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ABSTRACT

General purpose technologies (GPTs) are regarded as a major source of productivity advancement and eco-
nomic growth. As a kind of platform technology, GPTs have strong knowledge spillovers, which causes a sin-
gle subject to lack R&D motivation and adopt a wait-and-see strategy. Cooperation R&D is an effective mode
choice for GPTs. For this, three models based on upstream-led, downstream-led and balanced power struc-
tures were constructed to study the cooperation R&D modes of GPTs and influencing factors from a technol-
ogy chain perspective. This study aims to reveal the effects of fairness concerns and power structures on
three models. This study also focuses on the roles of knowledge spillovers and government support. The
results indicate that different power structures will lead to an unequal distribution of profits between firm U
and firm D in the technology chain. The balanced power structure should be the preferred model. The profits
of firms in the leading position are always higher than those of firms in the following position. In addition,
fairness concerns negatively impact the performance of firms, which may improve the bargaining ability of
firms in the following position, but this does not bring a sustainable benefit. Government support (e.g., knowledge
and technology support and R&D subsidies) and knowledge spillovers are two key factors influencing the decisions
and outcomes of the technology chain. When a firm’s relative innovation contribution level is greater, its profits in
the leading position are the highest, followed by those in the balanced power structure, and they are lowest in the
following position. In contrast, profits under balanced power are the highest, and those in the following position
are still the lowest. This study enables a theoretical understanding of how and why the R&D process of GPTs can be
regarded as a technology chain. It also sheds light on the fact that the balance power structure model should be the
preferred choice and that both fairness concerns and government support should be considered for improving the

R&D efficiency of GPT cooperation R&D in practice.
© 2023 Published by Elsevier Espafia, S.L.U. on behalf of Journal of Innovation & Knowledge. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

for countries to seize the commanding heights of a new round of
international competition. GPTs, which are recognized as a platform

In the context of industrial revolution 4.0, the breakthroughs and
application of key GPTs, such as semiconductors (Bresnahan & Traj-
tenberg, 1995), artificial intelligence (Rasskazov, 2020), blockchain
Filippova (2020) and microcircuits, have become an important means
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technology for further and continuous innovations that could spread
across different sectors (Coccia, 2017), have been regarded as the
‘Engines of growth’ (Bresnahan & Trajtenberg, 1995) and a major
source of productivity advancement and economic growth (Strohma-
ier & Rainer, 2016). However, GPTs have strong knowledge spillovers,
which causes a single subject to lack R&D motivation and adopt a
wait-and-see strategy and requires multiple subjects with their own
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advantages to carry out cooperative R&D. Hence, several important
issues are raised: Which kind of GPT cooperation R&D model under
the power structure is dominant? How can the key influencing fac-
tors and mechanisms of GPT cooperation R&D be revealed? These are
very important questions in the GPT cooperation R&D fields. How-
ever, few studies (e.g., Strohmaier et al., 2016; Zheng et al., 2021)
have addressed these issues systematically from a technology chain
perspective.

To better understand the questions of GPT cooperation R&D, prior
studies have discussed the mode of GPT cooperation R&D from two
perspectives. First, the quasi-public goods characteristics of GPTs
determine the characteristics of long period, continuous investment
and knowledge spillovers with GPT R&D, which inevitably lead to
“insufficient investment” in GPTs for firms that represents private
interests under market mechanisms (Tassey, 2005). The model of
GPT cooperation R&D with government support (e.g., subsidies, spe-
cial plans, science and technology policies) can effectively alleviate
the “insufficient investment” problems of GPT R&D (Tassey, 2005;
Zuo et al.,, 2019; Zheng et al., 2021). Second, GPT R&D has obvious
process characteristics (Zheng & Ren, 2020; Zheng et al., 2019; Zheng
& Qin, 2021), which include two links: identifying and supply and
commercial development. After GPTs are identified and supplied,
commercial development activities can be launched and then release
the potential of “engines of growth” for GPTs, which also requires
firms in two links to cooperate vertically to prevent the “fracturing”
of the GPT R&D process. Becker et al. (2004), Chen et al. (2019) and
Fiori et al. (2022) found that the cooperation R&D is an effective
mode choice for innovation activities. However, few studies (e.g.,
Zheng et al., 2020; Cen et al., 2021) have discussed GPT cooperation
R&D from a technology chain perspective. Studies that consider fac-
tors such as power structures, knowledge spillovers and fairness con-
cerns are even rarer.

We believe that the factors mentioned in the above paragraph
should be critically considered from the technology chain perspective
in GPT cooperation R&D. Although the models based on a technology
chain are applicable in the discussion of the existing cooperation
R&D frameworks (Belderbos et al., 2004; Fiori et al., 2022), prior stud-
ies seldom regard the R&D process of GPTs as a special technology
chain and discuss the issues of GPT cooperation R&D between firm U
and firm D from a technology chain perspective. Furthermore, power
structures amongst cooperating firms are commonly considered in
the technology chain framework (Perrons, 2009; Meng et al., 2018;
Tang & Yang, 2020). Firms also pay considerable attention to knowl-
edge spillovers (Audretsch & Belitski, 2020; Bernal et al., 2022) and
fairness concerns (Pavlov & Katok, 2011; Ranjbar et al., 2020; Shen et
al,, 2021; Liu et al., 2021; Ren et al., 2022), which are the characteris-
tics that cannot be ignored in cooperative innovation activities, and
GPT cooperation R&D is no exception. However, there are almost no
studies on power structures, knowledge spillovers and fairness con-
cerns within the same framework. In addition, the quasi-public goods
nature of GPTs has led to underinvestment in GPTs, and appropriate
government R&D policies need to be developed on the basis of trade-
offs between the expected benefits and risks of current and proposed
R&D portfolios (Tassey, 2005). This dependency on policies has been
evidenced in existing studies, for example, ICTs (Liao et al., 2016;
Lee et al., 2022). Therefore, government support is also considered in
our model.

While addressing the above limitations, this study grasps the
chain relationship of successive dependencies between the identify-
ing and supply and commercial development links of the GPT R&D
process and establishes a theoretical framework of GPT cooperation
R&D from a technology chain perspective. Accordingly, we construct
models of upstream-led, downstream-led and balanced power struc-
tures by using the Stackelberg game theory to study the cooperation
R&D modes of GPTs and influencing factors. Specifically, the technol-
ogy chain is used as a theoretical lens to view the cooperation R&D
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process of GPT, which includes 1) the upstream firm (firm U), which
identifies and supplies GPTs required by downstream firms, and 2)
the downstream firm (firm D), which develops proprietary technol-
ogy, processes or products with exclusive benefits based on GPTs
offered by firm U (Zheng & Ren, 2020). Based on this, this paper stud-
ies the influencing factors of GPT cooperation R&D and the choice of
cooperation R&D modes by establishing a Stackelberg game model
considering power structures, knowledge spillovers and fairness con-
cerns from the technology chain perspective.

The aims of our study are to examine the influence of power
structures on the cooperation R&D process of GPTs, to examine the
influence of fairness concerns on the R&D process of GPTs and to
identify and determine the influences of other key factors, such as
government support and knowledge spillovers, on the performance
of the R&D process of GPTs. For this purpose, our model considers the
cooperation process of GPTs between firm U, which identifies and
supplies GPTs, and firm D, which conducts commercial development.
Three models based on upstream-led (DU(s)), downstream-led (DU
(s)) and balanced power structures (BE(s)) were constructed and
examined with and without fairness concerns. In addition, this study
reveals the effects of fairness concerns and power structures on three
models of upstream-led (UD(s)), downstream-led (DU(s)) and bal-
anced power structures (BE(s)), which also focuses on the roles of
knowledge spillovers and government support. The results show that
different power structures will lead to an unequal distribution of
profits between firm U and firm D in the technology chain. Fairness
concerns will reduce the efficiency and profits of the cooperation
R&D process of GPTs. Government support and knowledge spillovers
are the factors that cannot be ignored in the technology chain. In
addition, the effects of firm’s relative innovation contribution level
on the cooperative R&D process of GPTs also deserve attention.

This study makes several theoretical contributions to the relevant
literature. First, this study proposes an analytical framework of GPT
cooperation R&D from a technology chain perspective and analyses
the issues of GPT cooperation R&D by building Stackelberg game
models under the UD(s), DU(s) and BE(s) scenarios. Second, we con-
sider how factors such as power structures, fairness concerns, knowl-
edge spillovers and government support contribute to achieving
better R&D performance for GPTs, which helps address the dilemma
of "double uncertainties" (Kokshagina et al., 2017; Zheng & Qin,
2021). More specifically, this study pays attention to the “fracturing”
of the identifying and supply and commercial development links
involved the GPT R&D process triggered by uncertainties in both
technologies and markets. In addition, this study regards the R&D
process of GPTs as a technology chain and introduces relevant
research on power structures, fairness concerns, and knowledge spill-
overs (Ranjbar et al., 2020; Caldas et al., 2021; Niu et al., 2022) to GPT
R&D fields and then places government support (Tassey, 2005; Zuo et
al.,, 2019; Zheng et al., 2021) under the same framework, which
enriches and promotes relevant research in GPT R&D fields (Zheng &
Ren, 2020; Zheng & Qin, 2021; Cen et al., 2021; Ren et al., 2022). For
practitioners, the present results can help firms systematically under-
stand how and why the R&D process of GPTs can be regarded as a
technology chain. It also provides a reference for promoting GPT
cooperation in R&D practice.

The rest of this paper is organized as follows. In the next section,
we review the relevant literature on GPTs and cooperative R&D.
Based on this, we present the theoretical framework of our research
by drawing figures and specify our assumptions and different
research scenarios, which lay the foundation for game modelling. We
then present the optimal solutions for players included in the R&D
process of GPTs under different scenarios. Thereafter, the optimal sol-
utions under different scenarios are analysed comparatively. Accord-
ingly, we further explore the impact factors and mechanisms of effort
levels and profits involved in GPT cooperation R&D by numeric analy-
sis. Finally, we provide our theoretical implications and conclusions,
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implications for future research and practice, and the limitations of
our study and suggestions for future research.

Literature review

Our study concerns cooperation R&D for GPTs. Due to the risky
nature of innovation, firms that participate in cooperative R&D activi-
ties have attracted attention from management studies (Lei et al.,
2021; Fiori et al., 2022). The existing studies have provided evidence
regarding the effectiveness and types of cooperation R&D (Becker &
Dietz, 2004). As far as GPT R&D is concerned, researchers have exam-
ined the effects of GPTs on technological progress and economic
growth (Lipsey et al., 2005; Andergassen et al., 2017; Petralia, 2021),
where GPTs have been taken as an endogenous factor of production
and studies on their mechanisms of promoting endogenous economic
growth using the economic equilibrium paradigm from the perspec-
tive of macroeconomic effects. In addition, the R&D process of GPTs
has also been a concern of researchers. Zheng et al. (2019, 2020,
2021) pointed out that GPT R&D has obvious process characteristics,
which involve the identification and supply of GPTs and commercial
development based on the GPTs identified and supplied, and these
two links form an interdependent technology link relationship and
can be regarded as a technology chain. Considering the quasi-public
goods characteristics of GPTs (Tassey, 1992, 2005; Zheng et al., 2019),
the mode of cooperation R&D amongst multiple subjects with their
own advantages is an effective mode choice for GPTs. However, few
studies (e.g., Zheng et al., 2020) discuss GPT cooperation R&D
between firm U and firm D from a technology chain perspective. For
the GPT cooperation R&D relationship to work, our study considers
power structures, knowledge spillovers and fairness concerns to be
the main influential factors in the context of GPT cooperation R&D.

The concept of power structure is a key topic in cooperation R&D,
and prior studies mainly focus on the field of supply chain manage-
ment. Wang et al. (2019) studied a balanced power structure and
argued that this model is often conducive to the whole supply chain
but might not perform very well in a supply chain with isoelastic
demand and additive shock. In a wider context, Ranjbar et al. (2020)
constructed a game model of different power structures in a three-
level closed-loop supply chain and pointed out that the decentralized
retailer leadership model is often the most effective scenario. Simi-
larly, Shen et al. (2021) studied the value of collaborative innovation
and decisions considering supplier-led and manufacturer-led innova-
tion games. Niu et al. (2022) developed models with power in a
dyadic supply chain to investigate whether a manufacturer should
invest in uncertain decarbonizing innovation and how power affects
investment incentives, firm profitability, consumer surplus, and sys-
tem performance. Although these studies mainly focus on supply
chain relations, we argue that relationships based on the supply chain
are similar to GPT cooperation R&D processes, especially when using
the technology chain for conceptualization. Here, GPTs identified and
supplied could be viewed as supplies in the supply chain. Applying
power structure in modelling GPT cooperation R&D activities is not
common in the current literature. An exception is a recent study
from Zheng and Qin (2021)) that examined the impact of different
government subsidies on the sustainable R&D behaviour of GPT
under different power structures. Therefore, the supply chain concept
is applied to the R&D process of GPT cooperation, which is regarded
as a technology chain. For this purpose, Stackelberg game models for
GPTs with UD(s), DU(s) and BE(s) power structures are built to study
the influencing factors and model selection of GPT cooperation R&D.

Knowledge spillovers, which mean an unintentional share of
knowledge (Sun et al., 2021), are likely to occur in GPT cooperation
R&D between firm U and firm D from the technology chain. In under-
standing the impact of knowledge spillovers, Caldas et al. (2021)
showed that spillovers are the most relevant external knowledge
source in explaining the product innovation performance and growth
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of small and medium-sized firms; meanwhile, they could play a cru-
cial role in the outcomes of large firms. Further support for the
importance of knowledge spillovers is given by Audretsch and Belit-
ski (2020), who show that complementarities between R&D and
knowledge spillovers are strongly associated with firm productivity
rather than with firm innovation. Specifically, regarding the coopera-
tion R&D relationship, Bernal et al. (2022) investigated the interplay
of formal collaboration and incoming spillovers by distinguishing
four collaboration-spillover scenarios and pointed out that incoming
knowledge spillovers may amplify or limit collaboration but that
they only partly substitute formal collaboration in regard to impacts
on performance. As far as GPTs are concerned, Lo and Sutthiphisal
(2010) took electronic technology as an example and found that
knowledge spillovers between industries had little influence on the
geography of crossover inventions and the speed and productivity of
crossover inventors. Cen et al. (2021) studied the impact of patent
cooperation network characteristics on GPT spillover and found that
the relative centrality of the patent cooperation network has a
significant positive impact on GPT spillover. Bettiol et al. (2022)
made a first attempt to link groups of ICT to groups of Industry
4.0 technologies, the finding shows strong path dependency
amongst ICT, Industry 4.0 and knowledge performance. As a
result, it can be argued that knowledge spillovers are a broad
concern for technological cooperation and innovation and also
applies to cooperation between firm U and firm D in the technol-
ogy chain, especially for GPTs, where there are double uncertain-
ties regarding GPT R&D. Consequently, the concept of knowledge
spillovers completes our thinking of the GPT cooperation R&D
model from a technology chain perspective.

In addition, existing studies are also dedicated to factors such as
different effort inputs and the distribution of outcomes, which have
been conceptualized as fairness concerns. Kumar and Steenkamp
(1995) found that vulnerable resellers’ perceptions of both distribu-
tive and procedural fairness enhance their relationship quality. Liu et
al. (2020) analysed the impacts of fairness concerns on supply chain
decisions under centralized and decentralized scenarios and
designed a coordination mechanism through cost sharing. It is also
shown in Liu et al. (2021) that fairness concerns affect cooperation
relationships in a three-party sustainable supply chain; accordingly,
the authors developed a novel coordination method addressing this
issue. Yang and Sun (2022) studied prices and low-carbon strategies
considering dual fairness concerns and different competitive behav-
iours in a two-echelon supply chain. Their research findings show
that regardless of the type of pattern that retailers adopt, the distri-
butional fairness concerns of the manufacturer have a negative
impact on the CER (carbon emission reduction) level but have a posi-
tive effect on wholesale and retail prices, while peer-induced fairness
increases the CER level and reduces wholesale and retail prices. Ren
et al. (2022) studied the effects of fairness concerns on price and qual
ity decisions made in an IT service supply chain and pointed out that
the existence of a firm'’s fairness concerns not only reduces its own
profit but also decreases the profit of the partner, which results in a
loss of IT service supply chain performance. Consequently, it is evi-
denced that fairness concerns have a large impact on cooperation
relationships, especially when factors such as uncertainty and infor-
mation asymmetry are significant. However, fairness concerns have
not received attention in work on GPT cooperation R&D even though
this is a very important research topic. Due to the need for GPT R&D
to address "double uncertainties” (Terwiesch & Xu, 2008; Hooge et
al., 2012; Kokshagina et al., 2017), fairness concerns are a key factor
affecting the behaviour of firm U and firm D of the technology chain
in our model.

Government support is also an important topic in GPT R&D. GPTs
are pervasive (Bresnahan & Trajtenberg, 1995) and can also be called
quasi-public goods binding firms that represent private interests to
"insufficient investment” in GPTs under the market mechanism
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(Tassey, 2005). Governments that act on behalf of social interests can
effectively balance "insufficient investment” through R&D subsidies,
special plans, and science and technology policies (Tassey, 1996,
1997, 2005; Zuo et al.,, 2019; Zheng et al., 2019, 2021). For example,
Tassey (2005) pointed out that the public goods nature of GPTs has
led to underinvestment, and appropriate government R&D sup-
port policies need to be developed on the basis of trade-offs
between the expected benefits and risks of current and proposed
R&D portfolios. Zuo et al. (2019) applied three-way decision the-
ory to address the mechanism design of government support,
which represents subsidies, delayed decision-making and no sub-
sidies, under the R&D of new energy vehicle industry GPTs in
China. Zheng et al. (2021) pointed out that government subsidies,
knowledge and policy support can help alleviate the failure of
insufficient investment in GPTs and that when government sup-
port is not sufficient or is improper, a “failure of government
intervention” can easily result. However, the literature has not
systematically studied the role of government support in GPT
cooperation R&D considering power structures, fairness concerns
and knowledge spillovers within the technology chain, which is
an important focus of our study.

Theoretical framework and modelling
Theoretical framework

We viewed the GPT cooperation R&D process, which involves two
interdependent links, including the identification and supply of GPTs
and commercial development based on the GPTs identified and sup-
plied, as a special technology chain and considered relevant factors
that may impact this process. The theoretical framework of our study
is shown in Fig. 1.

As shown in Fig. 1, firm U and firm D in the technology chain con-
stitute the main subjects of the GPT cooperation R&D process. Firm U
is responsible for identifying and supplying GPTs and provides GPTs
for firm D to promote commercial development, and then firm D
adopts the GPTs from firm U; conducts commercial development to
realize market value based on GPTs; and, at the same time, provides
information and knowledge and technology support to support firm
U’s work. For the GPT cooperation R&D process, this raises the follow-
ing question: who is the leader of the technology chain? To address
this problem, considering the importance of the power structure to
GPT cooperation R&D, three models based on DU(s), DU(s) and BE(s)
were constructed and examined both with and without fairness con-
cerns. In addition, this study focuses on the effect of knowledge spill-
overs and government support on GPT cooperation R&D. Accordingly,
from a technology chain perspective, we construct GPT cooperation
R&D models considering power structures, fairness concerns, knowl-
edge spillovers and government support to analyse the impacts of dif-
ferent power structures on optimal R&D strategies and profits.

Journal of Innovation & Knowledge 8 (2023) 100312

Basic assumptions and modelling
(1) We denote the effort level of firm U and firm D as e,andey,
respectively, representing the knowledge and resource inputs
of the firms. Similar to prior literature (e.g., Atasu & Subrama-
nian, 2012; Ranjan & Jha, 2019), we assume that the costs of the
firms' effort are G, = n,e,2/2 and C; = nye4%/2, respectively,
wheren; > Ois the effort cost multiplier for firm i(i = u,d)and
where the smaller the multiplier is, the higher the degree of
R&D efficiency is.

We assume that the unit operating costs of firm U and firm D
are cyand cg, respectively. As shown in Fig. 1, knowledge spill-
overs exist in GPT cooperation R&D that can be transferred
from firm D to firm U and from firm U to firm D in the technol-
ogy chain. LetB;denote the knowledge spillovers of firmito
firmj, wherei, j = u, d, i # j, satisfying c,, ¢; > 0,0 < B; < 1. Then,
the unit operating costs of firm U and firm D under GPT cooper-
ation R&D between firm U and firm D are c, — B eqand
cq — Byeu, respectively.

Assume that firm U and firm D in the technology chain sign a
GPT patent licensing contract. GPTs have the characteristics of
quasi-public goods, which depend on the externality in GPT
cooperation R&D. This feature can be characterized by the com-
monness degree of GPTs (Zheng & Wang, 2019), denoted as/,
0 <A < 1. The patent licensing pricew(w > 0) of GPTs is deter-
mined by firm U and is affected by the commonness degreel. A
largerAmeans more externality amongst GPTs, and firm D will
pay less to obtain GPTs with a high commonness level. Thus,
we assume that the unit patent licensing price is (1 — A)w.
Assume that the market size isDgand the final product sell unit
price isp. The product innovation efforts made by the manufac-
turer can create demand and increase consumer utility (Chen et
al. 2017). According to this, the demand function is given
byD = Dy — bp + a(e, + e4), Wherewis the effect of effort levels
on market demand, which denotes the product innovation
return based on GPTs, and b denotes the price elasticity of
demand, satisfying o >0, 0 <b < 1. This type of demand func-
tion is used as a basic assumption in the economics and market-
ing literature (Chen et al., 2017; Yenipazarli, 2017).

The government provides policy guidance and subsidies to
encourage GPT R&D activities by, for example, guiding and sup-
porting relevant industries (such as the Al, blockchain and chip
industries) and firms to develop key GPTs based on national
strategic needs. We consider the operational cost per unit of
firm U to be (1 — g)c, — Byeq, wheregis the government’s sup-
port for identifying and supplying GPTs, satisfying0 <g<1.
Meanwhile, we assume that the cost subsidy proportion of the
government to the effort cost of firm i is 6;(i = u, d).

GPT R&D is the coexistence process of cooperation and compe-
tition between firm U and firm D from the technology chain
perspective. First, firm U and firm D jointly decide on R&D

Firm U R
— Identifing and supply Fairness
|R&Dleffort concerns Upstream-led(UD(s))
v
5 PT .
éﬂ coorfa‘eration V\,ll:ajdl:rt"he Downstream-led(DU(s))
5 R&D Knowledge |
= spillovers
D | Government | Balanced power(BE(s))
o Firm D support
C —

Fig. 1. The theoretical framework of GPT cooperation in R&D from a technology chain perspective.
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efforts to maximize the total profits of the technology chain.
Second, firm U and firm D make operational decisions on patent
licensing pricewand sell pricep; the sequence of decisions
depends on the power structures in the technology chain. Spe-
cifically, there are three scenarios and game time sequences.

In the UD scenario, firm U is the leader of the technology chain.
The game time sequence can be stated as follows: in step 1, the gov-
ernment sets subsidies6;; in step 2, firm U and firm D jointly decide
on R&D efforts to maximize the total profits of the technology chain;
in step 3, firm U offers a licensing pricew; and in step 4, firm D
decides on its sell pricepin response.

In the DU scenario, firm D is the leader of the technology chain.
The game time sequence can be stated as follows: in step 1, the gov-
ernment sets subsidiesd;; in step 2, firm U and firm D jointly decide
on R&D efforts to maximize the total profits of the technology chain;
in step 3, firm D decides on its sell pricep; and in step 4, firm U sets
the licensing pricewin response.

In the BE scenario, firm U and firm D are in an equal position. The
game time sequence can be stated as follows: in step 1, the govern-
ment sets subsidies 6;; in step 2, firm U and firm D jointly decide on
R&D efforts to maximize the total profits of the technology chain;
and in step 3, firm U and firm D decide on their licensing price w and
sell price p.

The profit functions of firm U, firm D and the revenue of govern-
ment G are as follows:

= [(1 =)W — (1 — g)cu + Byeq][Do — bp + c(eu + €g)]

Ny
—7(1 —0y)e,? 1)

g =[p—(1-2)w—cq+ Byeu][Do — bp + ce(ey + €g)]

-1~ Opes @)

DZ
TG =Ty +ﬂd_0u%eu2_0d%edz+7 3)
The total profits of the technology chain are obtained from Eqs. (1)
and (2):

7t = [p— (1 —8)cu — Ca + Byeu + Byedl[Do — bp + a(ey + eg)]

~ D1 -G -2 (1 - Og)es? 4

(1) Assume that both firm U and firm D in the technology chain
consider fairness concerns and aim to maximize their own prof-
its by referring to the profits distributed by the other firm. To
simplify the calculation without losing generality, we assume
that the fairness concern levels of firm U and firm D areN
(0<N<1). Similar to previous literature (Liu et al., 2020; Nie &
Du, 2017), the utility function of firm U and firm D can be
expressed as follows:

Uy =y — N(my — 1) (5)
Uy = tq — N(mty — 79) (6)

It can be seen from Eqs. (1)-(6) that the profits of firm U and firm
D are composed of patent income (sales income), the cost of R&D
effort, and government subsidies. The government’s profit function
consists of four parts: the profits of firm U and firm D, the total subsi-
dies provided by government and consumer surplus. Regarding fair-
ness concerns, the utility of firm U and firm D is composed of their
own profits and the profits of the other firm. For ease of exposition,
we let {UD, DU, BE} denote the UD, DU, and BE scenarios without fair-
ness concerns and{UDs,DUs, BEs}denote the corresponding three
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Table 1
Summary of key notations.

Notation  Interpretation

e Effort levels of firm U and firmD and i = u,d

n; Effort cost multipliers for the firms andn; > 0(i = u, d)

G Effort cost function of firm Uand D and i = u,d

G The unit operating cost of firm U and firm D and ¢; > 0(i = u, d)

Bi Knowledge spillovers of firm i to firmj, i, j = u,d, i #jand0 < B; <1
A The commonness degree of GPTs and 0<A<1

w Patent licensing price of GPT and w > 0

Do The market size of the final products based on GPTs

p Final product sell unit price

o The effect of effort levels on market demand and « > 0

b The price elasticity of demand and0 <b <1

g Government support for identifying and supplying GPTsand 0 <g < 1
0; The cost subsidy ratio of the government to the effort cost and i = u,d
N The fairness concern level of both firm U and firm D and 0<N<1

Ty The profits of firm U

Ty The profits of firm D

TG The expected revenue of government G

T The total profits of the technology chain

Rk The innovation contribution level of the GPT R&D of firmiand

ke {UD(s), DU(s), BE(s)}, i € {u, d}.

situations where fairness concerns are considered. Table 1 provides a
list of key notations used in this paper.

The optimal solutions under different scenarios
The UD scenario

According to assumption (6), firm U is the leader of the technology
chain. The specific solving procedure used is shown in Appendix A.

The UD scenario without fairness concerns (UD)

In this case, firm U and firm D both make decisions to maximize
their own profits, and the optimal effort levels of firms in the UD sce-
nario are as follows:

on _ [Do—b(1 - g)cy — bcg)3RUP oUD _ [Do — b(1 — g)cu — beg)3RYP
“ " (a+DbB,)(8 —3RWD —3RP)’ " " (a+bpy)(8 — 3RUP —3RWD)

The optimal government subsidies and optimal price strategies of
firm U and firm D are as follows:

u b b
O =% =5 +b
wib — Do + b(l - g)Cu - de + (O{ + bﬂu)eb]D + (O{ - bﬂd)efjm
- 2b(1— 1)
U — 3Dg + b(1 — g)cu + beg + (3o — bB,)elP + (3o — bB,)elP
= 4b

The optimal profits for game parties are as follows:

2
_up _ 16 =9RWP (Do — b(1 - g)c, — bey]
u 2b (8—3RWD —3RWD) |~

2b (8 — 3RUD — 3RUD)
up _ 3[Do — b(1 — g)cu — beg)?
T 2b(8 — 3RUD — 3RP)

20D — ( 3, 1) [Do —b(1 — g)cu — beg)”
¢ 2b " 4) (8-3RYD—3RWP)

2
i 8- 9RYP ([Do ~b(1 - g)cu — bcd}>

where RU = (a + bB,)* (6 + b)/6b1,,RIP = (o + bBy)*(6 + b) /6bny,
and we assume that RYP < 18 RUD < 8 to ensure that firms’ effort lev-

els and outputs are positive. Rf“) represents the innovation
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contribution level of the GPT R&D of firmi(Chen et al., 2019; Ge et al.,
2014), ke {UD(s),DU(s), BE(s)},i € {u,d}.

The UD scenario with fairness concerns (UDs)

In the UD scenario, firm U and firm D make decisions to maximize
their own utility, and the optimal effort levels of firms in the UD sce-
nario are as follows:

ws _ (3+2N)RIPH g

oups _ (3 2N)RI:H
T (@t b TR

= (e b T

The optimal government subsidy and the optimal price strategies
of firm U and firm D are as follows:

b
2(3+2N)+b
(14N)Do + ((1+N)? +N)b(1 - g)cu - (1+N)’bey
(N+2)2N+ 1)b(1 - )
(14 Na(e + ) + (1+ N)’bB,e — ((1+N)* + N) byl
(N+2)2N+ D)b(1 -4
pUs (3+2N)Dg + (3 + 2N)cr (eUYPs + es) + b(1 — g)cy + bcyg — bB,ePs — bp e

UDs _ UD
0, =04 =

wUDs

+

2(N+2)b

The optimal profits for game parties are as follows:

Lp_ (204 N?(N+2)°  (342N? o\ ((H
u 2N+ 1)b 2b v | \TUDs

Lp_ (@2 AN+ 1)(N+2)° (34 2N) e\ (_H \?
d (2N+1)b 2b ¢ TUDs

w_ B+2NH*

[2(3 + 2N) + b]H?
T = gprups 0 e T 4p7ubs

The utilities of firm U and firm D are as follows:

2(N +2)* = (1+N)(3 + 2N)*RYPs + N(3 + 2N)*RUPs (ngs)2

UDs __

%= 2b

pups _ 2L+ N)IN+2)" = (1+N)(3+2N)°R{™ + N3 + 2N)*RYPS (1)
¢ 2b

where TV — (2(N +2) = (3+ 2N)RPS — (3 + 2N)RY™),

(a+bB,)? (2(3+2N)+b

H=[Do —b(1 - g)cu —beal, RI™ = ——325m5p5—

and Ry =
(a+bBy)* | 2(3+2N)+b
2(3+2N)brg

2 2 2
and firm D in the UD scenario, where 2(1?2'\,’3 +(f§;2) - (322;\’) RUYDs > 0,

are the innovation contribution levels of firm U

(2N24+4N+1)(N+2)*  (3+2N)? puD.
2N+1)b -5 Ry >0.

The DU scenario

According to assumption (6), firm D is the leader of the technology
chain. The specific solving procedure is shown in Appendix A.

The DU scenario without fairness concerns (DU)

In this case, firm U and firm D make decisions to maximize their
own profits, and the optimal effort levels of firms in the DU scenario
are as follows:

pu  [Do—b(1-g)cu— bcd]3R5U oy Do—b(1—-g)cy — de]3RgU
€ = DU ooy’ €4 = DU DU
(ot+bﬂu)(8—3Ru - 3R} ) (Ot+bﬂd)(8—3Ru - 3R} )
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The optimal government subsidies and optimal price strategies of
firm U and firm D are as follows:

DU DU b
"
Wbl Do +3b(1 — g)cu — beg + (¢ + bB,)elV + (o — 3bB;)eRV
4b(1— 1)
pou 300+ b(1 —g)cu +beg + (3o — b, )ep” + (3o — bBy)ed”
4b

The optimal profits for game parties are as follows:

2

DU — 8 —9RRY (Do — b(1 — g)cu — bey)

u 2b (8 —3RPU —3RDU) |-
2

oo 16— 9RDU <[D0 —b(1 - g)cu - bcd]>

2b (8 — 3RRU — 3RDU)
pu _ 31Do — b(1 - g)cu — beal®
2b(8 — 3R2U — 3RDV)

U < 3 1) [Do — b(1 — g)cu — beg)®
¢ 2b 4/ (8-3RDU—3RLV)

where RRY :%ﬁ:fﬁ”’) and RV :%ﬁ;ﬁ*b) are the innovation
contribution levels of firm U and firm D, respectively, which satisfy
the condition 8 — 9RPV > 0, 16 — 9R2Y > 0.

The DU scenario with fairness concerns (DUs)

In the DU scenario, firm U and firm D make decisions to maximize
their own profits, and the optimal effort levels of firms are as follows:

pus 3+ 4AN)RPSH - _ 3+ 4N)R?USH

W T (@1 bB,) O ¢4 T (@1 by TOT

The optimal government subsidies and the optimal price of firm U
and firm D are as follows:

DUs _ DUs b
0" =63 " 23+4N)+b

(1+4N)Do + (3 + 4N)b(1 — g)cu — (1 + 4N)bcy
41+ 2N —A)b
N 1+ 4N)Ol(elu)us + ESUS) +(1+ 4N)b,3ue5”5 -3+ 4N)b/3defj)us
41+ 2N)(1 —A)b
oo (3+4N)Dg + (3 + 4N)ar (eDY + eBY) + b(1 — g)cy + by — bB,eR” — bp Rl
= 4T+N)b

wPUs —

The optimal profits for game parties are as follows:

7DUs — <4(1 +4N(1+N® 3 +4N)2R5”5)( H )2

(1+2N)b 2b TDUs
ous _ (AAN? 45N +2)(1+N)° - (3+4N’RI™) ( H \?
‘ (1+2N)b 2b TDUs

apus Z3HAN H2 gy 2344N) +b H2

T 2b TOUSTC T T gp OGS

The utilities of firm U and firm D are as follows:

8(1+2N)(1 4 N)? — (14 N)(3 + 4N)?RDUs -+ N(3 + 4N)?RDUs (-H)?

DUs __
o 2b
2
yous _ 16(LEN) — (14 N)(3 + AN)RE™ + N(3 + 4N)RE™ ()
‘ 2b
where TP = [8(1 4 N)* — (3 + 4N)RYS — (3 + 4N)RP™ ]

H = [Dy — b(1 — g)cy — bey).
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(a+bﬂu)z(2(3+4N)+b) - (a+bﬂd)2<2(3+4w>+b)
203+4N)b1, and RG™ = pIEFE T, are the

innovation contribution levels of firm U and firm D in the DU

DUs __
Ru

. . . 3 2 pDUs
scenario, ~ which  satisfy 0N CHVR= -0 and
4(AN?>+5N+2)(1+N)?  (3+4N)*REUs 0
T+2N)b - 2b >4
The BE scenario

In the BE scenario, firm U and firm D are in an equal position. The
specific solving procedure is shown in Appendix A.

The BE scenario without fairness concerns (BE)

In this case, firm U and firm D make decisions to maximize their
own profits, and the optimal effort levels of firms in the BE scenario
are as follows:

ge _ [Do—b(1 —g)cu — beaARY"  pe Do — b(1 —g)eu — bcy]4RBE
“ " (a+bp,)(9—ARBE —4REE)’ "¢ " (o + bB,)(9 — 4REE — 4REF)

The optimal government subsidies and the optimal price strate-
gies of firm U and firm D are as follows:

BE E b
e
W — Do +2b(1 — g)cy — bey + (o + bp,,)eBE + (o — 2bS,)eBE
3b(1-2)
DFE 2Dg + b(1 — g)cy + beg + (2a — b, )eBE + (2a — bB,)eBE
3b

The optimal profits for game parties are as follows:

s _ 9 — BRI <[D0 ~b(1 —g)cu — bcd]>2

T b (9 — 4RPE — 4RPF)
ar_ 9= 8RY (Do —b(1 — g)c, — begl\”
d = p (9 — 4REE — 4RPE)
e _ 2o —b(1 —g)cu — beyl?
T b(9 — 4RBE — 4REF)

B (g N 1) [Do —b(1 — g)cu — beg)®
¢ (9 — 4REBE — 4RPF)

5732
where REF = (@ + bp,)?(4+ b)/4bn, and REF = (c + bB,)*(4 + b)/4b

1,4 are the innovation contribution levels of firm U and firm D, which
satisfy 9 — 8REF > 0,9 — 8REE > 0.

The BE scenario with fairness concerns (BEs)

In the BE scenario, firm U and firm D make decisions to maximize
their own utility, and the optimal effort levels of firms in the BEs sce-
nario are as follows:

Jits _ 22+ 3NREEH -y 22+ 3N)REEH
Y (@ bBTEE T (bR TEE

The optimal government subsidy and the optimal price strategies
of firm U and firm D are as follows:

b
BEs _ ABEs
0" = b T 2(2+3N)+b
wes _ (143N)Do + (2 + 3N)b(1 — g)cy — (1 + 3N)bey

B 3(1+2N)(1 = A)b
N (14 3N)or (e85 + e8) + (1 + 3N)bf,eBE — (2 + 3N)bp,ebEs

3(1+2N)(1-A)b

ooV — (2+3N)Dg + (2 + 3N)or (eBF + €5%) + b(1 — g)cy + bcg — bB,eBr — b el

31+N)b
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The optimal profits for game parties are as follows:

s (9(1 13NN 22 +3N)2R5Es> ( u >2

(1+2N)b b TEEs
s (9BN 43N+ (1+N 224 3N)’RE ( H \?
‘- (1+2N)b b TBEs
pes _ (2+3N) H> pee 2(2+3N) +b H?
NT 7TTBEs77TG *z—bﬁ

where TBE — [9(] + N)2 212+ 3N)R5ES -2+ 3N)R555]‘

H =[Do — b(1 — g)cu — bey).

(a+bB,)? 2(2+3N)+b) (a+bBy)? | 2(2+3N)+b

. —mewe, A R = ——pn denote

the innovation contribution level in the BEs scenario of firm U and
9(1+3N)(1+N)* _ 2(2+3N)°RiE 9BN?3N+1)(1+N)*

firm D, - B >0, 12N _

(1+2N)b
2(243N)2REE
% - 0.

BEs __
Ru

satisfying

Model analysis
Comparison of GPT cooperation R&D models

The specific solving procedures of Propositions 1-7 are shown in
Appendix B.

Proposition 1. The government subsidies, the optimal effort level of firm
U and firm D, the total R&D profits of the technology chain and the
expected revenue of the government with fairness concerns are lower
than those without fairness concerns, ie.,0" <6k <ek, mks < sk,
7% <7k, ie{u,d} ke {UD,DU,BE}.

Proposition 1 indicates that compared to not considering fairness
concerns, the ratio of government subsidies, the optimal effort level
of firm U and firm D, the total profit of R&D in the technology chain
and the expected revenue of the government are lower when consid-
ering fairness concerns. This is because firms may pay more attention
to the profits of the cooperating firm when considering fairness con-
cerns. Firm D may bargain with firm U by using the commercializa-
tion of GPTs for bargaining to obtain higher R&D profits. In contrast,
firm U will resist bargaining behaviour by raising the transfer price of
GPTs or reducing the level of effort to save costs, which restricts the
efficiency of GPT cooperation in R&D. As a result, fairness concerns
have a negative impact on GPT cooperation R&D and reduce R&D
profits.

Proposition 2. Whether or not fairness concerns are taken into account,
the R&D effort level of firms, the ratio of government subsidies, govern-
ment expected revenue and the total profits of the technology chain in
the UD(s) and DU(s) scenarios are lower than those in the BE(s) scenar-
ios. Specifically,

(1) When not considering fairness concerns, the R&D effort
level of firms, the ratio of government subsidies, govern-
ment expected revenue and R&D profits of the technology
chain in the UD and DU scenarios are equal, i.
e.eP > eD — ePU 9P » gUP — gPU 7BE - 7UD _ DU and
78 > D = 7RV i e {u,d}.

(2) When considering fairness concerns, the R&D effort level of
firms, the ratio of government subsidies, government expected
revenue and R&D profits of the technology chain in the UD sce-
nario are greater than those in the DU scenario, i.
e.,ePEs > elDs . eDUs, oS - gUs . gPUs, 7588 > 7rUPs > rDUs
708 > 7ryDs > wRUS i e {u, d}.

From Proposition 2, power structures will lead to unequal profit
distribution between firm U and firm D and affect the effort level of
firms and thus the total profits of the technology chain. Specifically,
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the effort level of firms and the total profits of the technology chain
are improved in the BE(s) scenarios. This is because in GPT coopera-
tion R&D, if the positions of firm U and firm D in the technology chain
are not equal, they will have an incentive to participate in the leader-
ship struggle to obtain greater profits, causing the “friction” of coop-
eration R&D amongst GPTs to increase and then leading to a loss of
R&D profits. In addition, the ratio of government subsidies and the
expected revenue of the government are higher than those in the UD
and DU scenarios. When not considering fairness concerns, both firm
U and firm D will independently pursue their own profit maximiza-
tion. Considering that firms in the leading position have more bar-
gaining power, both firms will actively compete for leadership. As a
result, when the game is optimal, the effort level and R&D profit of
firm U and firm D are equal, and the ratio of government subsidies
and the expected revenue of the government are also equal in the UD
and DU scenarios. When considering fairness concerns, both firm U
and firm D will be concerned about the profits of the cooperating
firms. Because the commercial development of firm D depends on
the GPTs identified and supplied by firm U, compared to firm D, firm
U has the advantage of fighting for leadership to obtain higher profits.
Therefore, the R&D profits of firm U and firm D in the UD scenario are
higher than those in the DU scenario, and the ratio of government
subsidies and the expected revenue of the government are also
higher.

Proposition 3. The R&D profits of the firm in the leading position are
always greater than those in the following position in the technology
chain.

(1) When the innovation contribution level of firms is lower, the
profits of the firm in BE(s) scenarios are highest, followed by
those of the firm in the leading position, and the profits of the
firm in the following position are lowest, i.e.,
F0ES) o g UD) . DUS) 7 BES) DU D)

(2) When the innovation contribution level of firms is higher, the
R&D profits of firms in the leading position are highest, fol-

lowed by those of the BE(s) scenarios, and the profits of the

firm in the following position are lowest, i.
.7~ glEC)  rDUS) DU BEG) ot

From Proposition 3, the firms in the leading position can obtain
higher profits in the UD and DU scenarios because the leading firms
have more bargaining power than the following firms, and then firm
U can identify and supply GPTs according to its own advantages and
market demand such that the leading firms can obtain higher profits.
When the relative contribution of firms to innovation is greater, the
GPT R&D profits of firms in the leading position are the highest
because, at this point, firms have the most power in the technology
chain. In BE(s) scenarios, firms tend to fight for leadership to obtain
greater profits, which will affect the smooth development of GPT
cooperation R&D and then affect R&D profits. When the relative con-
tribution of firms to innovation is lower, the firms will also actively
fight for leadership because of their similar contributions to GPT
R&D. When the game is optimal, GPT cooperation R&D will be carried
out in BE(s) scenarios. The above conclusions show once again that
power structures will affect the profit distribution between firm U
and firm D in the technology chain.

Analysis of factors affecting decisions and profits of firms

Proposition 4. Government supportgfor GPTs can improve the effort
level and profits of firms. The government’s subsidies to the effort costs
of firm U and firm D are equal and are affected by the price elasticity of
demand b and the level of fairness concerns N. The greater b is, the
greater the ratio of effort cost subsidies is, and the greater Nis, the
smaller the ratio of effort cost subsidies is.
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Proposition 4 illustrates that information and knowledge and
technology support, which are provided by the government to firm U
for identifying and supplying GPTs, can, to a certain extent, compen-
sate for the lack of firms’ innovation resources and then improve firm
effort level and R&D profits. In addition, because the process nature
of GPT R&D determines the characteristics of the long period and con-
tinuous investment that GPT R&D faces, the government gives equal
subsidies for the effort costs of firm U and firm D to ensure the
smooth development of the GPT R&D process. The greater the price
elasticity of demand is, the more sensitive consumers will be to GPT-
based products. At this point, increasing the ratio of government sub-
sidies is required to share the R&D risks faced by firms, which is
equivalent to putting an "approval label" on GPT-based products
(Feldman & Kelley, 2006) and which helps increase consumers’ trust
in products based on GPTs and then lowers the price elasticity of
demand. Moreover, because the profits distributed by the cooperat-
ing firm are used as a reference by firms to maximize their own prof-
its, the behaviour of fairness concerns will lead to interest conflicts in
firms’ GPT cooperation R&D, and then the R&D effort level and price
strategy of firms will tend to increase their own profits, which will
reduce the market expectations of GPT R&D. Therefore, as fairness
concerns increase, government subsidies decrease.

Proposition 5. Knowledge spilloversf;and the product innovation
returnabased on GPTs are helpful to improve the R&D effort level of
firms, the total R&D profits of the technology chain and the expected rev-
enue of the government. However, an increase in the effort cost multi-
pliersn;of firms will lead to a decrease in the effort levels of firms, the
total profits of the technology chain and government expected revenue,

ak(s) k(s) k(s) ak(s) k(s) k(s) aok(s)
. el ort! am de, ar. o ae’
P My M P Ay G i
ie., B> 0, b > 0, > 0= > 0, 5->0, =5 >0, <0,
ok ok .
L <0,-5% <0,ie{u,d}, ke {UD,DU, BE}.

on; T

From Proposition 5, the process of sharing innovation knowledge
is essential to GPT cooperation R&D between firm U and firm D. With
the increase in knowledge spilloversg;, firm U can obtain more mar-
ket information and innovation resources from firm D, and firm D
can also acquire knowledge of GPTs that is beneficial to commercial
development, which stimulates the level of R&D effort of firm U and
firm D and then increases the total profit of the technology chain and
the expected revenue of the government. The increase in the product
innovation returncincreases the expected returns of GPT cooperation
in R&D, which encourages firms to increase investment in GPTs and
promotes an increase in the total profit of the technology chain and
the expected revenue of the government. The increase in R&D effort
costs directly dampens enthusiasm for GPT R&D efforts amongst
firms and reduces the total profit of the technology chain and the
expected revenue of the government.

Proposition 6. The influences of knowledge spillovers, effort costs and
product innovation return on the R&D profit of firm U and firm D are
affected by the power structures.

(1) In any power structure, the firm’s knowledge spilloversp; are
conducive to improving the profits of firms, i.e.,nj’F. In contrast,
the firm’s effort cost multipliersn;will reduce the profits of the

k(s)

i,je{u,d},

k(s)
cooperating firmm¥, ie. 37;]3 >0, +m <0,
ke {UD,DU, BE}.
(2) When not considering fairness concerns, the R&D profits ¥
of firms in the leading position are positively correlated
with their own knowledge spilloversf; and are negatively cor-

related with their own effort cost multipliers #n;, i

- DU DU
e, P o 0Mm o 0.4 > 05 <0.The R&D profitsr¥of firms in
the following position are negatively correlated with their own

knowledge spilloversf;and positively correlated with their own
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o <058 >0 <o,
In BE scenarios, when the relative innovation contribution lev-
elREof firms is lower, their R&D profits are positively correlated
with their own knowledge spillovers8;and negatively corre-
lated with their own effort cost multipliersn;. When the relative
innovation contribution level REE of firms is higher, their R&D
profit is negatively correlated with their own knowledge spillo-
versf;and positively correlated with their own effort cost mul-

effort cost multipliersn;, i.e.

tipliers 7 i.e., WhenRE® > REF, %4 - 0, ";f; <0, ijj; <0, ‘ijf ~0;
BE BE d7EF omSE
When REF <R, 5 <0, 7o >0,3ﬂ >0, 5 T ~ <o ,
UDs UDs | __ 2Q+N)
(3) Considering fairness concerns, whenRy"™ < R + TN ey
DUs _ RDUs 8(1+N)?
RY% <R + Ar2N)3ean? the R&D profits of firms in the leading

position (in the following position) of the technology chain
are positively (negatively) correlated with their knowledge
spillovers and negatively (positively) correlated with their

s D
effort cost multipliers, i.e., dﬂ ~ 02 07" _0P4”" L0 or

any, * 9y ’ ,m
amps ams b s
> 0, - <0, < 0, > 0. Conversely,
UDs _ pUDs 22+N)? DUs _ RpDUs 8(1+N)*
whenR;™> > R+ (14+2N)(3+2N)? or Ry™>R™+ (142N)(3+4N)*’

knowledge spillovers and effort cost multipliers have opposite
effects on the R&D profits of firms in the leading and following

BEs IN(1+N)?
Ri™ + 2(1+2N)(2+3N)*’

the R&D profits of firms in the leading position are positively
correlated with their knowledge spillovers and negatively cor-
>0, 7= <0,
2
<0, G- TN
the R&D profits of the following firms are negatively correlated
with their knowledge spillovers and positively correlated with
, 3;25 O,dg:ﬂ > O,H;Tf‘? >0 d;T:E <0.
(4) As far as the product innovation return « is concerned, when
not considering fairness concerns, the profits of firms in the
leading position increase with «, while the profits of firms in
the following position only increase with o when the innova-
tion contribution level of the leading firm is higher. When con-
sidering fairness concerns or BE(s) scenarios, the profits of
firms only increase withawhen the cooperating firm’s innova-
tion contribution level is higher; otherwise, such profits
decrease with «.

positions. In the BE scenario, when REE <

related with the effort cost multiplier, i.e. 2 aﬁ

BEs
o7y >0. In contrast, when REE > REES

the effort cost multipliers, i.e.

Proposition 6 illustrates that the R&D profits of firm U and firm D
are affected by knowledge spillovers, effort costs and product innova-
tion returns, and this influence is also affected by the power struc-
ture. First, the knowledge spillovers of firms are conducive to
improving the R&D profits of cooperating firms, while an increase in
the cost coefficient of firms’ efforts will reduce their R&D profits. This
is the case because the knowledge spillovers of identifying and sup-
plying GPTs are beneficial to the commercial development of firm D,
and the knowledge spillovers from firm D, such as market informa-
tion, also help identify and supply GPTs, which help improve the total
profits of the technology chain (see Proposition 5) and thus the R&D
profits of the cooperating firms. Similarly, the increase in the effort
cost coefficient dampens the enthusiasm of firms to invest in GPT
R&D and erodes the total profits of the technology chain (see Proposi-
tion 5) and then the R&D profits of the cooperating firms.

Second, when not considering fairness concerns, firms will not
consider the profits earned by the cooperating firm when pursuing
their own profit maximization. The knowledge spillovers of the firms
in the leading and following positions are beneficial to improving the
R&D profits of the cooperating firms (see Proposition 6(1)), which
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help improve the R&D profits of firms in the leading position. Effort
costs have the opposite effect. The knowledge spillovers of firms in
the following position are at a disadvantage in the technology chain,
and their knowledge spillovers further reduce the bargaining ability
of the cooperating firm and thus reduce its R&D Profits. At this time,
the firm in the following position may make more efforts to absorb
the knowledge of the leading firms, which increases the R&D effort
costs and improves the R&D profits of GPTs. When the power of firm
U and firm D is balanced in the technology chain, the effect of their
knowledge spillovers and effort costs on the R&D profits of firms is
affected by the relative innovation contribution level of firms.
Because firm U and firm D compete with each other on an equal posi-
tion, if the innovation contribution level of firms is lower, it is evi-
denced that knowledge spillovers helps improve the R&D profits of
the cooperating firms (see Proposition 6(1)) and then the state of
cooperative R&D, which can increase the total profits of the technol-
ogy chain (see Proposition 5) and thus also enhance the R&D profits
of firms themselves. Similarly, effort costs erode R&D profits. If the
relative innovation contribution level is higher, the loss of knowledge
spillovers of firms may be difficult for cooperating firms to address. A
possible way for firms to improve their R&D profits is to increase
their R&D efforts to reduce knowledge spillovers to enhance their
bargaining ability.

Third, when considering fairness concerns, the influences of
knowledge spillovers and the effort cost coefficient on the R&D prof-
its of firms are impacted by the power structure and the relative
innovation contribution level of firms. Although fairness concerns are
taken into account, leading firms can obtain higher R&D profits from
more influence and dominance that they have. Similarly, effort costs
reduce firms’ R&D profits. Because firms in the following position do
not have dominance in the technology chain, knowledge spillovers
may damage their own profits. Rational firms may actively absorb
knowledge from leading firms by increasing their GPT R&D efforts
and strengthening GPT cooperation R&D to improve their own R&D
profits. When the relative innovation contribution level of firms in
the leading position exceeds a certain threshold, the increase in
knowledge spillovers may weaken the bargaining ability of firms and
reduce R&D profits. At this point, firms should put more effort into
reducing knowledge spillovers, which in turn may improve the R&D
profits of firms. Similarly, in the BE scenario, when the relative inno-
vation contribution level of firm U is lower than a certain threshold,
the R&D profits of the firm are positively related to its knowledge
spillovers and negatively related to the effort cost multiplier. With an
increase in the relative innovation contribution level, when it exceeds
the threshold, the correlation relationship between the R&D profits of
firms and their knowledge spillovers changes from positive to nega-
tive. At this point, this can improve profits through more investment
in R&D efforts.

Finally, the production innovation return can improve a firm’s
effort level and the total profits of the technology chain (see Proposi-
tion 5), but its impacts on the R&D profits of firms are regulated by
the power structure and the relative innovation contribution level of
firms. When not considering fairness concerns, the product innova-
tion return is beneficial for increasing market demand for products
based on GPTs. The R&D profits of firms in the leading position
increase with the increase in the production innovation return. If the
relative innovation contribution level of the leading firms is higher,
firms in the following position can share the profits of GPT coopera-
tion R&D without investing too much. Therefore, the R&D profit of
the firms also increases with the increase in the production innova-
tion return. When considering fairness concerns or a balanced power
structure, if the relative innovation contribution level of the cooper-
ating firms is higher and that of firms themselves is lower, they will
raise the R&D effort levels of GPTs by referring to the profits of the
cooperating firm and its own input. With the increase in product
innovation returns, the total profits of the technology chain will
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increase, and the R&D profits of firms will increase correspondingly. If
GPT cooperation R&D is perceived to be unfair, firms will reduce the
level of their R&D efforts and then affect the smooth development of
GPT cooperation R&D. At this point, despite the increase in the pro-
duction innovation return, the GPT R&D profits of firms decline.

Proposition 7. The impacts of fairness concerns on the price strategy,
R&D effort level and profits of firms are as follows.

(1) Firm D’s price increases with fairness concern level N. Firm U’s
patent licensing price per unitwdecreases with fairness con-
cerns when firm U is in the leading position of the technology
chain and increases with fairness concerns when firm U is in
the following position or in the BE scenario.

In the UD and DU scenarios, the profits of leading firms are
always negatively correlated with the fairness concern level,
and the profits of following firms first increase and then
decrease with the fairness concern level. Under the balanced
power structure, the profits of both firm U and firm D are nega-
tively correlated with the level of fairness concerns.

In any R&D scenario, the effort level of firm U and firm D, the
total R&D profits of the technology chain, and the expected rev-
enue of the government are negatively correlated with the fair-
ness concern level.

(2)

Proposition 7 illustrates that the fairness concern behaviour of
firms will reduce the total profits of the technology chain and the
effort level of firms. When a firm pays more attention to the cooper-
ating firm’s profits, its profits are more obviously affected by the
cooperating firm. As far as firm D is concerned, an increase in the
level of fairness concerns under any R&D scenario would lead to
higher prices. Firm U has the advantage of making profits when it is
in the leading position. To avoid reducing R&D efficiency, firm U will
make appropriate price concessions to firm D as its fairness concern
level increases. When firm U is in the following position or in the BE
scenario, firm U will not easily make concessions to the product price
because there is no longer the advantage of making profits. Because
fairness concerns increase the bargaining power of firms in the fol-
lowing position, the profits of the following firms first increase and
then decrease with the level of fairness concerns. In general, fairness
concerns have a negative impact on the R&D profits of firms in the
technology chain and the R&D efficiency of GPTs. Our conclusions are
similar to those drawn by Liu et al. (2021) in their research on a fair-
ness coordination mechanism in the supply chain context.

Numeric analysis of the model

In this section, we analyse the impact factors and mechanisms of
the relevant parameters for effort levels and profits in the technology
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Table 2
The values and ranges of the parameters.

Parameters Do b o g a g N B ni

Valuesandranges 20 03 2 2 03 03 03 (01) [1,53]

chain using numeric analysis. Satisfying relevant assumptions and
constraint conditions, let the market size be Dy = 20, the price elas-
ticity of demand be b = 0.3, the unit operating cost of firm U and firm
D be ¢, = ¢4 =2, the product innovation return based on GPTs be
o = 0.3, the government’s support be g = 0.3for identifying and sup-
plying GPTs, the fairness concern level be N = 0.3, knowledge spill-
overs be B;€(0,1), and the effort cost multipliers of firms be
n; €[1.5, 3]. Referring to Chui et al. (2021), we provide a list of the val-
ues and ranges of the above parameters (see Table 2). When analy-
sing the impact of a parameter, other parameter values remain
unchanged unless otherwise specified.

First, we analyse the impacts of government supportgfor identify-
ing and supplying GPTs, the product innovation returnoand power
structures on firms’ effort level and total profits of the technology
chain, as shown in Fig. 2.

As shown in Fig. 2, taking the profits of the technology chainmras
an example, 77 increases asgandwincrease. As shown in Fig. 2(a),
mrrwithout considering fairness concerns is higher than that consider-
ing fairness concerns; that is, fairness concerns will reduce the R&D
efficiency and profits of GPTs. Furthermore, as shown in Fig. 2(b),
mrris equal to that of the UD/DU scenarios but lower than that of the
BE scenario. Similarly, when considering fairness concerns, the effort
level of firms and profits of the technology chain are highest in the BE
scenario, followed by those of the UD scenario, and they are the low-
est in the DU scenario. The impacts ofgon firms’ effort level and gov-
ernment revenue are similar to those shown in Fig. 2. The effects of
the price elasticity of demand b and fairness concern level Non the
ratio of effort cost subsidies can be analysed similarly but is not
repeated here. Thus, Propositions 1, 2, and 4 and parts of Proposition
5 are verified.

As shown in Fig. 3, taking the state not considering fairness con-
cerns as an example, the profits of firms under different power struc-
tures are impacted by their relative innovation contribution levelR;
(i=u,d). When R, of firm D is higher (R,/Ry = 0.26), as shown in
Fig. 3(a), themr,of firm U under the BE scenario is the largest. How-
ever, whenR,decreases (R,/R; = 1), the m,of firm U under the UD
scenario is the largest. In addition, the s, of firm U in the UD(s) sce-
narios is always greater than that in the DU scenario, which indicates
that when Ry is larger, the m,of firm U in the balanced power struc-
ture is greater than that in the unbalanced power structure, and the
mryof firm U in the leading position is greater than that in the follow-
ing position. Fig. 3(b) shows that the situation of firm D is similar to
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Fig. 2. Impacts of government supportgfor identifying and supplying GPTs and innovation effectoron the R&D profits of GPTs.
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Fig. 3. Impacts of the relative innovation contribution level and power structure on firms’ profits.

that of firm U. In addition, the impacts of the profits of firm U and
firm D when considering fairness concerns are similar to those when
fairness concerns are not considered. Proposition 3 is verified.

Next, we analyse the impacts of knowledge spilloversf;and effort
cost multipliersn;on firms’ effort level, the profits of the technology
chain and government expected revenue. We use the total profits of
the technology chain 7t as an example, as shown in Fig. 4 and Fig. 5.

Whether or not fairness concerns or power structure are consid-
ered, as shown in Fig. 5, the total profits 77 of the technology chain
increase with B;and decrease with a firm’s »,. Furthermore, it can be
seen from Fig. 4 and Fig. 5 that the total profit relation of the technol-
ogy chain ism > 7P = 7BYwhen considering fairness concerns and
78 > 7P > 7PUwhen not considering fairness concerns. The compar-
isons of the effort levels of firms and the ratio of government subsi-
dies and government revenue can be analysed similarly. From these
findings and combined with Fig. 2(b), Proposition 2 and Proposition 5
are verified.

Furthermore, as shown in Fig. 6, we analyse the impacts of 8; and
n; on the R&D profits 7;of the cooperating firms. As shown in Fig. 6,
whether or not fairness concerns are considered, the profitsz,of firm
U increase with thep,of firm D and decrease with the 7, of firm D.
The profits of firm D also increase with thef,of firm U and decrease
with then,of firm U. Therefore, Proposition 6(1) is verified. In addi-
tion, as shown in Fig. 7, when not considering fairness concerns, the
R&D profits of firms in the leading position are positively related to
their B; and negatively related to their ;. In contrast, the R&D profits
of firms in the following position are negatively related to their;and
positively related to theirn;. Furthermore, as shown in Fig. 7(c)—7(d),
when theR,of firm U is lower than theR;of firm D, the R&D profits of
firm U are positively correlated withf,and negatively correlated
withn,,, while the opposite applies for firm D. As a result, under the
balanced power structure without considering fairness concerns,

=

s
e
e

|
|

!

-

when theR;of firms is lower, the R&D profits have a positive correla-
tion withf;and a negative correlation with n;. When theR;of firms is
higher, the R&D profits are negatively correlated withf;and positively
correlated withn;. Thus, Proposition 6(2) is verified.

As shown in Fig. 8, we use the UD scenagio as an example, which
at this point satisfies RUPS < R{Ds +(1+§§\12)(%' According to Fig. 8,
the R&D profits of firm U are positively related tof,and negatively
related ton,, and the R&D profits of firm D are negatively related to
Bg- In addition, a similar analysis can be carried out on DU and BE sce-
narios but is not be repeated here. This is consistent with Proposition
6(3). Furthermore, as shown in Fig. 9, taking the state not considering
fairness concerns as an example, when theR,of firm U is higher and
the Ryof firm D is lower, the R&D profits of firm U increase with an
increase of awhen the firm is in the leading position and decrease
with an increase ofewhen the firm is in the following position and in
a balanced power structure. For firm D, R&D profits increase with an
increase of win the UD, DU and BE scenarios. In other words, the R&D
profits of firms in the leading position increase with an increase of «,
and when theR;of firms in the leading position is higher, the R&D
profits of firms in the following position increase with an increase
ofce. Similar analyses can be carried out under the balanced power
structure and considering fairness concerns. Thus, Proposition 6(4) is
verified.

Finally, as shown in Fig. 10 and Fig. 11, we analyse the impacts of
fairness concerns level Non the total profits of the technology chain
and firms’ profits and prices. As shown in Fig. 10, the effort level of
firms and the total profits of the technology chain are negatively cor-
related with N, which means thatNwill reduce a firm’s effort levels
and the total profits of the technology chain. Furthermore, as shown
in Fig. 11(a), the greater the fairness concernNis, the higher the prod-
uct pricepbased on GPTs determined by firm D is. When firm U is in
the leading position, the patent licensing pricewdecreases withN,

Fig. 4. Impacts of knowledge spillover;on total profits of the technology chain.
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Fig. 5. Impacts of effort cost multipliersn;on the total profits of the technology chain.
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Fig. 8. Impacts of knowledge spillovers and effort cost multipliers on the profits of firms when considering fairness concerns.
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Fig. 9. Impacts of product innovation return on the R&D profits of firms.

which shows that firm D has stronger bargaining ability whenNis
higher. When firm U is in the following position or a balanced power
structure, pricewincreases withN. Moreover, as shown in Fig. 11(b),
when firm U (D) is in the leading position, the R&D profits of firm U
(D) increase withN, while the profits of firm D(U) first increase and
then decrease withN. Therefore, Proposition 7 is verified.

General discussion and implications
Theoretical implication and conclusions

GPT cooperation R&D has obvious process characteristics. Bresna-
han and Trajtenberg (1995) studied semiconductors and their
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applications in hearing aids, radios, television sets, computers and
other products, which can be regarded as part of an earlier literature
on the GPT R&D process. Recently, Zheng et al. (2019, 2021) proposed
the GPT R&D process framework of “supply— diffusion (adop-
tion—commercial development— market benefit realization)” in
which the interdependent relationship between supply and diffusion
is analysed. Based on this, referring to the idea of the supply chain,
this study regards the GPT R&D process as a technology chain; that is,
the supply of GPTs and diffusion based on GPTs supplied form an
interdependent technology link relationship, which expands the
research on the process of GPT R&D. In addition, this study introduces
the concepts of power structures, fairness concerns, and knowledge
spillovers (Ranjbar et al., 2020; Caldas et al., 2021; Niu et al., 2022),
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Fig. 10. Impacts of fairness concerns on firms’ effort level and total profits.
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Fig. 11. Impacts of fairness concerns on the prices and profits of firms.

which are combined with government support (Tassey, 2005; Zuo et
al.,, 2019) in the same framework to establish GPT cooperation R&D
models between firm U and firm D with UD(s), DU(s) and BE(s) sce-
narios from a technology chain perspective to enrich the relevant
research related to GPT cooperation R&D. Furthermore, research on
the key influencing factors and mechanisms of GPT cooperation in
R&D enables a theoretical understanding of how and why the effec-
tive operation of GPT cooperation in R&D is regarded as a technology
chain. The following conclusions can be drawn from the aims stated
in the introduction based on Propositions 1-7 and numeric analysis:

First, the optimal effort level of firm U and firm D, the ratio of gov-
ernment subsidies, the expected revenue of the government and the
total R&D profits of the technology chain are lower when considering
fairness concerns. Whether or not fairness concerns are taken into
account, the R&D effort level of firms, the ratio of government subsi-
dies, the government’s expected revenue and the total profits of the
technology chain, which are equal in the UD and DU scenarios when
not considering fairness concerns and are higher in the UDs scenario
than that in the DUs scenario when considering fairness concerns,
are all higher in the BE(s) scenarios than in the UD(s) and DU(s) sce-
narios. The R&D profits of firms in the leading position are always
greater than those of firms in the following position. When the inno-
vation contribution level of firms is lower, the profits of firms in the
BE(s) scenario are highest, followed by those in the leading position,
and the profits of firms in the following position are lowest. When
the innovation contribution level of firms is higher, the R&D profits of
firms in the leading position are highest, followed by those in the BE
(s) scenarios, and the profits of firms in the following position are
lowest.

Second, government support for GPTs can improve the effort level
and profits of firms. government subsidies to the effort costs of both
firm U and firm D are equal, and the ratio of government subsidies
increases with an increase in the price elasticity of demand or (and) a
decrease in fairness concerns. For the production innovation return
based on GPTs, when not considering fairness concerns, the profits of
firms in the leading position increase with it, while the profits of
firms in the following position only increase with it when the innova-
tion contribution level of the leading firm is higher. When consider-
ing fairness concerns or under the BE(s) scenarios, the profits of firms
only increase when the cooperating firm’s innovation contribution
level is higher; otherwise, it decreases with it. Knowledge spillovers
between firm U and firm D and the product innovation return help
improve the R&D effort level of firms, the total profits of the technol-
ogy chain and the expected revenue of the government. However,
the effort cost multipliers of firms have the opposite effect.

Third, knowledge spillovers are conducive to improving the prof-
its of firms in any power structure. The firm’s effort cost multipliers
will reduce profits. When not considering fairness concerns, the R&D
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profits of firms in the leading position (in the following position) of
the technology chain are positively (negatively) correlated with their
own knowledge spillovers and are negatively (positively) correlated
with their own effort cost multipliers. In the BE scenario, when the
relative innovation contribution level of firms is lower (higher), their
R&D profits are positively (negatively) correlated with their own
knowledge spillovers and negatively (positively) correlated with
their own effort cost multipliers. When considering fairness concerns,
if the relative innovation contribution level of firms in the leading
position is less (greater) than a certain threshold, the R&D profits of
firms in the leading position are positively (negatively) correlated
with their knowledge spillovers and negatively (positively) corre-
lated with their effort cost multipliers. Otherwise, knowledge spill-
overs and effort cost multipliers have opposite effects on the R&D
profits of firms in the leading and following positions. In the BE sce-
nario, when the relative innovation contribution level of firm U is
less (greater) than a certain threshold, the R&D profits of firms are
positively (negatively) related to their knowledge spillovers and neg-
atively (positively) related to their effort cost multipliers.

Finally, the price of firm D increases with the level of fairness con-
cerns. The patent licensing price of firm U decreases with fairness
concerns when firm U is in the leading position of the technology
chain and increases with fairness concerns when firm U is a follower
or under BE conditions. In the UD and DU scenarios, the profits of
firms in the leading position are always negatively correlated with
the fairness concern level, and the profits of firms in the following
position first increase and then decrease with the fairness concern
level. In the BE scenario, the profits of both firm U and firm D are neg-
atively correlated with the level of fairness concerns. In any GPT R&D
scenario, the effort level of firm U and firm D in the technology chain,
the total R&D profits of the technology chain, and the expected reve-
nue of the government are all negatively correlated with the fairness
concern level.

Implications for practitioners

The above results have important implications for GPT coopera-
tion in R&D. Specifically, the R&D process of GPTs is viewed as a spe-
cial technology chain in our study, which leads to the following
implications for practitioners.

The first implication is that the balanced power structure is pre-
ferred to achieve a win-win situation of GPT cooperation in R&D
between firm U and firm D. However, an unbalanced structure
encourages firms in the leading position to maximize their own prof-
its, which does not necessarily result in the optimal outcome of the
technology chain. Therefore, a balanced power structure should be
the dominant mode of GPT cooperation R&D activities. Meanwhile,
knowledge spillovers are a key factor in the process of leadership
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allocation, which can improve the effort level of both firm U and firm
D and thus the total profits of the technology chain. To reduce inter-
est conflicts between the individual firm and the entire value chain,
which may lead to competition between firm U and firm D for leader-
ship in the technology chain, firm U and firm D should establish an
appropriate trust mechanism to promote knowledge sharing
between firms in the technology chain under a balanced power
structure.

The second implication of our results is that behaviours based on
fairness concerns should be given more attention to improve the effi-
ciency of GPT cooperation in R&D in the technology chain. The R&D
efficiency and profits of firms with fairness concerns are lower than
those of firms without fairness concerns. Therefore, both firm U and
firm D in the technology chain should develop a GPT cooperation
R&D mode that focuses on overall benefits instead of individual bene-
fits to avoid malignant competition and double marginalization. In
addition, fairness concerns can increase the bargaining power of
firms in the following position because of an unfair income distribu-
tion under the unbalanced power structure, which is emphasized in
decision-making. With this competition rather than corporation
mindset, the overall R&D efficiency and profits of the technology
chain will be lower, regardless of the power structure. Consequently,
these findings call for firm U and firm D to build a performance sys-
tem that extends beyond individual interests and to further embrace
the overall interests that GPT cooperation R&D can bring. By doing
so, the adverse impacts of fairness concerns in decision-making are
mitigated, which allows for better capturing of the value of GPT coop-
eration in R&D from a technology chain perspective.

Our models also consider support from the government and thus
have some implications for policy-makers. It is already known that
government support plays a crucial role in R&D projects involving
GPTs. Our results reinforce this understanding and further demon-
strate that government support policies should be made to adopt dif-
ferent power structures. The aims of government support policies
should minimize the negative effects of fairness concerns in the GPT
cooperation R&D relationship by, for example, offering R&D subsidies
under a balanced power structure to promote GPT cooperation R&D.
In addition to subsidies, our study emphasizes that information and
knowledge and technology support are necessary in the identifica-
tion and supply of GPTs, which can compensate for a potential lack of
R&D resources and reduce the high R&D risk associated with GPTs.
When the price elasticity of demand is higher, the government can
share the R&D risk of firms by increasing R&D effort cost subsidies,
which is equivalent to granting “approval labels” to products based
on GPTs and promoting the smooth development of GPT cooperation
in R&D activities.

Limitations and future research

This study is not free from limitations. As an early attempt at GPT
cooperation R&D from the technology chain, future studies could
explore more dimensions of GPT cooperation R&D questions based
on our model. First, our research results that fairness concerns have a
negative impact on the R&D efficiency and profits of firms. However,
fairness concerns are an important topic that cannot be avoided in
GPT cooperation R&D between firm U and firm D. Therefore, it would
be valuable to design a mechanism to minimize these negative
impacts, which is neglected in our research. Second, our study also
shows that the balanced power structure is a preferred choice for
GPT cooperation in R&D considering its benefit of improving the
overall performance of the technology chain. However, unbalanced
power structures are more common in the technology chain. Thus,
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more work needs to be done to establish an optimization mechanism
to make the profits of firm U and firm D close or equal to those of bal-
anced power structures, which is a direction of further in-depth study
based on our model. Third, it will also be a significant research topic
in theory and practice to consider the horizontal synergy of upstream
or (and) downstream links and vertical collaboration from upstream
to downstream in the technology chain to explore the sustainable
cooperation R&D mechanism of GPTs, which is another research topic
that needs to be studied.
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Appendix A. Derivation of optimal solutions

Proof of optimal solutions of the UD scenario: Satisfied with a
feedback Nash equilibrium, we first obtain the optimal market price
set by firm D by solving the first-order condition forp; asm, is concave
inp, lett = 0, obtainp(w) = 2etelute) b 2w ibea bes,
replacep(w) in Eq. (1), as 7, is concave in w, and we let 2 = 0. We
then obtain

we and

Do + ax(ey +eq) + b(1 — g)cu — beg + bBeu — bByeq

W= 2b(1-7) (AD)
By replacing w inp(w), we obtain the following:
_ 3Do +3o(eu +€q) + b(1 - g)cy + bcy — bByes — bByey (A2)

4b
We replace w and p in 77 and let %2 = 0 and %%T = 0; then, we
obtain the following:

[Do — b(1 — g)cy — bcg]3Ry [Do — b(1 — g)cu — bcg]3Ry

=@+ bB,)® 3Ry —3Ry) “~ (+DbBy)(8 — 3Ry —3Ry)
where R, = b”’*bﬂ“ LRy = "‘qb’z‘; . We replace the optimal e, and ey in
76, and we solve ¢ = 0 and ¢ = 0 for an optimal 6" and 6", ie.,

uD
6, 9 =505 "

We replace 6, Qd = 6 525 With e, and ey, we can obtain the opti-
mal e, and e; under the UD scenario:

[Do — b(1 — g)cy — bcg)3Ry

up _
% = (@1 bB,)(8 - 3R. — 3Ry (A4)
up _ [Do — b(1 — g)cu — beg]3Ry
%" = {a+BbBy)(® — 3Ra — 3Ry) (AS)
where RYP = Mbgﬁn,&b RUP — Mbgfma (6+b)

We replace (A4) and (A5) with (A1) and (A2), we can obtain the
optimal price strategies of firm U and firm D:

Do +3b(1 — g)cu — beg + (o + bp,)elP + (o — 3bBy)el
4b(1—7)

wib —

(A6)
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3Dy + b(1 — g)cy + beg + (3o — b, )elP +
4b

(B — bpy)ef”

P = (A7)

We replace e%P,el? wUPandp'Pin Egs. (1)-(4) and obtain the opti-
mal profits 71,”‘3(1 = u,d, T, G)under the UD scenario.

Proof of the optimal solutions of the DU scenario:

p=(1-A)w+my and we replace p = (1 —A)w+mq in Eq. (1).
We solve & = 0 to obtain w(p) = 2-22re(eute) bl-gla

bBsea replace

w(p) in Eq. (2) and obtain p by solving ¥ “”d =0:

3D + 3a(ey + eq) + b(1 — g)cy + beg — bBey — bByeq (A7)
N 4b
We replace Eq. (A7) inw(p) to obtain the following:
W Do + a(ey +eq) +3b(1 — g)cy — bey + bB,ew — 3bBgeq (A8)

4b(1-7)
We replace (A7) in Eq. (4) and let % = Oand %”T; = 0 to obtain the
following:

[Do — b(1 — g)cy — beg]3Ry [Do — b(1 — g)cu — bey)3Ry

e, = , =
U= (w1 bB,)(8—3R,—3Ry) % (ot bp,)(8— 3Ry 3Ry
where R, = b(f]‘f]’ﬂ“g andR; = z‘*]b%’ and we replace e, and e; above
in Eq. (3) to solve the optimal government subsidies; we let
e = 0and ‘Z’;G = 0, and we obtain the optimal solutions:
oY =6’ = b (A9)
6+b

We replace (A9) in e and ey above and obtain the following ePV
and e?V:

[Do — b(1 — g)cy — bcy]3Ry

DU __
uo (a+bB,)(8 —3R, —3Ry) (A10)
pu _ Do —b(1 —g)cu — bcyl3Ry
%" = (a+ bBy)(8 — 3Ry — 3Ry) (AT1)
where R2U = (a+bgg2]2u(6+b) and REU wbggna (6+b)

We replace ePYand eV in Eqs. (A7) and (A8) and obtain the opti-
mal price strategies of firm U and firm D:

Do +3b(1 — g)cu — beg + (o + bB,)elV + (o — 3bB,)elY

DU _
w = 21 —7) (A12)
3Dy + b(1 — g)cy + beg + B — bB,)elY + (3 — bB,)eb!
pDU, o + ( g)u+ d+( ﬁu)u +( ﬂd)d
- 4b
(A13)

We replace el ,e2V wPlandpPVin Egs. (1)-(4) and obtain the opti-
mal profits 7PV (i = u,d, T, G)under the DU scenario.

Proof of the optimal solutions of the DU scenario: Satisfied with
a feedback Nash equilibrium, we first solve the first-order optimal
condition for w andp. Note that , is concave in wand 4 is concave
in p. Let %7¢ — Oand %t = 0.

Do + a(ey +eq) +2b(1 — g)cy —
3b(1-1)

bcq +bB,eu — 2bByeq

w =

(A14)

_ 2Dg + 3a(ey +eq) + b(1 — g)cy + beg — bB ey —
B 3b
By replacing w and pin Eq. (4) and solving the first-order optimal-
ity condition for e, and e4, we obtain
o [Do — b(1 — g)cu — bey)4Ry _ [Do —b(1 —g)eu —
"7 (e +bB,)(9—4R, —4Ry)’ 4T o+ bB4)(9 — 4R,

bBgeq

(A15)

de]4Rd
—4Rq)
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where R, = b“*'l’ﬁ"g ;andRy = "‘ab% By replacing e, and e, in Eq. (3)
and letting ?,79’0 =0and ?jg@ = 0, we obtain the optimal solutions:
b
BE _ BE
O =04 =13 (A16)
By replacing (A16) with e, and ey, we can obtain the following:
st _ [Do — b(1 —g)cu — begl4Ry
% = (@1 DbB,)O — 4R, — 4Ry) (A17)
BE [DO — b(] —g)Cu — de}4Rd
€0 = (o + BBy — 4R, — 4Ry) (A18)

_ (@bp (44b) 404 ROV — (cr+bBy)*(4+b)

4bn, 4bny

By replacing Eqs. (A17) and (A18) in Eqgs. (A14) and (A15), we can
obtain the optimal price strategies of firm U and firm D:

whereREE

Do + ot (eBE + eBF) + 2b(1 — g)cy — beg + b, eBE — 2bpelE
BE _ M0 u d u d uCu d d
W= 3b(1 ) (A19)
PP — 2Dqg + 3o (eBE + eBF) + b(1 — g)cy + beyg — bB,eBE — b eBE
3b
(A20)

By replacing eZE, eBf, wBE and pBE in Eqs. (1)-(4), we can obtain the
optimal profits 78 (i = u,d, T, G) under the BE scenario. It should be
noted that the optimal solutions under the UD, DU and BE scenarios
are similar to those under the UD, DU and BE scenarios, so they are
not repeated here.

Appendix B. Proofs of propositions

Proposition 1. We first compare the scenarios considering and not con-
sidering fairness concerns, taking the UD and UD scenarios as examples.
From the optimal solutions of different scenarios, we can obtain the fol-
lowing:

EHDS e(Lj]Ds
~ 8(2(3+2N) +b) — 3(2(3 + 2N) + b)R{P — 3(2(3 + 2N) + b)R{P
22+ N)*(6+b) — 3(2(3 + 2N) + b)RYP — 3(2(3 + 2N) + b)RYP

Since 8(2(3 +2N) + b) <2Q2+N)?*6+b), we find that
i‘%—D; < 1; similarly, the following hold:
d

ér
eD

P 8(2(3+2N) +b) ~ 323+ 2N) + bR ~ 323 +2N) + HRP
= <
7 22+ N)*(6+b) —3(2(3 +2N) + b)RY — 3(2(3 + 2N) + b)RYP
s (3+2N)(6+ b)(8 — 3RY> — 3RUP) .
P 3 [2(2 +N)2(6+ b) — 3(2(3 + 2N) + b)RUP — 3(2(3 + 2N) + b)RdUD]
Therefore, we obtain eU’s <e(P, eUPs <elP, 7U0s <70 and

< 7¥P; thus, we find that under the UD scenario, the effort level
and profits of firms and government revenue with fairness concerns
are lower than those without fairness concerns. The proof of conclu-
sions for the DU(s) and BE(s) scenarios are similar to those above;

hence, we omit the details for brevity.

UDs
T

Proposition 2. We first compare government subsidies and expected
outcomes, firms’ effort levels and the profits of the technology
chain under different power structures when not considering
fairness  concerns.  Furthermore, ~we can easily  obtain

6" =07V = §by <O = 2y(ic {u, d}) from Eq. (A9), which shows that
the ratio of government subsidies is equal under the unbalanced power

structure and lower than that under the balanced power structure.
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Then, we compare effort levels. From the optimal effort solutions,
B 16(4+b)~6(4+b)RU—6(4+b)RUP

el = 9(6+b)— (4+b)RUD 6(4+D) RUD Since

we obtain elP = eV, eUP = ePUandZ;

16(4 + b) > 9(6 + b), we obtain eﬁ > 1. Similarly, % eW > 1, so we have
u d
eBE > eUD = DU eBE . gUD — DU,

Then, we compare the expected revenue of the government and

the profits of the technology chain. We obtain 70 =72V
Bk o 16(4+b)—6(4+b)Rf{D—6(4+b)RUD BE uD __ DU
ﬂ—gn_ 51675 6@ BRI 6(4+b>leD >1. Thus, we have n¢f > g’ = 72
Similarly, 78 > 7Y = 72U,

The proof When con51dering fairness concerns is similar to that
above; hence, we omit the associated details for brevity.

Proposition 3. We first compare the profits of firms under different
power structures when not considering fairness concerns. From the opti-

_gRUD 7P 8_9RW
profits, 16-9R,” > 1,

8_ORUD nDU = W <1
thenst{P > 7BV, 7Y > 7P, Similarly, w88 > 7BV, 78E > 7P,

Upon observing the optimal solutions of the R&D profits of firm U
and firm D, we can see that the R&D profits of firms are mainly
affected by the relative innovation contribution level of firms. There-
fore, we focus on proving the impacts of firms’ innovation contribu-
tion levels on the comparison of proﬁts under different power

and

mal we

7 =

structures. As % > 0, we conclude that

>O, aR”D >0

RUD RBE

the R&D profits of firm U in the BE scenario decrease with an increase
in its own innovation contribution level and increase with an
increase in the innovation contribution level of firm D. In the UD sce-
nario, profits increase with an increase in the innovation contribution
level of both firm U and firm D. Therefore, with an increase in firm U’s
relative innovation contribution level, its profits in the UD scenario
are higher than those in the BE scenario. Hence, Proposition 3 is
proved.

Proposition 4. From the optimal solutions, we obtain
el 3RUhc, . ek ok amk®
ag = Grbp,) 3R —rwy > 0. Similarly, =g > 07 > 0,7 >0, and

dJT

in the zdennﬁcanon and supply link of GPTs can effectively improve the
efficiency of GPT cooperation in R&D as well as the profits of all parties.

202 9k<s> P

200 6
b= N b > ar <0,

_ap
b= G =0

=—7- <0,

(2(3+2N)+b)
wherei € {u,d}, ke {UD,DU,BE}. Therefore, the ratio of government
subsidies to the level of R&D effort is positively correlated with demand
price elasticity and negatively correlated with the level of fairness con-
cerns. Therefore, Proposition 4 is proved.

Proposition 5. Taking the impacts of knowledge spillovers in

the uD scenario as an example,
o (Dg—bU—g)cu—bcd) (b(6+b)(8 3RYP—3RU) - 6b(cr-+b, ) (6+b) )

as®y- = >0
B, 2br, 6bn, (8—3RIP—3RUP)? ’

36l <D0—b(1 —g)cu—bcd> (ce+bpBy)(6+b)
E: 2b7,14(8—3RUP—3RIP)?
fore, the firm’s effort level is positively correlated with knowledge spill-

2
(Do*b(l *g)Cu*de) (or+bpBy)(6-+b)

2bn,, (8-3RYP—3RUP)?

.. eud el
> 0, similarly, ﬁ > O,ﬁ > 0. There-

o

overs. As—71- ,3 >0, similarly, >0

T’

613
";T;D >0, aﬂ > 0. Therefore, the total profits of the technology chain and
government revenue are positively correlated with knowledge spillovers.
In other scenarios, the dependant variables are also positively correlated
with knowledge spillovers. The proof of the impacts of effort cost multi-
pliers and product innovation return based on GPTs are similar to those
above, and we omit the associated details for brevity. Hence, Proposition
5 is proved.
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Proposition 6. As in the proof of Proposition 5, we use the UD scenario
as an example.

As (Do—b(1-g)cu—bcy)? (a+bBy)(6+b)(16—9RUP)

bny(8—3RP—3RMD)?

amP
8B4

anUD 2
ﬁ: (Dofb(l —g)cu—bcd> (a+bp,,)(8—9RYP)

>0,

br, (8-3RP—3RP)* >0 ’

amy? _ (Do—b(1-g)cu— beg)? (a+bB,)? (64b)(16—9RYP) <0

ang 2b2142(8—3R{P—3RP)? ’

amrP (Do—b(1-g)cy—bcg)? (@+bB,)? (6+b)(8— 9RYP) o ,m
== 227,283 “3RUD) ) 51mllar1y, Lt >O it <O

Therefore, firm knowledge spillovers B; are conducive to 1mprovmg firm
profits, ie., n}‘. In contrast, a firm’s effort cost multipliersn;will reduce

the profits of the cooperating firm 71]’.‘. Hence, Proposition 6(1) is proved.

When not considering fairness concerns,
2™ VP (Dg—b(l—g)cu—bcd)2(a+bﬂu)(G+b)(8—9RHD+9Rg”) -0

Oﬂ 2bn,, (8—3RPP—3RP)? ’
amP _ (Do—b(1-g)cu— beg)? (e+bB,)? (6+b)(8— 9RP+9RYP) . amyP
T = 271,28 3R 3RID )’ <0, similarly, i <0
amryp aDU DU Py 9
T <03”—“>0.”—d>0‘”d <0. Thus, in the DU and UD
B oy 0By ’

scenarios, the R&D profits of ﬁrms in the leading position are
positively correlated with their own knowledge spillovers, and
the R&D profits of firms in the following position are negatively

correlated with their own knowledge spillovers As
9P [Do—b(1-g)cu—bcyl* (@+bB,) (4+b)16(Rs—Ry)
B = b (4R, 4,)? , i.e., when Rd>Ru, ‘/3 >0

< 0. Therefore, in the BE scenario, when the rela-

when Ry <Ry, fjfgﬁf
tive innovation contribution level of the cooperating firm is higher,
the R&D profits of the firm are positively correlated with its knowl-
edge spillovers; when its relative innovation contribution level is
lower, the R&D profits of the firm are negatively correlated with its
knowledge spillover. Thus, proposition 6(2) is proved.

When considering fairness concerns, in UD and DU scenarios, tak-

ing the UD scenario as an example, ";’ﬁm =
2 u
(Dg—b(1—g)cu—bcd) (ot+b,3u)(2(3+2N +b)
; ><< 125% 3 +2N) (RLJDS— RéJDS))‘
2bn, (2(2+N)Z —(3+2N)RHDS—(3+2N)RUDS)
2
aUDs (Do—b(l—g)cu—bcd) (a+bﬂ,,)(2(3+2N)+b) 2(24N)? 2
i N ((gjz,g) —(3+2N)
4b2y,2 (2(2+N)2—(3+2N)RHDS—(3+2N)R§’DS>
UDs _ pUDs UDs _ pUDs 2(2+N)? amy>
(Ry R{™)). Therefore, whenR/” <R{™ + TG
oS i UDs _ RUDs 2(2+N)° ong®
05— <0.  Similarly, ~whenR™ <R TGN R < 0,
omy™ DUs _ pDUs 8(1+N)?*  amg® org"s amps
g > 0. WhenR;™ <R/™ + TNGaN” b 054 e <0 B, <0
ag’;ou > 0. Therefore, when considering fairness concerns, if the rela-
tive innovation contribution level of firms in the leading position is

lower than a certain threshold, the R&D profits of firms in the leading
position (in the following position) of the technology chain are posi-
tively (negatively) correlated with their knowledge spillovers and
negatively (positively) correlated with their effort cost multipliers.
Similarly, in the BE scenario,

e (DO —b(1-g)cu— bcd)24(oz +bB,) (2(3 +2N) + b)

By bn, (9(1 +N)? —2(2 + 3N)RBEs — 2(2 + 3N)R§ES>3
9N(] + N)Z _ 2 pBEs _ pBEs
(W (2+3N)"(R,” — R;™)
drrBEs <Do -b(1-g)cy — de> 2(a+bB,) ( (3+2N) + b)
oy

3
b2n,2 (9(1 +N)? —2(2 + 3N)RBEs — 2(2 + 3N)R§Es)

<9N(1 +N)?

T 3N)*(REEs — RgES))
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BEs _ RBEs _ _ ONULIN? omf _  imyf imi-
Therefore, whenR}} R 2(1+22N) 2333522' B O, an <0. Simi
BEs _ RBEs SN(1+N) 7
larly, whenR(® < REF + PRESTOY eI aﬂd < 0, > 03 when
BEs _ RBEs ON(I+N?  amp™ anEEs
R >R+ svameany w0 <0 >0 T 0. G <0 Asa

result, when the relative innovatlon contrlbutlon level of firm U is
lower than a certain threshold, the R&D profits of the firm are posi-
tively related to its knowledge spillovers and negatively related to
the effort cost multiplier. In contrast, the R&D profits of the following
firms are negatively correlated with their knowledge spillovers and
positively correlated with the effort cost multiplier. Proposition 6(3)
is proved.

When not considering fairness concerns, we prove the impacts of
the product innovation return cwon the profits of firms by taking the

(Do —b(1 - g)cu - bcd)2

UD
- b(8 — 3RUD B
RI)? ((a + bzﬂbu;;f,s +b) (8 R R3D)> et b,g;,y)d(s +b)

(16 — gRgD)) >0,

(Do~ b(1 - g)eu - bcd)2

UD
M _ : x(8A—4B—(9A+gB)
ot b(8 — 3RUD — 3RUP) 2
RYP + gBR,’fD , where A = W*bﬁ;}“*b). B= (‘”bfz)f*b ). Therefore, the

profits of firms in the leading position increase withe, while the prof-

its of firms in the following position only increase with the produc-
tion innovation returnaewhen the innovation contribution level RU/Pof
the leading firm is higher, ie., & when considering
fairness concerns under BE(s) scenarios, the profits of firms only
increase withawhen the cooperating firm’s innovation contribution
level is higher; otherwise, they decrease with a, i.e, 2 >0, ¥ <.
Thus, Proposition 6(4) is proved.

Proposition 7. This proof is similar to the proofs of Propositions 4-6.
Hence, we omit the associated details for brevity.
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