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Innovation is a game process; in particular, the behavior among multiple agents in responsible innovation is susceptible to the
influence of benefits, risks, responsibilities, and other factors, resulting in unstable collaborative relationships. Therefore, this
paper constructs a tripartite evolutionary game model including the government, enterprises, and the public, combined with
system dynamics modeling to simulate and analyze the tripartite behavior strategy and sensitivity to relevant exogenous variables.
The study shows that the tripartite game eventually converges to a stable state of the government active supervision, enterprises
making responsible innovation, and the public’s positive participation. The positive participation of the public drives rapidly the
game to a steady state, while the behavioral strategies of enterprises are more susceptible to the behavior of the government.
Supervision cost, penalty amount, and value compensation are the most critical factors influencing the change of the corre-

sponding agents’ behavior strategy, and the final strategic stability of tripartite is affected by multiple exogenous variables.

1. Introduction

The world is facing enormous societal challenges such as
climate change, food safety, society security, energy demand,
demographic change, and well-being. These enormous
challenges transcend national borders and have an impact
on a large number of people, cities, and the entire planet [1].
Therefore, governments around the world are emphasizing
the importance of innovation, because innovation and
technological development are generally regarded as a
panacea for grand societal challenges [2]. However, inno-
vation is generally considered to be inherently good, but
always has the probability of having unforeseen conse-
quences [3]. In the short term, innovation may have certain
advantages, but from a long-term perspective, innovation
will face questions, dilemmas, and uncertainties in its future
development. Today, many researchers agree that even the
most promising innovations can fail because the ethical and
societal concerns they bring are not properly taken into
account [4]. In this context, Responsible Research and In-
novation (RRI) is seen as a way of governance innovation
development to address challenges such as population

ageing, poverty, inequality, and the availability of high-
quality healthcare services [5, 6]. RRI is a recent expression
used by the European Union to indicate the part of its re-
search and innovation (R&I) strategy and is highly con-
cerned by the realm of politics and academia, aiming to
make the process and results of R&I ethically acceptable and
socially desirable [7]. RRI can add new elements to inno-
vation governance by making R&I participants jointly re-
sponsible for societal embedding and potential impact [8].

RRI is usually implemented from the perspective of
policy or social ethics and focuses on the academic research
and development environment [6], while responsible in-
novation (RI) pays more attention to the innovation process
itself and has become a concept close to RRI [9]. For the
research purpose of this paper, this research will use the term
of RI. RI research revolves around whether and how to lead
technology and innovation to socially desired goals [10] and
manage innovation through early “upstream” interventions
rather than post-event “downstream” monitoring and
“corrective” interventions [11]. Its core is the process of open
research and innovation, which incorporates “new voices of
science and innovation governance” [12]; on the one hand, it
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aims to improve the legalization and democratization of the
innovation process and output, and on the other hand, it
attempts to increase the diversity of views to meet the needs
of social actors [13]. To meet these needs, RI focuses on the
participation and collaboration of stakeholders [14]; they
need to continue to participate, not only in consultation, but
also to provide information, power, and opportunities to
play a role in decision-making to achieve what is called
“mutually beneficial interaction” [13]. Meanwhile, this in-
clusiveness of upstream stakeholders and the public can help
achieve collective responsibility to control and guide in-
novation so that it is ethically acceptable, societally desirable,
and sustainable [15, 16]. However, the current view of in-
novation in the RI literature tends to be narrow [9], and the
research of RI should more adequately consider that in-
novation is an endogenous process resulting from the col-
laborative actions of interdependent heterogeneous agents
in a complex system, where the outcomes are characterized
by essential uncertainty [17, 18]. At the same time, imple-
menting RI in the business context also faces a series of
important challenges. For example, first of all, focusing
solely on science and technological development without
considering other types of innovation can produce a narrow
view on innovation [9]. Second, enterprises prioritize the
economic impact achieved by innovation and focus more on
commercially driven innovation processes [16]. Third, dif-
ferent stakeholders have various values and interests in the
business context, and innovators face different constraints in
terms of confidentiality and public image [4]. Furthermore,
innovation is a process of the multiagent game [19]; when
different stakeholders collaboratively engage in RI, the ra-
tionality of each agent is constrained by the limitations of
available information, cognition, and decision-making time,
which makes the collaborative relationship between multiple
agents into a long-term dynamic game relationship where
each agent continuously changes its strategy through imi-
tation and learning to maximize its own benefits.

The abovementioned analysis can lead to the following
questions:

How to establish a tripartite evolutionary game model
for multiagent collaboration in RI?

How does the behavior of multiagent interact with each
other in RI?

How to make effective collaboration mechanisms to
promote multiagent cooperation and responsible in-
novation governance?

This paper first constructs a tripartite evolutionary game
and analyzes the stability of each player’s game strategy in
the model. Then, a tripartite game system dynamics (SD)
model is established by introducing SD, and their interaction
relationship is studied by using simulation. Through theo-
retical analysis and extensive simulation, it is hoped that the
three questions posed above can be answered.

This paper is organized as follows. Section 2 presents a
literature review on the multiagent in RI and the tripartite
evolutionary game. Section 3 develops the tripartite evo-
lutionary game model and analyzes the equilibrium point
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and multiagent asymptotic stability. Section 4 advances
numerical simulation analysis based on SD to illustrate the
interaction relationship. Finally, conclusions and limitations
are given in Section 5.

2. Literature Review

2.1. Multiagent in Responsible Innovation. Rl is a new
concept developed and introduced by researchers and
policymakers in a top-down manner [20]. The main idea
behind it is to democratize innovation [21], and to imple-
ment collaborative governance forms such as stakeholder
and public participation. Incorporating different stake-
holders and the public into R, in turn, means increasing the
possibilities of anticipating and discerning how research and
innovation may benefit society and prevent any negative
consequences from occurring [22]. This can increase the
chance of innovation being adopted, better embed inno-
vation into society, and ensure that innovation brings so-
cietal benefits. Thus, first and foremost, it is important to
identify the stakeholders in RI and classify these
stakeholders.

RI is a means of emphasizing multistakeholder part-
nerships to mobilize and share knowledge, technology, and
financial resources and to encourage and promote simul-
taneously effective public and civil society partnerships [6].
The main stakeholders are crucial to the innovation process,
and there is a lot of literature discussing different stake-
holders related to or participating in RI. Von Schomberg
pointed out that the main stakeholders in RI include Eu-
ropean citizen, consumer, producers, civil society, policy-
makers, etc., whose scope of action is mainly concentrated
on the application phase of new technologies, the innovation
process, and European legislation [23]. Davies and Horst
summarize the most of stakeholders mentioned in the web-
based and academic aspects related to RI, such as academic
institutions, key users, researchers, businesses and supply
chain organizations, funders and regulators, consumers,
affected parties, and the society at large, etc. [24]. Silva
classifies stakeholders in RI as internal stakeholders and
external stakeholders, where external stakeholders include
individual researchers, research organizations, civil society
actors, legislators, public bodies, etc. [6]. Blok et al. put
forward the classification according to economic and
noneconomic stakeholders; for example, economic stake-
holders have employees and suppliers, and noneconomic
stakeholders have NGOs and research institutes [25]. Mei
and Chen divide stakeholders into policymakers (e.g.,
governments and policy institutions at all levels), experts in
innovation activities (e.g., business innovation planners,
innovation implementation organizations or institutions),
and society actors (e.g., the public, innovative social par-
ticipants, and potential service targets) [26]. Therefore, given
the research purpose of this paper and for the convenience of
analysis, the stakeholders are classified according to the
research of Mei and Chen [26], and the government, en-
terprises, and the public are selected as agents from the three
categories.



Scientific Programming

Innovation is a collaborative and game process of
multiple parties. As a regulator, the government draws a
legal red line that enterprises and their stakeholders cannot
cross [27] and has the power to regulate innovation and
influence the public’s behavior [28]. The main purpose of
enterprises is to pursue profits, and responsible activities of
enterprise involvement will help it build a lasting positive
image and good reputation [29]. Enterprises improve social
outcomes by better coordinating with the government, the
public, or other stakeholders and try to generate long-
lasting “win-win” solutions [30]. Participatory planning is a
way of involving the public in the decision-making process,
and public participation is an important aspect of de-
mocracy and trust in the government, which helps improve
the legitimacy of decisions [31]. From the perspective of
evolutionary economics, the public as a consumer plays a
vital role in responsible innovation and demand [18]. On
the one hand, they can actively exert pressure on enter-
prises to conduct innovation in a responsible manner; on
the other hand, they are a significant reference group for
enterprises to better align their products and services with
consumers’ expectations and needs [32]. The three main
agents of the government, enterprise, and the public
constitute the most important stakeholder group, and
enterprises produce and sell products resulting from in-
novation, but innovation will not succeed without public
acceptance, market diffusion, and government supervision
of innovation development.

2.2. Tripartite Evolutionary Game. A key assumption of
traditional game theory is that participants are completely
rational, and this rationality assumption is not consistent
with the facts [33]. Evolutionary game theory is a theory that
combines game theory analysis and dynamic evolution
process analysis, which overcomes the hypothesis of com-
plete rationality and complete information in a game model
[34]. At present, evolutionary game theory has been in-
troduced into a wide range of fields, especially the tripartite
evolutionary game, which is suitable for analyzing the co-
operative game behavior of multiple stakeholders. Liu et al.
establish a multiple agent’s evolutionary game model that
includes carbon fiber production enterprises, carbon fiber
application enterprises, and governments and analyze the
influencing factors of collaborative innovation in the carbon
fiber industry to alleviate the problem of industry chain
disconnection and promote sustainable development of the
carbon fiber industry [35]. Guo and Li construct a tripartite
evolutionary game model between the government, private
sector, and owners and combine SD to simulate the evo-
lution process, which can be helpful to explore the collab-
oration mechanism of participants in the PPP model of the
old community renovation project [36]. Based on the mixed
development environment of cascade hydropower stations,
Chen et al. establish a tripartite evolutionary game model,
which aims to explore the directions and conditions for
cooperative and noncooperative strategies evolving into
steady states and promote the joint operation of cascade
hydropower stations [37].

However, the current research on multiagent collabo-
ration in RI mainly focuses on qualitative analysis, such as
the cooperation of stakeholders in the port RI model
[38, 39], RI of stakeholders in small producers clusters [40],
and RI and stakeholders collaboration in infrastructures
[41]. The literature shows that few researchers incorporate
the agent’s bounded rationality into RI and study the col-
laborative problem of multiagent in RI through quantitative
analysis, while the evolutionary game is suitable for ana-
lyzing behavior change of stakeholders. Thus, it would be
more practical and meaningful to closely explore the col-
laboration mechanism in RI with boundedly rational agents
based on a tripartite evolutionary game.

3. Construction and Analysis of the Tripartite
Evolutionary Game Model

3.1. Model Assumptions. In this paper, the evolutionary
game method is used to analyze the collaborative mechanism
of multiagent under R, so the following model assumptions
are proposed. Meanwhile, for the convenience of analysis,
this research will select the government, enterprises, and the
public as three types of representatives among policymakers,
innovation activity experts, and society actors.

Assume that each agent in the game model has two
possible strategic choices. The government’s strategic
choices will be active supervision (AS) and inactive super-
vision (IS). The possible strategic choices for enterprises are
to make responsible innovation (MRI) and irresponsible
innovation (NMRI), respectively. The public’s strategic
choices will be positive participation (PP) and negative
participation (NP). The probability of the government
choosing AS is x (0<x<1), the probability of enterprises
choosing MRI is y (0<y<1), and the probability of the
public choosing PP is z (0<z<1).

Assume that the relevant parameters related to the
government are as follows. The government carries out
active supervision and pays the supervision cost Cj, in-
cluding investing a lot of human, material, and financial
resources. RI meets social values and needs and brings social
value income R; to the government. At the same time, the
government will also provide financial assistance M for
enterprises that perform responsible innovation. However,
when the government conducts passive supervision, the
negative externalities of irresponsible innovation may bring
about a social crisis and damage the reputation of the
government, denoted by B.

Assume that the relevant parameters related to enter-
prises are as follows. The normal earnings on innovation for
an enterprise are R,, whereas RI increases R&D investment
C,. However, the enterprises’ irresponsible innovation may
affect ethical, ecological, and sustainable development and
bring potential risks (D) to the public, and enterprises also
are punished (T) by the government. At the same time, in
order to show a responsible attitude, the government of
negative supervision will design policies in advance to re-
quire enterprises to compensate the amount K; for damages
to the public at potential risk.



Assume that the relevant parameters related to the public
are as follows. The interaction and discussion between the
public and other agents in the innovation process take
opportunity cost C; and also bring benefits (R;) to the
public. Under the condition of public participation, the
responsible government will punish the irresponsible in-
novation of enterprises and give the public value compen-
sation K,. However, when the public does not participate, it
cannot obtain interests and any compensation.

Based on the above assumptions, this research starts
from the strategic choices of the government, enterprises,
and the public to build a tripartite game payoff matrix, as
shown in Table 1.

3.2. Multiagent Replicated Dynamics Equation. According to
Table 1, the expected payoffs functions of the government’s
choice of AS and IS strategies are E, and E,_,, respectively:

E,=yz(R -C;-M)+y(1-2)(R -C, - M)
+(1-y)z(T-C, -Ky)+(1-y)(1-2)(T-C,),
(1)
E, ,=yzR +y(1-2)R, +(1 - »)z(-B) 2)

+(1-y)(1-2)(-B),

Based on equations (1) and (2), from the Malthusian
dynamic equation, the government’s replication dynamic
equation F(x) can be calculated:

d
F(x) =d—)tc=x(1_-x)(Ex_El—x)

=x(1-x)[T+B-C,—y(M+T+B)-K,z(1-y)].
(3)

Then, the expected payofts functions of enterprises’
choice of MRI and NMRI strategies are E, and E
respectively:

E,=xz(R,~Cy+ M) +x(1-2)(R, - C, + M)
+(1-x)z(R,—C,) +(1 -x)(1-2)(R, - C)),
(4)

1-y>

E_,=xz(R,~-T)+x(1-2)(R,~T) 5)
+(1-x)z(R,—K;)+(1-x)(1-2)R,.

Based on equations (4) and (5), from the Malthusian
dynamic equation, the enterprises’ replication dynamic
equation G(y) can be calculated:

G =L =y (B, ~Ei) =y ) lx(T+ M)

+Kz(1 - x)-GC,).
(6)

Finally, the expected payoffs functions of the public’s
choice of PP and NP strategies are E, and E,_,, respectively:
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TaBLE 1: Payoff matrix of tripartite collaboration.

Strategy selection Public
PP (z) NP (1-2)
Enterprises R,-C,-M R,-C,—-M
MRI () R,-G+M  R,-C+M
Government AS (x) R;-Cs 0
Enterprises -C;+T-K, -C+T
NMRI R,-T R,—T
-y R;—-C3-D+K, -D
Enterprises R, R,
Ry -G, R, -G,
Government IS MRI (y) Ry—Cs 0
1-x) Enterprises -B _B
NMRI R,-K, R,
(1-y) R;-C;-D+K, -D

E,=xy(Ry—C;5) +x(1-y)(R; =C5 =D +K;)
+(1-x)y(R;-C3)+(1-x)(1-»)(Ry; —C3-D+K,),
(7)

E _,=x(1-y)(-D)+(1-x)(1-y)(-D). (8)

Based on equations (7) and (8), from the Malthusian
dynamic equation, the public’s replication dynamic equation
H (z) can be calculated:
dz

H(z) =—

dt Z(l_z)(Ez_El—z)

=z(1-2)[R; - C3+K; (1 —x)(1 - y) + K,x(1 - y)].
9)

Consequently, combining equations (3), (6), and (9) can
produce a three-dimensional dynamic system including the
government, enterprises, and the public:

F(x)=x(1-x)[T+B-C,-y(M+T+B)-K,z(1-)],
G(y)=y(Q -y [x(T+M)+K,z(1l -x)-C,],

H(z)=z(1-2)[R; - C5 + K (1 - x) (1 — ) + K,x (1 - »)].
(10)

3.3. Equilibrium Point and Multiagent Asymptotic Stability
Analysis. According to equation (10), it is obvious that the
three-dimensional dynamic system has 8 equilibrium points,
namely, (0, 0, 0), (0, 1, 0), (0,0, 1), (0, 1, 1), (1,0, 0), (1, 1, 0),
1, 0, 1), and (1, 1, 1), which form the boundary of the
domain Q of the evolutionary game as {(x,y,z)|0<
x<1; 0<y<1; 0<z<1}. Also, the three-dimensional dy-
namic system may have a mixing strategy equilibrium point
E* (x*, y*,z*) that satisfies equation (11). However, when
E* ¢ Q, E* should be rejected. Furthermore, in the tripartite
evolutionary game model, the relevant parameters may
affect the agent’s behavior choices. Therefore, the replicator
dynamics equation of each agent can be derived to obtain
equation (12):
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T+B-C,-y(M+T+B)-K,z(1-y)=0,
x(T+M)+K,z(1-x)-C, =0, (11)
R, -Cy+K (1-x)(1-»)+K,x(1-y) =0,

F'(x)=(1-2x)[T+B-C,-y(M+T+B)-K,z(1-y)],
G () =(1-2y)[x(T+M)+K,;z(1-x)-C,], (12)
H'(z) =(1-22)[R; - C3 + K, (1 - x) (1 — y) + K,x (1 - y)].

3.3.1. Asymptotic Stability Analysis for the Government

(1) Based on equation (3), if T+B-C, - y(M + T+
B) - K,z(1 — y) =0, there is F(x) = 0. At this time,
the government’s strategic selection will not change
over time; that is, the government’s strategy is stable.

2) If T+B-C,-y(M+T+B)-K,z(1-y)>0,
suppose F(x) =0,and x = 0, x = 1 are its two stable
solutions. According to F'(x) in equation (12),
F'(0)>0, F' (1) <0 can be calculated, and then x = 1
is the equilibrium point. It shows that if the gov-
ernment’s penalty T'and reputation loss B exceed the
sum of the supervision cost C;, financial support M,
and value compensation K,, then the active super-
vision strategy is the evolutionary stable strategy for
the government.

3)If T+B-C,—y(M+T+B)-K,z(1-y)<0, at
this time, F' (0) <0, F' (1) >0 can be calculated, and
then x = 0 is the equilibrium point. It shows that if
the government’s penalty Tand reputation loss B are
lower than the sum of the supervision cost Cj, fi-
nancial support M, and value compensation K,, then
the inactive supervision strategy is the evolutionary
stable strategy for the government.

3.3.2. Asymptotic Stability Analysis for Enterprises

(1) Based on equation (6), if x(T + M) + K;z(1 — x) —
C, =0, there is G(y) = 0. At this time, enterprises’
strategic selection will not change over time; that is,
enterprises’ strategy is stable.

2) If x(T+M)+K;z(1-x)-C,>0, suppose
G(y) =0, and y =0, y =1 are its two stable solu-
tions. According to G'(y) in equation (12),
G'(0)>0, G' (1) <0 can be calculated, and then y =
1 is the equilibrium point. It shows that if the sum of
the punishment T, the financial support M, and the
public compensation K; exceeds its RI investment
C,, then the making RI strategy is the evolutionary
stable strategy for enterprises.

(B)If x(T+M)+Kyz(1-x)—-C,<0, at this time,
G'(0)<0, G' (1) >0 can be calculated, and then y =
0 is the equilibrium point. It shows that if the sum of
the punishment T, the financial support M, and the

public compensation K; is lower than its RI in-
vestment C,, then the making irresponsible inno-
vation strategy is the evolutionary stable strategy for
enterprises.

3.3.3. Asymptotic Stability Analysis for the Public

(1) Based on equation (9), if R;-C;+K,(1-x)
(1-y)+K,x(1-y)=0,thereis H(z) = 0. At this
time, the public’s strategic selection will not change
over time; that is, the public’s strategy is stable.

2)If Ry-Ci+K (1-x)(1-p)+K,x(1-y)>0,
suppose H(z) =0,and z = 0, z = 1 are its two stable
solutions. According to H/(z) in equation (12),
H1(0)>0, Hr(1) <0 can be calculated, and then z =
1 is the equilibrium point. It shows that if the sum of
the public’s benefits R; and compensation (K; and
K,) exceeds its opportunity cost of participation Cs,
then the positive participation strategy is the evo-
lutionary stable strategy for the public.

B)If Ry—C3+K,(1-x)(1-y)+K,x(1-y)<0, at
this time, H7(0)<0, H7(1)>0 can be calculated,
and then z = 0 is the equilibrium point. It shows that
if the sum of the public’s benefits R; and compen-
sation (K; and K,) is lower than its opportunity cost
of participation Cs, then the negative participation
strategy is the evolutionary stable strategy for the
public.

3.4. Equilibrium Point Stability Analysis. In the previous
section, 9 equilibrium points in the three-dimensional dy-
namic system have been described, but it is uncertain whether
these points are the evolutionary stability strategy of the
system. According to the research of Wainwright [42] and
Lyapunov and Mikhailovich [43], the equilibrium point is
asymptotically stable ESS (called sink) only when both strict
Nash equilibrium and pure strategy Nash equilibrium are
simultaneously satisfied, but E* is a mixed strategy Nash
equilibrium, and it is not a sink. Therefore, we only need to
analyze the asymptotic stability of the remaining 8 equilib-
rium points. Then, based on Friedman’s research conclusion
[44], the local stability of the equilibrium point is analyzed by
the system’s Jacobian matrix, that is, det (J) > 0 and tr (J) <0,
thus solving for the system’s Jacobian matrix as shown in
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rOF (x) OF (x) OF(x)
ox 0y 0z
Ju T T3
dG(y) 9G(y) oG(y)
J= axy ayy az)’ =\ Jau Jn Jus | (13)
]31 ]32 ]33
0H (z) 0H (z) 0H(z)
L Ox ay 0z |
where ], = (1-2x)[T+B-C, - y(M+T+B)-K,z

(1= Jiu= x(1-x)(Kyz-M-T-B); ] ;3 =x(1-x)
Kz(y - 1) ]21 = y(l —,V)(M +T—K1z); ]22 =(1 _2)/)
(M+T)+Kyz(1-x) - Cli Jp = y(1- K, (1 - )
Ja=2z(1-2)(1-y)(Ky;-K,); J3=2(1-2)(K;x-K,
x—-K;); J;3=(1-22)[R;-C;+K; (1 -x)(1-y)+K,x
(1-y)]

The det (J) and tr (J) values of the equilibrium point can
be obtained from the above Jacobian matrix and judgment
conditions, as shown in Table 2. According to Table 2, the
size of det (J) and tr (J) is determined by the relevant pa-
rameter values, but the existing conditions cannot determine
the stability of the 8 equilibrium points; that is, whether
there is an equilibrium point that makes the tripartite
evolutionary game reach stability is unclear. System dy-
namics (SD) can analyze the complex dynamic evolution
process of the evolutionary game model under the condi-
tions of limited rationality and asymmetric information [45].
Hence, the next section will combine SD simulation tools to
construct a multiagent evolutionary game model and ana-
lyze the effect of different parameter values on the evolu-
tionary game process.

4. Numerical Simulation Analysis Based on
System Dynamics

Regarding SD modeling, Sterman [46] pointed out that the
simulation model does not lie in how real it is, but in its
usefulness, and focuses on revealing the regularity of
changes in things. Meanwhile, the correctness of the SD
model structure is more important than the parameter value
selection, so we should focus on the validity, consistency,
and adaptability of the model structure [47]. SD simulation
can effectively analyze the feedback behavior of complex
systems and the effectiveness of strategies in order to provide
practical guidance for designing, formulating, and opti-
mizing management policies [48]. Therefore, this section
will construct a multiagent SD model to research the long-
term collaborative relationship and behavior strategy evo-
lution of multiagent in responsible innovation, thus pro-
viding an experimental platform for studying different
influencing factors and making effective decisions.

4.1. Simulation Model Construction. According to the above
game analysis and replicator dynamics equations, this study
uses Vensim PLE 8.0.9 to establish a multiagent evolutionary
game SD model, which includes three subsystems, namely,
the government, enterprises, and the public. As shown in
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Figure 1, the multiagent evolutionary game SD model is
composed of multiple variables, namely, three level vari-
ables, three rate variables, nine intermediate variables, and
twelve exogenous variables. Specifically, three level variables
are used to represent, respectively, the probability of the
government choosing AS strategy, probability of enterprises
choosing MRI strategy, and probability of the public
choosing PP strategy; the change rate of supervision by the
government, the change rate of enterprises making re-
sponsible innovation, and the change rate of participation by
the public are described by three rate variables; and the
exogenous variables correspond to the parameters in the
payoft matrix of the tripartite collaboration of Table 1.
Moreover, in the evolutionary game SD model, the flow rate
formula and the functional relation among level variables,
rate variables, intermediate variables, and exogenous vari-
ables are based mainly on the above multiagent evolutionary
game analysis and replicated dynamic equation, namely,
equations (1)-(10).

The SD model setting is as follows: INITIAL TIME =0,
FINAL TIME =10, TIME STEP =0.03125, Units for Time:
Year, and Integration Type: Euler. Meanwhile, according to
the case of RI practice [38, 41] and related literature value
assignment method [49], the initial values of different ex-
ogenous variables in the SD model are set as R, =50, C; =24,
M=4, T=15, B=13, R,=30, C,=12, K, =4, D=2, K, =3,
Ry=10, C;=8.

4.2. Model Simulation Analysis. According to the above
game equilibrium analysis, it can be seen that an evolu-
tionary equilibrium is bound to be reached among the
government, enterprises, and the public, while the reasons,
processes, and stability for achieving equilibrium are not
clear. Furthermore, because the three-dimensional dynamic
system is affected by different factors, which makes the
equilibrium state reached in a certain situation quickly
broken, therefore, this study uses SD modeling to simulate
the dynamic game between the three parties in RI, in order to
analyze the multiagent behavior strategy selection and its
sensitivity to changes in relevant parameters.

4.2.1. Overall Simulation Analysis of the Model. In the
process of RI, when the initial state of the tripartite game
among the government, enterprises, and the public is pure
strategy, that is, the strategy choices of each agent are divided
into 0 and 1, this equilibrium state is unstable and is broken
when one or more of multiagents make small changes.
Therefore, the equilibrium point (1, 0, 0) is taken as an
example to simulate and analyze the evolution process of
multiagent.

As shown in Figure 2, according to the simulation
analysis of the equilibrium point (1, 0, 0), when the gov-
ernment selects the AS strategy, both enterprises and the
public play the game with a small probability of strategy
selection (that is 0.01), whereas, once their strategy muta-
tions can yield higher expected benefits, they adjust the
strategy to bring the system to a new equilibrium state. In
fact, if enterprises and the public play with a higher
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TaBLE 2: det (J) and tr (J) of the Jacobian matrix.

Equilibrium point det () tr (J)
(0,0, 0) -C(T+B-C) (R:—-C5+Ky) T+B-C-C+R; -G+ Ky
0, 1, 0) Cy(-Cy —M)(R5-C5) -Ci-M+Cy+R;-GC;5
0,0, 1) (T+B-C,—-K)(K,-Cy)(C3—R3;—K)) T+B-C,-K,-C,+C3—R;
0,1, 1) (=C1 = M)(C; - K1)(C5 - Rs) “C-M+C-Ki+C—Rs
1,0,0) (C;—T-B) (T+M-GC,) (R3—C5+Ky) C,-B+M-Cy+R;-C5+K,
1, 1,0) (C1+M) (C,-T-M) (R3—-C5) Ci+C-T+R;-GC5
1,0, 1) (C;—-T-B+K;) (T+M-GC,)(C3-R;—-K5) C,—-B+M-Cy+C5—R;
1,1, 1) (C1+M) (C,-T-M) (C3—R3) Ci+C-T+C5—R;
Supervision Executing
/ ratio x / ratio y
Probability of the - < - Probability of enterprises’ | o
government’s AS adoption . MRI adoption = <
Change rate of supervision Increased Change rate of executing
Supervision investment Enterprises’ expected
Expected benefits difference cost Cy of RIC, ™ benefits of MRI
/ between AS and IS \ L . . / \\ \
Financial
/_\ assistance M Expected benefits
The government’s <executing _ The government’s <supervisi difference between
expected benefits of IS ratio y> expected benefits of AS Enterprises’ rf tei:)v;ilon MRI and NMRI

normal
Social value earnings R,
. benefits R,
Reputation
Penalty for irresponsible E

loss B S
Value innovation T—— glnterprises expected
compensation K, benefits of NMRI

<participation

ratio z> Agreed compensation Kl/ f
<participation
Participation Potential risks D ratio z>
benefits RS\ / \

ti ic’
The public’s expected «——— cexecuting_________, The publics expected

ti i
benefits of PP ratio y> benefits of NP
Opcpoosrttgnlty/( \ \Expected benefits difference/
3
<supervision ratio x> between Ij? and NP
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Change rate of participation
\ Participatior/
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FiGure 1: Multiagent evolutionary game SD model.
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FIGURE 2: The evolution process of y and z starting from 0.01.



probability, the time for making strategy selection is shorter
and the range of change is larger, and eventually the system
will reach a new equilibrium state.

The external pressure from public participation in RI
forced the government and enterprises to act to understand
and respond to societal needs and values. Simulating the
stability of other equilibrium points also verifies that public
participation is its optimal choice; namely, when the public
makes strategic choices with a small probability mutation,
they will eventually reach an equilibrium state of 1. As
shown in Figure 3, when the public is always actively par-
ticipating in the process of R, if the government chooses the
AS strategy, no matter which strategy enterprises choose to
mutate, its final strategy choice will reach an equilibrium
state of 1; that is, enterprises make RI, which is consistent
with the simulation results of the equilibrium points (1, 0, 1)
and (1, 1, 1). However, once the government chooses the IS
strategy, the final strategic choice of enterprises will reach an
equilibrium state of 0 (see Figure 4); that is, enterprises make
irresponsible innovation, which corresponds to the simu-
lation results at the equilibrium points (0, 0, 1) and (0, 1, 1).

Similarly, under the conditions of public positive par-
ticipation, if enterprises select the MRI strategy, regardless of
which strategy the government chooses to play, it will ul-
timately choose the IS strategy. Over time, the lax state of the
government will drive enterprises to select the NMRI
strategy. At this time, no matter which strategy the gov-
ernment chooses to play, it will eventually choose the AS
strategy to break the initial equilibrium state of (0, 0, 1).
Through the repeated evolutionary game, the evolution of
each agent strategy is ultimately stabilized in the equilibrium
state of (1, 1, 1).

4.2.2. Simulation Analysis of the Government Strategy
Selection. According to the local stability analysis of the
equilibrium point in Table 2, the stability of the equilibrium
point depends on the size of the relevant game parameters,
that is, the value of exogenous variables in the SD game
model. The following is still taking the strategy combination
(1, 0, 0) as an example to analyze the sensitivity of the
government strategy selection to the change of exogenous
variables.

Assume that the government’s initial strategy choice is
inactive supervision and the evolutionary game is mutated
from 0 to 0.1. It can be seen from the dynamic simulation
that the government’s strategic choices are primarily affected
by two exogenous variables, namely, supervision cost C; and
penalty T for irresponsible innovation to enterprises. As
shown in Figures 5 and 6, when the government’s strategy
selection begins to evolve from the initial supervision cost,
the response time for strategy selection becomes shorter as
the cost decreases, and the equilibrium state of 1 is reached
faster; otherwise, if the cost increases beyond the govern-
ment’s tolerance, its strategy choice evolves to an “inactive
supervision” state of 0. Meanwhile, the higher the penalty
threshold for enterprises, the greater the variability and
probability that the government chooses the AS strategy.
Moreover, comparing Figures 5 and 6, it can be seen that the
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FiGure 3: The evolutionary process of enterprises under active
supervision strategy.
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FiGUure 4: The evolutionary process of enterprises under active
supervision strategy.
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FiGure 5: The impact of C; on the government strategy selection.

greater the probability that the government chooses AS
strategy, that is, the higher the government’s supervision for
enterprises, the greater the penalty for enterprises’
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—2— Government strategy evolution when T = 15
—3— Government strategy evolution when T = 18

FIGURE 6: The impact of T on government strategy selection.

irresponsible innovation, which compensates for the higher
cost of making an AS strategy faster.

4.2.3. Simulation Analysis of Enterprises Strategy Selection.
According to the local stability analysis of the equilibrium
point in Table 2, the strategy combination (1, 0, 0) is taken as
an example to analyze the sensitivity of enterprises’ strategy
selection to the change of exogenous variables. Further
analysis found that enterprises’ strategic choices were mainly
influenced by exogenous variables such as the increased
R&D investment C, and penalty T.

As shown in Figure 7, enterprises start a game with a
probability of 0.1; when their R&D costs are lower and
penalties are higher, their response time to choose an MRI
strategy is shorter and reaches an equilibrium of 1 faster. As
the cost increases to the equivalent of penalty, the enter-
prises’ response for strategy selection becomes slower, and
once the cost is too high or even exceeds the penalty, en-
terprises may mutate to an equilibrium of 0; that is, en-
terprises would rather choose to accept punishment than
make RI. This also indicates that a stable difference between
C, and T'must be maintained; once a variable is too high or
low, this will affect the strategic choice of enterprises to
achieve a stable state. This is also true in reality, where the
intensity of the government penalty may affect the threshold
for enterprises to bear punishment, and once the threshold is
too high, it will make enterprises reduce their sensitivity to
punishment and lose the motivation effect.

4.2.4. Simulation Analysis of the Public Strategy Selection.
According to the local stability analysis of the equilibrium
point in Table 2, the strategy combination (1, 0, 0) is taken as
an example to analyze the sensitivity of the public’s strategy
selection to the change of exogenous variables. Further
analysis found that the public’s strategic choices were mainly
influenced by exogenous variables such as opportunity cost
Cs, participation benefits Rs, and value compensation K.
As shown in Figure 8, when the public starts mutation with
a probability of 0.1 to make an evolutionary game, it is found
that three exogenous variables increase or decrease separately;

0.75

0.5

0.25

4 5 6 7 8 9 10
Time (years)

—+— Enterprises strategy evolution when C and T are initial values

—2— Enterprises strategy evolution when T'— C, =8

—3— Enterprises strategy evolution when T' = C,

—4— Enterprises strategy evolution when T - C, = -5

F1GUre 7: The impact of C; and T on enterprises strategy selection.

1 ——
0.75
0.5
0.25
0 . .
0 1 2 3 4 5 6 7 8 9 10
Time (years)
—+— Public strategy evolution when relevant parameters are initial values
—2— Public strategy evolution when R; = C;
—3— Public strategy evolution when R; = C;and K, =D
—4— Public strategy evolution when Ry = Cyand K, <D
—5— Public strategy evolution when R; = C;and K, =0

FiGure 8: The impact of Rs, C;, and K, on the public strategy
selection.

namely, R; and K increase, C; decreases, the public chooses the
PP strategy with shorter reaction time and greater probability,
and the trend of change is similar to that of the government and
enterprises, with an s-type curve evolution. Specifically, the
public responds faster to making strategic choices when each
variable is the initial value, while the government’s value
compensation K, significantly affects the public’s strategy se-
lection as the cost of participation increases. Once this kind of
negative external value compensation is reduced or is even 0,
the public will reduce the probability of strategy choice because
the risks suffered cannot be compensated for; but excessively
higher value compensation will increase the government’s fi-
nancial burden and force it to change its strategic choices.
Therefore, in the process of R, the expected benefits of public
participation and government compensation are important
factors influencing the choice of strategy for the public, and the
government should pay attention to the “bottom line” of public
participation and set a reasonable amount of compensation.

5. Conclusions

In the process of RI, a stable collaborative relationship is a
fundamental prerequisite for achieving responsible
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governance in scientific and technological innovation. In
this paper, the evolutionary game method is used to con-
struct a behavioral strategy game model of multiagent
participation in RI and finally draw some significant con-
clusions by system dynamics simulation.

First, the strategies of tripartite eventually converged to
the best equilibrium state of the government’s active su-
pervision, enterprises making responsible innovation, and
the public’s positive participation. Second, the active par-
ticipation of the public promotes the game to reach a stable
state more quickly, and enterprises’ behavior strategies are
more susceptible to government actions. Third, supervision
cost, penalty amount, and value compensation are the most
important factors that affect the change of the corresponding
agent’s behavior strategy, and the final strategic stability of
tripartite is influenced by multiple exogenous variables.

Given the above research results, the government, first of
all, should play a leading role and establish an institutional
system that matches responsible innovation. Then, it should
establish a linkage mechanism between reward and penalty
and setting a reasonable threshold for penalties. Third, the
government should construct a sound public decision-
making participation mechanism, which can improve the
rationality of related innovation decisions.

This research contends with several limitations. First, for
the convenience of analysis, all multiagent and influencing
factors are not considered. Second is the lack of actual data of
exogenous variables due to conditional constraints; we only
set the values of exogenous variables for the evolutionary
game by referring to the case of responsible innovation
practice and related research assignment method. Therefore,
in future research, we will combine practice investigation by
adding real data and more influencing factors and agents
into the model.
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