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Abstract 

We consider a supply chain with an upstream supplier and a downstream 
manufacturer who invests in innovation. We present an analytical framework 
for innovation decisions in a centralized, a flexible price and a commitment 
to price. These results show that the innovation by commitment to price is 
still insufficient and the supplier remains flexible price beyond a threshold 
amount of demand uncertainty. To solve this problem, we propose a combi-
nation mechanism, which consists of a commitment to price, a cost sharing 
and a compensation for the risk of demand uncertainty. We study the impact 
of combination mechanism with endogenous downstream innovation. Our 
research results show that the innovation by combination mechanism may be 
greater than or equal to the one by a centralized. More importantly than all of 
that, the combination mechanism can improve the performance of the supply 
chain and ensure that both supply chain members achieve a win-win situa-
tion. 
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1. Introduction 

The excessive use of natural resources occasioned by rapid economic growth has 
damaged the environment and raised many environmental concerns [1] [2]. To 
conserve energy and reduce carbon emissions, many countries have established 
environmental regulations. To conform to the new environmental regulations, 
companies have had to adopt environmentally friendly practices. The innovation 
has been one of the important ways that companies have dealt with environ-
mental issues [3]. The innovation can encourage sustainable use of products and 
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services, or facilitate wider adoption of new environmentally friendly technolo-
gies [4] [5]. Plambeck (2013) [6] describes five “cleantech” firms (ZETA, First 
Solar, Better Place, Amyris, and Calera) and calls for guidelines on how the op-
erations management community can stimulate innovation that promotes envi-
ronmental sustainability. Innovation is one of the key drivers in the creation of 
high-technology products. These days, firms rely less on internal resources that 
they control directly. Specifically, the innovative technology offerings of some 
firms often come with economic characteristics (scale-cost functions, risk pro-
files, cash flow profiles, etc.) that are drastically different from the traditional 
technologies that they substitute [7]. Major suppliers in innovative industries, 
such as AMD and Intel, rely on their downstream manufacturers’ innovation 
and investment efforts for their own success and growth, for example, the part-
nership between Toshiba and Sony in which Toshiba provides customized inte-
grated circuits for the Playstation 2 product. Hence, in this paper we focus on an 
innovative supply chain that consists of a supplier and a manufacturer. The 
manufacturer has an opportunity to invest in innovation that will either enhance 
demand for its product or reduce its marginal production costs.  

Our paper is broadly related to the incentives in supply chains for investments 
in innovation. Zhu et al. (2007) [8] study manufacturer efforts in encouraging 
upstream innovation investment efforts. Their analyses reveal that at most one 
party needs to make innovation unless there are resource constraints. That is, a 
firm’s investment in its supplier’s innovation often frees the other from making 
any investment. Bhaskaran and Krishnan (2009) [9] examine revenue sharing, 
investment cost sharing and innovation effort sharing contracts in collaborating 
new product development, and show that for projects with substantial timing 
uncertainty, investment sharing works better, whereas for projects with quality 
uncertainty, innovation sharing tends to be more attractive under certain condi-
tions. Yao et al. (2011) [10] use a principal-agent model to study the manufac-
turers’ problem in inducing suppliers to adopt new technologies, focusing on 
unobservable adoption costs and investment. Wang and Shin (2015) [11] con-
sider a supply chain with a manufacturer and an upstream supplier. The supplier 
invests in innovation, which increases the value of the product to consumers, 
and the manufacturer sets the product price and sells to consumers. They study 
the impact of different contracts on innovation by focusing on three types of 
contracts: 1) the wholesale price contract, 2) the quality-dependent wholesale 
price contract, and 3) the revenue-sharing contract. 

Different from above these literatures, we study the innovation investment 
decision by the downstream manufacturer, instead of the upstream supplier. 
Several other papers also incorporate downstream innovation. Gilbert and Cvsa 
(2003) [12] examine mechanisms that stimulate downstream innovation in a 
supply chain. They analyze the effect of price commitment by the upstream sup-
plier. It is important to point out that our paper uses the framework of Gilbert 
and Cvsa’s research to examine the interactions between price and innovation, 
but one of the key features of our paper is that it provides a combination me-
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chanism base on their research. Liu and Cui (2010) [13] examine a manufactur-
er's optimal decisions on extending its product line when the manufacturer sells 
through either a centralized channel or a decentralized channel. They show that 
a manufacturer may provide a longer product line for consumers in a decentra-
lized channel than in a centralized channel if the market is fully covered. Salva-
dor and Villena (2013) [14] analyze the impact of supplier involvement on tech-
nical performance of new products. Supplier integration has been largely found 
to be related to product development performance (2002, 2005, 2007, 2007) [15] 
[16] [17] [18]. Adelman et al. (2014) [19] take the upstream firm’s point of view. 
They address the question of when and how an upstream firm can encourage its 
customers to improve their products and charge customers a premium. 

We find that the above studies have made important contributions to the in-
novation in a supply chain, and we benefit a great deal from them. We think 
some inadequacies should be focused on. For instance, there is little research on 
what can a supplier do to motivate the downstream manufacturer to invest more 
in innovation and increase own profit. Meanwhile, how can a supplier gain more 
profits from the manufacturer’s higher innovation investment? To fill the gap, 
we design a combination mechanism and analyze the impacts of the combina-
tion mechanism to the supplier, the manufacturer and the total supply chain. 

More specifically, we address the following research questions: 
1) What are the differences of the innovation decision between a centralized 

and a decentralized supply chain, respectively? 
2) How and when can an upstream supplier encourage its downstream manu-

facturer to invest in innovation while still being able to recoup the benefits of 
doing so? 

This paper is organized as follows. Section 2 introduces the notations and as-
sumptions for the supplier and the manufacturer in the model. Section 3 intro-
duces the model and analyzes the three cases. By comparing the innovation of 
different cases, we provide our combination mechanism and the answers to our 
research questions in Section 4. We conclude the results and suggest topics for 
future research in Section 5. All proofs of this paper are in the appendices. 

2. Model Notations and Assumptions 

2.1. Notations 

We use the following notations in this paper: w is the wholesale price that the 
manufacturer purchases his component supply from the supplier; p is the sell 
price of product; q is the order quantity; θ  denotes the degree of innovation; 
the subscript “m”, “r”, “T”, “c” means the parameters corresponding to the 
manufacturer, the retailer, the total supply chain system and the centralized sys-
tem; the superscript “FP”, “CP”, “CM” means the parameters corresponding to 
the flexible price, the commitment to price and the combination mechanism. 

2.2. Assumptions 

Utilizing the model framework and analysis in Gilbert and Cvsa (2003), we make 
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five basic assumptions for the model as follows: 
Assumption 1. 
We adopt the convention of using the pronouns she and he to refer to the 

supplier and the manufacturer respectively throughout this paper. 
Assumption 2. 
The information about each player’s demand distribution, cost structure, and 

decision rules are common knowledge to all the parties concerned. 
Assumption 3. 
Without loss of generality, we normalize the supplier’s and manufacturer’s 

actual production cost to zero. 
Assumption 4. 
Let r be the maximum amount of cost reduction that can be attained via the 

manufacturer’s innovation. Thus, the manufacturer can reduce his marginal 
costs by rθ . In practice, we can use a strictly convex cost function ( )c θ  to 
depict the investment of the manufacturer’s innovation. That is, the cost for pro-
viding the services has the properties of ( )d d 0c θ θ >  and ( )2 2d d 0c θ θ > . 
One form commonly adopted in literature [12] is given: 

( ) 2c Iθ θ=                              (1) 

To avoid trivial problems, we require that it not be too cheap to reduce costs, 
it is necessary to impose additional inequality constraint on the parameters 

22I r> . 
Assumption 5. 
To model the base-case demand in the market that is served by the manufac-

turer, let us assume that the inverse demand function is linear in the quantity 
produced, and define the market clearing price as follows: 

p a q= −                              (2) 

where a is the primary demand (i.e., potential demand if the goods are free of 
charge), in order to demonstrate the uncertainty in market demand that results 
from changes in economic and business conditions, we assume that a is a ran-
dom variable, as follows: 

a a ε= +                              (3) 

Here, a  is the mean of the potential demand, and ε  is an additive error 
term, follows a normal distribution such that ( ) 0E ε =  and ( ) 2Var ε σ= . 

By above notations and assumptions, the supplier’s profit and the manufac-
turer’s profit are determined by 

s wqπ =                              (4) 

( ) 2
m p w r q Iπ θ θ= − + −                       (5) 

If the supply chain is vertically integrated, then the profit of the centralized 
supply chain is 

( ) 2
c p r q Iπ θ θ= + −                         (6) 
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3. Benchmark Models 

3.1. Centralized Case 

It is obvious that the supply chain will perform best if the channel is centrally 
controlled. Since the wholesale price is only used to divide the profit between the 
supplier and the manufacturer, w is no longer decision variable in the centra-
lized supply chain. The decision variables are only θ  and q. In this case, the 
centralized firm moves first by determining the θ  of the maximum cost reduc-
tion in which to invest, and responds by choosing a quantity when the demand 
is observed. 

Substituting (2) and (3) into (6), we obtain: 

( ) 2
c a q r q Iπ ε θ θ= + − + −                       (7) 

Proposition 1. 
In a centralized supply chain, the optimal expected amount of innovation and 

order quantity are given by 

( ) 24c
arE

I r
θ =

−
                           (8) 

( ) 2

2
4c

aIE
I r

q =
−

                           (9) 

All of the proofs of the proposition, lemma and corollary in this paper are 
given in the Appendix. 

From Proposition 1, we can get the expected profits of the centralized case: 

( ) 2

22

44c
a I
I

E
r

σπ
−

+=                         (10) 

3.2. Flexible Price Case 

In this section, we model the decision process as a sequential, the leader-follower 
game: the manufacturer moves first by determining the θ  of the maximum 
cost reduction in which to invest, and responds by choosing a quantity when the 
demand is observed. After demand is observed, the supplier reacts to both de-
mand and the effect of the manufacturer’s innovation by announcing a whole-
sale price. Finally, the manufacturer responds by choosing a quantity. The fol-
lowing lemma 1 summarizes and presents equilibrium under the flexible price 
by Gilbert and Cvsa, 2003. 

Lemma 1. 
The optimal decisions and expected profits of the supplier and the manufac-

turer under the flexible price are presented by 

( ) 216
FP arE

I r
θ =

−
                        (11) 

( ) 2

8
16

FP aIE
I r

w =
−

                        (12) 

 ( ) 2

4
16

FP aIE
I r

q =
−

                        (13) 
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( )
( )

2 2

2

2

2

32

16 8
FP
s

a I

I r
E σπ

−
= +                     (14) 

( )
2 2

216 16
FP
m

a I
I r

E σπ
−

= +                      (15) 

3.3. Commitment to Price Case 

In this section, we investigate the situation in which the supplier commits to a 
wholesale price in advance of the manufacturer’s investment and the realization 
of demand. We model this as the following leader-follower game: While de-
mand uncertainty remains unresolved, the supplier acts as a leader by commit-
ting to a wholesale price that is not contingent upon either demand or the in-
vestment of the downstream manufacturer, and the manufacturer responds by 
determining θ , the fraction of the maximum cost reduction, in which to in-
vest. Finally, the manufacturer makes a quantity decision when demand in-
formation is revealed. The following lemma 2 summarizes and presents equi-
librium the player’s decisions and profits under the commitment to price by 
Gilbert and Cvsa, 2003. 

Lemma 2. 
The optimal decisions and expected profits of the supplier and the manufac-

turer under the commitment to price are presented by 

( ) ( )22 4
CP arE

I r
θ =

−
                      (16) 

( ) 2
CPE w a

=                           (17) 

( ) 24
CP aIE

I r
q =

−
                       (18) 

( ) ( )
2

22 4
CP
s

a I
r

E
I

π
−

=                       (19) 

( ) ( )
2 2

24 4 4
CP
m

a I
I

E
r

σπ
−

= +                     (20) 

3.4. Comparative Analysis 

By comparing (13) and (18), we can see that ( ) ( )CP FPE Eθ θ> , this shows that 
the supplier’s commitment to price results in more innovation by the manufac-
turer. In view of this, we will only focus on the innovation of the centralized case 
and the commitment to price. 

Proposition 2. 

( ) ( )2 CP
cE Eθ θ=  

Proposition 2 shows that the innovation is still insufficient under the com-
mitment to price, because only half of the innovation is invested. 
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Furthermore, by Proposition 1 in Gilbert and Cvsa 2003, we can see that the 
expected profits of the manufacturer’s and the total supply chain are always 
larger if the supplier commits in advance to a wholesale price than if he remains 
flexible. However, the supplier’s profits are higher if she retains pricing flexibility 
when it is characterized by large amounts of demand uncertainty. 

Synthesizes the above analysis, we can find that the commitment to price has 
at least two limitations. One is that the innovation is still insufficient. Another is 
that the supplier would not like to provide this contract. This means that a fun-
damental question still remains unanswered. Can the incentives of the supplier 
and the manufacturer be aligned through a contract so that the manufacturer is 
willing to invest his innovation equal to the innovation of the centralized case? 
We address this issue in the next section. 

4. Combination Mechanism 

Through the previous analysis of the commitment to price, we propose a new 
combination mechanism, which consists of a commitment to price, a cost shar-
ing and a compensation for the risk of demand uncertainty. Specifically, in this 
contract, the supplier first sets a wholesale price w and shares a proportion 
( )0 1t t≤ ≤  for the investment of the manufacturer’s innovation. Furthermore, 

the supplier gets a compensation ( )2 0λσ λ ≥  for the risk of demand uncer-
tainty from the manufacturer. As a result, the manufacturer can obtain more 
revenue and saves more cost, which then provides this with an incentive to in-
vest more in innovation. After observing w and t, the manufacturer invests in 
innovation. Finally, the manufacturer sets the quantity when demand is revealed. 

In above combination mechanism, the supplier’s profit and the manufactur-
er’s profit are determined by  

2 2CM
s wq tIπ θ λσ= − +                        (21) 

 ( ) ( ) 2 21CM
m p w r q t Iπ θ θ λσ= − + − − −                  (22) 

The following Proposition describes equilibrium of the player’s decisions and 
profits under the combination mechanism. 

Proposition 3. 

In a combination mechanism ( ), ,w t λ , if the 
2

0 1
4
rt

I
≤ < − , the optimal de-

cisions and expected profits of the supplier and the manufacturer are presented 
by 

( ) ( )
( ) ( )2 2

1

8 1 2 3
CM t ar

t I r
E

t
θ

−

− − −
=                  (23) 

( )
( ) ( )( )
( ) ( )

2 2

2 2

4 1 1 2

8 1 2 3
CM

t I t r a
E

r
w

t I t

− − −

− −
=

−
                (24) 

( ) ( )
( ) ( )

2

2 2

2 1

8 1 2 3
CM t aI

t r
q

I t
E

−

− − −
=                  (25) 
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( ) ( )
( ) ( )

2

2
2

2

2

1

8 1 2 3
CM
s

t a I

r
E

t I t
π λσ

−

−
+

− −
=              (26) 

( ) ( ) ( )( )
( ) ( )( )

( )
3 2 2

2 2

2

2

1 4 1

8

1 4

1 2 3 4
CM
m

t t I r a I

t I t r
E

λ σ
π

− − −

− −

−
+

−
=         (27) 

Proposition 3 implies that the supplier would not agree with the combination 

mechanism when the proportion of cost sharing is high (
2

1 1
4
r t

I
− ≤ ≤ ), mainly  

because of if the 0λ = , the supplier unprofitable in this condition. Furthermore, 
if 0t =  and 0λ =  in Proposition 3, we can get results which is the same as 
the single commits to price. Thus, Proposition 3 shows that the combination 
mechanism is much better availability than the single commits to price.  

From Proposition 3, we have Corollary 1, Corollary 2 and Corollary 3, as fol-
lows: 

Corollary 1.  
With the combination mechanism,  

i) for all 
2

0 1
4
rt

I
< < − , ( ) ( )CM CPE Eθ θ> ; 

ii) when 10
2

t≤ < , then ( ) ( )CM
cE Eθ θ< ; 

iii) when 1
2

t = , then ( ) ( )CM
cE Eθ θ= ; 

iv) when 
21 1

2 4
rt

I
< < − , then ( ) ( )CM

cE Eθ θ> . 

Corollary 1 shows that the innovation under the combination mechanism is 
high as compare to the innovation under the commitment to price. Furthermore, if 
the supplier shares half the investment of the downstream innovation, the combi-
nation mechanism can incentive the manufacturer to enhance an innovation, which 
is equal to the innovation of the centralized case. Especially when the sharing  

cost is high (
21 1

2 4
rt
I

< < − ), the manufacturer would like to over-innovation. 

Corollary 2.  
With the combination mechanism,  

i) when 10
2

t< < , then ( ) ( )CM CPE q E θ> ; 

ii) when 1
2

t = , then ( ) ( )CM CPE q E q= ; 

iii) when 
21 1

2 4
rt

I
< < − , then ( ) ( )CM CPE q E q< ; 

iv) for all 
2

0 1
4
rt

I
≤ < − , ( ) ( )CM CE q E q> ; 

Corollary 2 shows that the order quantity is identical with the commitment to 
price when the innovation is sufficient under the combination mechanism. 
When the manufacturer makes an over-innovation under the combination me-
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chanism, however, the order quantity is less than the commitment to price. We 
can see that the order quantity of the combination mechanism is less than the 
centralized case by Corollary 2, and the reason of this result is that the whole 
price is endogenous in the combination mechanism.  

Corollary 3.  
With the combination mechanism, 

i) The existence and uniqueness of 
2

0,1
4
rt
I

 
∈ − 
 

 makes the maximization 

of the total supply chain; 
ii) for a given ( )0,t t∈ , the expected profits of the total supply chain in-

creases in t; 

iii) for a given 
2

,1
4
rt t

I
 

∈ − 
 

, the expected profits of the total supply chain 

decreases in t. 
From Corollary 3 and Lemma 2, we have Corollary 4. 
Corollary 4.  

i) The existence and uniqueness of 
2

ˆ ,1
4
rt t
I

 
∈ − 
 

 makes ( ) ( )CM CP
T TE Eπ π= . 

ii) when ( )ˆ0,t t∈ , ( ) ( )CM CP
T TE Eπ π> . 

Corollary 4 shows that the supply chain performance of the combination me-
chanism is better than the commitment to price when the supplier provides a 
low cost sharing.  

According to the above comprehensive analysis and the Proposition 1 of the 
reference [12], we can find that the players of the supply chain are easier to pro-
duce win-win situations under the combination mechanism. To better under-
stand our results, we make a numerical example further. We assume that 

100a = , 4I = , 1r = , 2 500σ =  ( ) ( )CM FP
s s sE Eπ π π∆ = −  and  

( ) ( )CM FP
m m mE Eπ π π∆ = − , so we can get Observation 1 and Observation 2. 

Observation 1. 
For a given 0.15t = , if 0.03 0.23λ< < , then 0mπ∆ >  and 0rπ∆ > . 
Observation 2.  
For a given 0.1λ = , if 0 0.55t≤ < , then 0mπ∆ >  and 0rπ∆ > . 
Observation 1 and Observation 2 show that the supplier and the manufacturer 

can achieve a win-win situation by combination mechanism. 

5. Conclusions 

In this paper, we develop a framework to study the strategic roles of the com-
mitment to price in a supply chain with downstream innovation. We examine 
the optimal decisions for innovation in centralized, flexible price and commit-
ment to price. Furthermore, we provide a combination mechanism to improve 
the performance or to achieve a win-win the players of supply chain.  

We have some new findings that are different from earlier studies. We find 
that the innovation is also insufficient in the commitment to price and the in-
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vestment of this innovation is merely half of the one in centralized. Our results 
show that the combination mechanism has a great impact on the innovation of 
both manufacturers and retailers, and the innovational effect is different for dif-
ferent cost sharing of the combination mechanism; it may have un-
der-innovation, effective innovation and over-innovation. Our results also show 
that the supply chain performance of the combination mechanism is better than 
the one of the single commitment to price when the supplier provides a low cost 
sharing. At the same time, our numerical examples also show that the members 
of supply chain can achieve a win-win situation in combination mechanism no 
matter how the demand uncertainty. 

Our findings provide some guidance to managers of suppliers on how to en-
courage their manufacturers to invest more in innovation, and simultaneously 
gain more profit. 

The main limitation of this paper concerns the assumption that all of the 
players in the supply chain have access to the same information. However, it is 
an ideal situation because of the information asymmetry in the market. In future 
research, a number of assumptions in this paper can be relaxed. We focus on the 
impact of contracts on downstream innovation in a supply chain in this paper. 
However, in some cases, the supplier can also invest to improve the quality of 
the component. Incorporating the upstream component innovation decision as 
well as the downstream one can engender several new interesting research ques-
tions. However, these are beyond the scope of our paper, and we leave them for 
future research. 
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Proof of Proposition 1 
Obviously, cπ  is a concave quadratic function of q, using the first-order 

condition, we get 

( )
2c

a rq θθ +
=                          (A1) 

Substituting (A1) into (7), we have 

( )( ) ( )2 2
2

4cE
a r

I
θ σ

π θ θ
+ +

= −                  (A2) 

( )( )cE π θ  is a concave quadratic function of θ , using the first-order condi-
tion, we get (8). Substituting (8) into (10), we have (9). 

Proof of Lemma 1 
Obviously, mπ  is concave in q, using the first-order condition, we get 

( ),
2FP

a w rq w ε θθ + − +
=                     (A3) 

Substituting (A3) into (4) and using the first-order condition in w, we get 

( )
2FPw a rε θθ + +

=                        (A4) 

Substituting (A3) and (A4) into (5), we have 

( )( ) ( )2 2
2

16m

a r
IE

θ σ
π θ θ

+ +
= −                 (A5) 

( )( )mE π θ  is a concave quadratic function of θ , using the first-order condi-
tion, we get 

(11). Substituting (11) into (A3) and (A4), we have (13) and (12). Then subs-
tituting (11), (12) and (13) into (4) and (5), we have (14) and (15). 

Proof of Lemma 2 
It is easy to prove Lemma 2 by the method similar to Lemma 1, so we omit it. 
Proof of Proposition 2 
From (8) and (16), it is easy to see this proposition holds. 
Proof of Proposition 3 
Substituting (2) into (21), it can be found that CM

mπ  is a concave quadratic 
function of q, using the first-order condition, we get 

( ),
2

CM a r wq w θθ + −
=                      (A6) 

Substituting (A6) into (21), we have 

( )( ) ( ) ( ) ( )2 2
2 1 4

, 1
4 4

CM
m

a r w
w tE I

θ λ σ
θ θπ

+ − −
= − − +       (A7) 

From (A7), we can find that ( )( ),cE wπ θ  is a concave quadratic function of 
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θ  when t satisfies 
2

0 1
4
rt

I
≤ < − . Using the first-order condition, we get: 

( ) ( )
( ) 24 1

CM a w r
w

t I r
θ

−
=

− −
                   (A8) 

Substituting (A6) and (A8) into (22), we have: 

( )( )
( ) ( ) ( )( )( )

( )( )

22 2

2
22

8 1 2 3

4 1
CM
s

a w tar t I t r w I
w

t I r
E λπ σ

− − − − −
= − +

− −
 (A9) 

It can be inferred from 
2

0 1
4
rt

I
≤ < −  that ( ) ( )2 28 1 2 3 0t I t r− − − > . Thus,  

( )( )CM
sE wπ  is a concave quadratic function of w. Using the first-order condi-

tion, we get (24). Substituting (24) into (A7), we have (23); Substituting (23) and 
(24) into (A6), we have (25); and then we obtain (26) and (27). 

Proof of Corollary 1 
From (16) and (23), we get:  

( ) ( )
( )( )

( ) ( )( ) ( )( )

2 2

2 2 2

8 1

2 8 1 2 3 4 1
CM CP

t I r tar

t I t r t
E

I r
Eθ θ

− −

− −
=

− −
−

−
    (A10) 

From (A10), we obtain (i). 
From (8) and (23), we get: 

( ) ( )
( ) ( )( )

( ) ( )( )( )

2

2 2 2

1 2 4 1

8 1 2 3 4
CM

cE
t t I r ar

t I t r
E

I r
θ θ− =

−

−
−

− −

− − −
      (A11) 

Due to 22I r≥ , so 
2 11

4 2
r

I
− > , from (A11), we obtain (ii), (iii) and (iv). 

Thus, Corollary 1 is proved. 
Proof of Corollary 2 
From (18) and (25), we get: 

( ) ( ) ( )
( ) ( )( )( )2 2 2

1 2

8 1 2 3 4
CM CP t taI

t I t r
E q E

I
q

r
− =

−

− − − −
       (A12) 

From (A12), we obtain (i), (ii) and (iii).  
Furthermore, from (9) and (25), we have: 

( ) ( )
( ) ( )( )

( ) ( )( )( )

2 2 2

2 2 2

2 4 1 1

8 1 2 3 4
CM C

t I r t tr aI

t I
E q E

r
q

t I r

− − + +

− − −
−

−
= −        (A13) 

From (10), we can see that ( ) ( ) 0CM CE q E q− < , so (iv) is tenable. 
Thus, Corollary 2 is proved. 
Proof of Corollary 3 
From (26) and (27), we have: 

( )
( ) ( ) ( )( )

( ) ( )( )

2 2 2 2

22 2

21 12 1 3 4

8 1 42 3

CM
T

t t I t r a I

t I
E

t r

σπ
− − − −

−
+

−
=

−
        (A14) 
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By the first derivative of t for (A14), we obtain: 

( ) ( ) ( )
( ) ( )( )

2 2
1

32 2

d

d
2 1

8 1 2 3

CM
T t f t a Ir

t I t

E

rt

π −
=

−
−

− −
             (A15) 

Here, ( ) ( ) ( ) ( )2 2 2
1 4 1 5 1 6 6 1f t t t I t t r= − − + − + . By the first derivative of t for 

( )1f t , we get ( ) ( )( ) ( ) 2
1 4 1 7 15 6 1 2f t t t I t r′ = − − − − . Furthermore, we can get  

two solutions of ( )1 0f t′ = , which are 
( )( )2 2 4

1

3 22 2 32 21 9

30

r I I I r r I
t

− − − +
=  

and 
( )( )2 2 4

2

3 22 2 32 21 9

30

r I I I r r I
t

− + − +
= . We can easy prove that 

1
1 1
5 2

t< <  and 2

2

11
4
r

I
t< <− , so ( )1 0f t′ >  when ( )10,t t∈ , and ( )1 0f t′ <  

when 
2

1,1
4
rt t
I

 
∈ − 
 

. Due to ( ) 2
1 0 4 0f I r= − + < , 

2

1
1 0
5 25

rf   = > 
 

, 

( )2

1

2
2 24

0
16

1
4

I r r
f

I
r
I

−
=

 
 
 

>−  and ( )1f t  and ( )CM
TE π  are a continuous 

function in the 
2

0,1
4
r
I

−
 
 
 

, so we can deduced that the existence and unique-

ness of 
2

0,1
4
rt
I

 
∈ − 
 

 makes ( )1 0f t = , and 
( )d

0
d

CM
TE

t

π
>  when ( )0,t t∈ , 

and 
( )d

0
d

CM
TE

t

π
<  when 

2

,1
4
rt t

I
 

∈ − 
 

. Furthermore, by the first derivative of 

t for (40), we can easy prove that 
( )2

2

d
0

d

CM
TE

t

π
<  when t t= . Thus, the exis-

tence and uniqueness of 
2

0,1
4
rt
I

 
∈ − 
 

 makes the maximization of the total 

supply chain with the combination mechanism. i.e. Corollary 3 is proved.  
Proof of Corollary 4 
From (19), (20), (26) and (27), we have: 

( ) ( ) ( )
( ) ( )( ) ( )( )

( ) ( )( ) ( )

2 2 2 2 2 2

22 2 2

1 16 1 3 1 4 16 17

4 8 1 2 3 4

CM CP
T T T

t t t I t t r a

E E

r It

t I r I

E

t r

π π π∆ = −

=
− − − − + −

− − − −

    (A16) 

By the first derivative of t for (A16), we obtain: 

( ) ( ) ( )
( ) ( )( )

2 2
1

32 2

2 1d

3d 8 1 2

T t f t a IrE

t t rt I

π −

− − −

∆
= −                (A17) 

Here, 
( ) ( )dd
d d

CM
TT

EE
t t

ππ∆
= . According to proof of Corollary 3, it is easy to 
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prove that t t=  makes the maximization of ( )TE π∆ . Furthermore, we can 

see ( ) 0TE π∆ <  when 
2

1
4

t r
I

= − . So, the existence and uniqueness of 

2
ˆ ,1

4
rt t
I

 
∈ − 
 

 makes ( ) 0TE π∆ =  that ( ) ( )CM CP
T TE Eπ π=  and ( )ˆ0,t t∈  

makes ( ) 0TE π∆ >  that ( ) ( )CM CP
T TE Eπ π> . 

Thus, Corollary 4 is proved. 
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