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In contrast to the econometric models that have been commonly used throughout a large portion of the literature, we develop six
game-theoretic models to analyze governmental subsidy strategies in different market environments and to investigate the
question of whether government subsidies crowd in or crowd out private investment in R&D activities. Based on realistic
situations, we classify governmental subsidy strategies into three types, namely, no subsidy provided, subsidies provided based on
the price of the end products, and subsidies provided based on the cost of R&D. In addition, according to whether competition
exists in the market, we classify markets into monopoly markets and duopoly markets. Our research shows (a) that the rela-
tionship between government subsidies and private R&D investment is deeply impacted by the form of the subsidies used; (b) that
the characteristic value of the R&D project and the competitive environment of the market are the two key factors that should be
considered when governments decide which form of subsidy to employ; and (c) the optimal amount for each type of subsidy.

1. Introduction

According to the neoclassical theory, the “public good”
characteristic of R&D activities makes private R&D ex-
penditure systematically lower than the socially optimal level
[1]. As a result, government subsidies play a central role in
virtually all developed or developing countries. For example,
to incentivize more companies to engage in the development
of 5G technology, the Sichuan province promises that the
local government will subsidize 20% of the costs that in-
novators incur [2]. Each firm that engages in R&D in Erdos,
a city in northwest China, will obtain capital support equal to
5% of its R&D cost [3]. From 2000 to 2015, the United States
Federal Government granted subsidies to corporations of at
least 68 billion dollars by way of grants, tax credits, etc., and
582 large companies received 67% of the total amount [4]. In
fact, many governments throughout the world use R&D
subsidies to stimulate private R&D investment. Figure 1,
which contains data from SRIT DRCNET (http://www.
drcnet.com.cn), shows the proportions of government
(GO) and enterprise (CO.) investment in the R&D

expenditure of enterprises in some countries. It can be seen
from this figure that, regardless of the level of development
in a country, the governments in these countries subsidize
enterprise innovation activities. However, there does not
seem to be an obvious pattern between the proportion of
government investment and the proportion of corporate
investment. Taking Mexico as an example, the proportion of
government investment in corporate R&D expenditures
increased year by year from 2011 to 2015, but the proportion
of corporate investment did not show the same trend.

,e past two decades have witnessed an ongoing debate
about the effectiveness of government subsidies [5]. How-
ever, there has been no consensus. Some scholars point out
that government subsidies have a ‘crowding-in effect’ on the
R&D investment of private enterprises. ,e reason why
private enterprises have little enthusiasm for and under-
invest in R&D is because of the low payoff and high cost of
R&D. Government subsidies—whether they are increasing
the profitability of the end product or decreasing the cost of
R&D activities—can help to mitigate the cost of private R&D
and spur private companies to invest in R&D. Other scholars
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hold the view that government subsidies will crowd out
private companies’ investment in R&D. ,ey argue that
subsidized companies will replace their R&D spending with
government subsidies, which means that the total invest-
ment in R&D does not increase.

,emixed findings of prior studies drive us to determine
a new way of explaining the relationship between govern-
ment subsidies and private R&D investment. To achieve this
goal, we abandon the econometric models that have been
commonly used in much of the literature and instead use
game theory to analyze the micro decision-making process
used for R&D financing. ,ere are two main reasons for this
change. First, a sequence of decisions made by governments
and firms each contributes to the impact of government
subsidies on private R&D investment. ,erefore, if we want
to determine the influence mechanism between government
subsidies and private R&D, the best way to make this de-
termination is to analyze the decision-making process in-
volving subsidies and the governments’ and firms’ optimal
decisions. For governments, the first decision is whether to
subsidize private R&D. If governments decide to subsidize
private R&D, the next decision to be made is which type of
subsidy should be adopted. After that, governments should
also decide which subsidy rate is optimal for the specific
situation. Following these governmental decisions, private
firms that are engaged in R&D will set the optimal target
level of technology development for their company and the
best price for the new technology produced. Manufacturers
who buy the new technology and apply it to their product
should also set the optimal price of their end products. In
this paper, we provide systematic explanations about the
impact of government subsidies on private R&D investment
by analyzing the decision process of governments and
private firms.

Furthermore, both governments and firms aim to
maximize their interests in the decision-making process [6].
Although the sequence of decision-making steps and the

results of the decisions may be different, the purposes of
governments and firms never change. Governments offer
R&D subsidies to maximize social welfare [7], while firms
aim to maximize their expected profit [8]. Once we grasp the
purposes of governments and firms, we can analyze and
anticipate their decision results and then determine the
impact of government subsidies on private R&D investment.

In this paper, three factors impacting the decision-
making process of governments and firms are examined.
First, the type of government subsidy is studied. It is well
known that there are many subsidy types for governments to
choose from. For example, to simulate technology devel-
opment in the field of green energy, the Chinese government
provided a subsidy to consumers who bought a new energy
automobile in 2018. ,e government also provides low-
interest loans to innovative companies in other fields to
encourage their R&D investment. In this paper, the various
kinds of subsidies are classified into two types—subsidies
that are provided based on the price of the end products
produced and subsidies that are provided based on the cost
of the R&D required [9]. Additionally, we design three
government subsidy strategies, namely, (a) no subsidy of
R&D activities (strategy N), (b) subsidies of R&D activities
based on the price of the manufacturer’s products (strategy
P), and (c) subsidies of R&D activities based on the cost of
the R&D required (strategy C).

In addition, the market environment also influences the
decision-making process of subsidies and subsequently in-
fluences the impact of government subsidies on private R&D
investment. We divide market environments into two
types—monopoly markets and duopoly markets. In a mo-
nopoly market, an innovator sells her new technology to
only one manufacturer, and that manufacturer then applies
the new technology to his products and sells the products to
consumers. ,is is the case in China’s bullet train market,
where the technology developed by the China Academy of
Railway Sciences is sold only to the CRRC Corporation
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Figure 1: Proportions of government and enterprise investment in the R&D expenditures of companies.

2 Mathematical Problems in Engineering



Limited, which is the sole manufacturer of bullet trains. In a
duopoly market, an innovator sells her new technology to
two manufacturers who sell similar products in the same
market. For example, the PC market consists of Intel and
other computer manufacturers. In this paper, we compare
the impact of government subsidies on private R&D in-
vestment in these two kinds of markets.

Finally, uncertainty influences the subsidy decision-making
process.,ere are different kinds of uncertainty involved in the
process of R&D. Technological development may be a success
or a failure. Even if firms make a successful breakthrough in
technological development, the new technology may not be
successful in increasing product sales. Because of these factors,
we model the uncertainty of the R&D process from the per-
spective of quality improvement efficacy and the R&D cycle.

,e first important message of our paper is that the
relationship between government subsidies and private
R&D investment is deeply impacted by the form of the
subsidy used. When governments subsidize private R&D
based on the price of the end products, the government
subsidy will have a crowding-in effect on private R&D in-
vestment, and this effect will increase with the amount of
subsidy. When governments subsidize private R&D activi-
ties based on the cost of the R&D involved, the subsidy will
have a crowding-in effect on private R&D investment at first,
but with an increase in the amount of the subsidy, the
crowding-in effect will gradually transform to a crowding-
out effect. In addition, this paper notes the factors that
should be considered when governments decide which
subsidy forms to use. By contrasting the three subsidy
strategies, we find that the technology transfer rate, the R&D
cycle, and the competitive environment of themarket should
be considered seriously when governments choose which
form of subsidy to use. ,ird, we determine the optimal
amount of government subsidies and the best decisions that
private firms can make in a balanced situation.

To summarize, our research contributes to the literature by
analyzing the optimal decisions for governments and private
firms regarding the incentive process of R&D,which benefits not
only supply chain parties and consumers but also policymakers.
To the best of our knowledge, this is the first model that jointly
considers different subsidy strategies and different markets.

We organize the remainder of this paper as follows. ,e
literature is reviewed in Section 2. Section 3 presents the
model settings. Sections 4 and 5 analyze the optimal deci-
sions of private firms and governments in both a monopoly
market and a duopoly market. We also conduct a contrastive
analysis of governments’ subsidizing strategies and the
impact of government subsidies on private R&D investment
in different markets in Sections 4 and 5. In Section 6, we
conduct an empirical analysis of the impact of the subsidy
strategy C on the private R&D investment use panel data
from China’s A-share market. Finally, Section 7 provides
concluding remarks and suggestions for future research.

2. Literature Review

,is paper is closely related to two streams of the literature,
namely, the industrial economics and operations

management literature, as it concerns the impact of gov-
ernment subsidies on private R&D investment and themicro
decision-making process.

,e impacts of government subsidies on private R&D
investment have been examined empirically and theoreti-
cally in the literature. However, there is neither theoretical
nor empirical definitive guidance on the effectiveness of
government subsidies in stimulating private R&D [10]. For
example, using data from the Korean pharmaceutical in-
dustry, Choi et al. find that government subsidies stimulate
rather than crowd out private R&D activities of small
biotechnology venture firms [11]. Chen and Gupta find that
an increase in the credit rate has a positive effect on the R&D
spending of high-tech firms with a taxable status but does
not have the same positive effect on firms that are not high
tech [12]. Similarly, Colombo and Croce’s work finds that
the investments of small new technology-based firms are
sensitive to internal cash flow and that the receipt of public
subsidies results in an increased investment rate for these
firms as well as reduced investment-cash flow sensitivity
[13]. Czarnitzki and Toole find that product market un-
certainty reduces R&D investment and that government
R&D subsidies increase R&D investment by analyzing a
sample of German manufacturing firms [14]. Czarnitzki and
Toole also note that when receiving subsidies, Finnish
companies showed R&D and patenting activity, while the
firms not receiving subsidies would have performed sig-
nificantly better if they had been publicly funded [15].

Although these findings provide empirical evidence that
government subsidies can successfully address market
failure in private R&D investment and can stimulate private
R&D activities [12, 16, 17], a large number of studies show
that R&D subsidies displace or take the place of private R&D
efforts rather than stimulating them [18–21]. For instance,
Marino et al. analyze the effect of public R&D subsidies on
private R&D expenditures in a sample of French firms
during the period 1993–2009, and their study finds that these
crowding-out effects appear to be more pronounced in
companies receiving medium-high levels of public subsidies
and, generally, in companies under the R&D tax credit
system [18]. Yu et al. find that government subsidies have a
significant crowding-out influence on enterprises’ R&D
investment behavior and that this influence is further
moderated by the attributes of enterprise ownership [22].

Furthermore, some studies suggest mixed results. To
illustrate, by analyzing data from 269 information tech-
nology entrepreneurial firms in China, Chen et al. find that
R&D subsidies have an inverted U-shaped effect on IPO
performance [5]. Dai and Cheng point out that public
subsidies follow an S-shaped relationship and inverted-U
correlation with the firm’s total R&D and private R&D
investment, respectively. Boeing investigates the allocation
of China’s R&D subsidies and their effectiveness in stimu-
lating business R&D investments for a sample of Chinese
listed firms between 2001 and 2006; he finds that R&D
subsidies crowd out business R&D investment in the im-
mediate term but are neutral in later periods [23]. ,e
empirical literature is generally not based on theoretical
models that capture the strategic decisions made by the firms
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and government agencies that constitute an essential part of
an innovation policy environment [24]. ,us, this paper
attempts to explain the impact of government subsidies on
private R&D from the perspective of the micro decision-
making process.

,ere is a stream of literature that addresses incentive
mechanisms and price decision-making for R&D in supply
chains. In the supply chains, each member attempts to
maximize its profit, and these attempts may not coincide
with the optimal decisions for the entire system [25].
,erefore, the main purpose of the decision research re-
garding this topic is to determine a balanced solution for
each member.

In reviewing the micro decision-making process litera-
ture, we see extensive literature focusing on the optimal
R&D effort decision and the optimal price decision. For
example, Xiao and Xu investigate the impact of royalty
revision on incentives and profits in a two-stage alliance with
a marketer and an innovator. ,ey find that the potential for
royalty revision leads to more severe distortions in the
optimal initial royalty contracts offered by the marketer [26].
Using an infinite-horizon two-player differential game,
Breton et al. derive and compare Bertrand and Cournot
equilibria for a differentiated duopoly engaging in R&D
competition [27].

For the examination of the impact of government
subsidies on private R&D, game theory and other theory-
based models are used less often, but some studies do exist
(e.g., [9, 28, 29]). ,e closest studies to the research of our
paper are [24, 30]. Chen et al. endogenize government
subsidies in a research joint venture and analyze a three-
player game. ,ey draw our attention to different types of
supply chain structures and subsidies [30]. However, their
research does not consider the impact of product com-
petition on players’ decisions. Takalo et al. extend the
theoretical basis of the empirical literature on the effects of
R&D subsidies by providing an estimable model of
strategic interaction among subsidy applicants and public
and private sector R&D financiers [24]. ,e main weak-
ness of their study is that they overlook the competitive
and uncertain environment inherent to the process of
R&D.

Our paper differs from the abovementioned studies in
three ways: (1) it utilizes a competitive market environment
considering the competitive relationship between manu-
facturers; (2) it employs a contrastive analysis of the different
types of subsidies; and (3) it provides a systematic inter-
pretation of the impact of government subsidies on private
R&D investment.

3. Model Setting

,e supply chain for our model consists of an innovator
(company F, she) and a manufacturer (company P, he). ,e
innovator implements technological innovation and sells
new technology to the manufacturer. ,e manufacturer uses
these new techniques to improve the quality of his product.
As a result, the sales of the manufacturer’s product will
increase.

3.1. Model of Innovation. ,e innovator sets the level of
innovation θ that she wants to achieve. As θ increases, the
innovator will make greater technological progress, and the
manufacturer’s product quality will improve and thus be-
come more profitable. We assume that there is a one-to-one
correspondence between the level of innovation and the
additional demand for products. In particular, wemodel that
an innovation level θ generates an incremental demand of
rθ, and the original demand of the product before the in-
novation is set at 1. ,en, the total demand after the in-
novation is successful can be represented as

d � 1 + rθ − p, (1)

where p> 0 is the retail price of the manufacturer’s product.
,e innovation in our model does not increase the firm’s

marginal costs; however, it incurs a variable time-dependent
cost of resource deployment to complete the innovation [31].
To account for the fact that a higher level of innovation
requires more resources, we assume that these costs are
proportional to θ. Additionally, because the salary of per-
sonnel, the depreciation of research equipment, and the
rental cost of office space all increase during the R&D cycle,
we assume that these costs are proportional to the devel-
opment time. Specifically, we model these costs as ctθ, where
c is a constant and t is the total time taken for technological
innovation. ,us, the cost function of innovation would be

C � ctθ. (2)

Note that we assume that the application cost of the new
technology to the manufacturer’s products is zero. We make
this assumption based on three factors. First, compared with
the cost of technology development, the cost of applying new
technology to existing products is relatively low. For in-
stance, when the cellphone manufacturer Huawei applies
facial recognition technology to his cellphones, he simply
must update these cellphones’ operation systems through
the Internet, whichmeans that the application cost is close to
zero. Second, from the perspective of model analysis, the
main purpose of this paper is to analyze the optimal deci-
sions of innovators, manufacturers, and governments re-
garding the process of technology development. Not only is
it illogical to consider the application cost but it also
complicates the model. ,ird, the consideration of the ap-
plication cost does not make a substantial difference in the
conclusions. In fact, a stream of literature assumes that the
application cost is zero such as [31–33].

3.2. Model of Uncertainty. An increasing number of studies
have shown that uncertainty has played a critical role in the
process of innovation [34, 35]. Due to the uncertainty of the
external environment and technology itself, it is impossible
to predict the outcome of R&D activities precisely. Before
the completion of R&D activities, whether innovation can
effectively improve the quality of a product is unknown, as is
the R&D cycle itself.

First, we model the uncertainty of quality improvement
efficacy. We assume that at the beginning of technology
development, the innovator only has an estimate of the
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efficacy of the new technology, which represents the desired
outcome of the technology development. ,e efficacy shows
the extent to which an innovator can exploit the new
technology to improve the quality of the manufacturer’s
products. We refer to this efficacy as quality improvement
efficacy and use v to represent it. ,erefore, the resulting
level of quality improvement after the completion of tech-
nology development would be vθ, where v is uniformly
distributed between v and 1. As v approaches 1, product
quality increases. ,is increase characterizes the efficacy of
the uncertainty in the development process. Combining the
above information with the assumption in 3.1, we can re-
write the total demand function after innovation as

d � 1 + rvθ − p. (3)

In addition, the R&D cycle of technology development
is also uncertain and depends on the innovator’s capability
and the level of innovation that the innovator wants to
achieve. Following prior research, we assume that the R&D
cycle t is exponentially distributed and has a probability
density function f(t) � g(λ, θ)e− g(λ,θ)t. ,e g(λ, θ) is the
development rate, which represents the time taken for
technology development, and is assumed to be a function
of the innovator’s capability λ—thus directly impacting the
speed of the development—and the level of quality of the
improvement θ undertaken by the innovator. Because
more time would be required for developing a higher
quality product, we assume that g(λ, θ) is decreasing in θ.
In particular, we use the functional form g(λ, θ) � λθ− 1

[31].
For brevity, we assume that the price elasticity of the

manufacturer’s products is 1.,is assumption is common in
supply chain research. Raz, Chen, and Özdemir make the
same assumption in their studies [9, 30, 36]. Moreover,
through trial calculation, we find that although the optimal
subsidy amount of the government will change slightly
under different price elasticities, there are no substantial
differences between different price elasticities.

In addition, in this paper, we choose a monopoly and a
duopoly market to analyze the impact of government
subsidies on private R&D investment. ,ere are three
considerations underlying this choice. First, in the field of
technological innovation, due to technical barriers, du-
opoly markets are common. For instance, although there
are many other third-party payment companies in China,
Alibaba and Tencent account for 93.11% of the market
share during the third quarter of 2019, according to an
analysis report. Similar situations have also occurred in-
volving Gree andMidea in the air-conditioning market and
Boeing and Airbus in aviation. Second, differentiating
between these two kinds of markets can make the analysis
process clear and easy. ,e influences of the features of
innovation can be explored deeply in a monopoly market
without the interference of other factors. Based on the
conclusions reached under a monopoly market, the in-
fluence of competitive intensifiers on equilibrium can be
analyzed clearly in a duopoly market. ,ird, there are many
mature theories in the research on monopoly and duopoly

markets, which not only help us to establish and analyze the
game model but also help to extend these research con-
clusions to other market types.

4. Monopoly Market

In a monopoly market, there is only one innovator and one
manufacturer in the supply chain. ,e innovator engages in
R&D and sells the resulting new technology to the manu-
facturer. ,en, the manufacturer applies the new technology
to his products and sells his products to consumers. ,e
government has three strategies to incentivize private R&D:
(a) no subsidization of R&D activities (strategy MN), (b)
subsidization of R&D based on the price of the manufac-
turer’s products (strategy MP), and (c) subsidization of R&D
based on the cost of the R&D (strategy MC), as depicted in
Figure 2. ,e letter T stands for the new technology, the
letter R stands for revenues, and the letter S stands for
government subsidies.

4.1. Strategy MN. When the government does not subsidize
private R&D, the game sequence can be stated as follows:

Step 1: the innovator sets the level of the innovation θ
and the price of the new technology w

Step 2: the manufacturer sets the price of the end
products p

Step 3: consumers buy the end products; the innovator,
the manufacturer, and the government gain revenues

,e expected revenues are denoted as 
MN
F , 

MN
P , and


MN
G for the innovator, the manufacturer, and the gov-

ernment when the government does not subsidize R&D,
respectively. ,e M superscript indicates the monopoly
market. ,e N superscript indicates no subsidy. ,e profit
functions can be written as follows:


MN

F

� w(1 + vrθ − p) −
cθ2

λ
, (4)



MN

P

� (p − w)(1 + vrθ − p), (5)



MN

G

� 
MN

F

+ 
MN

P

+
1
2
(1 + vrθ − p)

2
, (6)

where v � E(v) �(1 + v)/2, similarly hereafter. Following prior
studies, we assume that the government’s revenue consists of
the innovator’s and the manufacturer’s profits 

MN
F + 

MN
P

and the consumer surplus (1/2)(1 + vrθ − p)2 [37–39].
,e game outcomes are provided in Proposition 1. To

ensure the coexistence of the innovator and the manufac-
turer in the market, (c/λ)> (1/8)r2v2 is required. ,us, in
the following analysis, we assume K � (Δ2/η)< 8, where Δ �

rv and η � c/λ. According to the model setting, the pa-
rameter K represents the ratio of the economic conversion
rate of technology development to the R&D cycle cost of
technology development. K represents the characteristic
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value of the innovation project. In the interest of saving
space, we include some of the detailed proofs in the Ap-
pendix. Let superscript ∗ denote the optimal solutions.

Proposition 1. )e outcomes of the game assuming a mo-
nopoly market and that the government does not subsidize
private R&D are shown in Table 1.

4.2. Strategy MP. When the government chooses to subsi-
dize R&D based on the price of the end products, the game
sequence can be stated as follows:

Step 1: by referring to the price of the old version of the
end products and estimating the social benefits of the
additional R&D, the government determines the sub-
sidy μ, where μ ∈ (0, p). Because of this subsidy,
consumers buy the new version of products at the price
of p − μ, and then the market demand is

d � 1 + vrθ − (p − μ). ,e government’s total subsidy
is μd.
Step 2: the innovator sets the target level of innovation θ
and the price of the new technology w.
Step 3: the manufacturer sets the price of the end
product p.
Step 4: consumers buy the product; the innovator, the
manufacturer, and the government gain revenue.

,e expected profits are denoted as 
MP
F , 

MP
P , and


MP
G for the innovator, the manufacturer, and the gov-

ernment when the government subsidizes R&D based on the
price of the end products, respectively. ,e M superscript
indicates the monopoly market. ,e P superscript indicates
the subsidy based on the price of the manufacturer’s end
product. ,e profit functions can be written as follows:


MP

F

� w(1 + vrθ + μ − p) −
cθ2

λ
, 

MP

P

� (p − w)(1 + vrθ + μ − p), 
MP

G

� 
MP

F

+
MP

P

+
1
2
(1 + vrθ + μ − p)

2
− μ(1 + vrθ + μ − p).

(7)

Innovator

Manufacture

Market

T R

T R

Gov

(a)

Innovator

Manufacture

Market

T R

T R

Gov

S

(b)

Innovator

Manufacture

Market

T R

T R

Gov

S

(c)

Figure 2: ,e government’s three subsidy strategies in a monopoly market. (a) Strategy MN. (b) Strategy MP. (c) Strategy MC.
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Proposition 2. )e outcomes of the game assuming a mo-
nopoly market and that the government subsidizes private
R&D based on the price of products are shown in Table 2.

Based on the abovementioned outcomes, we can offer
the following propositions.

Proposition 3. In a monopoly market, if the government
subsidizes private R&D based on the price of the end products,
both the innovator’s optimal target level of innovation and the
optimal price of new technology are positively correlated with
the government subsidy.

Proposition 3 provides the following insight. A subsidy
based on the price of the end products can effectively en-
courage the innovator to set a higher R&D goal. In other
words, it is possible to stimulate R&D by subsidizing based
on the price of the end products. Proposition 3 is consistent
with prior studies, such as [40, 41].

Proposition 4. In a monopoly market, if the government
subsidizes private R&D based on the price of the end products,
the subsidy has a crowding-in effect on private R&D
investment.

,e private investment in R&D is denoted as YCMN and
YCMP under strategy MN and strategy MP in a monopoly
market, respectively. According to Propositions 1 and 2,
YCMN � cθ2/λ � K/(8 − K)2 and YCMP � cθ2/λ � K(1+

μ)2/(8 − K)2. Because 0< μ<p, YCMP − YCMN � μ(μ+

2)K/(8 − K)2 > 0.
Proposition 4 demonstrates that when the government

subsidizes private R&D based on the price of the end
products, the innovator will increase her investment in
R&D. Furthermore, note that z(YCMP − YCMN)/zμ> 0
indicates that the crowding-in effect becomes stronger with
an increase in government subsidies. Figure 3 depicts the
crowding-in effect of government subsidies.

Proposition 4 shows that subsidies based on the price of
the end products always stimulate private R&D investment.
Many prior empirical research results support Proposition 4.
Chen et al. point out that government subsidies have a
positive effect on high-tech companies’ R&D activities [12].
Aerts et al. also point out that companies that are subsidized
by the government are more willing to carry out R&D ac-
tivities [42]. One of the reasons that subsidies which are
based on the price of the end products always crowd in
private R&D investment is that, in this situation, the subsidy
works through the market, as is shown in Figure 4. For the
innovator, there is no other way to gain the subsidy but to
participate in the supply chain through implementing R&D
activities.

However, there is a drawback to this type of subsidy. By
comparing the prices of products before and after subsidies
are implemented, we find that the manufacturer charges a
higher retail price (pMN∗ � 6η/8η − Δ2 and pMP∗ � 6η(μ +

1)/ 8η − Δ2), which means that a large part of the subsidy
remains with the manufacturer.

Proposition 5. In a monopoly market, there is a threshold
KMP � 2 such that the government will subsidize private
R&D through a subsidy based on the price of the end products
if and only if (iff) 0<K<KMP.

,e added value of the government’s revenue is denoted
as MMP

G under the strategy of MP in a monopoly market,
MMP

G � 
MP∗

G − 
MN∗

G � 36/(2 − K)(8 − K)2. It follows
that MMP

G > 0 if 0<K< 2 and MMP
G < 0 if 2<K< 8.

Proposition 5 shows an interval of K in which the
government will subsidize private R&D activities. Figure 5
depicts the interval. ,e dash-dot line represents the gov-
ernment’s revenue after subsidizing private R&D activities.
,e solid line represents the government’s revenue when the
government does not subsidize private R&D activities. It is
clear that the revenue is higher in the former than it is the
latter if 0<K< 2 and the revenue is higher in the latter than
it is in the former if 2<K< 8. ,erefore, when 0<K< 2, the
government will subsidize private R&D through subsidies
based on the price of the end products, while if 2<K< 8, the
government will not subsidize private R&D.

According to the analysis above, in the interval 0<K< 2,
the characteristic value of the innovation project is relatively
low. Under this circumstance, private innovators are un-
willing to implement R&D activities. Government subsidies
can effectively induce innovators to carry out R&D activities.
,e subsidy can cause the market to flourish and can in-
crease the innovator’s expected revenue. As a result, the
revenue of the whole society increases. In the interval
2<K< 8, the characteristic value of the innovation project is
relatively high. Private innovators are willing to implement
R&D activities originally. Government subsidies do not
increase the number of R&D activities but do increase the
prices that manufacturers charge to end consumers. ,us,
the subsidy mainly increases the manufacturer’s incomes.
,e government’s revenue therefore decreases.

Proposition 6. )e utilization rate of government subsidies
decreases with the characteristic value of the innovation
project if the government subsidizes private R&D activities
based on the price of the end products.

In Figure 6, the dash-dot line represents the fund uti-
lization rate of the government’s subsidy, and the solid line
represents the government’s revenue. It can be seen that the

Table 1: Outcomes of the game under strategy MN in a monopoly market.

θMN∗ wMN∗ pMN∗ 
MN∗
F 

MN∗

P 
MN∗

G

Δ/8η − Δ2 4η/8η − Δ2 6η/8η − Δ2 η/8η − Δ2 4η2/(8η − Δ2)2 η(14η − Δ2)/(8η − Δ2)2
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fund utilization rate of the government’s subsidy decreases
and the government revenue increases with an increase of K.

Due to the absence of information on social benefits and
costs, prior empirical studies mostly estimated the incre-
mental corporate R&D generated per dollar of R&D sub-
sidies to reveal whether government R&D subsidies
“complement” or “take the place of” private R&D [11]. Our
research shows that the fund utilization rate of the gov-
ernment’s subsidy is related to the characteristic value of the
innovation project. In a monopoly market, the higher the
characteristic value of the innovation project is, the higher
the fund utilization rate will be.

4.3. Strategy MC. When the government subsidizes R&D
based on the innovation cost, the game sequence can be
stated as follows:

Step 1: the government decides the subsidy τ, where
τ ∈ (0, 1), according to the information related to the

R&D activities, such as feasibility study reports.
,erefore, the innovator’s R&D spending is
(1 − τ)(cθ2/λ) and the government subsidy is τ(cθ2/λ).
Step 2: the innovator sets the target level of innovation θ
and the price of the new technology w.
Step 3: the manufacturer sets the price of the end
product p.

Table 2: Outcomes of the game under strategy MP in a monopoly market.

θMP∗ wMP∗ pMP∗ 
MP∗

F 
MP∗

P 
MP∗

G μMP∗

Δ(1 + μ)/8η − Δ2 4η(1 + μ)/8η − Δ2 6η(μ + 1)/8η − Δ2 η(8η − Δ2)/(2η − Δ2)2 4η2/(2η − Δ2)2 η/2η − Δ2 6η/2η − Δ2

K

Crowding-in effect
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Figure 3: ,e crowding-in effect of strategy MP in a monopoly
market.
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Figure 4: ,e mechanism of strategy MP.

10∏G

8

6

4

2

0
0 1 2 3 4 5 6 7 8

K

K = KMP

MNMP

∏G
MP > ∏G

MN > 0 ∏G
MN > 0 > ∏G

MP

Figure 5: Strategy MP in a monopoly market.

1

0.8

0.6

0.4

0.2

0
0 0.5 1 1.5 2 K

MG
MP/CG

MP

MG
MP

Figure 6: ,e subsidy utilization rate under strategy MP in a
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Step 4: consumers buy the end product; the innovator,
the manufacturer, and the government gain revenue.

,e expected profit is denoted as 
MC
F , 

MC
P , and 

MC
G

for the innovator, the manufacturer, and the government
when the government subsidizes R&D based on the

innovation cost, respectively. ,e M superscript indicates
the monopoly market.,e C in superscript indicates that the
government subsidizes R&D based on the innovation cost.
,e profit functions can be written as follows:


MC

F

� w(1 + vrθ − p) − (1 − τ)
cθ2

λ
, 

MC

P

� (p − w)(1 + vrθ − p), 
MC

G

� 
MC

F

+
MC

P

+
1
2
(1 + vrθ − p)

2
− τ

cθ2

λ
. (8)

Proposition 7. )e outcomes of the game assuming a mo-
nopoly market and that the government subsidizes private
R&D based on the innovation cost are shown in Table 3.

Based on the outcomes above, we obtain the following
propositions.

Proposition 8. If the government subsidizes private R&D
activities based on the innovation cost, the innovator’s op-
timal target level of innovation and new technology sales price
is impacted by the subsidy as follows:

(a) )e innovator’s optimal target level of innovation
increases with the subsidy

(b) )e innovator’s optimal new technology sale price
increases with the subsidy

With a larger subsidy, the optimal target level of inno-
vation will be higher, so the price of the new technology will
also be higher. ,is outcome is consistent with market ex-
perience. In fact, when the government chooses to subsidize
private R&D activities based on R&D costs, this subsidy will
decrease innovators’ R&D costs to some extent and thus
motivate innovators to set higher innovation goals. With an
increase in their target level of innovation, the innovator can
charge a higher price for their new technology.,is high price
will cause the manufacturer to set a higher sales price for the
end products. In other words, the subsidy impacts private
R&D through the supply chain, as shown in Figure 7.
Comparing this figure with Figure 4, we can see that the two
types of subsidies are different in their influence mechanisms.

Proposition 9. In a monopoly market, there are two
thresholds KMP � 2 and KMC � 32/7 such that

(a) 
MP∗

G > 
MC∗

G > 
MN∗

G if 0<K<KMP

(b) 
MC∗

G > 
MN∗

G > 0> 
MP∗

G if KMP <K<KMC

(c) 
MN∗

G > 0> 
MC∗

G and 
MN∗

G > 0> 
MP∗

G if
KMC <K< 8

Figure 8 depicts the subsidy strategy of governments.,e
dash-dot line represents the government’s subsidization of
private R&D based on the end product price. ,e dotted line
represents the government’s subsidization of private R&D
based on the innovation cost. ,e solid line represents the
absence of governmental subsidies of private R&D. It can be

seen that the optimal government subsidy strategy depends
on the characteristic value of the innovation project. When
0<K< 2, the dash-dot line is drawn above the dotted and
solid lines, which means that in this situation, the govern-
ment benefits most by subsidizing private R&D based on the
product price. When 2<K< 32/7, the dotted line is drawn
above the other lines, which means that in this situation, the
government benefits most by subsidizing private R&D based
on the innovation cost. When 32/7<K< 8, the solid line is
drawn above the other lines, which means that the gov-
ernment will benefit most by providing no subsidy.

Proposition 10. In a monopoly market, if the government
subsidizes private R&D based on the innovation cost, the
utilization rate of the government’s subsidy decreases with an
increase in the characteristic value of the innovation project.

In Figure 9, the dotted line represents the utilization rate
of government subsidies, and the solid line represents the
government’s revenue. It can be seen that the utilization rate
of the government’s subsidy decreases and the government
revenue increases with an increase in K.

Proposition 11. In a monopoly market, there is a threshold
τ′ � − (K2/64) + 1 such that a government subsidy crowds in
private R&D investment if 0< τ < τ′, and a government
subsidy crowds out private R&D investment if τ′ < τ < 1.

Private R&D investment is denoted as YCMC under the
government’s cost-dependent subsidy, YCMC � (1 − τ)cθ2/
λ � K(1 − τ)/[8(1 − τ) − K]2 and YCMC − YCMN �

Kτ(64 − K2 − 64τ)/ (K + 8τ − 8)2(K − 8)2. It follows that
YCMC − YCMN > 0 if 0< τ ≤ − (K2/64) + 1 and YCMC−

YCMN < 0 if − (K2/64) + 1< τ < 1. ,is means that under the
cost subsidy, a private innovator invests more in R&D ac-
tivities if 0< τ ≤ − (K2/64) + 1 and a private innovator in-
vests less if − (K2/64) + 1< τ < 1. In other words, the
government’s subsidy has a crowding-in effect on private
R&D investment if 0< τ ≤ − (K2/64) + 1 and has a
crowding-out effect on private R&D investment if
− (K2/64) + 1< τ < 1. Figure 10 shows the complex influence
of government subsidies on private R&D investment.

Proposition 11 tells us that the government’s subsidy is
not always better if it is larger. ,is outcome is in line with
some prior studies. Chen et al. analyze data from 269 IT
companies in China and find that R&D subsidies have an
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inverted U-shaped effect on private R&D investment [5]. Dai
et al. estimate a dose-response function by using a large
sample of Chinese manufacturing firms and find that
government subsidies follow an inverted-U correlation with
firms’ private R&D investment [43]. In addition, Marino
et al. point out that crowding-out effects appear to be
stronger under the R&D tax credit system [18].

In addition, combining Propositions 4 and 11, we
conclude that the impact of government subsidies on private
R&D investment is affected by the type of subsidy. If gov-
ernments subsidize private R&D based on the product price,
the subsidy will crowd in private R&D investment; if gov-
ernments subsidize private R&D based on the innovation
cost, the subsidy will have an inverted U-shaped effect on
R&D investment.

5. The Duopoly Market

In a duopoly market, there is one innovator and two
manufacturers in the supply chain.,e innovator engages in
R&D and sells the resulting new technology to the manu-
facturers. Both manufacturers integrate the new technology
into their products and sell these new products to con-
sumers. ,e two products are substitutes. Like Section 4, the
government has three strategies to incentivize private R&D:
(a) no subsidization of R&D (strategy DN), (b) subsidization
of R&D based on the price of one of the manufacturers’ end
products (strategy DP), and (c) subsidization of R&D based
on the cost of the R&D activities (strategy DC), as depicted
in Figure 11.

,e price and demand of the manufacturer i’s product is
denoted as pi and di, respectively. ,e demand function can
be written as

Table 3: Outcomes of the game under strategy MC in a monopoly market.

θMC∗ wMC∗ pMC∗ 
MC∗

F 
MC∗

P 
MC∗

G τMC∗

Δ/8η(1 − τ) − Δ2 4η(1 − τ)/8η(1 − τ) − Δ2 6η(1 − τ)/8η(1 − τ) − Δ2 4η/32η − 7Δ2 64η2/(32η − 7Δ2)2 7η/32η − 7Δ2 3/7

Company F Company P Market

Government

Subsidy

�e supply chain factors

Figure 7: ,e mechanism of strategy MC.
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di � 1 − pi + s p3− i − pi(  + rvθ, (9)

where i � 1, 2, similarly hereafter. For the innovator, the
total demand for new technology is d � 

2
i�1 di. ,e impact

of the two products’ competition on demand is represented
by s(p3− i − pi) and s ∈ (0, 1], and this impact describes the
intensity of competition between the two products. In this
paper, we model the demand function in a competitive
environment based on the prior research results of Dixit and
Singh [44, 45]. Dixit derives the demand function in the
competitive market by modeling the function of consumer
surplus. Based on Dixit’s research, Singh compares and
analyzes the difference between the Cournot model and
Bertrand model. Since then, many scholars have applied this
model in various competition studies [46–48]. ,ese studies
have one thing in common: they use the absolute price to
describe the impact of competition on product demand.
However, with the development of information technology
and e-commerce, it is easy for consumers to compare
product prices. ,erefore, the absolute price no longer
impacts consumers’ buying decisions; instead, the relative
price has taken its place. As a result, we use s(p3− i − pi) to

represent the impact of the two products’ competition on
demand. Many other researchers have adopted this ap-
proach. For example, Tsay uses the relative price to analyze
the distribution problems in the competitive supply chain
[49].

5.1. Strategy DS. When the government does not subsidize
private R&D, the game sequence can be stated as follows:

Step 1: the innovator sets the target level of innovation θ
and the new technology price w

Step 2: the two manufacturers set their product prices
p1 and p2 simultaneously
Step 3: consumers buy the end products; the innovator,
the manufacturer, and the government gain revenue

,e expected profits are denoted as 
DN
F , 

DN
Pi

, and


DN
G for the innovator, manufacturer i, and government,

respectively. ,e D superscript indicates the duopoly
market. ,e N superscript indicates no subsidy. ,e ex-
pected revenue functions can be written as follows:



DN

F

� 2 − p1 − p2 + 2rvθ( w −
c

λ
θ2, 

DN

Pi

� pi − w(  1 − pi + s p3− i − pi(  + rvθ , 
DN

G

� 
DN

F

+ 
2

i�1


DN

Pi

+
1
2
2 − p1 − p2 + 2rvθ( 

2
.

(10)

,e game outcomes are provided in Proposition 12. To
ensure the coexistence of the innovator and the manufac-
turer in the market, 0<K< (2(2 + s)/1 + s) is required.

Proposition 12. )e game outcomes assuming a duopoly
market and that the government does not subsidize private
R&D are shown in Table 4.

Considering the abovementioned outcomes, we offer the
following propositions.

Proposition 13. In a duopoly market, θDN∗ > θMN∗ if
0<K< 2(2 + s)/1 + s.

Proposition 13 shows that the competition in a duopoly
market encourages the innovator to set a higher target level
of R&D. In other words, the competition between down-
stream manufacturers will encourage the upstream inno-
vator to pursue a higher innovation goal. Note that
zθDN∗/zs � (2Δη/[(s + 1)Δ2 − 2(s + 2)η]2)> 0, and thus,
the target innovation level increases with an increase in the
intensity of competition.

Proposition 14. In a duopoly market, if the government does
not subsidize private R&D, there is a threshold KDN

p � 1 such
that zpDN∗

i /zs> 0 if 0<K<KDN
p and zpDN∗

i /zs< 0 if
KDN

p <K< (2(2 + s)/1 + s).

Innovator

Manufacture
1

Market

T R2

Gov

T R1

Manufacture 
2

TR2

R1 T

(a)

Manufacture
1

Manufacture 
2

Innovator

Market

T R2

Gov

T R1 TR2

R1S T

(b)

Manufacture
1

Manufacture 
2

Innovator

Market

T R2

Gov

T R1 T

T

R2

R1

S

(c)

Figure 11: ,e government’s three subsidy strategies in a duopoly market. (a) Strategy DN. (b) Strategy DP. (c) Strategy DC.
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Proposition 14 shows that the characteristics of innovation
impact the manufacturers’ competitive strategies. If the char-
acteristic value of the innovation project is low, the manufac-
turers have to charge lower prices to increase their product
demand and thus increase their revenue. However, if the
characteristic value of the innovation project is high, then the
manufacturers will charge higher prices to increase their revenue.

In other words, the core conception of Proposition 14 is
that low-end technology leads to price wars, while high-end
technology leads to value wars. When the characteristic
value of the innovation project K � Δ2/η is low, assuming
the same R&D cycle cost η, the economic conversion rate of
the technology development Δ is low; this outcome means,
to some extent, that the new technology is low-end tech-
nology. According to Proposition 14, manufacturers who
apply a low-end technology are likely to be caught in a price
war. ,is situation has already occurred in the Chinese color
TV industry. For many years, Chinese color TV enterprises
were engaged in a price war which made the color TV
industry unprofitable. It is a lack of high-end technology and
a high level of competition that causes this terrible situation.
According to All View Cloud, a service provider dedicated to
providing data analytics for smart homes; although the
average price of color TV sets dropped 9.4% from the
previous year in the first half of 2019, the market size did not
increase. In the first half of 2019, the retail volume of China’s
color TV market reached 22 million units, which was down
2.7% from the previous year, and the retail volume was 64

billion yuan, down 11.8% from the previous year [50]. ,e
only way to get rid of this price war in the color TV industry
is to master high-end technologies.

5.2. Strategy DP. If the government subsidizes R&D by
subsidizing one of the manufacturers’ products, such as P1,
with a subsidy μ, μ ∈ (0, p1), consumers buy manufacturer
P1’s products at the price of p1 − μ. ,e demands for the end
products of manufacturers 1 and 2 are denoted as d1 and d2,
respectively. ,us, d1 � 1 − (p1 − μ) + s[p2 − (p1 − μ)]+ rvθ
and d2 � 1 − p2 + s[(p1 − μ) − p2] + rvθ. ,e total demand is
d � d1 + d2. ,e game sequence can be stated as follows:

Step 1: the government sets the subsidy μ
Step 2: the innovator sets the target level of innovation θ
and the price of the new technology w

Step 3: the two manufacturers set their product prices
p1 and p2, simultaneously
Step 4: consumers buy the end products; the innovator,
the manufacturer, and the government gain revenue

,e expected revenues are denoted as 
DP
F , 

DP
Pi

, and


DP
G for the innovator, manufacturer i, and the government,

respectively. ,e D superscript indicates the duopoly
market. ,e P superscript indicates that the government
subsidizes R&D based on the price of the end products. ,e
expected revenue functions can be written as follows:


DP

F

� 2 − p1 − p2 + 2rvθ + μ( w −
c

λ
θ2,



DP

P1

� p1 − w(  1 − p1 − μ(  + s p2 − p1 − μ(   + rvθ ,



DP

P2

� p2 − w(  1 − p2 + s p1 − μ(  − p2  + rvθ ,



DP

F

� 
DP

F

+ 
2

i�1


DP

Pi

+
1
2
2 − p1 − p2 + 2rvθ + μ( 

2
− μd1.

(11)

Proposition 15. )e outcomes of the game assuming a
duopoly market and that the government subsidizes private
R&D based on the price of the end products of manufacturer 1
are shown in Table 5 in the appendix.

Comparing Proposition 15 with the previous proposi-
tions, we draw the following conclusions.

Proposition 16. In a duopoly market, if the government
subsidizes private R&D based on the price of manufacturer
1’s end product, then θDP∗ > θDN∗ , zθDP∗ /zμ> 0, and
zθDP∗2 /zμzs> 0.

It is easy to prove Proposition 16 by calculating
θDP∗ − θDN∗ , zθDP∗/zμ, and zθDP∗2 /zμzs. Proposition 16

Table 4: Outcomes of the game under strategy DN in a duopoly market.

θDN∗ wDN∗ pDN∗

i 
DN∗

F 
DN∗

Pi


DN∗

G

(1 + s)Δ/H1 (2 + s)η/H1 (3 + s)η/H1 (1 + s)η/H1 (1 + s)η2/H2
1 4(1 + s)(2 + s)η2 − (1 + s)2ηΔ2/H2

1

Note. H1 � 2(2 + s)η − (1 + s)Δ2.
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shows that, in a duopoly market, a government subsidy that
is based on the price of manufacturer 1’s product encourages
the innovator to set a higher innovation goal. ,e greater the
subsidy is, the higher the goal will be set. Note that
zθDP∗2/zμzs> 0; it follows that the impact of the subsidy on
the target level of innovation is influenced by the intensity of
market competition. With an increase in the intensity of the
competition, this impact becomes stronger.

Proposition 17. In a duopoly market, if the government
subsidizes private R&D based on the price of manufacturer 1’s
end product, then pDP∗

1 >pDP∗

1 and pDP∗

1 − pDN∗

1 >
pDP∗

2 − pDN∗

2 .

Proposition 17 demonstrates that when the government
subsidizes manufacturer P1 based on the price of his end
product, both manufacturers will charge higher prices.
Furthermore, manufacturer P1 increases his price more than
manufacturer P2.

Proposition 18. In a duopoly market, there is a threshold
KDP � 16s3 + 65s2 + 68s + 20 −��������������������������������������
288s5 + 1473s4 + 2696s3 + 2296s2 + 928s + 144

√
/4(2s3 +

5s2 + 4s + 1) such that the government subsidizes private
R&D through a subsidy based on the price of manufacturer 1’s
product iff 0<K<KDP.

Proposition 18 provides guidance to governments re-
garding their choice of whether to subsidize using strategy
DP in a duopoly market. In the interval 0<K<KDP, gov-
ernments should subsidize private R&D based on the price
p1; in the interval KDP <K< (2(s + 2)/s + 1), governments
should not subsidize private R&D activities. Proposition 18
also shows that the competition between manufacturers
influences the government’s decision-making process re-
garding subsidy strategy. Recall that in a monopoly market,
the interval in which the government should subsidize
private R&D activities is 0<K< 2, while in a duopoly
market, this interval becomes 0<K<KDP.

,e orange surface in Figure 12 represents the gov-
ernment’s revenue after subsidizing private R&D based on
the product price; the blue surface represents the gov-
ernment’s revenue without subsidies. It can be seen that in
a duopoly market, the orange surface is above the blue

surface and increases with an increase in K iff 0<K<KDP.
Figure 13 is the projection of Figure 12 onto the K − s

plane and gives a more intuitive picture of the govern-
ment’s subsidy strategy.

Proposition 19. In a duopoly market, if the government
subsidizes private R&D activities based on the price of
manufacturer 1’s end products, the subsidy has a crowding-in
effect on private R&D investment.

,e private R&D investment under strategy DN and
strategy DP in a duopoly market is denoted as YCDN and
YCDP, respectively. According to Propositions 12 and 15,
YCDN � K(s + 1)2/(Ks + K − 2s − 4)2, YCDP � K(s + 1)2

(μ + 2)2/4(− Ks − K + 2s + 4)2, and YCDP − YCDN � K

(s + 1)2μ (μ + 4)/[(− 2K + 4)s − 2K + 8]2 > 0. ,at is, when
the government subsidizes private R&D, the innovator will
increase her investment in innovation. Furthermore, note
that (z(YCDP − YCDN)/zs) � (K(s + 1)μ(μ + 4)/[2s + 4−

(s+ 1)K]3)> 0; it follows that the crowding-in effect becomes
stronger with an increase in the intensity of market com-
petition. Figure 14 depicts the crowding-in effect of gov-
ernment subsidies when s � (1/8), (1/2), (7/8).

5.3. Strategy DC. When the government subsidizes R&D based
on the cost of R&D, the game sequence can be stated as follows:

Step 1: the government sets the cost subsidy rate τ,
where τ ∈ (0, 1). ,erefore, the innovator’s R&D ex-
penditure is (1 − τ)(cθ2/λ) and the government’s
subsidy is τ(cθ2/λ).
Step 2: the innovator sets the target level of innovation θ
and the sale price of the new technology w.
Step 3: the twomanufacturers set their prices p1 and p2,
simultaneously.
Step 4: consumers buy the end products; the innovator,
the manufacturer, and the government gain revenue.

,e expected profits are denoted as 
DC
F , DC

Pi
, and 

DC
G

for the innovator, manufacturer i, and the government,
respectively. ,e D superscript indicates the duopoly
market. ,e C superscript indicates that the government
subsidizes R&D activities based on the innovation cost. ,e
profit functions can be written as follows:

Table 5: Outcomes of the game under DP in the duopoly market.

θDP∗ (s + 1)(μ + 2)Δ/4(s + 2)η − 2(s + 1)Δ2
wDP∗ η(s + 2)(μ + 2)/4(s + 2)η − 2(s + 1)Δ2

pDP∗
1 [(7μ + 6)η − 2μΔ2]s2 + [(21μ + 22)η − 3μΔ2]s + (10μ + 12)η − μΔ2/2(3s + 2)[2(s + 2)η − (s + 1)Δ2]

pDP∗
2 [(− μ + 6)η + 2μΔ2]s2 + [(μ + 22)η + 3μΔ2]s + (2μ + 12)η + μΔ2/2(3s + 2)[2(s + 2)η − (s + 1)Δ2]


DP∗
F (s + 1)(μ + 2)2/8(s + 2) − 4(s + 1)K


DP∗
P1

(s + 1)[(K − 2)2μs2 + (3μK − 13μ − 6)s + μK − 6μ − 4]2/4(3s + 2)2[2(s + 2) − (1 + s)K]2


DP∗
P2

(s + 1)[(2μK − 4μ)s2 + (3μK − 7μ + 6)s + μK − 2μ + 4]2/4(3s + 2)2[2(s + 2) − (1 + s)K]2


DP∗
G − ((s + 1)[(4s4 + 14s3 + 18s2 + 10s + 2)μ2K2 + X1K + X2]/4(3s + 2)2[2(s + 2) − (1 + s)K]2)

μDP∗ 4η2(s + 2)(3s + 2)2/(4s4 + 14s3 + 18s2 + 10s + 2)K2 − (16s4 + 81s3 + 133s2 + 88s + 20)K + X3

Note. X1 � − 16μ2s4 − 81μ2s3 − 133μ2s2 − 88μ2s − 20μ2 + 36s3 + 84s2 + 64s + 16; X2 � (16s4 + 88s3 + 168s2 + 128s + 32)μ2 − (72s3 + 240s2+ 224s + 64)μ −

144s3 − 480s2 − 448s − 128; X3 � 16s4 + 88s3 + 168s2 + 128s + 32.
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Figure 12: Government’s revenue under strategies DN and DP in a duopoly market.
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Figure 13: Strategy DP in a duopoly market.

Table 6: Outcomes of the game under strategy DC in a duopoly market.

θDC∗ wDC∗ pDC∗

i 
DC∗

F 
DC∗

Pi


DC∗

G τDC∗

Δ(s + 1)/H2 η(1 − τ)(s + 2)/H2 (s + 3)(τ − 1)η/H2 η(s + 1)(1 − τ)/H2 (s + 1)(1 − τ)2η2/H2
2 (H3(s + 1)η)/H2

2 1/2
Note. H2 � 2(1 − τ)(s + 2)η − Δ2(s + 1) and H3 � 4(1 − τ)2(s + 2)η − (s + 1)Δ2.

14 Mathematical Problems in Engineering



Proposition 20. )e outcomes of the game assuming a
duopoly market and that the government subsidizes private
R&D based on the cost of R&D are shown in Table 6.

Comparing this with the abovementioned outcomes, we
offer the following propositions.

Proposition 21. In a duopoly market, there is a threshold
KDC � s + 2/s + 1 such that the government subsidizes pri-
vate R&D based on the cost of R&D iff 0<K<KDC.

Proposition 21 provides guidance to the government
regarding their choice of whether to subsidize using subsidy
strategy DC in a duopoly market. In the interval
0<K<KDC, governments should subsidize private R&D
activities based on the cost of R&D because, in this interval,


DC∗

G > 
DN∗

G which means that cost subsidies will increase
the expected revenue of governments. In the interval
KDC <K< 2(s + 2)/s + 1, governments should not subsidize
private R&D in this way because, under this circumstance,


DC∗

G < 
DN∗

G which means that cost subsidies will decrease
the governments’ expected revenue. Proposition 21 also
shows that market competition influences the governments’
decision-making process regarding subsidy strategy. In a
monopoly market, the interval in which governments should
subsidize private R&D activities is 0<K< 2, while in a
duopoly market, this interval becomes 0<K<KDC.

By adopting the analytical method suggested in Prop-
osition 18, we draw the projection diagram shown in Fig-
ure 15. ,e green area represents the governments’ expected
revenue and shows that this revenue is higher under strategy
DC than that under strategy DN. ,us, if there are private
R&D activities in this area, it is advisable for governments to
subsidize R&D based on R&D cost. ,e blue area represents
the government’s revenue and shows that this revenue is
higher under strategy DN than that under strategy DC.,us,

if there are private R&D activities in this area, it is advisable
for governments not to subsidize R&D in this way.

Based on the above analysis, we draw a comprehensive
conclusion as follows.

Proposition 22. In a duopoly market, there are three
thresholds: KDC � s + 2/s + 1, KDP � 16s3 + 65s2 + 68s +

20 −
��������������������������������������
288s5 + 1473s4 + 2696s3 + 2296s2 + 928s + 144

√
/4(2s3

+ 5s2 + 4s + 1), and KDPC � (1/2)(4s4 + 9s3 + 7s2 + 2s/
(s + 1)3(1 + 2s)) for the economic conversion rate and R&D
cycle cost ratio such that

(a) 
DN∗

G > 
DC∗
G and 

DN∗

G > 
DP∗

G if KDP <K<
(2(2 + s)/1 + s)

(b) 
DP∗

G > 
DC∗
G and 

DP∗

G > 
DN∗

G if KDC <K<KDP

or 0<K<KDPC

(c) 
DC∗
G > 

DP∗

G and 
DC∗
G > 

DN∗

G if KDPC <
K<KDC

Proposition 22 demonstrates the comprehensive gov-
ernment subsidy strategy in a duopoly market. Figure 16
depicts a projection of the graph of the government’s rev-
enues. ,e blue area represents situations in which gov-
ernments should not subsidize private R&D; the orange area
represents situations in which governments should subsidize
private R&D based on the price of the end products of the
manufacturers, and the green area represents situations in
which governments should subsidize private R&D based on
the cost of R&D.

Proposition 23. In a duopoly market, if the government
subsidizes private R&D based on the cost of R&D, there is a
threshold τ″ � − (K2(s + 1)2/4(s + 2)2) + 1 such that the
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government subsidies crowd in private R&D investment if
0< τ < τ″ and crowd out private investment if τ″ < τ < 1.

Proposition 23 shows that, in a duopoly market, different
amounts of government subsidies impact incentive results
differently. When the amount of the government subsidies is
comparatively low (0< τ < τ″), private investment in R&D
will increase with the amount of the subsidies. However,
once the amount of the subsidies exceeds this threshold,
private investment in R&D will decrease with the amount of
subsidy. ,e former is called the crowd-in effect of gov-
ernment subsidies, and the latter is called the crowd-out
effect of government subsidies.

Figure 17 depicts the mixed impact of government sub-
sidies on private investment when s � (1/8), (1/2), and(7/8).

6. Empirical Analysis

In this section, we use panel data from China’s A-share
market to verify and analyze the conclusion that government
subsidies have both crowding-in and out effects on enter-
prise R&D investment.

6.1. Data and Variable Definitions. Our data were acquired
mainly from three sources: the Wind database, the Shanghai
stock exchange, and the Shenzhen stock exchange. Basic
information was obtained from the Wind database (https://
www.wind.com.cn). From the Wind database, we obtained
the panel data of 3,815 listed companies in China’s A-share
market from the years 2013 to 2019. After sorting the data,
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Figure 16: Subsidy strategies in a duopoly market.
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Figure 17: ,e mixed impact of government subsidies under strategy DC in a duopoly market.
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we found that the data of some listed companies were
missing. ,erefore, we searched the annual reports of the
listed companies with missing data using the official websites

of the Shanghai stock exchange and the Shenzhen stock
exchange, supplemented the missing data with the infor-
mation we obtained and deleted the blank data that we were
unable to find. ,en, we screened the data and eliminated
the enterprises having no R&D expenditures, no govern-
ment subsidies, and no government tax refunds. ,e final
sample size was 909.

To verify the conclusion of the above analysis, namely,
that government subsidies for innovation activities have
both crowding-out and crowding-in effects on private R&D
investment, we combined the empirical research of the
relevant literature [18, 43, 51] and selected 7 indicators to
establish the econometric model. ,e 7 indicators were
enterprise R&D investment, government R&D subsidies,
enterprise total assets, asset to liability ratio, return on net
assets, the age of the enterprise, and whether the enterprise is
a state-owned enterprise. ,e model can be written as
follows:

R&D � β0 + β1sub + β2sub
2

+ β3size + β4ratio + β5roa + β6age + β7own + ε, (13)

where R&D represents the natural logarithm of the total
R&D expenditure of the enterprise; sub represents the
natural logarithm of the governmental R&D subsidies; sub2
represents the second power of the sub; size is the natural
logarithm of the total assets of the enterprise, which mea-
sures the size of the enterprise; ratio denotes the ratio of
assets to liabilities; roa represents the rate of return on net
assets; age describes when the company was founded; own is
a dummy variable with state-owned enterprises denoted as 1
and nonstate-owned enterprises denoted as 0; and ε is the
error term. According to the previous theoretical analysis, if
the government R&D subsidies have both a crowding-out
and in effect on total R&D expenditure, then β2 < 0. ,e
descriptive statistics of each variable in the model are shown
in Table 7.

6.2. Regression Analysis. Based on equation (13), we em-
pirically tested the impact of governmental R&D subsidies
on private R&D investment, and the regression results
obtained from this analysis are shown in Table 8.

As shown in Table 8, the coefficient of government R&D
subsidies (sub) as an explanatory variable is 1.116698, and
the coefficient of its square term is − 0.0284379. Combined
with equation (13), after controlling the variable size, ratio,
roa, and own, R&D is a quadratic function of sub. ,e
quadratic function is a convex function, showing an inverted
U shape. ,ere is an optimal amount for governmental

subsidies τ∗. When the subsidy amount is less than the
optimal subsidy amount τ∗, private R&D investment in-
creases with an increase in the subsidy amount, and the
subsidy has a crowding-in effect on private investment.
When the amount of the subsidy exceeds the optimal
amount, private R&D investment will decrease with an
increase in the subsidy amount, and the subsidy has a
crowding-out effect on private investment. ,e conclusion
of this empirical study is consistent with the conclusions of
the theoretical analysis of this paper.

7. Concluding Remarks

In this paper, six game-theoretic models are developed to
analyze governmental subsidy strategies in different market
environments and to investigate the problem of whether
government subsidies crowd in or crowd out private in-
vestment in R&D activities. Based on realistic situations, we
classify government subsidies into three types, namely, no
subsidy provided, subsidy provided based on the price of the
end products, and subsidy provided based on the cost of
R&D. In addition, according to whether competition exists
in the market, we classify markets into monopoly markets
and duopoly markets.

First, we note the two factors that should be considered
during the government’s decision-making process regarding
subsidy strategy. ,e first factor is the characteristic value of

Table 7: Descriptive statistics of the variables.

Variable Mean Min Max Variable Mean Min Max
R&D 17.71434 10.17615 21.74779 Ratio 40.40812 5.2066 92.9087
Sub 16.11784 9.903488 20.70653 Roa 11.93426 − 112.6857 460.7378
Sub2 261.8726 98.07907 428.7606 Age 16.70627 3 58
Size 21.79704 18.937 27.10614 Own .2783278 0 1

Table 8: Regression analysis results.

R&D Coef. Std. err. P> |t|

Sub 1.116698 0.3045695 0.000
Sub2 − 0.0284379 0.0096647 0.003
Size 0.6542147 0.0394157 0.000
Ratio − 0.0079545 0.001997 0.000
Roa 0.0066098 0.0016801 0.000
Age − 0.0184702 0.0064207 0.004
Own − 0.3278941 0.0806138 0.000
Cons − 6.454882 2.643822 0.015
Number of obs 909 F (7, 901) 116.16
Prob> F 0.0000 R2 0.4744
Root MSE 1.029 Adj-R2 0.4703
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the innovation project. If the characteristic value is relatively
low, then subsidizing private R&D based on the price of the
end product is advisable for the government. If the char-
acteristic value is high, then subsidizing private R&D based
on the cost of R&D is advisable for the government. If the
characteristic value is extremely high, then no subsidization
of private R&D is advisable for the government. For ex-
ample, the subsidies provided to the new-energy automobile
industry in mainland China by the government vary with
market profitability, which is mainly reflected in our mea-
sure of characteristic value. When new energy vehicles first
entered the Chinese market, consumers had many concerns
about these new products, including battery life, charging,
and after-sales maintenance. ,ese concerns led to almost
no market demand for new energy vehicles at that time. For
the sake of environmental protection and technological
development, the Chinese government issued the “notice on
the demonstration and promotion of the pilot work of
energy-saving and new energy vehicles” on January 23, 2009.
,is notice stated that, to support the industrialization of
new energy vehicles, a financial subsidy program of 10
billion yuan would be implemented. Part of the subsidy
would be given to consumers who bought the new energy
vehicles directly. ,e subsidies have encouraged a good
market response, and the number of users who buy new
energy vehicles has been increasing each year. After the
development of the consumer market, the subsidy provided
by the Chinese government to the new energy automobile
industry shifted from consumers to innovators. On April 22,
2015, the government issued the “notice regarding
2016–2020, the financial support policy on new energy
automobile application”. ,is notice states that during the
years 2017–18, subsidies would be 20% less than they were in
2016, and during the years 2019–20, subsidies would be 40%
less than they had been in 2016. On December 29, 2016, the
government issued the “adjustment of new energy auto-
mobile application fiscal subsidy policy notice,” stating that
battery development would be the target of the subsequent
subsidies provided for new energy vehicles. It can be seen
that the subsidy policy of the Chinese government in relation
to the new energy automobile industry is nearly consistent
with the research conclusions of this paper.

,e second factor that should be considered is the
market environment. ,e intensity level of competition can
influence the decision-making process to some extent.

Our second main conclusion shows that, for private
R&D, governmental subsidies are not always better if they
are larger. For different R&D activities, there is an optimal
subsidy amount for each type of subsidy. For example, our
research notes that, in a monopoly market, if the govern-
ment subsidizes private R&D based on the cost of R&D, the
optimal proportion for the subsidy is 3/7, while in a duopoly
market, if the government chooses the same type of subsidy,
the optimal proportion is 1/2.

We also discuss the impact of governmental subsidies on
private investment in R&D. According to our analysis, if
governments subsidize private R&D based on the price of
the end products, the subsidy will crowd private R&D in-
vestment in. However, if governments subsidize private

R&D based on the cost of R&D, there will be an inverse
U-shaped relationship between the amount of the subsidy
and private investment. ,e competition between manu-
facturers does not have a material impact in this case, but the
stronger the intensity of competition is, the more signifi-
cantly the subsidy will impact private investment.

,ere are several future research directions. First, we
have assumed that competition mainly occurs between
manufacturers. In reality, competition is more complex. It
may occur between innovators, and it may occur between
innovators and manufacturers. Furthermore, it would be
interesting to consider the influences of bounded rationality
such as overconfidence and fairness preference. We reserve
these topics for future study.

Appendix

Proof of Proposition 1. We provide only the proof process of
no subsidy in the monopoly market. Due to space limita-
tions, we omit the detailed proofs for the other five models’
outcomes (the proofs are similar and straightforward). □

According to backward induction, we fist maximize the
profit function (5) and obtain the best response function
pMN(θ, w) � (1/2)(rvθ + w + 1).

We then substitute it into the innovator’s profit function
and have



MN

F

�
1
2

w(rvθ − w + 1)λ − 2cθ2

λ
. (A.1)

We maximize the innovator’s profit function in θ and w

simultaneously, and solving them simultaneously yields

θMN∗
�

rvλ
8c − r2v2λ

;

w
MN∗

�
4c

8c − r2v2λ
.

(A.2)

Substituting them into the response function pMN

(θ, w) � 1/2(rvθ + w + 1), we can get

p
MN∗

�
6c

8c − r2v2λ
. (A.3)

Substituting θMN∗ � (rvλ)/(8c − r2v2λ), wMN∗ � (4c)/
(8c − r2v2λ), and pMN∗ � (6c)/(8c − r2v2λ) in (4), (5), and
(6), we can get



MN∗

F

�
η

8η − Δ2
, 

MN∗

P

�
4η2

8η − Δ2( 
2, 

MN∗

G

�
η 14η − Δ2( 

8η − Δ2( 
2 .

(A.4)

Proof of Proposition 2. ,e proof process is the same with
Proposition 1. □

Proof of Proposition 3. ,e proposition can be deduced from
the functions of θMP∗ and wMP∗ . □
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Proof of Proposition 5. Denote MMP
G as the added value of

the government’s revenue under the situation of SP, and
MMP

G � 
MP∗

G − 
MP∗

G � 36/(2 − K)(8 − K)2. It is clear that
MNR

G > 0 if 0<K< 2 and MNR
G < 0 if 2<K< 8. □

Proof of Proposition 6. Denote CMP
G as the total spending

when the government subsidizes the private R&D activities
depending on the price of the end product.
CMP

G � μd � 12/(2 − K)2. According to Proposition 5, the
added government’s revenue is MMP

G � 36/(2 − K)(8 − K)2.
So, the fund utilization rate of the government’s subsidy is
MMP

G /CMP
G � 3(2 − K)/(8 − K)2. It decreases with K. □

Proof of Proposition 7. ,e proof process is the same with
Proposition 1. □

Proof of Proposition 8. ,e proposition can be deduced from
the functions of θMC∗ and wMC∗ easily. □

Proof of Proposition 9. Denote MMC
G as the added value of

the government’s revenue under the situation of SC, and
then MMC

G � 
MC∗

G − 
MN∗

G � 18K/(32 − 7K) (8 − K)2.
Obviously, MMC

G > 0 if 0<K< 32/7 and MMC
G < 0 if

32/7<K< 8. Combining with Proposition 5, we can easily
prove Proposition 9. □

Proof of Proposition 10. Denote CMC
G as the total spending

when the government subsidizes the private R&D activities
depending on the cost of R&D.
CMC

G � (3/7)(c/λ)θ2 � 21K/(32 − 7K)2. According to
Proposition 9, MMC

G � 18K/(32 − 7K)(8 − K)2. So, the
utilization rate of the government’s subsidy is
MMC

G /CMC
G � 6(32 − 7K)2/(32 − 7K)(8 − K)2. It can be

proved easily that if 2<K< 32/7, MMC
G /CMC

G decreases with
the value of K. □

Proof of Proposition 11. For the convenience of under-
standing, we leave the proof of this conclusion in the
text. □

Proof of Proposition 12. ,e proof is the same as Propo-
sition 1. □

Proof of Proposition 13. Due to θDN∗ − θMN∗ � (6s + 4)

Δη/[2η(s + 2) − (s + 1)Δ2](8η − Δ2), it is easy to prove that
if 0<Δ2/η< 2(2 + s)/1 + s, then θDN∗ − θMN∗ > 0. □

Proof of Proposition 14. Because pDN∗

i � (3 + s)η/2(2+

s)η − (1 + s)Δ2, thus zpDN∗

i /zs � 2η(Δ2 − η)/(Δ2s + Δ2−
2ηs − 4η)2. It is easy to see that if 0<K � Δ2/η< 1, then
zpDN∗

i /zs> 0; if 1<K � Δ2/η< 2(2 + s)/1 + s, then
zpDN∗

i /zs< 0. □

Proof of Proposition 15. ,e proof process is the same with
Proposition 1, and the outcomes are shown in Table 5. □

Proof of Proposition 16. According to Propositions 4 and 15,
θDP∗ − θDN∗ � (s + 1)μΔ/(− 2s − 2)Δ2 + 4η(s + 2); because
0<Δ2/η< 2(2 + s)/1 + s, thus θDP∗ − θDN∗ > 0. □

In addition, zθDP∗/zμ � (s + 1)Δ/(− 2s − 2)Δ2 + 4
(s + 2)η> 0; zθDP∗2/zμzs � (s + 1)μΔ/(− 2s − 2)Δ2 + 4(s +

2)η> 0.

Proof of Proposition 17. Because 0<Δ2/η< 2(2 + s)/1 + s,
thus

p
DP∗

1 − p
DN∗

1 �
1
2

μ(s +1) Δ2 − 3ηs − 10η( 

(3s +2) Δ2s +Δ2 − 2ηs − 4η( 
>0. (A.5)

□

In the same way, we can prove pDP∗

1 −

pDN∗

1 >pDP∗

2 − pDN∗

2 .

Proof of Proposition 18. According to the foregoing Prop-
ositions 14 and 11,



DP∗

G

− 
DN∗

G

�
(3s + 2)2(s + 2)2

16f1(K)[(− (1/2)K + 1)s − (1/2)K + 2]2
,

(A.6)

where f1(K)�(− (1/2)K+1)2s3+((5/8)K2 − (65/16)K+(9/
2))s2+((1/2)K2 − (17/4)K+6)s+(1/8)K2 − (5/4)K+2. □

Solving the function f1(K) � 0, we can get

K1 �
16s3 + 65s2 + 68s + 20 −

��������������������������������������
288s5 + 1473s4 + 2696s3 + 2296s2 + 928s + 144

√

4 2s3 + 5s2 + 4s + 1( )
,

K2 �
16s3 + 65s2 + 68s + 20 +

��������������������������������������
288s5 + 1473s4 + 2696s3 + 2296s2 + 928s + 144

√

4 2s3 + 5s2 + 4s + 1( )
.

(A.7)

Because 0<K< 2(2 + s)/1 + s, we can conclude as
follows:

If 0<K<KDP, then 
DP∗

G > 
DN∗

G .
If KDP <K< 2(s + 2)/s + 1, then 

DP∗

G < 
DN∗

G .

Proof of Proposition 19. For the convenience of under-
standing, we leave the proof of this conclusion in the text. □

Proof of Proposition 20. ,e proof process is the same with
Proposition 1. □
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Proof of Proposition 21. According to Proposition 19, if the
government chooses the subsidy τDC∗ � 1/2, then


DC∗
G � (s + 1)/(s + 2) − (s + 1)K, and 

DC∗
G − 

DN∗

G �

(1/4)((s + 2)(s + 1)2K/[(1 − K)s + (2 − K)][(1 − (1/2)K)

s + (2 − (1/2)K)]2). ,us, if 0<K< s + 2/s + 1, then


DC∗
G − 

DN∗

G > 0; if s + 2/s + 1<K< 2(2 + s)/1 + s, then


DC∗
G − 

DN∗

G < 0. □

Proof of Proposition 22. ,e thresholds KDC and KDP have
already been proved in Propositions 17 and 20. In the same
way, we can prove the existence of KDPC. We omit the details
here. □

Proof of Proposition 23. Denote YCDC as the private R&D
investment under the government’s cost subsidy in the
duopoly market. According to Proposition 19, YCDC �

(1 − τ)(s +1)2K/[(s +1)K − 2(1 − τ)(s +2)]2, and YCDC

− YCDN � [4(1 − τ)(s +2)2 − (s +1)2K](s +1)2τK/[(s +1)K

− 2(1 − τ)(s +2)]2[2(s +2) − (s +1)K]2. It follows that
YCDC − YCDN≥0 if 0<τ≤ − (K2(s +1)2/4 (s +2)2) +1, and
YCDC − YCDN<0 if − (K2(s +1)2/ 4(s +2)2) +1<τ <1. ,e
proof is completed. □
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