), one can obtain:

T} = Cuafy — Crafy + Cray - (A.4)

Substituting the above equations into the buyer’s objective function yields:
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To determine whether 7% has a maximum point with respect to ¢f and ¢f;, one can calculate the second-order
partial derivatives of 7T£ with respect to qf and qfl, and the second-order mixed partial derivatives:

527r§
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The above expressions show that ——z25 ~—58s — =B > 0, which indicates the Hessian matrix is negative.
6(qL) 8(‘]1.1) 8qLaqH

:(mfl)(r+l7v)g(qf) <0,

=B(m—1)(r+1-v)g(qf;) <0,

Thus, the buyer’s profit function is a joint concave function with respect to ¢f and ¢%. The stationary point
is the maximum point, and the optimal number of reservations for each type can be obtained by making its
first-order derivatives of ¢f" and ¢ equal to zero.

7TF — .
S = 1Glaf) + (1= m)l = m (v = up) G (aF) + lmpr + (1 = m)v] G (af) = Cu =
L
gzg = B[rG (qz7) + (1 =m)l —=m (r — up)] G (qf7) + [mpp + (1 = m)v] G (g57)] — Cu + (1 — B)C, = 0.
H

The optimal pre-order quantity is given as

F*_ e[y Ca—(1-B)Cp—(—m)v—Bm
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(A.5)

It is easy to verify that qg* <qF *. This solution can satisfy the constraint condition (IC-1). Therefore, it is
a globally optimal solution. By substituting the optimal predetermined quantity into (A.3) and (A.4), one can
obtain the optimal total payment.

Theorem 2 is proved. O
Proof of Corollary 4. Recall that qﬁ* = G '1- CH7(175()37;)(&:—?—)5;7'%”“3}- Let J = 1 —
Cr 7(175()%7;)((17;7?_)5 ;) —Bmir Note that the monotonicity of ¢f; is consistent with that of J(-). It is calculated
that:
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Corollary 4 is proved. O
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Proof of Corollary 5. Substituting the specific distribution U0, K] of D into the Theorems 1 and 2, one has

E* (1—m)(r+0)+mup—C F* Cy—(1-8)CrL—(1—m)Bv—pBm,
g =K (1—m)(r+lﬁi) Loqy =K (1 - = ﬂ(l_Lm)(r+l—v) HP)'

Let L = ¢ — qfl* = %, which represents the degree of distortion of the buyer’s reservations
of the high-cost supplier in %orward contract under asymmetric information.
oL K(Cy —Cy) <0
o8 (m—-1)(r+1-w) ’
oL
—— =0,
Oup
oL K(1-p0) 50
Cy Bl —m)(r+1—v) ’
oL _ K(B-1)(Cr=C1) _,
ol Bl —m)(r+1—wv)? ’
oL _ K(1-p)(Cn—Cy) _
om Bl —m)2(r+1—v)
Corollary 5 is proved. O
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