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INFORMATION SHARING IN A COLLECTORS-LED CLOSED-LOOP SUPPLY
CHAIN

KEYUAN CAIY*, YIWEN ZHANG2, YAQI Lou® AND SHUGUANG HE?

Abstract. This paper considers a closed-loop supply chain (CLSC) in which two collectors provide
used products to a manufacturer for remanufacturing. The collectors act as the channel leader, while the
manufacturer is the follower and possesses private demand forecast information. We aim to investigate
the manufacturer’s information sharing strategy and the effect of different information sharing strategies
on the participants in the CLSC. We find that the manufacturer has an incentive to share its demand
forecast information with the collectors. When the collectors’ investment cost-efficiency is high, the
manufacturer prefers to share its information with only one collector. Under this scenario, the collector
obtains the highest expected profit in all the information sharing cases. In addition, when the investment
cost-efficiency is low, the manufacturer is willing to share its information with both collectors.
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1. INTRODUCTION

With the development of society, more and more waste electrical and electronic equipment (WEEE) is pro-
duced in the world. In WEEE, there are hundreds of chemical materials, and a lot of the materials are harmful
to human health if not handled properly, such as the lead, mercury, cadmium and beryllium. Moreover, there are
some valuable metals in WEEE, such as the gold, silver and titanium. These valuable metals can be extracted
and bring economic value for the corporations [32]. In view of the environmental hazards and economic value of
the WEEE, many countries enact related legislations to encourage the WEEE collection and remanufacturing.
In Europe, the legislation “WEEE Directive (Directive2003/108/EC)” states that the manufacturers should
take financial responsibility for the WEEE collection. Similar legislations can also be seen in US, Japan and
China [28]. As a result, many manufacturers, such as Xerox, Canon, IBM and Caterpillar, build their used
product collection and remanufacturing systems either by themselves or by a third party [2,11,41].

In practice, there are generally three participants in a closed-loop supply chain (CLSC): the manufacturer,
the retailer and the third-party collector, and any one of them can undertake collecting used products [23].
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Traditionally, in the CLSC, the manufacturer is the channel leader which offers contracts to the collector, such
as the Xerox, Apple and Toyota [28]. However, in recent years, as the collector has developed, some collectors
start to play a leadership role in the corresponding CLSC, such as IBM’s Global Asset Recovery Services,
ReCellular and SIMS Metal Management [2,17]. These collectors are known for the used product collection. We
take the IBM as the example. Recognizing the growing importance of reverse logistics flows, IBM established
the Global Asset Recovery Services (GARS) organization in late 1998, whose responsibility is to manage the
dispositioning of returned items. GARS operates some 25 facilities all over the globe where returns are collected
and inspected. It assesses which returned item may be remarketable, either ‘as is’ or after a refurbishment
process. For this purpose, IBM operates nine refurbishment centers worldwide, each dedicated to a specific
product range. In particular, after dismantling the returned item, the generic components may be sold on the
open market and the remainder is broken down into recyclable material fractions, which are sold to external
recyclers [4,5]. Thus, one can see that the existence of a CLSC with upstream collectors and downstream
corporations is quite common in practice.

Another focal problem that has attracted extensive theoretical and practical attention is information asym-
metry between the upstream collectors and the manufacturer in the CLSC. In reality, because of the lack of
detailed sell-through data, collectors couldn’t adequately observe the product demand information. By compar-
ison, the manufacturer can more easily acquire superior demand information than can upstream collectors. For
example, IBM and Hewlett-Packard routinely require their resellers to provide them with the sell-through data
and make a product demand forecast to reduce risk through analyzing the data [18]. Thus, collectors may have
to rely on the manufacturer for product demand information. In the CLSC, the collectors decide the collection
investment, collection rate and transfer price of used products based on the product demand information. And
then the manufacturer decides the product prices considering the above decisions and product demand infor-
mation. Thus, product demand information has important effects on the expected profits of the manufacturer
and collectors. Hence, it naturally generates the following research problems: Does the manufacturer have an
incentive to share its private demand forecast information with the upstream collectors? If yes, how should it
selectively share its information with the collectors? What are the information sharing preferences of the col-
lectors? What are the effects of different information sharing arrangements on the CLSC decisions? To address
these questions, in this paper, we consider a CLSC with one manufacturer and two collectors. The collectors act
as the channel leader, while the manufacturer is the follower and has the private demand forecast information.
The manufacturer could choose to share its demand forecast information with the collectors or not. Therefore,
there are three information sharing cases in the CLSC: (1) no information sharing, (2) the manufacturer sharing
information with only one collector, (3) the manufacturer sharing information with both collectors. In our paper,
we focus on investigating the information sharing strategies of the manufacturer, and examining the effect of
the different information sharing strategies on the CLSC.

The main contributions of this paper are presented as follows: Firstly, we consider a collectors-led CLSC
structure, in which the collectors are the channel leaders which offer contracts to the manufacturer. As the
collector has developed, this CLSC structure is common in practice. However, few scholars study it. Secondly,
we extend the theme of information sharing in the CLSC. We examine the information sharing strategy of
the manufacturer in a collectors-led CLSC. The manufacturer should not only decide whether to share its
information with the collectors, but also the number of the collectors it shares with, which is a realistic and
important topic. Thirdly, conventional wisdom and a lot of literature suggest that the downstream corporation
should not share its information with its upstream corporations in the supply chain, because it will hurt itself
but benefit the upstream corporations if it shares. However, we find that, in the collectors-led CLSC, the
downstream manufacturer has an incentive to share its information. And we show the conditions under which
the manufacturer should share its information with only one collector or both collectors. Our research results
provide important managerial implications for the participants in the CLSC.

The rest of this paper is organized as follows: In the next section, the relevant literature is presented. In
Section 3, we describe the problem and make some assumptions. In Section 4, we build the different information
sharing models and obtain the equilibrium solutions through backward induction. In Section 5, by comparing



INFORMATION SHARING IN A COLLECTORS-LED CLOSED-LOOP SUPPLY CHAIN 2331

the different information sharing cases, we get the manufacturer’s information sharing preference and the impact
of the different information sharing strategies on the CLSC. Finally, Section 6 draws a conclusion of this paper.

2. LITERATURE REVIEW

Our work is closely related to two research streams, that is, information sharing in the supply chains and
remanufacturing in CLSCs.

2.1. Information sharing in the supply chains

Information sharing in supply chains has been intensively investigated in recent years. After an excellent
survey of the literature, it shows that most of the studies focus on the impacts of information sharing on the
forward supply chain [7-9, 20,24, 44, 47]. In the latest literature, Wu et al. [40] investigate the information
sharing issues in a supply chain with multiple suppliers and two retailers. Zhang et al. [48] study the impact of
information sharing on the dual-channel supply chain and derive the conditions under which the manufacturer
should give up its pricing power. Guan et al. [6] discuss the influence of manufacturer-provided service on the
information sharing issues in two competing supply chains. Lei et al. [19] explore the issue of ex post demand
information sharing in a supply chain with two suppliers and one retailer. Xing et al. [42] investigate the
information sale issue in a supply chain with one supplier and multiple manufacturers. Wang et al. [37] explore
the intermediary’s information sharing strategies in an online retailing supply chain. Yu et al. [43] study the
impact of demand information sharing on the carbon emission reduction in supply chains. Wang et al. [30]
analyze the influence of information sharing on a supply chain with a contract manufacturer, and the results
shows that information sharing is beneficial for original equipment manufacturer when the wholesale price is
exogenous. Wang et al. [36] study the interaction between information sharing and information leakage in a
two-echelon supply chain.

The above studies mainly explore the issues of information sharing in the forward supply chain, however,
few scholars explore the information sharing issues in the reverse supply chain. Recently, several researchers are
aware of these issues. Zhang et al. [46] investigate the issue of contract design in a closed-loop supply chain with
asymmetric cost information. Hosoda et al. [10] study the effect of information sharing on a closed loop supply
chain with uncertain market demands and product returns. Wang et al. [29] design a reward-penalty mechanism
in a closed-loop supply chain with asymmetric information on the collection effort level. Huang and Wang [11]
explore the influence of information sharing on a closed-loop supply chain under supplier-remanufacturing and
manufacturer-remanufacturing scenarios. Zhang and Xiong [45] consider a CLSC with one manufacturer and
one retailer in which both of them have demand forecast information and the manufacturer is responsible for
collecting and remanufacturing. They investigate the information sharing problem under “make-to-order” and
“make-to-stock” scenarios. Our paper differs from Zhang and Xiong [45] in two aspects. One is that we consider
a CLSC with two collectors and one manufacturer. The collectors collect the used products and then sell them
to the manufacturer for remanufacturing. The other is that we mainly study the influence of the manufacturer’s
information sharing strategy on the collectors-led CLSC. Huang and Wang [12] study the effect of information
sharing and learning effect on a closed-loop supply chain with technology licensing. Wang et al. [38] focuses
on the influence of information sharing modes on the dual-channel closed-loop supply chains. Huang et al. [14]
investigate the demand information sharing value of the retailer in a dual-channel closed-loop supply chain.

In our paper, we also examine the demand information sharing in a CLSC. However, different from the
above works, we consider a CLSC in which two upstream collectors collect different used products and then sell
them to the downstream manufacturer for remanufacturing. The collectors are the channel leader and there is
product competition. We try to examine the demand information sharing effects on this type of CLSC. To our
best knowledge, none of existing literature studies this issue. Thus, our paper enriches this line of research.
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2.2. Remanufacturing in CLSCs

In the recent past, remanufacturing in CLSCs has received extensive attention for the scholars. In most of
existing literature, the researchers explore the related issues considering that the manufacturers act as Stack-
elberg leaders [1,13,16,22,23,41,50]. In the latest literature, Wang et al. [32] consider that the manufacturer
is the Stackelberg leader and investigate the government’s carrot/stick mechanisms for the collection responsi-
bility sharing in a multi-tier CLSC. Zheng et al. [49] study the influence of different power structures on the
manufacturer’s encroachment strategy in a CLSC. Wang et al. [35] explore the collusive behavior of retailers in
a CLSC with one manufacturer and two competing retailers. Shi et al. [25] discuss the integration strategy of
the manufacturer in a dual-channel closed-loop supply chain. Wang et al. [33] investigate the issue of reverse
channel design in a CLSC with a dominant retailer and upstream competition. Jalali et al. [15] propose the
best configuration of complementary goods in a CLSC with one manufacturer and one retailer. Wang et al. [34]
study the effect of consumer behavior on the dual-collecting closed-loop supply chain. Wang and Wu [39] discuss
the optimal decisions on the carbon emission reduction and product collection in a CLSC with cap-and-trade
regulation.

The above papers consider that the manufacturers are the Stackelberg leaders in the CLSCs. However, in
practice, the manufacturers don’t always have strong channel power. Recently, several scholars pay attention
to the CLSCs where the collectors act as Stackelberg leaders. Choi et al. [2] examine the impact of different
channel leadership on the CLSC, and the results show that collector-led model is not the most effective model
for used-product collection. Wang et al. [28] explore the rewardCpenalty mechanism for the manufacturer-led
and the collector-led CLSCs under various channel power structures. Wang et al. [31] investigate the benefit
of the reward-penalty mechanism in a two-period CLSC where the collector sells the used products to the
manufacturer in the second period.

It can be seen from the above literature that the CLSC where the collector acts as the channel leader has
attracted much attention of researchers in recent years. Our work differs from these papers in that we mainly
explore the information sharing issue in the collectors-led CLSC with product competition. Specifically, we
investigate the impacts of the manufacturer’s information sharing choices to the collectors on the CLSC firms’
operational decisions and profits.

The above sections show that our research problems presented in the Introduction are important but are
not addressed in the existing literature. Table 1 describes the difference between our work and previous works.
In conclusion, our work contributes to the existing literature in two main aspects. One is that we extend the
previous CLSC models by considering a collectors-led CLSC with product competition. Our research results
enrich the related CLSC literature. The other is that we introduce the demand information asymmetry issue
into the collectors-led CLSC with competition where the manufacturer has the superior demand information.
We explore the effects of different information sharing arrangement on the CLSC participants’ expected profits
and operational decisions.

3. PROBLEM DESCRIPTION

Consider a CLSC consisting of two collectors and a manufacturer (see Fig. 1). As in Choi et al. [2], Wang
et al. [28] and Wang et al. [38], we consider that the collectors have strong channel power and act as Stackelberg
leaders. In the reverse supply chain, collector i(i = 1,2) collects the used product ¢ from consumers in the
market. The collection rate of collector ¢ is 7;. In line with Savaskan et al. [23] and Choi et al. [2], we take a
quadratic form for the investment cost of collector i. More specifically, the investment cost function is k7;2, where
k is the scaling parameter, which captures the investment cost-efficiency. A higher k£ means a lower efficiency in
investment since it incurs a higher cost for the same collection rate. For simplicity, we assume the unit collection
cost from consumers is zero, which doesn’t impact the managerial insights obtained in this paper [25,41]. In
the forward supply chain, the collector 7 sells the used product ¢ to the manufacturer at a transfer price b; for
remanufacturing, and the manufacturer sells the new product i to the consumers at a retail price p;. Consider
that the unit production cost of producing a new product with used products ¢, is lower than producing a new
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TABLE 1. Differences between our work and the most related literature.

References CLSC Collector-led  Product competition Demand information sharing
Wu et al. (2019) No No Yes Yes
Guan et al. (2020) No No Yes Yes
Lei et al. (2020) No No Yes Yes
Wu and Zhou (2017) Yes No Yes No
Zhang and Xiong (2017) Yes No No Yes
Huang and Wang (2017) Yes No No Yes
Wang et al. (2021) Yes Yes No Yes
Huang et al. (2021) Yes No No Yes
Choi et al. (2013) Yes Yes No No
Wang et al. (2015) Yes Yes No No
Wang et al. (2018) Yes Yes No No
This paper Yes Yes Yes Yes
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F1GURE 1. The investigated CLSC structure.

one with raw materials ¢,,, i.e., ¢, < ¢,,. For convenience, we let A = ¢,,, — ¢,. A indicates the unit saving cost
of remanufacturing. Note that A > b;, otherwise, the manufacturer is not willing to buy the used products from
the collectors. Thus, the average unit cost of a new product is 7;¢, + (1 — 7)epm = ¢ — ATy

Following Ha et al. [8], Wu and Zhou [41] and Lei et al. [19], we adopt the inverse demand function given as

pi = a—q; — bg;, (3.1)

where ¢; is the selling quantities of product i, and 6 € (0,1) denotes the competition intensity between the
product ¢ and the product j. a is the market base of product i. We consider that the market demand of product
i is uncertain because of the changes in business conditions. Thus, in our model, a is a random variable. To
capture the uncertainty, suppose a = ag + e, where ag is the mean demand and e is the uncertain part of the
product demand. Suppose e follows a normal distribution with mean zero and variance V In this paper, we
consider that the manufacturer has the advantage to make a demand forecast with respect to the market demand
a, because the manufacturer is closer to the market. The demand forecast information of the manufacturer is
f, and f = a+ ¢, where ¢ is the error term, and follows a normal distribution with mean zero and variance S.
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¢ and e are independent of each other. According to the research of Cyert and DeGroot [3] and Vives [27], we
get the following information structure:

S Vv

Blalf)=yrs®tvis

f=Q0=plas+pf = A, (3-2)

where p = V/(V +.5), which indicates the forecast accuracy because it is negatively correlated with the variance
S, and p € (0,1). Furthermore, based on the above information, we can get the following equation.

E[(f —a0)’] = El(e+¢)’] =V +8S. (3.3)

The manufacturer makes a demand forecast and the forecast information is private. It can choose to share
the forecast information with the collectors or not. In this paper, similar to Li [20] and Ha et al. [8], we assume
that the shared information is true and the collectors make decisions based on the information available. We
model the CLSC as a three-stage game. In the first stage, the manufacturer makes a demand forecast f and
decides whether to share the forecast information with the collectors. In the second stage, collector i sets the
collection rate 7; and unit transfer price b; of used products based on the available demand information. In the
final stage, upon receiving 7; and b;, the manufacturer decides the selling quantities ¢; of product i.

Based on the CLSC structure, we note that there are three information sharing cases: (1) manufacturer
doesn’t share information with the collectors, (2) manufacturer shares information with only one collector, (3)
manufacturer shares information with both collectors. Next, we will investigate these three information sharing
cases, and obtain the equilibrium solutions in each case by backward induction. Based on the equilibrium
solutions, we will make analysis and obtain some managerial insights.

The notations used in our model are shown in Table 2.

4. INFORMATION SHARING CASES

In this section, we develop the three information sharing models and get the equilibrium solutions through
backward induction. Similar to Savaskan et al. [23], Choi et al. [2] and Ha et al. [9], to guarantee that the interior
equilibrium solutions exists and A > b;, we assume ko = A?/[8(1 — 6?)] < k < A?/[4(1 — 6?)] = 2k, i.e., it is
not too cheap or too expensive to make the investment in used products collection. In addition, m.;(n), war(n)
and IIgc(n) stand for the expected profits of the collector i , the manufacturer and the whole supply chain
when the manufacturer shares the demand forecast information with n collectors, respectively, n = 0,1, 2. The
superscript NI represents that the manufacturer doesn’t share demand forecast information with the collector,
and the superscript IS denotes that the manufacturer shares the information with the collector.

4.1. Case 1: no information sharing

In this case, the manufacturer doesn’t share the demand forecast information with the collectors. As a result,
the collectors only know the expected value of the market demand. Therefore, the collector i’s decision function
and the manufacturer’s decision function can be described as follows:

m&}j{E(ng) = E(bimigi — k7}), (4.1)
max E(mar | f) = E[(pi — cm + (A = bi)7i)qi + (pj — cm + (A = bj)15)q5 | f], (4.2)

qi,4j

where p; = a — g; — 0g; and p; = a — q; — 0g;.
By jointly solving the first derivative of E(mp | f) with respect to ¢; and ¢;, we get the opti-

) 1-0)A+(A—b;)Ti—(A—b;)Tj+CmO—cCm
mal response functions of the manufacturer as follows: ¢! = (1=6)A+( ’)27(1_(02) DTitemb—cm  5nq
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TABLE 2. Summary of notations.

Notation  Definition

a The market base of the products

ao Mean market demand

Ti Collection rate of collector ¢, ¢ = 1,2 (decision variable)

b; Unit transfer price of used product i decided by collector 4, 7 = 1,2 (decision
variable)

qi Selling quantity of product ¢ (decision variable)

0 The competition coeflicient between the two products, 0 < 6 < 1

Investment cost coefficient

Cm Unit production cost of producing a new product with raw materials

Cr Unit production cost of producing a new product with used products

A Unit saving cost of remanufacturing, A > b;

f Manufacturer’s demand forecast information

A Forecast expected value of market demand

e Uncertain part of the product demand

€ Error term of forecast

\% Variance of uncertain demand

S Variance of forecast

P Forecasting accuracy, p=V/(V+S)and 0 < p <1

mlf (n) Informed collector i’s expected profit when information is shared with n
collectors

el (n) Uninformed collector #’s expected profit when information is shared with
n collectors

mm(n) Manufacturer’s expected profit when information is shared with n collectors

Hsc(n)  Whole supply chain’s expected profit when information is shared with n
collectors

qj»\” = (lie)AHA*bi)QT(jlf_({gAz;bi)Tﬁc"‘efc’”. Note that the collector ¢ doesn’t know the demand forecast infor-

mation. Thus, collector i anticipates that the manufacturer’s response functions as follows: E(qfv I =

(1_9)“°+(A_bi)27(ii__((§)_bj)Tj+C’"9_c’") and E(qu = (1_9)%+(A_bj%ﬁ:gﬁ)_bi)n—kcmg_cm). Substituting F(¢]¥!) and

E(qJN ) into the collector i’s decision function, we can obtain the equilibrium collection rates and transfer prices.

Taking the equilibrium collection rates and transfer prices into ¢! and qJN I then we can get the equilibrium
selling quantities of product . All the equilibrium solutions are presented in the following Lemma 4.1. The
detailed proof of Lemma 4.1 is shown in Appendix.

Lemma 4.1. In case 1, in which there is no information sharing in the CLSC, the equilibrium solutions in this
case are characterized as follows:

4k(1 — 62
B (0) = b (0) = =P (43)
Alag — ¢m)
NI NI _
0 =770 = Gk — ke — AT (4.4)
A dagk0? + agA? — 4¢, k0 — da k — depk
gV (0) = ¢! (0) = + = - : (4.5)

2(1+0) 2(1 + 0)(8k + 4k — 4k62 — A2)
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Based on the above equilibrium decisions, we obtain the expected profits of the collector ¢ and the manufacturer
as follows:

 k(8k — A? — 8k6?)(ag — ¢)?

NI NI
Y =¥ 4.
mert (00 = ey () = = ang — a2 — A% (46)
8k2(1 4 0)(ag — cm)? pV
0) = - 4.7
T (0) (8F + k0 — 4k02 — A?2 © 2(1 1 0) (47)
Thus, the expected profit of the whole supply chain is

2k(ag — )2 (12k + 4k0 — 8kH? — A2 vV

Mo (0) = 2000 — em) by oV (4.8)

(8k + 4k0 — 4k62 — A2)2 2(1+0)

It shows that there are stable equilibrium solutions in this case. The selling quantities of product 7 and
product j are increasing in the demand forecast value (A). The reason is that a larger A indicates a higher
demand. The manufacturer could gain more profits through producing more products. Moreover, we find that
the expected profit of the manufacturer increases with the forecast accuracy (p), which is consistent with our
intuition that a more accurate forecast is more beneficial to the manufacturer.

4.2. Case 2: sharing information with only one collector

In this case, the manufacturer shares its demand forecast information with only one collector. Because of the
symmetry, without loss of generality, we assume that the manufacturer shares the information with collector .
Consequently, collector i has the demand forecast information, however, the other collector (i.e., collector j) only
knows the expected value of the market demand. Thus, the collector ¢’s, the collector j’s and the manufacturer’s
decision functions are described as follows:

max E(r; | ) = B(biriq; — k| f), (4.9)
m%xE(wgf) = E(bj7jq; — k73), (4.10)
73505
I;?E}IXE(WM | ) = E[(pi — cm + (A = b:)73)qi + (pj — cm + (A = bj)75)a5 | f)], (4.11)
where p; = a — ¢; — 0g; and p; = a — q; — f¢;. Since the manufacturer has the forecast information, its

response functions are the same as the response functions in case 1. Moreover, note that the collector j’s
optimal decisions are the same as its optimal decisions in case 1, because collector j doesn’t know the demand
forecast information. Substituting manufacturer’s response functions and collector j’s optimal decisions into
collector i’s decision function, we can obtain the collector i’s equilibrium decisions. Subsequently, other decision
variables can be solved directly. The equilibrium results are summarized in the following Lemma 4.2.

Lemma 4.2. In case 2, in which the manufacturer shares its demand forecast information with only one col-
lector, the equilibrium decisions of the supply chain participants are shown as follows:
4k(1 — 6?)

b5 (1) = ——x— (4.12)

4k(1 — 92

bé\”(l) _ ( < ), (4.13)

A(—4agk®? — agA%0 + 8¢, k0? + A2c,, + dagkd — 8c,, k)
(8% — 8k02 — A2)(Sk + 4k0 — 4k62 — AZ)

+ F(A), (4.14)
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Alag — ¢m)
NIy = 4.1
(1) 8k + 4kO — 4k62 — A2’ (4.15)

s 2k (8¢ k0? + A2c,, + 4agkd — 4apkt® — ag A0 — 8¢, k)
4= (8k — 8k02 — A2)(3k + 4k — 4k02 — AZ)

+ J(A), (4.16)

M) _ap(48k%0% + 12A%k — 32k% — 16k%0* — 8AK0® — A*)
I 2(8k — 8k62 — A?)(8k + 4k0 — 4k02 — A2)
cm (32K%602 + 4A%k — 32k2)
(8k — 8Kk02 — A2)(8k + 4kO — 4k02 — A2)

(4.17)

+3 +1(4),

where F(A) = A(1 — 0)A/(8k — 8k0? — A?), J(A) = 2A(1 — 0)k/(8k — 8k0? — A?) and I(A) = A(8k — 4kf —
4k6% — A?)/(16k — 16k6% — 8A?).
Then, we can obtain the collector i’s, the collector j’s and the manufacturer’s expected profits as follows:

 k(8k — A% — 8k62)(ag — c)? k(1 —0)2pV

IS

2(1) = 4.1

o W) = R T a0 4k — A%)2 T Sk —sko? — AT (4.18)
k(8k — A% — 8Kk6?)(ag — cm)?

M) = = 4.1

mer D) = TR dke — akeE — A% (4.19)
N (48K20* + 16 A%K02 + 32k%60° + A* — 128k20% — 16A%k — 32k26 4 80k2)pV
M A(8k — 8k — A2)? (4.20)
8k2(1 4 6)(ap — cm)? ’
(8k + 4k0 — 4k02 — A2)2’
Thus, the expected profit of the whole supply chain can be given by

Hsc(1) =l (1) + xS (1) + ma(1). (4.21)

In this case, the collector i obtains the demand forecast information. Based on the above equilibrium solutions,
we observe that the collection rate of collector 7 is increasing in the demand forecast value (A). The reason behind
this result is that when it shows that the market demand is high, the collector can collect more used products
by raising the collection rate. However, it is interesting to find that the transfer price of product ¢ is irrelevant
to the demand forecast, even if the collector i have the demand forecast information. The expected profit of the
collector ¢ increases with the forecast accuracy (p). This is because an increase in forecast accuracy could let
the collector ¢ make its decisions more precisely.

4.3. Case 3: sharing information with both collectors

In this case, the manufacturer shares its demand forecast information with both collectors. As a result, both
collectors know the information. Hence, each collector’s and the manufacturer’s decision functions are given by

m%XE(ngS | f) = E(biriqi — k72 | f), (4.22)
max E(mas | f) = E[(pi — cm + (A = bi)7i)qi + (pj — cm + (A = bj)15)q; | f], (4.23)

9i,q;
where p; = a — ¢; — 0¢; and p; = a — g; — 0¢;.Similarly, through employing backward induction, the equilibrium
solutions in this case are shown in Lemma 4.3.
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Lemma 4.3. In case 3, in which the manufacturer shares its forecast information with both collectors, the
equilibrium solutions are presented as follows:

4k(1 — 62
b1 (2) = bl (2) = =), (4.24)
A(A—cp)
1S9y — 159} — m 4.2
T2 =770 = Ik —aker AT (4.25)
2k(A —cp)
IS 18 m
1509) = ¢1°(2) = ) 4.2
@2 =4"Q) = G —ake — A2 (4:26)
Accordingly, the expected profits of the collectors and the manufacturer are
A2 _REp2 )2 A2 _ 1p2
715(2) = 715 (2) = k(8k — A% — 8k0°)(ag — cm) k(8k — A% —8k0°)pV ’ (4.27)
J (8k + 4k6 — 4Kk02 — A2)2 (8k + 4k0O — 4k02% — A2)?
8k2(1 + 0)(ag — cm)? 8k2(1+0)pV
2) = . 4.2
™ (2) = R 4k — 4K67 = A7) T (8% £ 4k0 — 4K07 — AT)? (428)
The expected profit of the whole supply chain is
Osc(2) = nlf(2) + w51 (2) + mu(2). (4.29)

We can find that the collection rates and the selling quantities are increasing in the demand forecast value
(A), which means that the collectors and the manufacturer adjust their decisions based on the demand forecast.
Nevertheless, the collectors don’t adjust the transfer prices of used products, which is an interesting finding. We
also observe that a higher forecast accuracy (p) can bring more profits of the supply chain participants. This
can be understood that a higher accurate forecast allows the supply chain members to make better decisions to
maximize their profits.

5. COMPARISON AND ANALYSIS

In this section, we compare the equilibrium solutions in the three information sharing cases to gain the
information sharing preferences of the supply chain players. The outcomes are shown in Propositions 5.1-5.6.
Proofs of all propositions are given in Appendix.

Proposition 5.1. The transfer prices in the three information sharing cases are the same, i.e., bN1(0) =
bVI(0) = b5 (1) = bNT(1) = b]5(2) = b15(2) = 4k(1 — 62)/A.

From Proposition 5.1, it is interesting to find that the transfer prices of collectors are always the same in
various information sharing cases. It implies that the information sharing strategies of the manufacturer have
no impact on the transfer prices of the used products. From the expression, we can see that the transfer prices
are increasing in the investment cost coefficient k, and are decreasing in the product competition coefficient
f and unit saving cost of remanufacturing A. It shows that the stable transfer prices are the balance point
between the investment costs and the saving costs, given the product competition. This finding provides an
important enlightenment for the practitioner. For example, Universal Recycling Technologies and Electronic
Recyclers International, Inc. are Samsung’s main recycling partners. These two collectors collect used products
of Samsung and then sell them to Samsung for recycling [26]. In this case, Universal Recycling Technologies
and Electronic Recyclers International, Inc. should set a stable transfer price for the used products no matter
the demand information sharing scenarios.

Proposition 5.1 immediately implies that for different demand information sharing scenarios, the transfer
price of used products set by the collectors is stable. This proposition will help the collectors make proper
investment decision on the collection of used products.
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Proposition 5.2. If A > ag, the collection rates in the three information sharing cases are related as TiIS(].) >
715(2) = 779(2) > 7N1(0) = N (0) = 7N (1).

Proposition 5.2 indicates that the collection rates of the two kinds of products are the same in case 1 and case 3
because of the symmetry. Furthermore, the collection rate of product j in case 2 is equal to the collection rates
in case 1, and the collection rates are the lowest. This is because the collectors don’t have the demand forecast
information in these cases. When the collectors obtain the information that the forecast demand is higher than
the mean demand, Proposition 5.2 shows that the collection rate of product ¢ in case 2 is the highest. The
reason is that in this case, the collector ¢ have the demand forecast information, but the collector j don’t have
the information. As a result, based on the information advantage, the collector i improves its collection rate
greatly to gain more profits. For example, ReCellular and IBM subcontract their collection activities to many
third-party collectors separately [5,21]. In practice, the manufacturer has the advantage over the collectors
that it owns the product demand information, such as IBM [18]. This proposition indicates that if the demand
forecast information is positive, the collector would increase its collection rate when obtaining the information
from IBM.

Proposition 5.2 implies that if the manufacturer’s demand forecast information is positive, sharing the pos-
itive information with collectors could increase collection rate. Thus, from the perspective of environmental
protection, the government should encourage the manufacturer to share its demand forecast information with
the collectors if the forecast information is positive.

Proposition 5.3. If A > ag, the retail prices and selling quantities in the three information sharing cases are
related as follows:

(i) pNT(0) = pNT(0) = pNT(1) > p[%(2) = pi*(2) > p]®(1);
(i) q°(1) > ¢/%(2) = ¢]°(2) > ¢} (0) = ¢} (0) > ¢} ' (1).

Proposition 5.3 (i) shows that the retail price of productj in case 2 is equal to the retail prices of products
in case 1, and the retail prices are the highest. This is because the collectors don’t have the demand forecast
information and the unit production costs are the same in these cases. When the collectors obtain the information
that the forecast demand is higher than the mean demand, it shows that the product i’s retail price in case 2 is
the lowest on account of the lowest unit production cost. Because of the retail prices shown in Proposition 5.3
(i), Proposition 5.3 (ii) indicates that the selling quantity of product i in case 2 is the highest, followed by the
selling quantities in case 3, and then the selling quantities in case 1. Interestingly, Proposition 5.3 (ii) suggests
that the selling quantity of product j in case 2 is not the same as the selling quantities in case 1, even if their
retail prices are the same (see Prop. 5.3 (i)). The reason behind this result is that the retail price of product
1 is lower than the retail price of product j in case 2. So the product i steals the selling quantity of product j
in this case. We also take IBM as an example. IBM possesses private demand forecast information. When IBM
shares the positive forecast information with a collector and the collector has the information advantage, the
corresponding retail price of products would be low, thereby resulting in high sales quantities. It occurs because
with high cost saving from remanufacturing, as the collection rate increases, the manufacturer’s unit production
cost decreases.

The implication of Proposition 5.3 is that if the manufacturer’s demand forecast information is positive,
sharing the information with the collector could decrease the retail price of products and be beneficial to
consumers. Accordingly, the sales quantity of products would increase for the corporations.

Proposition 5.4. The expected profits of the collectors in the three information sharing cases are related as
mor (1) > mlP(2) = 7P (2) > w31 (0) = w1 (0) = my ! (1).

Proposition 5.4 shows that because of the symmetry, the expected profits of the two collectors are the same
in case 1 and case 3. Specifically, the expected profit of collector j in case 2 is the same as the expected profits
of the collectors in case 1, and the expected profits are the lowest. This is because the collectors don’t have the
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demand forecast information in these cases, which highlights the importance of demand forecast information.
Accordingly, based on the information advantage, the collector i in case 2 gets the largest expected profit through
its low production cost and high selling quantity. In practice, a manufacturer currently mostly contracts with
more than one third-party collector. For example, Universal Recycling Technologies and Electronic Recyclers
International, Inc. are Samsungs two collection partners [26]. This proposition indicates that if a collector obtains
the demand forecast information from Samsung, it could obtain more profits due to the information advantage.

The implication of Proposition 5.4 is that no matter the manufacturer’s demand forecast information is
positive or negative, if the collector has the information and owns the information advantage, its profit could
increase. Thus, the collector should try to obtain the demand forecast information of the manufacturer by some
means.

Actually, Proposition 5.4 presents the collectors’ information sharing preference across the three information
sharing cases. Next, we explore the manufacturer’s information sharing preference, and the result is shown in
the following proposition.

Proposition 5.5. By comparing the manufacturer’s expected profits in the three information sharing cases, we
find that there exists a threshold ky such that:

(1) Ifk() <k< kl, then 7TM(].) > 7T1u(2) > 7TM(0),'
(2) If k = kq, then mar(1) = mpr(2) > war(0);
(3) Ifkl <k< Qko, then 7T1u(2) > ’/TM(l) > ’/TM(O),'

where ky is the solution for 64(36% — 40 — 12)(1 — 6%)%k3 + 16A%(1 — 6%)(2 — 0)(8 + 70)k? + 4A2(1 + 6)(50 —
)k + AS =0 in the interval (ko, 2ko), which exists and is unique.

Proposition 5.5 indicates that collectors’ investment cost-efficiency is a very important factor that affects
the profit relationship of the manufacturer under the three information sharing scenarios. More specifically, if
collectors’ investment cost-efficiency is high, the manufacturer prefers to share its demand forecast information
with only one collector. Assuming that the manufacturer shares information only with the collector ¢ , under
this scenario, the manufacturer can gain more profits from the product i. However, if collectors’ investment cost-
efficiency is low, the manufacturer is willing to share its information with both collectors. It shows that complete
information sharing can make the manufacturer gain the largest profit through setting the proper prices for
the products in this scenario. In reality, if third-party collectors provide used products for the manufacturer
and the manufacturer owns private demand forecast information, such as IBM, Samsung and ReCellular. This
proposition provides important insights for these manufacturers that collectors’ investment cost-efficiency plays
an important role in their information sharing decisions.

The enlightenment of this proposition for the manufacturer is that the collector’s investment cost-efficiency
is an important factor that affects its information sharing decisions. Specifically, the manufacturer should share
its demand forecast information with only one collector if the collectors’ investment cost-efficiency is high.
Otherwise, the manufacturer should share its demand information with both collectors.

6. NUMERICAL ANALYSIS

In this section, we provide some numerical examples and make sensitivity analyses to obtain more managerial
insights. Specifically, we explore the impacts of the manufacturer’s demand forecast value (A) and forecast
accuracy (p), and the market demand uncertainty (V') on the CLSC members’ decisions and expected profits.
Referring to Huang and Wang [11], we set the parameters as follows: ag = 25, ¢,,, = 10, ¢, = 4, § = 0.8, k = 20.
The analysis results are summarized in Figures 2-8.
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FIGURE 2. Impact of the demand forecast value on the collector 1’s collection rate.

6.1. Effect of demand forecast value (A)

From Proposition 5.1, we note that the transfer price of used products in the three information sharing cases
are unrelated to the demand forecast value (A). Hence, we investigate the influence of the demand forecast
value (A) on the collector 1’s collection rate, selling quantity and retail price of product 1 due to the symmetry.
We change the value of A from 20 to 30 and the results are presented in Figures 2, 3 and 4. Figure 2 shows
that the demand forecast value has no impact on the collection rate of the collector 1 under no information
sharing scenario because of the absence of demand forecast information. However, when the collector has the
forecast information, its collection rate increases with the forecast value. The reason may be that the collector
anticipates that it could collect more used products and obtain more profits with the increase of the demand
forecast value. In addition, from Figure 2, we find that if A > ag = 25, then 7{9(1) > 7{¥(2) > 71(0), and if
A < ag = 25, then 7{5(1) < 7{9(2) < 7]1(0), which is consistent with Proposition 5.2.

Figure 3 presents that the retail price of product 1 in all information sharing cases is increasing in the
demand forecast value (A). The intuition behind the result is that as the demand forecast value increases, the
manufacturer aims to obtain more profits by increasing the retail price of product 1. Interestingly, from Figure 4,
it shows that the selling quantity of product 1 in all information sharing cases is also increasing in the demand
forecast value (A). The reason behind this phenomenon is that though the retail price increases, the increment
of selling quantity because of the increased demand exceeds the decrement because of the increased retail price.

6.2. Effect of demand forecast accuracy (p)

We change the value of p from 0 to 1 under V' = 5 and the results are presented in Figures 5 and 6. Figure 5
shows that due to the lack of demand forecast information, the manufacturer’s demand forecast accuracy has
no impact on the expected profit of the collector 1 in no information sharing case. However, once the collector 1
owns the forecast information of the manufacturer, its expected profit increases with the manufacturer’s forecast
accuracy, which is intuitive. Furthermore, it is interesting to find that the impact of the forecast accuracy on
the collector 1’s expected profit in case 2 is greater than the impact on the collector 1’s expected profit in
case 3. This finding indicates that the collector has motivation to stimulate the manufacturer to improve its
forecast accuracy. Figure 6 shows that the manufacturer’s demand forecast accuracy has a positive effect on its
expected profit, which is intuitive. Interestingly, it is observed that with the increase of the forecast accuracy,



2342 K. CAI ET AL.

20 T T T

Retail price of product 1

14 I I L I I L I I 1
20 21 22 23 24 25 26 27 28 29 30

F1GURE 3. Impact of the demand forecast value on the retail price of product 1.
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FIGURE 4. Impact of the demand forecast value on the selling quantity of product 1.

the manufacturer’s expected profit in case 2 increases at almost the same speed as in case 3, which is higher
than the speed in case 1.

6.3. Effect of market demand uncertainty (V)

We vary the value of V' in the range from 5 to 10 under p = 5 and the effects are shown in Figures 7 and 8.
Figure 7 shows that under no information sharing case, the product demand uncertainty has no impact on
the collector 1’s expected profit. This is because collector 1 makes its decisions under no demand forecast
information. However, from Figures 7 and 8, it shows that when the collector 1 and the manufacturer have
the demand forecast information, their expected profits are increasing in the demand uncertainty. This finding
reflects the value of demand forecast information when the product demand is highly uncertain in the market.
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F1GURE 6. Impact of the demand forecast accuracy on the expected profit of the manufacturer.

In addition, it is observed that with the increase of the demand uncertainty, the collector 1’s expected profit in
case 2 increases at a higher speed than in case 3 (refer Fig. 7) and the manufacturer’s expected profit increases
at almost the same speed under the three information sharing cases (refer Fig. 8). These observations present
the importance of owning demand forecast information for the collector 1 and the manufacturer under different
information sharing cases.

7. CONCLUDING REMARKS

In this paper, we consider a collectors-led CLSC with one manufacturer and two collectors. The collectors act
as the Stackelberg leaders, while the manufacturer is the follower and has private demand forecast information.
Hence, there are three information sharing strategies for the manufacturer: (1) no information sharing, (2)
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sharing information with only one collector, (3) sharing information with both collectors. We focus on studying
the information sharing preference of the manufacturer and the effect of the different information sharing
strategies on the CLSC.

Our research results show that the collectors’ investment cost-efficiency plays an important role in the informa-
tion sharing strategy of the manufacturer. When the investment cost-efficiency is high, the manufacturer prefers
to share its demand forecast information with only one collector. However, when the investment cost-efficiency is
low, the manufacturer is willing to share its information with both collectors. In addition, interestingly, we find
that the transfer prices of the used products in the three information sharing cases are always the same. And
the transfer prices are increasing in the investment cost coefficient, but decreasing in the product competition
coefficient and unit saving cost of remanufacturing. When the collectors obtain the information that the forecast
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demand is higher than the mean demand, product i’s collection rate and selling quantity in case 2 is the highest,
and its retail price is the lowest. Finally, the collector ¢ in case 2 gets the largest expected profit.

There are also several limitations of this paper, which can be possible research directions in the future.
Firstly, we assume that the quality of the new and remanufactured products is the same, and consumers
cannot distinguish between new and remanufactured products. In practice, some remanufactured products
don’t reach the quality standards of new products. Thus, future research could consider the scenarios with
differentiated remanufactured products. In addition, we consider that the shared information is true. In reality,
the manufacturer may share false demand forecast information with the collectors for the sake of self-interest.
Hence, the scenarios with false information can be considered in the future. Finally, we make an assumption that
the participants in the CLSC are risk-neutral when the product demand is uncertain. However, the participants
may be risk-averse toward the uncertain product demand in practice. Therefore, one can consider this scenario
and explore the interaction effect between risk aversion and information sharing on the CLSC in the future.

APPENDIX A.

Proof of Lemma 4.1
We employ backward induction to obtain the equilibrium solutions. Taking the first and second partial
derivatives of E(mys | f) with respect to ¢; and g;, we get

E
OB L) g (A~ by — 20— 20,0 — o
di
w =A+ (A — bj)’rj — 2(]] — 2q10 — Cm,
qj

PE(y | f) _ PE@u|f) _ o PEGu|f) _ PE@ ) _ oy
dg? 0g; ’ |

9q:0q; 9q;0q;
Thus, the Hessian matrix is
-2 —260
H= (—20 —2) '
Since | H |= 4(1 — 6?) > 0, it shows that E(my | f) is joint concave in ¢; and g;. Let OE(my | f)/0q; =
OE(mym | f)/0q; = 0. We gain the manufacturer’s response functions as follows:

quI [(1 - H)A + (A - bi)Ti - (A - bj)Tj + ane - CHL]/[Q(I - 92)],

gN = [(1 = 0)A+ (A = bj)7j — (A = b)Ti + b — e /[2(1 = 62)].

Note that collector ¢ doesn’t know the demand forecast information. Hence, collector ¢ anticipates that the
manufacturer’s response functions are

E(gM)
E(g)

(1= 0)ag + (A = bi)7s — (A = by + couf — el /21— 6],
[(1—80)ao+ (A —bj)T5 — (A —=b;)Ti + e — cn]/[2(1 — 92)].

Substituting F(¢)¥!) and E(q]N T) into collector i’s decision function, we get collector i’s expected profit
function as follow:

mabe(ﬂgl)
. ao(l — G)biTi + Ti(bi(bjTjtg + 0 — ¢ + AT, — b — ATZG) + 2k7i92 — 2]@‘7’1')
21— 6?)
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Similarly, it is easy to verify that E(w)7) is joint concave in 7; and b;. Let OE(7N1)/or, = OE(xN1)/0b; =
OF (Wé\]u )/0T; = OF (7'('?]7-1 )/0b; = 0. We obtain the equilibrium decisions of collector i as follows:
k(1 — 62)
NIy — NIy —
b (0) = b7 (0) = A
B Alag — ¢m)
8k + 4k — 4k6% — A2

Substituting bV (0), bé-\” (0), 7NL(0), and TJNI(O) into ¢! and qj»\'l, we can gain the equilibrium decisions of
the manufacturer as follows:

A dagk0? + agA2 — 4¢,, k0 — dagk — dep,k
2 (0) = " (0) = ST T AT
2(1+6) 2(1 4 0)(8k + 4k6 — 4k62 — A2)
Taking b} (0), b1 (0), 7N1(0), 7,V (0), ¢)'(0) and ¢}’ (0) into collectors’ and manufacturer’s decision func-
tions, we can obtain their expected profits as follows:

k(8k — A% — 8k0?)(ag — cm)?

NI __ NI _
mei (0) =7 (0) = = T arg —akez — A7z

ci cj

(0) = 8k%(1 + 0)(ag — cm)? N v
MU= 8k + 4k — 4k62 — A2)2 " 2(1+ 6)

Thus, the expected profit of the whole supply chain is

2k(ap — cm)?(12k + 4k6 — 8k6? — A?) pV
NI
Isc(0) = 2m; " (0) + mar (0) = (8k + 40 — 4k02 — A?)2 + ER

The proofs of Lemmas 4.2 and 4.3 are similar. So, we omit them.

Proof of Proposition 5.1
The outcome of Proposition 5.1 is obvious.

Proof of Proposition 5.2
If A > ap, we compare the equilibrium collection rate in the three information sharing cases and gain the
following:

AL - 0)(A — ap)

NIy ~IS(1) — _
O = e A <O
mV1(0) ~ 7N (1) = 0,
A(A —
n(0) 7 (2) = M) <o,

T8k + 4kO — 4k0O2 — A2

A(1— 6)(A - ag)
8k — 8kB?% — A2

TIS(l)—TNI(l): > 0,

AG(4k — 4k0% — A2)(A — ag)
(8k — 8k62 — A2)(3k + 4k — 4k62 — A2)

_ A(A — CLQ)
8k + 4k0 — 4k62? — A2

TSy -5 (2) = -

>0,

TNI(l) — 715(2) =

3

< 0.
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We can derive that 7/°(1) > 719(2) = T]-IS(Q) > N(0) = 7V(0) = 7V (1).

Proof of Proposition 5.3
Similar to the Proof of Proposition 5.2, if A > ag, by comparing the equilibrium selling quantities in the
three information sharing cases, we can get the following:
(4k — 4k0% — A2%)(A — ag)

NI 18
] — a5 =

B(4k — 4k62 — A2)(A — ag)
NT(0) — oNI(1) = —
o O =" (W)= =50 o —skez —a2)

(4k — 407 — A%)(A — ag)

NI IS
; —0:°(2) =
a0 =" @) = 55 gy s ko = k7 — A7) <
15 iy (4 — 4k6% — A?)(A - ag)
4q; (1) Qj (1) - 2(8k‘ . 8](?92 _ A2> > 07
2WO(4k — 4k6% — A2)(A —a
d5(1) - a5 = - : At >0,

(8k — 8k62 — A2)(8k + 4k0 — 4k62? — A?)
(8k — 4k0? — A?)(4k — 4k0% — A2)(A — ag)
2(8k — 8k62 — A?)(8k + 4kf — 4k6?% — A2?)
We can derive that ¢/(1) > ¢/%(2) = qJI»S(Q) > ¢N(0) = qf” 0) > qé\”(l). Similarly, we can derive that
pN1(0) = pT(0) = p¥ (1) > p/5(2) = pi5(2) > p{®(1).

Proof of Proposition 5.4

Similarly, we compare the expected profits of the collectors in the three information sharing cases and gain
the following:

g (1) —q/°(2) =

7

< 0.

s k(1 —0)2pV

e (0) —me (1) = TRk _/E02 A2 0,

oNT(0) — zN1(1) =0,

ct cj

k(8k — 8k62 — A2)pV

NI IS
100) — 718 (2) = —
T (0) =’ (2) = ~ Ry kg — ko2 — Az <
k(1 - 02)2pV
ﬂ-izs(]‘) - ﬂ-gI(l) = Rk — 8kb2 — A2 > Oa

kO(4k — 4Kk0% — A?)[(4 — 460%)(4 — O)k — A2(2 — 0)]pV

ISy — 715(9) = —
Ter (1) = mei’(2) (8k — 8k02 — A2)(3k + 4k6 — 4k02 — AZ)2

> 0,

k(8k — 8k62 — A2)pV
(8k + 4k — 4k62 — A2)2

We can derive that 717 (1) > 715(2) = #17(2) > «#1(0) = mN(0) = ¥ (1).

cj ci cj

aNI(1) —7l%(2) = —

ct

< 0.

Proof of Proposition 5.5
By comparing the expected profits of the manufacturer in the three information sharing cases, we obtain the
following:
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(1 — 0)(4k0% + A% — 4k)(12k — 12k6% — A%)pV

T (1) — mar(0) = 4(1+ 60)(8k — 8k02 — A?)2

>0,

(4k6? + A2 — 4k)(12k + 8kf — 4k6? — A?)pV
2(1 4 0)(8k + 4k6 — 4k62 — A2)2

mm(2) — mar(0) = >0,

(4k — 4k02 — A2)L(k)pV
A(8k — 8kO% — A?)2(8k + 4k6 — 4k62 — AZ)2”

7TM(2) — 7TM(1) =

where L(k) = 64(302 — 46 —12)(1 — 02)%k3 + 16 A2(1 — 02)(2— 0) (8 + 70)k? + 4A%(1 + 6) (50 — T)k + AS. It shows
that w7 (1) > mar(0) and 7 (2) > war(0). Furthermore, Taking the first derivative of L(k) with respect to k, we
can get 228 — 192(3¢2 — 46 — 12)(1— 62)%k + 32A2(1 — 62)(2 — 0) (8 + 70)k + 4A2(1+60) (50 — 7). Let L) — ¢,

164+60—76% —/40%T—665+3162+360+4
12(12+1160+6%—36%)(1—9) and k

be easily verified that ks < kg and kg < k3 < 2kg. Since the graph of
increasing in k in the interval (ko, k3) and decreasing in k in the interval (ks, 2kg). Note that L(ko) = 501 ‘902) >0

and L(2ko) = — 25 92 < 0. Therefore, there exists a ky in the interval (ko, 2ko) that L(ki) = 0, and k; is unique.
Then, we can derive that L(k) > 0 in the interval (ko, k1) and L(k) < 0 in the interval (k1,2ko). Consequently,
we can obtain that ma(1) > mar(2) > war(0) if k& € (ko, k1), mm(1) = 7am(2) > 7 (0) if & = Ky, and
7TM(2) > 7TM(].) > 7TM(0) if ke (kl,Qko).

_ 164+60—760+v407—665+3162+360+4
3= 12(12+160+62—36%)(1—0) - It can

is a downward parabola L(k) is

We can derlve two roots ko =

dL(k)
dk
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