IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received December 1, 2020, accepted December 10, 2020, date of publication December 21, 2020,
date of current version January 11, 2021.

Digital Object Identifier 10.1109/ACCESS.2020.3046327

General Three-Population Multi-Strategy
Evolutionary Games for Long-Term On-Grid
Bidding of Generation-Side Electricity Market

LEFENG CHENG ', (Member, IEEE), JIE ZHANG', LINFEI YIN2, YANG CHEN ', JIANHUI WANG',
GUIYUN LIU', XIAOGANG WANG “', (Member, IEEE), AND DONGXING ZHANG3

!School of Mechanical and Electrical Engineering, Guangzhou University, Guangzhou 510006, China
2College of Electrical Engineering, Guangxi University, Nanning 530004, China
3Shenzhen Hongyi Precision Products Company Ltd., Shenzhen 518104, China

Corresponding authors: Jie Zhang (jzhang @gzhu.edu.cn) and Linfei Yin (yinlinfei @ 163.com)

This work was supported in part by the 2020 Department of Education of Guangdong Province Innovative and Strong School Project
(Natural Sciences)— Young Innovators Project (Natural Sciences) under Grant 2020KQNCX054, in part by the Science Research Project
of Guangzhou University under Grant YK2020010, in part by the Guangdong Provincial Education Department Innovation and Strong
Schools Project (Natural Sciences)—Featured Innovative Projects (Natural Sciences) under Grant 2019KTSCX136, in part by the Natural

Science Foundation of Guangdong Province under Grant 2020A1515011247, and in part by the Natural Science Foundation of Guangxi
Province under Grant AD19245001 and Grant 2020GXNSFBA159025.

ABSTRACT Founded on bounded rationality and limited information, evolutionary game theory has been
preliminarily applied in many fields, such as electricity market (EM). To address the complex behavioral
decision-making issues in the more-common three-population multi-strategy evolutionary game (3PmSEG)
scenarios in EM. This paper explores the long-term evolutionarily stable equilibrium (ESE) characteristics
of general 3PmSEG systems with the aim of systematically investigating the evolution process of long-term
on-grid bidding of a generation-side EM based on these features. First, the long-term ESE characteristics
of general three-population two-strategy and three-strategy evolutionary games are thoroughly investigated.
Complete relative net payoff (RNP) parameters are defined for these games. Then, the modeling idea of
general 3PmSEGs is elaborated. Research shows that the game can be guided to evolve toward an expected
long-term ESE point by properly adjusting its RNP parameters. To verify this, finally, the long-term on-grid
bidding of power generation is investigated for a tripartite generation-side EM. The case study reveals that
effective government supervision can effectively promote new energy accommodation of the market. Overall,
the models developed in this paper are relatively universal and practical, which can provide some theoretical
and methodological references for complex evolutionary game issues in related fields.

INDEX TERMS Evolutionary game theory, evolutionarily stable equilibrium, relative net payoff, long-term
on-grid bidding, generation-side electricity market.

I. INTRODUCTION

When addressing complex multi-agent behavioral decision-
making issues, game theory is gradually becoming a use-
ful and powerful mathematical tool to overcome such
obstacles [1], [2]. As an emerging branch of game theory,
evolutionary game theory (EGT) [3] is founded based on
assumptions of bounded rationality and limited information,
and it can be used to well describe the evolution trends of
population behavior through processes of dynamic interactive
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decision-making among individuals such as imitation and
learning. Moreover, it can be used to accurately predict the
population behavior of individuals. Thus, the EGT is more
suitable for real game situations when compared with classi-
cal game theory. It has been rapidly applied in the fields of
economy [4], [5] and management science [6], and also has
been initially developed in engineering fields [7]-[10].
Currently, the application research of EGT in many fields
is more biased toward the research of two-population two-
strategy behavioral decision-making problems. For example,
Sun et al. [11] use EGT to investigate the green investment
in a two-echelon supply chain involving a population of
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manufacturers and a population of suppliers. Obviously, this
is a typical two-population two-strategy asymmetric evo-
lutionary game (2P2S-AEG) system. Wang et al. [12] use
an evolutionary game approach to manage the manufac-
turing service allocation for the user population and cloud
manufacturing operator population in cloud manufacturing.
In addition, Sun and Zhang [13] apply EGT to investi-
gate the government regulation in the prevention of green-
washing involving two heterogeneous enterprise populations,
i.e., dominant and inferior enterprises. In terms of theoret-
ical research, EGT has made great progress, especially in
aspects of cooperative evolutionary game, stochastic evolu-
tionary game (StEG) and evolutionary game updating rules
and mechanisms. For example, aiming at cooperative evo-
lutionary game, Gamez et al. [14] propose an evolutionary
game-theoretical model for the market cooperative in fish-
eries, where an evolutionary dynamics is proposed for the
continuous change of the applied strategies that can lead to a
particular Nash equilibrium (NE) in the long term. Aiming at
StEG, Tadj and Touzene [15] adopt a quasi-birth-and-death
approach to investigate the stochastic 2 x 2 non-symmetric
evolutionary game and 3 x 3 symmetric evolutionary game
and provide some illustrative examples, Zhou and Qian [16]
conduct in-depth theoretical analysis of the fixation principle,
transient landscape and diffusion dilemma in StEG dynam-
ics, Zhou et al. [17] thoroughly investigate the evolutionary
stability and quasi-stationary strategies in StEG dynamics,
and Ohtsuki [18] analyzes the stochastic evolutionary dynam-
ics of bimatrix games; and aiming at evolutionary game
updating rules and mechanisms, researchers in [19] and [20]
systematically investigate the impact of several evolutionary
mechanisms on the evolution of cooperation based on EGT,
including the impacts of randomness and diversity, breaking
links and establishing links, indirect reciprocity, proportional
best response, and migration, and researchers in [21]-[23]
thoroughly investigate the cooperative evolution issues based
on some strategy updating rules, such as fixation of strategies,
fixation probabilities and fixation times. In general, EGT has
yielded considerable results in theoretical research. Based on
the above theoretical research, the EGT has also achieved
good results in the application. Apart from the application
of 2P2SEQG, the research work on the evolutionary game prob-
lems based on three-population multi-strategy evolutionary
game (3PmSEG) has also made preliminary development,
especially the research on three-population two-strategy evo-
lutionary game (3P2SEG) issues. To this end, this paper
focuses on such type of 3P2SEGs. Based on 3P2SEQG, its
application research work has been carried out in some fields,
especially in the field of electricity market (EM), as summa-
rized as follows.

In the fields of industry and management science,
Wu et al. [24] construct a tripartite evolutionary game to
investigate the collaborative innovation and management of
three parties, including the institutes of government, industry
and university. Shan and Yang [25] investigate the sustain-
ability of photovoltaic poverty alleviation in China based on
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an evolutionary game between three stakeholder populations,
including the PV enterprises, poor households and the gov-
ernment. Jiang et al. [26] use an EGT approach to imple-
ment the multi-agent environmental regulation under Chinese
fiscal decentralization, where the research subjects include
the polluting enterprises, local government regulators, and
central government planners. Long et al. [27] conduct a co-
evolutionary simulation study of multiple stakeholders based
on a tripartite game model involving the government, con-
sumers and enterprises, where the evolutionary equilibrium
and the main driving factors are explored in the take-out waste
recycling industry chain. Xu et al. [28] investigate a tripartite
equilibrium for the carbon emission allowance allocation in
the power-supply industry.

In the field of electricity market (EM), including
demand-side EM and supply-side power generation EM,
the multi-population evolutionary game theory and method-
ology have been preliminarily used in analysis of generators’
bidding strategies and in the development of EM models.

Taking the demand-side response management (DRM)
in EM as an example, Cheng and Yu [29] develop a
multi-group asymmetric evolutionary game model to study
the NE-based asymptotic stability of a typical game sce-
nario in an EM, which involves the populations of power
consumers, new power supply entities, and grid compa-
nies. Chai er al. [30] study DRM issues in a scenario
involving multiple distribution utilities, where the competi-
tion between power companies is constructed using a non-
cooperative game, while the interaction between home users
is constructed using an evolutionary game. The proposed
strategic approach in [30] shows that the two types of
agents, i.e., power companies and home users, can con-
verge to an NE point and an evolutionary game equilibrium
point, respectively. Zhu et al. [31] study the demand-side
management and control issues for a class of networked
smart grids using EGT. Miorandi and Pellegrini [32]
explore DRM techniques from an EGT perspective and
focus on a distributed control scheme that is enforce-
able by operators through a pricing scheme. Srikantha and
Kundur [33] propose a distributed demand-side response
strategy for real-time demand response problems in the con-
text of smart grids, and use EGT to study the important
convergence characteristics in the determination problem on
a parsimonious and empirical basis. The results in [33] show
that the proposed strategy is real-time and highly scalable,
which can provide good application prospects for practical
DRM problems.

EGT has also been initially applied in the long-term bid-
ding of supply-side power generation markets.
Fang et al. [34] investigate the government regulation of
renewable energy generation and transmission in China’s
supply-side EM, where the strategic interaction involves three
populations, including fossil-energy power plants, provincial
power grids and provincial governments. Liu et al. [35]
establish a tripartite asymmetric evolutionary game model
for the supply-side EM in order to investigate the impact of
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the integration of new energy resources on three populations,
including wind power enterprises, thermal power enterprises
and power grid enterprises.

Menniti et al. [36] simulate the behavior of power gen-
erators in EM based on an evolutionary game. The research
work in [37] shows that due to the use of EGT, the generation
corporations in the supply-side EM have the ability to learn
adaptively, thus the obtained long-term competitive evolu-
tion characteristics are closer to the actual power generation
market, which is different from the competitive evolution
laws derived through traditional game theory. In addition,
Ladjici et al. [38] model the equilibrium computation in
a deregulated EM as solving a two-stage stochastic game
problem using a competitive coevolutionary game algorithm.

Obviously, EGT is an important and powerful mathemat-
ical tool to investigate the characteristics of long-term gam-
ing behavior of multiple groups. This methodology system
adopts the natural selection mechanism and does not require
strict assumptions of rationality (i.e., it is founded based on
bounded rationality and limited information communication),
which is closer to reality and better reflects the spontaneous
evolution of strategies of different interest groups during the
dynamic process. The advantage of adopting EGT in this
paper is that it does not require complete rationality of all
game groups, nor does it require the ability to know complete
information as common knowledge. Therefore, unlike classi-
cal game theory, the evolutionary game used in this paper is
concerned with the evolution gaming process of the strategy
selection frequency of different interest groups. This process
involves two important mechanisms, i.e., the market selection
mechanism (which can be seen as a natural selection mecha-
nism) and the mutation mechanism. In terms of relaxing the
assumption of rationality, this paper considers role-neutral
gaming of individuals in a group, where the game payoffs are
related to the decision and not to the participants, which can
be called strategic games.

Overall, the previous work greatly enriches the application
fields of the 3PmSEG. However, most of these investigations
only provide a relatively simple analysis of the system’s sta-
bility. They do not comprehensively summarize the various
factors affecting the dynamic stability of the system, and do
not make in-depth theoretical analysis and dynamic simu-
lation verification of the impact of these factors. Moreover,
more general 3PmSEG-based models and methods have not
put forward for actual complex behavioral decision-making
issues. Due to the complexity and diversity of the EM in the
context of Energy Internet, the market competition involving
multiple interest groups (including interest groups of different
parties and different interest groups of the same party) gradu-
ally transforms into a complex process of dynamic evolution
with more complex characteristics of the market economy
and human behavior [29]. Therefore, it is essential to combine
the theoretical analysis of multi-group gaming behavior with
the complex dynamic evolution process.

To address the complex behavioral decision-making issues
in the more-common 3PmSEG scenarios in EM, this paper
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focuses on a class of symmetric and asymmetric 3PmSEG

models with the aim of systematically investigating the evolu-

tion process of long-term on-grid bidding of a generation-side

EM based on the models’ long-term evolution characteristics.

The main work of this paper is summarized as follows.

1) This paper first summarizes and verifies the long-term
ESE characteristics of general 3PmSEG systems based
on theoretical analysis and dynamic simulation, includ-
ing three-population two-strategy symmetric evolu-
tionary game (3P2S-SEG) system, three-population
two-strategy asymmetric evolutionary game (3P2S-
AEG) system, and more complex three-population
three-strategy ~ asymmetric ~ evolutionary  game
(3P3S-AEG) system.

ii) During the investigation, this paper thoroughly and sys-
tematically defines relative net payoff (RNP) param-
eters for all general 3PmSEG systems investigated in
this paper. Moreover, based on these RNP parameters,
all the game scenarios including complete behavioral
decision-making characteristics (i.e., all the evolution
states of the system during evolution) are analyzed, sum-
marized and simulated for various evolutionary game
models.

iii) Then, this paper elaborates the modeling idea and con-
vergence iteration method of general three-population n-
strategy (where n >2) asymmetric evolutionary game
(3PnS-AEG) system.

iv) Lastly, to verify the long-term ESE characteristics of
evolutionary games elaborated in this paper, an actual
tripartite evolutionary game example involving a popula-
tion of new energy power generation enterprises, a pop-
ulation of traditional power generation enterprises and a
population of power grid enterprises is taken to inves-
tigate the long-term on-grid power generation amount
competition in a supply-side power market.

The remaining part of this paper is organized as follows:
In Section II, several core concepts in EGT are introduced
as preliminaries. Section III investigates the long-term ESE
characteristics of general 3PmSEG models based on theo-
retical analysis and dynamic simulation. Besides, the mod-
eling idea of the general 3PnS-AEG is expounded in this
section. In Section IV, a tripartite asymmetric evolution-
ary game example of long-term on-grid price bidding for a
generation-side EM is taken to verify the effectiveness and
universality of the general 3PmSEGs (especially the general
3P2SEGs). Lastly, Section V concludes this paper.

Il. PRELIMINARIES

A. BASIC FRAMEWORK OF A TYPICAL

EVOLUTIONARY GAME

The basic framework of a typical evolutionary game, denoted
by G, usually includes participant set (i.e., the popula-
tion set), population strategy set, and population payoff set,
as follows:

G := (N; ®; U) (D
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where N is the participant set, i.e., the populations. Here,
assume that G contains n populations, then N = {1,2,...,
i, ..., n}, where i € N. & is the population strategy
set, ® = {Sy, S2, ..., Si, ..., Sy}, where S; is the strat-
egy set of population i. U is the population payoff set,
U={U,U,,...,U,..., Uy,}, where U; is the payoff set of
population i.

B. SYMMETRIC AND ASYMMETRIC

EVOLUTIONARY GAMES

Based on Eq. (1), for the general three-population n-strategy
(where n >2) evolutionary game (3PnSEG), when its payoff
parameters are symmetric, it is a symmetric evolutionary
game, and at this point, all participants in the game know each
other’s preferences [39]. Otherwise, if the payoff parameters
are asymmetric, then it is an asymmetric evolutionary game,
such that the degree of information mastered by each popu-
lation is asymmetric.

C. EVOLUTIONARILY STABLE STRATEGY AND ESE

Assume that two pure strategies si, s € &, and 51 # s2,
if there is always a number « € (0, 1) that makes the
following inequality true, then the pure strategy s; is an ESS
of the system [40].

flsi, kst + (1 —k)s2) > fsa,6's1 + (1 —k)s2)  (2)

where Vi’ € (0, «), and f(-) is the fitness function of the
system. Further, when the system achieves an ESS at one of its
pure strategies, then such ESS is called an evolutionarily sta-
ble equilibrium (ESE) state of the system. For an asymmetric
evolutionary game system, it only achieves a long-term ESE
state at the pure-strategy internal equilibrium points of its RD
model.

D. REPLICATOR DYNAMICS MODEL

Replicator dynamics (RD) model is another core conception
in EGT [39], which is an important dynamics mechanism
and can be well used to reveal the evolution trend of group
behavior of bounded rational individuals in a population [40].
Assume that the strategy s € §; is selected by individuals in
population i with the probability or individual proportion of
x;(t) at time ¢ in each round of repeated evolutionary game,
and the corresponding expected payoff of the individual is
fi(s; x; t), then the RD model of choosing such strategy s at
any time ¢ is described as follows:

dx;(t)/dt = x;(OIfi(s; x5 1) — fave(s; )], VYie N, V¢ (3)

where fave(s; ) is the average expected payoff of the popu-
lation 7 at time ¢. Eq. (3) shows that the differential of the
probability (or ratio) of individuals selecting a strategy in
population is proportional to this probability value, as well
as the difference between the expected payoff of this strategy
and the average expected payoff of the population at this
time [41].
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E. LYAPUNOV METHOD-BASED EVOLUTIONARY
STABILITY CRITERION

The asymptotical stability (i.e., evolutionary stability) of the
evolutionary game system at a certain strategy can be judged
by the Lyapunov stability theory [42]-[44], called Lyapunov
method-based evolutionary stability criterion (LyESC). Con-
cretely, assume that the Jacobian matrix of the system’s RD
model in Eq. (3) is an M-order square matrix, where M is
a positive integer with M >2, and further assume that such
Jacobian matrix contains M eigenvalues as follows: {A1, A2,
..« Ay ). If the real part of all the eigenvalues {A1, A2, ...,
Ay} is negative at a certain internal equilibrium point that
is solved by the RD equation(s) shown in Eq. (3), then this
point is asymptotically stable or evolutionarily stable, and the
strategy corresponding to such equilibrium point is an ESS of
the system. At this time, the evolutionary game system can
achieve a long-term ESE state under such ESS. Otherwise,
if at least one of these eigenvalues {A1, A2, ..., Ay} has a
positive or zero real part, then the internal equilibrium point
is evolutionarily unstable, and the corresponding strategy is
not an ESS of the system.

F. FLOWCHART OF CALCULATING ALL POSSIBLE ESS FOR
A GIVEN MATRIX BASED ON RD AND LYAPUNOV
STABILITY THEORY

Based on the elaborations in the precious parts of this section,
a flowchart used to demonstrate how to calculate all possible
ESS for a given matrix based on RD and Lyapunov stability
theory is presented, as shown in Figure 1.

Ill. LONG-TERM ESE CHARACTERISTICS

OF THE GENERAL 3PMSEGS

A. GENERAL 3P2S-SEG MODEL

1) MODEL CONSTRUCTION

Assume that the general 3P2SEG system contains three popu-
lations denoted by A, B and C respectively, and their strategy
set has a pair of opposite pure strategies as Psa = {Sa1,
Saz2}, Psp = {SB1, S2} and Psc = {Sci, Sc2}, where Sa;
and Sa2, Sp1 and Sy, and Sc; and Scp are mutually oppo-
site strategies. For example, Sa; indicates that individuals
in population A make a decision, and then Sazindicates that
individuals in population A make a decision that is contrary to
such decision. Further, assume that in each round of repeated
evolutionary game, the proportion of individuals who choose
Sa1 and Sa2 in population A is x and 1 — x, respectively,
Sp1 and Sp; in population B is y and 1 — y, respectively,
and Sc; and Sc; in population C is z and 1 — z, respectively,
where x, y, z € [0, 1]. Based on this, the decision space of
this 3P2SEG system is W = [0, 1] x [0, 1] x [0, 1], namely
v = {(x,y, 9lx € [0,1], y € [0, 1], z € [0, 1]}. Further,
we know that populations A, B and C will form a total of
8 pure strategy combinations as follows: ®a1pic1 = (Sa1,
SB1, Sc1)» PaiBic2 = (Sal, SB1, Sc2), PaiB2ct = (Sal,
SB2, Sc1), Paigac2 = (Sa1, SB2, Sc2), PazBict = (Saz,
SB1, Sc1), PazBic2 = (Sa2, SB1, Sc2), PazB2ct = (Saz,
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TABLE 1. Complete RNP parameters defined for the constructed general
3P2S-SEG model.

Strategy choice of the individuals

B B o Replicator dynamics Number of RNP in populations
Es;ﬂntﬁzlxgil;:ilc D Lyapunov method-based|_y |Evolutionarily RNP R ——— Definition A,Band C
model evolutionary stability stable strategy parameters Population Population Population
criterion A B C
6 The relative net
payoff of the Sp1 Sci
Step 1: strategy set description RNP o individu-als in Sal
r - - N Parameter 1 population A
Detem_une the set pf strategies for all - when choosing Sea Sea
groups in an evolutionary game system Determine the two- strategy S,
- Sten 2: BIsh d dimensional decision Al
thiepa .oefsft::mtl:ix¢ space of the evolutionary T el
he pay . game system, i.c., (x, ) payoff of the Sna Sci
Determine the payoff parameters for « [0, 1]x[0, 1] RNP individuals in
each group/agent under different Parameter 2 ol population A S
strategies to fom} a multl—popu}atlon Determine the three- when choosing Ski Sca
L multi-strategic payoff matrix dimel;‘Si[?nal dTCi~Sion strategy S
. hui space of the evolutionary .
Step 3: bt'.“]d RD ¢ game system, i.e., (¥, , ) The relative net
equations — [0, 1]x[0, 1]x[0, 1] payoff of the Sa1 Sci
Build RD equations for the entire RNP o individuals in s
evolutionary game system Calculate payofts for Parameter 3 g population B Bl
each population under a when choosing Saz Sc2
Obtain the Jacobi matrix of the entire given strategy strategy Spi
evolutionary game system at the The relati
- i . | Step 5: solve Step 4: solve e relative net
corresponding internal equilibrium point the Jacobi the RD payoff of the Sz Sci
Step 6: solve the matrix equations RNP fh individuals in Ser
eigenvalue Ohbiain alll it Parameter 4 population 'B
matrix equilibrium points when choosing Sa Sc2
Obtain the eigenvalue matrix of the of the game system strategy Sgi
Jacobi matrix according to its structure : The relative net
Forming S S
Step 7: determine evolutionarily payoff of the Al 2
the real part of all unstable points set RNP kp individuals in Sei
eigenvalues Parameter 5 population C
e if all real The corresponding when choosing Saz Sp2
pa]?fsteortr‘r:lrlliilg:n :aes internal equilibrium strategy Sci
valu L S
P point is evolutionarily e ik i
unstablc? payoff of the Saz N
Step 9: determine Step 8: determine the RNP individuals in
the evolutionarily Ve evolutionarily unstable points set Parameter 6 i population C Scr
stable points set when choosing Sai Sp2
The corresponding internal ) Step 10: determine the strategy Sci
equilibrium point is convergelslnce domain of
1 2 each strate; C . . .
RO G S p— ghy the general payoff distribution parameters of the evolutionary
etermine the convergence .
domain of the Comspognding game models that can be used throughout this paper.
[Forming eVOlMiOﬂarilY] two- al(lid three-dimensional According to the assumptions above, the payoff matrix of
i ecision space . . . .
R R e i this general 3P2SEG is described as follows. According to

v

Numerical simulation and
sensitivity analysis

v

Eq. (4), as shown at the bottom of the next page, for the
general 3P2S-SEG model, its payoff distribution parameters
simultaneously meet a; = a4, a» = a3, as = ag, ag = ay,
by = be, by = bs, b3 = bg, by = b7, c1 = 7,3 = c5,
¢>» = cg and ¢4 = c¢. To this end, assume that a; = a4 = a,

Suggestions on how to enact
measures obtain an expected long-
term ESS

ap =a3 =b,as =ag =c,a6 = a7 =d,b; = bg = e,
by =bs =f,b3 =bg =g, by =b; =h,c1 =c7 =k,

FIGURE 1. A flowchart of calculating all possible ESS for a given matrix

\/

based on RD and Lyapunov stability theory.

c3=cs=1l,cp=cg=pandcqg =c¢ = q, Wherea, b, c, d,
e, f,g h,k,l,pand g are defined as the general evolutionary
model’s general payoff parameters that are commonly used
throughout this paper. Therefore, the payoff matrix of this
general 3P2S-SEG model is transformed into (5), as shown
at the bottom of the next page.

SB2, Sc1) and ®az2c2 = (Sa2, SB2, Sc2). Assume that their

corresponding payoff combinations are as follows: (ay, by, 2) RNP PARAMETERS DEFINITION

c1), (a, ba, ¢2), (a3, bz, c3), (a4, ba, c4), (as, bs, cs), (ag, b, According to Eq. (5), we define the RNP parameters for
¢cs), (a7, by, c7)and (ag, bg, cg), where a;, b;, ¢; (i = 1,2, 3) are this general 3P2S-SEG model and the number of them is 6,
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as presented in Table 1. Taking the RNP Parameter 1 in
Table 1 as an example, i.e., (@ — ¢), its physical or economic
meaning is defined as follows. (a—c) is the relative net payoff
of individuals in population A who choose strategy Sa; while
the individuals in population B choose strategy Sg; and in
population C always choose strategy Sci, or while the indi-
viduals in population B choose strategy Sg» and in population
C always choose strategy Scz. The meanings of remaining
RNP parameters in Table 1 can be similarly defined, and will
not be repeated here. Certainly, if the signs of the six set of
RNP parameters in Table 1 are all taken negative, these RNP
parameters will become another six sets of RNP parameters,
which indicate the relative net payoffs of the individuals in
populations A, B and C who choose the second strategy in
their strategy set.

3) LONG-TERM ESE CHARACTERISTICS ANALYSIS
Based on Section II and Eq. (5), the RD model of the general
3P2S-SEG model is described as follows.

x =dx/dt =x(1 —x)[y1y (¥, 2) + 2]
y=dy/dt = y(1 —y)ly3y(x,2) + y4] vt (6)
z=dz/dt = z(1 — Y5y (x, ) + Vel,

where yy =a—b—c+d,yp=a—c,y3=e—f—g+h,
v4a=e—g,ys =k—l—p+q,ys = k—p,y(x,y) = 2xy—x—y,
y(x,z) =2xz—x —zand y(y, 2) = 2yz —y — z. Accordingly,
the Jacobian matrix of this RD model in Eq. (6), denoted by
J3p2s_SEG., 1s obtained as follows.

Jiu Jiz Jis
Japes—sgc = | Jo1 J2 I3 @)
Jas1 Jn Jss

where Ji1 = (1 — 20)[y2 + y1y(, 2], J12 = x(1 — x)(2z —
Dy1, Ji3 = x(1 = x)Q2y — Dy1, J21 = y(1 — )2z — Dys,

Joo = (1 = 29)[ys + y3y(x, 2], J23 = y(1 — y)2x — Dys,
J31 = z(1 — 22y — Dys, J32 = z(1 — 2)(2x — 1)ys and
J33 =1 —29)[ys + ysv(x, Y.

By solving the RD equations in Eq. (6), we can obtain
a total of 8 internal equilibrium points and they are all
pure strategies, namely Yspos—sgg = {(x, y, 2)/(0, 0, 0), (0,
0,1),(0,1,0),(0,1,1),(1,0,0), (1,0, 1),(1, 1, 0), (1, 1, 1)}.
To visually observe the long-term ESE characteristics of the
3P2S-SEG system at these pure strategies, we take initial (x,
v, z) from O to 1 at an interval of 1/8 within system’s decision
space, i.e., we conduct 729 rounds of repeated evolutionary
game dynamic simulations to observe the phase trajectory of
(x, v, 2) in the following 12 cases, as illustrated in Figure 2.

In particular, it should be noted that the long-term ESE laws
of the system at different pure-strategic equilibrium points
can be well observed by setting the initial conditions of the
system. During evolution, the initial conditions of the system
are determined by the defined RNP parameters of the system.
Therefore, in all numerical simulation studies in this paper,
the selection of the initial conditions of the system is strictly
based on the evolutionary stable equilibrium conditions of the
system at each equilibrium point.

In Figure 2, the simulation time ¢ € [0, 10], and Cases 1 to
8 respectively demonstrate that each internal equilibrium
point in Y3prs_segbecomes the unique long-term ESE of the
system in sequence, Cases 9 to 11 respectively show that the
3P2S-SEG system only achieves 1, 2 and 4 long-term ESE
states, and Case 12 indicates that no long-term ESE can be
spontaneously formed in the system. In each figure, the red,
green and blue solid dots respectively represent the long-term
ESE state, evolutionarily unstable equilibrium state, and evo-
lutionarily critical equilibrium state (which is also an unstable
equilibrium state), namely the ESE point, unstable equilib-
rium point, and saddle point that are spontaneously formed
in the system, respectively.

1 —
A y

SA2—>1—X—>B{y
I—y

A:SA]—>x—>Biy

A:SA2—>1—x—>Biy
l—y
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@
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C
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FIGURE 2. Dynamic simulation results of the general 3P2S-SEG system'’s long-term ESE characteristics under 12 representative game situations.

Further, we substitute each pure-strategy internal equilib-
rium point in Y3prs—_sgginto the Jacobian matrix J3p2s—SEG
in Eq. (7), and then we can obtain that the real of the Jacobian
matrix’s eigenvalue real parts at these equilibrium points
are only determined by six sets of RNP parameters shown
in Table 1. Therefore, the positive and negative signs of these
6 RNP parameters are arranged and combined to show that
the long-term ESE characteristics of the 3P2S-SEG system
contain a total of 64(=2°) game scenarios. Each game sce-
nario is determined by the sign of 6 RNP parameters: a — c,
e—g, k—p,b—d,f —handl— g, which have been defined
in Table 1.

4) A BRIEF SUMMARY

Overall, through the detailed theoretical analysis and
dynamic simulation verification on the long-term ESE char-
acteristics of the general 3P2S-SEG model, we can draw
some conclusions, which are summarized as follows.

i) The model has only 8 internal equilibrium points, which
are all pure strategies, and at most 4 of them can be
spontaneously formed as ESSs at the same time, that
is, the system can achieve four long-term ESE states
simultaneously in a certain game scenario.

ii) The final evolution state that is spontaneously formed in
the system is only determined by six RNP parameters
as defined in Table 1, so that the system can be guided
to evolve toward an expected long-term ESE state by
appropriately adjusting these RNP parameters based on
some external factors.

iii) The system’s complete long-term equilibrium charac-
teristics contain a total of 64 game scenarios, which
are determined by 6 RNP parameters, and in these sce-
narios, the system can obtain a total of 64 long-term
ESEs, which are all strictly refined NEs, 64 evolution-
arily unstable equilibria, and 384 evolutionarily critical
equilibria.

iv) During the process of long-term dynamic interactions of
populations in this evolutionary game system, the total
number of ESEs spontaneously formed in populations
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is the same as that of evolutionarily unstable equilibria.
This is because this evolutionary game system is sym-
metric with strictly symmetrical payoff parameters.

B. GENERAL 3P2S-AEG MODEL

1) MODEL CONSTRUCTION

At this time, the payoff matrix of the general 3P2S-AEG is
shown in Eq. (4), and based on which, the corresponding RD
model is constructed as follows:

X =x(1 —x)(x1yz + X2y + x32 + X4)
v =y(1 — y)(x5x2 + x6x + x72 + X8) (8
z=z(1 — 2)(x9xy + x10% + X11¥ + X12)

where 1 = a1 —ap — a3 + a4 — as + ag + a7 — as,
X2 = ay —a4 —ag +ag, x3 = az — a4 — aj + as,
X4 = a4 —ag, x5 = by — by — b3 + by — bs + bg + b7 — bg,
X6 = by —bs—be+bs, x7 = bs—be—b7+bs, xs = bs—bs,
X9 = c1—c2—c3+ca—c5+ce+C7—C8, X10 = C3—C4—C7+C8,
X11 = ¢5 —c¢ — ¢7 + ¢g, and x;2 = c¢7 — cg. Further,
the Jacobian matrix of the RD model in Eq. (8) is denoted
by J3apas—AEG, Which is described as

Ri1 Rz Rz
Japas—AEG = | R21 R»  Ro3 9
R31 Ry  Rs3

where Ry1 = (1 — 20)¢(y, 2), Ri2 = x(1 — x)(x2 + x12),
Riz = x(I = x)(x3 + x1y), Rar = y(1 — »)(x6 + x52)s
Ry = (1 — y)w(x, 2), Rz = y(1 —y) (x7 + x5%),
R3; = z(1 — 2)(x10 + x9), Rz = z(1 — 2)(x11 + Xx9%),
R3z = (1 =22)w(x, y), 9(y,2) = X4+ x2y+ x32+ x1yz, @ (x,
2) = x8 + Xx6X + x72 + x5xz, and w(x, y) = x12 + x10x +
x11Y + xoxy. Eq.(9) shows that the game system’s decision
space is three-dimensional, i.e., [0, 1]x [0, 1]1x[O0, 1].

2) RNP PARAMETERS DEFINITION

According to the payoff matrix in Eq. (4), we define a total
of 12 RNP parameters for this general 3P2S-AEG system,
as presented in Table 2.
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TABLE 2. Complete 12 RNP parameters defined for the general 3P2S-AEG
system.

TABLE 3. Calculation results of the eigenvalues, determinants and traces
of J at 8 pure-strategy internal equilibrium points.

Strategy selection of the individuals

Number  Specific in populations A, B and C

of RNP RNP
parameters parameters

Definition - = :
Population Population Population

A B C
RNP The
a;-a S
parameter 1 "5 relative net o S
payoff of ¢l
parfnll\i:}t)er ,  asa; individuals Sa
in
RNP population Sai
parameter 3 da-dis & Wh? n S
choosing Ne)
RNP : strategy s
parameter 4 4% Sai B2
RNP
by-bs The Sci

parameter 5 relative net

Sai
RNP payoff of

parameter 6 by-bs  individuals Sz
in
RNP b population S s,
parameter 7 = ]}31 Wh-e " -
RNP ey
strategy
parameter 8 Bebe Sei -
RNP i S,
parameter 9 7 The :
relative net Sai
RNP payoff of
parameter 10 e indi\{iduals S82
in s
RNP population ¢!
_ C when N
cs=c
parameter 11 oo choosing .
strategy S
RNP ety Sei Sha

parameter 12

Taking the first two RNP parameters in Table 2 as an
example, i.e., (a; — as) and (a3 — ay), their physical or
economic meanings are defined as the relative net payoff
of the individuals in population A who choose strategy Sa;
while the individuals in population B respectively choose
strategies Sg1 and Sp> from their strategy set and the individu-
als in population C always choose the strategy Sc1. Similarly,
the meanings of the remaining 10 sets of RNP parameters
in Table 2 can also be obtained, and will not be repeated
here. Obviously, if the signs of these 12 RNP parameters
are taken negative, they will become another 12 sets of RNP
parameters, which represent the relative net payoff of the
individuals in populations A, B and C who choose the second
strategy from strategy sets.

3) LONG-TERM ESE CHARACTERISTICS ANALYSIS

Actually, by analyzing the RD model in Eq. (8), we can obtain
that the system’s RD equations have no other mixed-strategy
internal equilibrium points but only 8 pure-strategy internal
equilibrium points, namely ®3pss—agc = {(x, ¥, 2|x, ,
z € [0, 1]} = {(0, 0, 0), (0,0, 1), (0, 1, 0), (0, 1, 1), (1, 0, 0),
(1,0, 1),(1,1,0), (1, 1, 1)}, which are located just at the
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Pure-
Number of strategy
equilibrium internal
points  equilibrium G, A, 33)

Calculation results of J3pzs-arG

det(J3p2s-AEG) tr(J3p25-AEG)

point
B 0,00 @Rt Geabonere) s
B 0.0 O anebere) RIS
B @10 O anbobese) TS
B0y e g brboecey @70MErE)
B (1,0,0) U rantrbaerey “LOICE
B (.0 T ranbraaere) “TERICT
B L0 N bt erey o)
R T

8 vertices of the system’s decision space. Based on this,
the 8 internal equilibrium points in ®3prs_agg are denoted
by E1 ~ Eg in sequence, and they are respectively substituted
into the Jacobian matrix Japas—agG in Eq. (9), then we can
obtain its determinant, denoted by det(Jap2s—AEG), its trace,
denoted by tr(J3pas—AEG), and its eigenvalues, denoted by
(M1, X2, X3), as presented in Table 3.

Table 3 shows that the eigenvalues (Aj, Az, A3) of
Jap2s—AEGat each pure-strategy internal equilibrium point
are just three RNP parameters that are defined in previous
section. This means that the system’s long-term ESE charac-
teristics at each one of E; ~ Eg is only determined by the
signs of three RNP parameters.

Therefore, for each internal equilibrium point
Ei(i=1,2,...,8)in Table 3, assume that its corresponding
three RNP parameters are denoted by RNP; 1, RNP; > and
RNP; 3. For example, the three RNP parameters of Ej(0,
0, 0) are RNP]J = d4 — ag, RNPLQ = b(, — bg, and
RNP; 3 = ¢7 — cg. Then, according to the LyESC elaborated
in Section II, when RNP; ;, RNP; > and RNP; 3 are all not
equal to 0, the long-term equilibrium characteristics of the
general 3P2S-AEG system at each pure-strategy internal
equilibrium point E;(i = 1,2,..., 8) can be described as
follows:

an ESS, ifRNPiJ <0,
RNP; > <0, RNP; 3 <0
Ei{ unstable, if RNP; 1 > 0,

RNP,"z > 0, RNP5,3 >0
asaddle point (also unstable), else
(10)

Therefore, according to Eq. (10) and Table 3, we know
that the long-term ESE state that is spontaneously formed in
the general 3P2S-AEG system is only determined by 12 sets
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FIGURE 3. Dynamic simulation results of the general 3P2S-AEG system’s long-term ESE characteristics in 12 representative game situations: (a)~(h)
demonstrate that each equilibrium point in ®3p,5_4rc becomes a unique ESS in sequence, and (i)~(1) respectively shows that the entire 3P2S-AEG

system only achieves 1, 2, 4 and 0 ESS after a long-term evolution.

of RNP parameters as defined in Table 2, namely a4 — ag,
bg — bs, c7 — c8, a3 — ag, bs — b7, ap — ag, ¢5 — cg,
ay — as, bp — by, ¢c3 — ¢4, by — by and ¢ — ¢, which
determine the final evolution state of the system in each game
situation. To this end, by arranging and combining the signs
of these RNP parameters, we can obtain that the system’s
complete long-term equilibrium characteristics contain a total
of 4096 (=2!2) game situations. Under these game situations,
the evolutionary stability conditions of E;(i = 1, 2,. .., 8) and
its corresponding mutually exclusive equilibrium points are
presented in Table 4.

Table 4 reveals that the general 3P2S-AEG system can
simultaneously achieve at most 4 long-term ESE states
at these pure-strategy internal equilibrium points, and
they are all strictly refined NE states. In addition, when
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Ei(i=1,2,...,8)becomes an ESS, it corresponds to three
exclusive internal equilibrium points from E; ~ Eg. In order
to more intuitively observe the long-term ESE characteristics
of the general 3P2S-AEG system at E;(i = 1, 2, . . ., 8) shown
in Table 4, 12 sets of dynamic simulations are implemented
and they are denoted by Cases 1 to 12 respectively.

The simulation results of these 12 cases in Table 4 are
demonstrated in Figure 3, where Cases i i = 1, 2, ..., §)
shows that the internal equilibrium point E;i = 1, 2,
..., 8) becomes the unique long-term ESE state that is
spontaneously formed in the system, Cases 9 to 11 respec-
tively shows that the system finally achieves only 1, 2 and
4 long-term ESE states, and Case 12 indicates that no
long-term ESE state exists in the system after a long-term
evolution.
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TABLE 4. Evolutionary stability conditions and corresponding mutually exclusive equilibrium points of the general 3P2S-AEG system at each of its
pure-strategy internal equilibrium points.

Pure- . .
Sl Evolutionary Evolutionary The long-term Mutually
. stabili instabili volutionary critical state conditions state exclusive
&y tability tability Evolutionary critical state condit ESE stat 1
internal .. .. . . . e
equilibrium conditions (an conditions (a saddle point) achieved in the  equilibrium
quit ESS) (unstable) system points
points
(0. 0,0) as<as, be<bs, as>as, be>bs, i) as>as, be<bs, c1<cs; i) as>as, be>bs, c1<cs; iii) as>as, be<bs, c7>cs x=0, y=0, (0,0, 1), (0, 1,
o c7<cCs c7>C iv) as<ag, be>bg, c7>cg; v) as<ag, be>bsg, c1<cs; vi) as<ag, bg<bg, c7>cg z=0 0), (1,0, 0)
0.0, 1) as<as, bs<b, as>as, bs>b, i) as>az, bs<b, cg<cy; i) az>aq, bs>bq, cs<c; iii) as>as, bs<b;, cg>c7 x=0, y=0, (0,0, 0), (0, 1,
o Cg<Cy Cg>C7 iv) as<as, bs>b7, cs>c7; v) az<as, bs>b7, cs<cz; vi) az<as, bs<bs, cg>c; z=1 D, (1,0, 1)
0.1,0) a><ag, bs<bs, a>>ag, bs>bs, i) ax>ag, bs<bs, cs<cg; i) ay>as, bg>bs, c5<Cs; iil) ar>as, bg<bs, cs>Cs x=0, y=1, (0, 0, 0), (0, 1,
7 ¢5<Cq Cs>Ce iv) ay<as, bg>bs, c5>Ce; V) ar<ag, bg>bs, ¢s<Ce; vi) as<ag, bg<bs, cs>Ce z=0 1),(1,1,0)
©,1,1) a<as, b1<bs, ar>as, by>bs, i) ay>as, b1<bs, cs<cs; ii) ai>as, by>bs, cs<cs; iii) a>as, bi<bs, c>cs x=0, y=1, (0,0, 1),(0,1,
» Cc6<Cs C6>Cs iv) ai<as, b;>bs, ce>cs; v) a1<as, by>bs, cg<cs; vi) aj<as, b7<bs, cg>cs z=1 0), (1,1, 1)
(1, 0,0) ag<ds, b<bs, ag>ay, by>by, i) ag>ay, by<ba, c3<ca; ii) Ag>as, by>ba, c3<cy; iii) ag>as, by<bs, c3>c4 x=1, y=0, (0, 0,0), (1,0,
o €3<C4 C3>Cq4 iv) ag<as, by>bs, c3>c4; v) ag<as, by>bs, c3<c4; vi) as<as, by<bi, c3>c4 z=0 1),(1,1,0)
(1,0, 1) as<as, b<bs, ar>as, by>bs, i) ar>as, bi<bs, c4<cs; i) az>as, by>bs, cu<cs; iii) ar>az, bi<bs, cs>c3 x=1, y=0, (0,0,1), (1,0,
7 €4<C3 C4>C3 iv) a7<as, bi>bs, ca>c3; v) ar<as, bi>bs, ca<cs; vi) az<as, bi<bs, cs>c3 z=1 0),(1, 1, 1)
(1, 1,0) A<z, bs<b,, ag>ay, by>b,, i) ag>as, ba<by, c1<cy; ii) Ag>az, ba>bs, c1<cy; iii) ae>aa, ba<by, c1>c2 x=1,y=1, (0, 1,0), (1,0,
7 C1<Cy C1>C) iv) ag<as, b4>b2, C1>Ca; V) Ae<dy, b4>b2, c1<cy; vi) ag<as, b4<b2, Cc1>C z=0 0)’ (1’ 17 1)
(1,1, 1) as<ay, bs<by, as>ay, by>by, i) as>ay, bs<b, cr<cy; i) as>ay, bs>by, cr<cy; iii) as>ay, bi<b, cr>c x=1,y=1, 0,1, 1), (1,0,
o €251 €2>Cy iv) as<ay, bs>by, cy>c1; v) as<a,, b3>b, c,<ci; vi) as<ay, bi<by, cx>c) z=1 D, (1,1, 0)

The simulation time is taken ¢ € [0, 20], and the simulation
results of each case have shown the phase trajectories of
(x, ), (x, 2, (v, 2) and (x, y, 7). Figure 3 shows that the
simulation results of the long-term ESE characteristics of the
system are completely consistent with theoretical analysis
results obtained in Table 3, thus verifying the effectiveness
and practicability of theoretical results.

4) A BRIEF SUMMARY

Overall, based on a detailed theoretical analysis and dynamic
simulation for the long-term equilibrium characteristics of the
general 3P2S-AEG system, we can obtain some conclusions
as follows.

i) The system’s RD equations only have eight internal equi-
librium points, as shown in ®3prs_aEG, and they are all
pure strategies. At these equilibrium points, the system
can finally achieve a long-term ESE state, which is a
strictly refined NE state.

ii) The system has no mixed strategies and cannot achieve
a long-term ESE state at a mixed strategy.

iii) Each equilibrium point corresponds to three mutually
exclusive equilibrium points, and the evolutionary sta-
bility of each equilibrium point is only determined by
three RNP parameters.

iv) The system contains 12 sets of RNP parameters, thus
the system contains a total of 4096(=2'2) game scenar-
ios. Under these game scenarios, the system contains a
total of 32768(= 4096 x 8) evolution states during the
evolution.
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v) The system can be guided to evolve toward an expected
long-term ESE state by appropriately adjusting its RNP
parameters, i.e., its initial game situations, according to
the payoff parameters a;, b;, and ¢;, i = 1, 2, 3.

vi) The system can simultaneously achieves 1, 2 and
4 long-term ESE states at its pure strategies, and no
long-term ESE exists in the system under some game
situations.

vii) When the system achieves a long-term ESE state, its
RD equations always equal to 0, and at this point, any
population of A, B and C can achieve a long-term ESE
state in a total of 16 game situations, and no small-sized
population with a mutation strategy can invade into the
evolutionarily stable population.

C. GENERAL 3P3S-AEG MODEL

1) MODEL CONSTRUCTION

As previously stated, we have investigated the long-term evo-
lutionary equilibrium characteristics of the general 3P2SEGs,
based on this, when the three populations all have three pure
strategies to choose in each round of repeated evolutionary
game, the 3P2SEG will become a very complex 3P3SEG.
To this end, this section focuses on 3P3SEG, and investigates
the long-term equilibrium characteristics of the asymmetric
type, namely 3P3S-AEG. Similar to Eq. (4), the payoff matrix
of the 3P3S-AEG is constructed as follows. where the strat-
egy set of populations A, B and C is ®s4 = {Sa1, Sa2,
Sa3z}, s = {SB1, SB2, SB3}, and ®sc = {Sci1, Sc2, Sc3}s
respectively. For the individuals in populations A, B and C
in each round of repeated evolutionary game, the probability
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or individual proportion of choosing the first to third strategy
from gy is x, y and (I — x — y), respectively, from Pgp is
p, g and (1 — p — q), respectively, and from ®gc is u, v and
(1 — u — v), respectively, where x, y, p, g, u, v € [0, 1]. d;, ¢;
andf; i=1,2,...,27) are the general payoff parameters.

According to Eq. (11), as shown at the bottom of the
page, we can obtain that the decision space of this con-
structed general 3P3S-AEG system is a six-dimensional
space, denoted by Wipss_agc = [0, 1] x [0, 1] x [0, 1] x
[0, 1] x [0, 1] x [0, 1], where [0, 1] represents a coordinate
dimension. Assume that the expected payoff of the indi-
viduals in population A choosing strategies Sai, Sa2 and
Sasz is I, I and I3, respectively, in population B choosing
strategies Sp1, Sg2 and Sp3 is g1, g2 and g3, respectively,
and in population C choosing strategies Sci, Sc2 and Sc3 is
h1, hy and h3, respectively. Besides, assume that the average
expected payoff of populations A, B and C is [, ga, and A,
respectively. Then, these payoffs can be obtained according
to Eq. (11).

Here, we take population A as an example, we can obtain
Iy = dipu+dypv+dip(1 —u—v)+daqu+dsqv+deq(1 —u—
v)+di(1—p—q)u +ds(1—p—g)v+do(1—p—q)(1—u—v),l» =
diopu+diipv+diop(l—u—v)+ dizqutdiaqv+disq(l—u—
v)+dis(1—p—qu+dir(1—p—gv+dig(1—p—g)(1—u—v),
I3 = dyopu + daopv + da1p(1 — u — v) + dnqu + drzqv +
drag(1 —u—v) +drs(1 —p —Qu+dr(1 —p —q)v+da7(1 —
p—q)( —u—v),andl, = xl1 +yl, + (1 —x — y)l3. Based
on this, the RD model of the general 3P3S-AEG system is
constructed as follows.

x =dx/dt = x[l} — xly — ylo — (1-x — y)l3]
y=dy/dt = y[l —xly —ylb — (1-x — y)l3]
p =dp/dt = plg1 —pg1 — q82 — (1-p — q)g3]

Obviously, we can obtain that the Jacobian matrix of the
RD equations presented in Eq. (12) is a 6 x 6 square matrix,
which is denoted by J3p3s—aEG and obtained as follows.

J3p3s—AEG
di /dx
35/ 0x
ap/dx
3G/ dx
it/ ox
aﬁ/ax

3x/dy
dy/dy
dp/dy
3g/dy
dit/dy
Bﬁ/ay

dx/0p
dy/dp
dp/dp
dq/dq
dit/dp
3\'}/817

39x/0q
9y/9q
ap/dq
dg/dq
dit/dq
Bi//aq

0x/0u
ay/ou
op/ou
0g/0u
dh/du
8&/3u

3x/0v
3y/9v
p/av
3¢/0v
dit/dv
d{//dv

(13)

2) RNP PARAMETERS DEFINITION
Similarly, we can define complete RNP parameters for this
general 3P3S-AEG system. First, we calculate the system’s
pure-strategy equilibrium point set, denoted by ®3p3s5_AEG-
Owing to x and y (or p and g, or u and v) cannot equal to
1 simultaneously, then we can obtain that ®3p35_Apgcontains
a total of 27 pure-strategy internal equilibrium points,
denoted by E; ~ Ej7, as presented in Table 5. Further,
we sequentially substitute £ ~ E>7 into the Jacobian matrix
J3p3s—aAEG in Eq. (13), then we can obtain its correspond-
ing eigenvalues at each equilibrium point, as also presented
in Table 5. In this table, we define the Jacobian matrix’s six
eigenvalues under each pure strategy as six RNP parameters
corresponding to each internal equilibrium point, and then
we can obtain a total of 81 RNP parameters with different
absolute values, as shown in the third column of Table 5.
From Table 5 we can obtain that the long-term ESE
characteristics of the general 3P3S-AEG system at each
pure-strategy internal equilibrium point is only determined by

VOLUME 9, 2021

] (12) six RNP parameters, and its complete long-term equilibrium
q = dq/dt = qlgr —pg1 — g82 = (1-p — 9)g3] characteristics contain a total of 281 (x 2.42 x 10?*) game
i = du/dt = ulhy — uhy — vhy — (1-u — v)h3] scenarios, which is a huge number. Therefore, the game
v =dv/dt = v[hy — uhy — vhy — (1-u — v)h3] scenarios of the general 3P3S-AEG system are very complex.
C
u v l—u—v
Sci Sc2 Sc3
A:SA1 = x N N N
p— Sgi [ (@i e fi) (derfp) (ds,e3.f3)
—-Big— Sp2 | (da,es,fs) (ds,es.fs) (de, €6, f6)
l—p—q—  Sp3 [ (d7.e7.f7) (ds,es.fs) (do,e9,fo)
A:Sa—y
p— Spi [ (dio,er0.fi0)  (dir, e fin)  (di2,en, fi2) | (11
—Byg— Sp2 | (di3, e13,/13)  (dia, e1a, f14)  (di5, €15, f15)
l—p—q—  Sp3 [ (dis ei6./16) (di7,€17.f17) (dis, €18, /i3) |
A:Sa3—>1—x—y
pP— Se1 [ (dio, e19.f19)  (d0,e20.f20) (dat1. €21, fo1) |
—-Big— Sp2 | (da2, ex,f22)  (dr3, e23,/23)  (doa, €24, f24)
l—p—q— Sz [ (das, ez, fas) (dos,e€2./26) (d27,€27,/27) |
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TABLE 5. Statistics of RNP parameters and pure strategies in the general 3P3S-AEG system.

Pure-strategy internal equilibrium point

Eigenvalues at each equilibrium point (defined as

The number of RNP parameters with

Number B B > p » N system’s RNP parameters) (A1, A, A3, A4, As, Ao) different absolute values
E, 0 0 0 0 0 0 (do-dy7, dis-da7, e21-€27, €xs-€37, fos-127, fr6-/27) 6
E; 0 0 0 0 0 1 (ds-das, di7-das, €x0-€26, €23-€26, f25-f265 f21-/26) 5
Es 0 0 0 0 1 0 (dr-dbs, di6-das, €10-€25, €n-€3s, frs~fas, frr1f2s) 4
E, 0 0 0 1 0 0 (ds-a, di5-daa, €21-€24, €27-€24, f22-f24, f237/24) 4
Es 0 0 0 1 0 1 (ds-as, dia-ds, ex-ers, exs-€23, fr2-f3, fr4=f23) 4
Es 0 0 0 1 1 0 (da-dry, di3-dr, e19-€12, €25-€22, fr3-/22, fr4=/22) 3
E; 0 0 1 0 0 0 (d3-db1, dio-da1, ex4-e21, €x1-€21, fio-for, fr0-f21) 4
Es 0 0 1 0 0 1 (dr-dao, d11-d2o, ex3-ex, exs-e20, fi9-/20, f217/20) 3
E 0 0 1 0 1 0 (di-dry, dio-di, ex-e19, exs-ei9, fr0-f19, f21-/19) 2
E 0 1 0 0 0 0 (do-d\s, drr-ds, e1r-eis, eis-eis, fis-f1s, f11/18) 6
E) 0 1 0 0 0 1 (ds-dy7, dae-di1, er1-e17, evs-enr, fie=f17, fis+/17) 4
En 0 1 0 0 1 0 (dr-dys, das=dis, ero-€16, €13-eis, fi7-f16, f1s/16) 3
E3 0 1 0 1 0 0 (ds-dis, dra-dis, ern-eis, eis-eis, fis-fis, fia-fis) 4
Ey 0 1 0 1 0 1 (ds-da, dr3-d4, e11-€14, €17-€14, 13714, f157/14) 3
Es 0 1 0 1 1 0 (da-di3, dro-di3, er0-e13, ei-e13, fiafis, fis13) 2
Es 0 1 1 0 0 0 (ds-d2, dy1-dy3, eis-e12, eis-eia, fro-fi2, fii-fi2) 3
E\; 0 1 1 0 0 1 (dr-di1, dro-d1, ers-enr, err-enn, fio-firs fi2ofi1) 2
Eg 0 1 1 0 1 0 (di-dyo, dio-dyo, e13-e10, e16-€10, fi1/10, f127/10) 1
Bl 1 0 0 0 0 0 (dis-ds, dar-ds, es-es, es-es, fr-fo, fi5) 4
Ex 1 0 0 0 0 1 (di7-ds, doe-ds, ex-es, es-es, fr-fs, fo-fs) 3
Ey 1 0 0 0 1 0 (dig-dr, drs-dr, er-e1, es-es, fs-f1, fo-f7) 2
Ey» 1 0 0 1 0 0 (d15-ds, dra-ds, e3-es, eg-es, fafs, f5fs) 3
Ex 1 0 0 1 0 1 (d4-ds, dos-ds, er-es, es-es, fa-fs, fo-fs) 2
Ey 1 0 0 1 1 0 (di3-da, drr-ds, e-eq, e1-eq, f5-fa, fo-f2) 1
Ess 1 0 1 0 0 0 (di2-ds, do1-ds, es-e3, e9-e3, fi-f3, fo-f3) 2
Ex 1 0 1 0 0 1 (di1-ds, dro-d>, es-es, es-es, fi-f2, f3-/2) 1
Es; 1 0 1 0 1 0 (dio-d1, dio-d, es-e1, er-e1, fo-fi, f5-/1) 0

Total / / / / / / / 81

3) LONG-TERM ESE CHARACTERISTICS ANALYSIS
According to previous sections, we have known that this gen-
eral 3P3S-AEG system contains a total of 28! game scenarios,
thus it is impossible to perform dynamic simulation verifi-
cation for each game scenario. To this end, we can simulate
a typical game scenario where the constructed evolutionary
game system achieves the largest number of long-term ESE
states simultaneously.

In addition, according to Table 5, we can obtain that only
seven of E; ~ E»7 can simultaneously become a long-term
ESE state in the system and it is a strictly refined NE
state. Based on this, by appropriately adjusting the system’s
81 RNP parameters, we guide the system evolve toward a
long-term ESE state at Ey, Es, Eg, E11, E13, E21 and Es
simultaneously. This means that these seven pure-strategy
internal equilibrium points are spontaneously formed as ESE
states in the system at the same time after a long-term evo-
lution. This is simulated as demonstrated in Figure 4, where
we take the initial (x, y, p, ¢, u, v) from 0 to 1 within the
system’s six-dimensional decision space W3p3s_aAgpG at an
interval of 1/2, i.e., we conduct a total of 729 rounds of
repeated evolutionary game dynamic simulations to observe
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the phase trajectories of (x, y, p), (x, y, q), (x, y, u), (x, y,
V), (X, P> q)’ (X, P M), ()C, P V)’ ()C, q, M), ()C, q, V), ()C, u, V)3
o, s @, v, ps w), (v, p, V), (v, g, w), (v, g, v), (v, u, v), (P,
q, w), (p, q, v), (p, u, v) and (g, u, v) during the evolution
of the system. These phase trajectories are denoted by Phase
Trajectory 1 to Phase Trajectory 20, respectively, as shown
in Figure 4. In each figure, the red solid dot represents the
long-term ESE state spontaneously formed in the system
after a long-term evolution. From Figure 4 we can obtain
that the pure-strategy internal equilibrium points of Ej, Es,
Eo, E11, E13, Ep1 and E»s in Table 5 are simultaneously
become the system’s long-term ESE states, thus verifying the
effectiveness of the theoretical analysis results above.

D. GENERAL 3PNS-AEG MODEL

1) MODELING IDEA

Based on the theoretical analysis and dynamic simulation
verification of the specific 3PmSEG models in previous sec-
tions, this section elaborates the modeling idea of the general
three-population n-strategy (n >2) asymmetric evolutionary
game (3PnS-AEG). At this point, the three populations A,
B and C in the general 3PnS-AEG system all have n strategies
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Phase Trajectory 2: (x, v, g)

Phasc Trajectory 3: (x, y, 1)

Phase Trajectory 4: (x, y, v) Phase Trajectory 5: (x, p, )

FIGURE 4. Dynamic simulation of the general 3P3S-AEG system’s long-term equilibrium characteristics when it achieves the largest
number of ESE states simultaneously at pure-strategy internal equilibrium points of E;, Es, Eqg, Eqy, Ey3, Ey7 and Eps.

in their strategy sets. Concretely, the strategy set of population
Ais ®Panp = {Sa.1> SA2, ..., Sa.n}, and the probability
or individual proportion of the individuals in population A
choosing strategies Sa 1, SA,2, - - -» SA,n ISXA, 1, XA,2, - - » XA >
respectively, where xp 1 +xa2 + ... +xa,, = 1. Similarly,
the strategy set of population B is ¥, = {SB.1, SB.25 - - -»
SB,n}, with probabilities of yg 1, yB 2, - . ., YB.n» Where yp 1 +
¥B.2 + ...+ yBr = I, and the strategy set of population
Cis &cn = {Sc,1, Sc,2, ..., Sc,n}, with probabilities of
Zc,1, 2C,25 - - - 2Cn> Where zc1 +zc2 + ... +z2cn = 1.
In addition, assume that the expected payoft of the individuals
in population A sequentially choosing strategies Sa.1, Sa.2,
coos SAan 18 Ua 1, Ua2, ..., Ua . Similarly, the expected
payoffs of populations B and C are Ug, 1, U2, . . ., U5, and
Uc,1, Uc,2, ..., Uc,y, respectively. To this end, Ua k, Uk
and Ucx(k =1, 2, ..., n) are as follows.

n
Uax = Z VBLiZC jUA k.ij
ij=1
n
U = Z XA,iZC jUB k,i.j Vk (14)
ij=1
n
Ucr = Z XA,iYBjUC, ki j>
ij=1
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where ua ;. j is the payoff of the individuals in population A
when choosing the kth strategy from ® 4, while the individu-
als in populations B choosing the ith strategy from ®p, and in
population C choosing the jth strategy from ®cy; up x,; j is the
payoff of the individuals in population B when choosing the
kth strategy from ®p, while the individuals in populations
A choosing the ith strategy from ®4, and in population C
choosing the jth strategy from ®¢y; and ucx ; j is the payoff of
the individuals in population C when choosing the kth strat-
egy from ®c, while the individuals in populations A choos-
ing the ith strategy from ® 4, and in population B choosing
the jth strategy from ®p,. Based on Eq. (14), assume that the
average expected payoff of populations A, B and Cis Ua_ave,
Ug_ave and Uc_ave, respectively, as follows:

n n
Ua_ave = Z Uakxak, where ZXA,k =1

k=1 k=1
n n
U ave= ) Usiypi. Where) ypr=1 (15)
k=1 k=1
n n
Ucave = »_Uckzck, wherey zcx =1

k=1 k=1
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Based on Eq. (14) and Eq. (15), the RD model of the
general 3PnS-AEG system is described as follows:

dxak/dr = xax(Uax — Ua_ave)
dyp.x /dt = yB x(U.x — UB_ave)
dzcx /dt = zcx(Uc,k — Uc_ave)s

where k = 1, 2, ..., n. Eq. (16) shows that the growth rate
of individual proportion or probability of choosing a pure
strategy by the individuals in a population in the general
3PnS-AEG model is proportional to this proportion or proba-
bility, as well as the difference between the obtained expected
payoff (or profit) under this pure strategy and the average
expected payoff (or profit) of the population, thus it can well
reveal the evolution trend of the population behavior of the
bounded rational individuals in a population.

Vk, Vi (16)

2) CONVERGENCE ITERATION CALCULATION METHOD
After establishing the general 3PnS-AEG system’s RD model
as shown in Eq. (16), which needs to be discretized to facil-
itate the iterative calculation of the system in the process of
repeated evolutionary game. To this end, when the simulation
iteration proceeds to the mth step, its convergence iteration
calculation is designed as follows:

XA k(m + 1) = xp k(M) + Ok - XA,k (M)
[UA k(M) — Ua_ave(m)]
¥B.k(m + 1) = yg k(M) + Om k - yB k(M)
'[UB,k(m) - UB?ave(m)]
zck(m~+ 1) = zc k(m) + Tk - zc k(M)
LUc k(M) — Uc_ave(m)]
¥B.& (1), zc k(1) € [0, 1]
Vke{l,2,---,n}, Vt

)

xak (),
Vm > 1,

where 0y,,k, Pm.k and T, are the step sizes of the selection
probability (or individual proportion) of the kth strategy of
populations A, B and C in the mth iteration, respectively,
which are usually taken as a very positive number.

The structure design of Eq. (17) is based on the RD equa-
tion structure shown in Eq. (3). The convergence proper-
ties and iterative mechanism in evolutionary game theory
embodied in Eq. (3) guarantee that Eq. (17) will also be
convergent. Specifically, as iterations continue (where each
round of iteration implies an evolutionary game process,
i.e., a population strategy selection process), as a strategy
becomes evolutionarily stable, an individual’s expected pay-
off (or return) will approach the average expected payoff (or
return) of the entire population. Taking population A as an
example, when the system reaches a long-term ESE state,
the Ua x(m) will gradually equal to Ua_ave(m). As a result,
XAk (m+1) will gradually equal to xa x(m). This means that
the proportion of individuals in Population A that choose this
evolutionary stable strategy will tend to be 100% and remain
at a stable level.

In addition, the design of iteration step size in Eq. (17)
ensures that the selection probability (or individual
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proportion) of each strategy does not exceed the range of
[0, 1] during each time of iteration. Further, in order to guide
the evolutionary game system to converge to the expected
accuracy in the iterative process, it is usually necessary to set a
very small positive number to determine whether the iterative
calculation of populations A, B and C reaches the conver-
gence condition. Once the expected accuracy is reached, the
iterative calculations for the corresponding population can be
terminated, as described as follows.

[UAk(m) — Ua_ave(m)| < 01k
|Ug k(m) — Up_ave(m)| < 02,k
[Uc.k(m) — Uc_ave(m)| < 03k
Vvm=>1, Vkel{l,2,.---,n}, Vt

(18)

where 01k, 02k and o3 are very positive numbers set for
populations A, B and C in their iterative calculation pro-
cesses, respectively. These numbers are used to judge whether
various populations have reached the expected ESE state
with the expected convergence accuracy after a long-term
evolution.

E. A SUMMARY

According to the research ideas in this section, we can
further investigate the long-term equilibrium characteristics
of the general two-population multi-strategy evolutionary
games. To this end, we first compare multiple general multi-
population multi-strategy evolutionary games from several
aspects, as presented in Table 6, where the evolutionary
games for comparison include two-population two-strategy
symmetric and asymmetric evolutionary games, denoted
by 2P2S-SEG and 2P2S-AEG, respectively, two-population
three-strategy symmetric evolutionary game (2P3S-SEG),
3P2S-SEG, 3P2S-AEG, and 3P3S-AEG. Table 6 reveals that
the total number of game scenarios included in a certain kind
of evolutionary game system is equal to an exponent taking
2 as the base and the total number of system RNP parameters
as its power. Therefore, as the total number of populations
included in the whole evolution game system increases, or as
the total number of strategies in the population’s strategy set
increases, the total number of game scenarios and evolution
states (including stable, unstable and critical evolution states)
of the whole system will increase dramatically.

IV. APPLICATION EXAMPLE IN LONG-TERM ON-GRID
BIDDING OF A GENERATION-SIDE ELECTRICITY MARKET
A. SUPPLY-SIDE MARKET POWER GENERATION AMOUNT
COMPETITION EVOLUTIONARY GAME MODEL

This section explores the application of 3PmSEGs. For ease
of explanation, the 3P2S-AEG is taken as an example to
describe the application of this more common evolution-
ary game type in the engineering field. Based on [35],
the on-grid power generation amount competition is taken
as an application example in the supply-side power gener-
ation market involving three populations of enterprises, i.e.,
the new energy generation enterprises, denoted by population
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TABLE 6. Comparison between general two-party and three-party
multi-strategy evolutionary game models.

General two-population and three-population
multi-strategy evolutionary games

2P2S- 2P2S- 2P3S- 3P2S- 3P2S- 3P3S-
SEG AEG SEG SEG AEG AEG

Items for comparison

Total number of internal

equilibrium points of 5 5 7 8 8 64
the RD model
Total number of pure-
strategy internal 4 4 3 8 8 27
equilibrium points
Total number of RNP
parameters with
different absolute 2 s ® 9 12 el
values
Total number. of game 4 16 64 64 2096 81
scenarios
Total number of system 45 30 88 512 / /
evolution states
Total number of long-
term ESE states e 1 e & J J
Total number of
unstable evolution 29 16 85 64 / /
states
Total numl:‘)er of critical 3 48 121 384 / /
evolution states
Total number of long-
term ESE states 5 5 3 4 4 7

obtained at the same
time

A, the traditional energy generation enterprises, denoted by
population B, and the power grid enterprises, denoted by pop-
ulation C. In fact, based on game-theoretic approaches [2] and
latest artificial intelligence techniques [45]-[50], the investi-
gations on long-term bidding issues of the power generation
market are research highlights in the field of electricity mar-
ket in recent years.

In actual market bidding scenarios, the competition of
on-grid power generation amount among these three enter-
prise populations with bounded rationality is a long-term
market equilibrium evolution process. Moreover, this process
is implemented in an information system with limited infor-
mation and bounded rationality. Therefore, it is very suitable
to adopt EGT to address such long-term equilibrium issue.

Based on the assumptions above, the strategy set of the
new energy generation enterprises (i.e., population A), the
traditional energy generation enterprises (i.e., population B),
and the power grid enterprises (i.e., population C) all contains
two pure strategies for on-grid power generation amount
competition, namely Sa = {Sa1, Sa2}, S8 = {SB1, Sp2} and
Sc = {Sc1, Sc2}. This also indicates that the decision space
of populations A, B and C is [0, 1]x[0, 1]x[0, 1], which
is a three-dimensional square cube with each side having a
length of 1. At this point, the proportion of the individuals
in populations A, B and C choosing a strategy from their
own strategy set together constitutes a point (x, y, z) in the
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three-dimensional space [0, 1]x[0, 1]1x[0, 1], which is the
decision space of this tripartite long-term bidding evolution
game system.

Since the aim of this chapter is to verify the conclusions
drawn in the previous chapters about the long-term equilib-
rium properties and laws of the 3PmSEG system, the focus
of the application example analysis in this chapter is on
qualitative research and simulation validation. As to how to
design the specific utility function of the parties involved in
the long-term bidding in the generation-side EM, it belongs to
the scope of qualitative research and is not under discussion.
The utility functions of the parties involved in the long-term
bidding in the power generation-side market can be referred
to other literatures. It is well known that the design of the
specific utility function is critical to the strategy that each
party ultimately adopts.

As the long-term bidding in the power generation-side
market involving new energy enterprises is an emerging field,
the utility functions of the parties involved in the bidding are
complex and diverse. This is also the focus of the next step of
this paper, that is, through qualitative research on the utility
function of different enterprises in different environments to
participate in the long-term market bidding to determine the
specific benefits or payoffs, so as to conduct a specific quanti-
tative research on the market’s long-term ESE characteristics,
and ultimately draw more accurate conclusions and formulate
some more comprehensive market supervision measures.

Based on elaborations above, the payoff matrix of this
power generation amount competition evolutionary game
system is constructed as: where /;, m;, and n; are the general
payoff parameters set in this example to represent the payoffs
under different strategy combinations, andi =1, 2, .. ., 8.

Based on Eq. (19), as shown at the bottom of the next
page, in each round of evolutionary game, pure strategies Sa
and Sa» are selected by the individuals in population A with
the probability or individual proportion of o and (1 — «),
respectively, and they indicate that population A chooses to
cooperate with population B who completes on-grid power
generation amount with W; via new energy resources, and
chooses not to cooperate with population B who completes
new energy on-grid power generation amount with W,
respectively; pure strategies Sg; and Sp; are chosen by the
individuals in population B with the probability of g and (1 —
B), respectively, and they indicate that population B chooses
to cooperate with population A while it completes on-grid
power generation amount with 7 via traditional energy
resources, and chooses not to cooperate with population A
while it completes on-grid power generation amount with 7>
via traditional energy resources, respectively; and pure strate-
gies Sc1 and Sc; are selected by the individuals in population
C with the probability of y and (1 — y), respectively, and they
indicate that population C chooses to actively participate in
new energy accommodation while completing new energy
accommodation with amount of G, and chooses to passively
participate in new energy accommodation while completing
new energy accommodation with amount of G, respectively.
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Here, «, 8, y € [0, 1]. Obviously, this is a typical 3P2S-AEG
system. At this point, according to Section III, we can obtain
that it only has 8 pure-strategy internal equilibrium points
as follows: ®3prs_AEG = {(x, v, 2)|x, Yy, 2 € [0, l]} =
{(0,0,0),(0,0,1),(0,1,0), (0,1, 1), (1,0,0), (1,0, 1), (1, 1,
0), (1, 1, 1)}. To this end, the RD model of the 3P2S-AEG
system is constructed as

& = da /dt = a(Eas1 — En)
p=dB/dt = B(Egs1 —Eg) ., Vi
y =dy/dt = y(Ecs1 — Ec)

where Eag1, Egs1 and Ecg are the payoffs of the individ-
uals in populations A, B and C when choosing the first
strategy from their strategy sets, respectively; and similarly,
we assume that Epg, Eps» and Ecgy are the payoffs of
the individuals in populations of A, B and C when choos-
ing the second strategy from their strategy sets, respec-
tively; and Ea, Eg and Ec are the average payoff of pop-
ulations A, B and C, respectively. These payoffs are as
Exst = Blliy + b(1 =1+ 1A = B) - [l3y + (1 — )],
Exsr = Bllsy + ls(1 — )1+ — Bllzy + 31 — y)l,
Egs1 = afmy +ma(1 — )1+ — a)lmsy + me(1 — )],
Epsy = a[mzy + my(l — p)]+(1 — a)[m7y + mg(l — y)],
Ecsi = a[nB + n3(1 — )]+ — a)[nsB + n7(1 — B,
Eco = almp + na(l = B)l+(1 — )lnep + ns(1 — )],
Ex = aEas1 + (1 —@)Eas, EB = BEBs1 + (1 — B)EBs2, and
Ec = yEcs1 + (1 — y)Ecs>. Based on this, the corresponding
Jacobian matrix, denoted by Japc, is obtained as follows:

(20)

) @) (@)

doe 0B Oy

| o) aB) 9B
JABC = 0 98y 2D

ay) ay) o)

oo ap ay

B. TRIPARTITE EVOLUTIONARY GAME SIMULATION
UNDER NO GOVERNMENT SUPERVISION

Substituting the eight pure-strategy internal equilibrium
points in ®3pys_agG into Eq. (21) in sequence, and then we
can obtain the eigenvalues, determinant and trace of Japc
at each equilibrium point, as presented in Table 7. This
table shows that the power generation market can achieve 1,
2 and 4 long-term ESE states simultaneously. This means
that the market can achieve at most 4 power generation

amount competition ESSs at the same time. Such equilibria
are achieved based on the situation where no government
supervision is conducted to this market. Actually, under
no government supervision, this market can finally sponta-
neously form the following long-term ESE after a long-term
evolution.

First, whether power grid enterprise population C actively
or passively participates in new energy accommodation, and
whether traditional energy generation enterprise population B
chooses to or not to cooperate with the new energy power gen-
eration enterprise population A, the individuals in population
A will tend to choose the second competition strategy from
their strategy set to obtain more on-grid power generation
amount, thus achieving more profits. At this point, when
population C chooses to actively participate in new energy
accommodation, we can obtain /5 > /1 and /7 > [3. Accord-
ing to Table 7, the pure-strategy internal equilibrium points
Eg(1, 0, 1) and Eg(1, 1, 1) will become unstable evolution-
ary strategies, i.e., they cannot be spontaneously formed as
long-term ESE states in the market. Similarly, the individuals
in population B choosing not to cooperate with population A
can obtain more on-grid power generation amount with more
profits when choosing to cooperate with population A. From
this we can obtain m3 > m; and m7 > ms.

Moreover, according to Table 7, the pure-strategy inter-
nal equilibrium points Eg(l, 1, 1) and E4(0, 1, 1) will
become unstable at this time. In addition, when population
C chooses to passively participate in new energy accom-
modation, we can obtain myqy > mp, mg > mg, lg >
lhand lg > I4, thus the pure-strategy internal equilibrium
points E7(1, 1, 0), E3(0, 1, 0) and E5(1, 0, 0) will become
unstable according to Table 7. Overall, when no government
supervision is conducted, we can obtain that the market’s
pure-strategy internal equilibrium points of E3(0, 1, 0), E4(0,
1,1),Es5(1,0,0), Es(1,0, 1), E7(1, 1,0) and Eg(1, 1, 1) will all
become evolutionarily unstable competition strategies, i.e.,
they cannot be spontaneously formed as long-term ESE states
in the market during the evolution.

Second, whether population A chooses to or not to coop-
erate with population B, the individuals in power grid enter-
prise population C choosing to passively participate in new
energy accommodation can obtain more profits when com-
paring with actively participate in new energy accommoda-
tion. This is because when the power grid enterprises choose
not to actively participate in new energy accommodation,
they do not need additional investment in building a grid to

SB1(B)
Spa2(1 — B)
SB1(B)

Sai(a) > B :
A
Sar2(l —a) — B

Sp2(1 = B)
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C
Sci(y) Sc2(1 =)
(i, my,n) (L, ma, n2)
(I3, m3,n3)  (lg, mg, ng)
(Is, ms,ns)  (lg, mg, ng)
(lz,m7,n7) (I3, mg, ng)

19)
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TABLE 7. Calculation results of the power generation amount competition evolutionary game at its pure-strategy internal equilibrium points.

. Evolutionary Evolutionary Evolutionarily =~ Long-term  Corresponding
Puri;;szrrilzfgy (Chlor o TS ©if e stability instability critical state  ESE state that mutually
o uileibrium - - conditions conditions conditions can be exclusive
q oints Eigenvalues Determinant Trace (becomes an (becomes (becomes a  achieved in the  equilibrium
P (A1, 4, 43) det(Janc) ir(Jasc) ESS) unstable) saddle point) market points
(14-]8, me-mg, (l4-lg)+(m6- [4<lg, m6<m8, 14>[g, m6>mg, Remaining
E(0, 0, 0) P— (l4-15)(me-ms)(n7-ns) R ) Hy<ns P situations (Sa2, S2, Sc2) Ey, B3, Es
(l3-17, ms-m7, i (l3-17)+(ms- L<l;, ms<mq, [3>l;, ms>my, Remaining
E5(0,0, 1) . (l3-17)(ms-m7)(ng-n7) o) ne<ty e situations (Sa2, Sm2, Sc1) E,, Es, Es
(lo-ls, mg-m, (b-le)H(mg-  L<ls, mg<ms, 1>ls, mg>ms, Remaining
E5(0, 1, 0) ns-ng) (Lr-1s)(ms-me)(ns-ne) me)+(ns-n) ns<ng ns>ng Situations (Sa2, SB1, Sc2) E\, E4, E7
(01-Is, m7-ms, (L1-15)+(m7- L<ls, m<ms, [,>ls, m7>ms, Remaining
E40,1,1) ) (h-Is)(m7-ms)(ng-ns) ) He<ns P situations (Sa2, Ss1, Sci1) E,, E5, Eg
(Ig-14, ma-my, (Ig-14)+(my- Is<ly, my<my, Ig>14, moa>my, Remaining
Es(1, 0, 0) B (Is-13)(ma-ma)(n3-ns) A na<ns ) situations (Sar1, S2, Sc2) Ey, Ee, E7
(17-[3, mi-ms, (17—13)+(m1— l7<l3, m<ms, l7>l}, my>ms, Remaining
Eg(1,0,1) Na-113) (l-13)(my-m3)(na-ns) ma)+H(ng-ns) n4<ns na>ns situations (Sa1, Sp2, Sc1) E, Es, Eg
(15-12, mg-my, (15-12)+(m4- lﬁ<12, my<my, lﬁ>lz, mq>my, Remaining
Eq(1, 1, 0) ) (le=La)(m4=m2)(n1-n2) ) <ty T situations (Sa1, Sb1, Sc2) E;, Es, Ey
(Is-11, m3-m;, (Is-11)+(m3- Is<ly, m<my, [s>1), my>m,, Remaining
Ey(1,1,1) i) (Is=1y)(my-my)(na-ny) o e ) ny<n, >, situations (Sa1, S, Sci) Ey, Es, Er

accommodate new energy resources, thus reducing operating
costs and obtaining higher profits. To this end, when pop-
ulation A chooses to cooperate with population B, we can
obtain n, > ny and n4 > n3, and when population A
chooses not to cooperate with population B, we can obtain
ne > nsand ng > ny, thus the pure-strategy internal equilib-
rium points of Eg(1, 0, 1), Eg(1, 1, 1), E2(0, 0, 1) and E4(0,
1, 1) will become unstable according to Table 7. This means
that these equilibrium points cannot be spontaneously formed
as long-term ESE states in the market during the evolution.

Overall, when the government conducts no supervision to
the market, we can obtain that E,, E3, E4, Es, Eg, E7 and
Ejg will all become evolutionarily unstable competition strate-
gies, i.e., they cannot be spontaneously formed as long-term
ESE states in the market. At this point, the market can finally
achieve a unique long-term ESE state at pure-strategy inter-
nal equilibrium point E1(0, 0, 0), which indicates that new
energy power generation enterprise population A and tradi-
tional energy generation enterprise population B choose not
to cooperate with each other, and meanwhile the power grid
enterprise population C chooses to passively participate in
new energy accommodation. Obviously, this will cause that a
large amount of new energy power generation in the market is
abandoned. As a result, the phenomenon of abandoning wind
and solar energy resources gradually becomes very serious,
which is not conducive to the sustainable development of
renewables and is easy to cause market turmoil and long-term
unhealthy operation.

To verify the findings elaborated above, we conduct a
dynamic situation to verify this phenomenon. We take the
initial values of «, 8 and y from O to 1 within the system’s
decision space [0, 1]1x[0, 1]x[0, 1] at intervals of 1/4, 1/5,
1/6, 1/7 and 1/8, respectively. This means that we respectively
conduct 125, 216, 343, 512 and 729 rounds of repeated power
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generation amount competition evolutionary game dynamic
simulations to observe the phase trajectory of («, 8, y) during
the long-term evolution of the market. The above five sets
of dynamic simulations are denoted by Cases 1 to 5, respec-
tively, as demonstrated in Figure 5 (a) to (e), respectively,
where the red, green and blue solid dots respectively indicate
that the market finally achieves the unique power generation
amount competition ESE, unstable evolution equilibrium,
and critical evolution equilibrium.

Figure 5 reveals that when the government conducts no
supervision to the power generation market, which will
achieves the unique long-term ESE state at the pure-strategy
internal equilibrium point £1(0, 0, 0), and meanwhile, can-
not obtain power generation amount competition ESS at E,
Es, E4, E5, E¢ and E7. Therefore, the simulation results
effectively verify the theoretical analysis results presented
in Table 7.

C. TRIPARTITE EVOLUTIONARY GAME SIMULATION
UNDER GOVERNMENT SUPERVISION

Obviously, the market cannot achieve a healthy development
in the above-mentioned unique ESE state. This is extremely
disadvantages for promoting the participation of new energy
power generation enterprises in EM and promoting new
energy accommodation. Therefore, it is essential to guide the
market evolve toward an expected long-term ESE state. For
this purpose, as stated in Section III, we can approximately
adjust the market’s RNP parameters to realize that. Con-
cretely, according to Table 7, this can be achieved by the gov-
ernment to develop an effective on-grid trading rule for power
generation-side EM transaction. At this time, the government
needs to effectively supervise and guide new energy and tradi-
tional energy power generation enterprises to cooperate with
each other, and simultaneously to promote the power grid
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(e)

FIGURE 5. Dynamic simulation results of the generation-side on-grid
power generation amount competition evolutionary game involving
participation of new energy enterprise population when the government
conducts no supervision to the market: (a)~(e) show the phase trajectory
of («, B, y) after 125, 216, 343, 512 and 729 rounds of repeated on-grid
power generation amount competition evolutionary game dynamic
simulations, respectively.

enterprises to actively participate in new energy accommoda-
tion. Under such market situation, the government still needs
to let other unreasonable on-grid power generation amount
competition strategies gradually disappear in the long-term
evolution of the market. This means that the expected market
situation will gradually become the unique long-term ESE
state that is spontaneously formed in the market.

Therefore, according to Ref. [29], by formulating effec-
tive trading rules to approximately adjust the market’s RNP
parameters, the market will be guided to evolve toward
the expected long-term ESE state achieved at Eg(1, 1, 1).
Such pure-strategy internal equilibrium point will become
the unique ESS when the following five conditions are met
simultaneously.
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i) Letls < Il;, m3 < mp and np < ny, which makes
Eg(1, 1, 1) become an ESS and accordingly, E4(0, 1, 1),
Eq(1, 0, and E7(1, 1, 0) all become unstable evolution
equilibrium points.

ii) At least one of Iy > Ig, mg > mg and ny7 > ng satisfies,
which makes E(0, 0, 0) become an unstable evolution
equilibrium point.

iii) At least one of I3 > I7, ms > m7 and ng > n7 satisfies,
which makes E>(0, 0, 1) become an unstable evolution
equilibrium point.

iv) At least one of I, > lg, mg > mg and ns > ng satisfies,
which makes E3(0, 1, 0) become an unstable evolution
equilibrium point.

v) At least one of Ig > I4, mp > my and n3 > ny satisfies,
which makes E5(1, 0, 0) become an unstable evolution
equilibrium point.

When these five conditions are met at the same time,
the internal equilibrium point Eg(1, 1, 1) becomes the unique
long-term ESE in the on-grid power generation amount
competition evolutionary game in the supply-side market
involving three types of enterprise populations. Under this
unique equilibrium situation, new energy and traditional
energy power generation enterprises choose to cooperate with
each other with the aim of promoting the former to actively
participate in power generation amount competition, and
meanwhile, the power grid enterprises choose to actively
participate in new energy accommodation based on load
forecasting with certain accuracy, which further promotes the
on-grid power generation amount and minimizes the waste of
new energy such as wind energy curtailment and solar energy
curtailment. This is of great significance for the power grid
to achieve peak shaving and load leveling and long-term safe
and stable operation.

To verify the findings, under the premise of approximately
adjusting the above RNP parameters, i.e., under the above five
conditions, we perform a dynamic simulation to demonstrate
the case where a unique evolutionarily stable equilibrium
point exists in the power generation market, i.e., the internal
equilibrium point Eg(1, 1, 1) becomes the unique long-term
ESE state of the market. Concretely, we take the initial values
of o, B and y from O to 1 within the market’s decision
space [0, 1]x[0, 1]x[0, 1] at intervals of 1/6, 1/7, 1/8 and
1/9, respectively. This means that we respectively conduct
343, 512, 729 and 1000 rounds of repeated on-grid power
generation amount competition evolutionary game dynamic
simulations to observe the phase trajectory of market strategy
(o, B, y) during the long-term evolution of the market. The
four sets of dynamic simulations are denoted by Cases 1 to 4,
respectively, as demonstrated in Figure 6 (a)-(d), where the
indication of the red, green and blue solid dots is presented as
same as in Figure 5.

Figure 6 reveals that the market achieves the unique ESE
state at Eg(1, 1, 1) when meeting the above-mentioned five
conditions in the process of a long-term evolution. At this
point, the remaining seven pure-strategy internal equilibrium
points E1 ~ E7 change to evolutionarily unstable or critical
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FIGURE 6. Dynamic simulation results of the generation-side on-grid
power generation amount competition evolutionary game involving
participation of new energy enterprise population when the government
conducts supervision to the market: (a)~(d) show the phase trajectory of
(o, B, y) after 343, 512, 729 and 1000 rounds of repeated on-grid power
generation amount competition evolutionary game dynamic simulations,
respectively.

equilibrium points, as illustrated by the green and blue solid
dots in each figure, and they will gradually disappear in the
market because they cannot invade into the market which has
reached a long-term ESE state.

Overall, the application example in this section fully veri-
fies the effectiveness and universality of research and analysis
results on the long-term ESE characteristics of 3P2SEGs.
It also shows that, by determining the complete RNP parame-
ters of the evolutionary game model of a specific application
example, the evolution state of the system at all internal
equilibrium points can be fully explored, thus realizing the
complete theoretical analysis and dynamic simulation veri-
fication of the long-term equilibrium characteristics of the
system. In addition, research shows that, based on appropriate
adjustment of the market’s RNP parameters through some
external factors such as government supervision and making
effective trading rules, the whole competitive market can be
guided to evolve toward an expected long-term ESE state
during the evolution. This has important theoretical guidance
and reference significance for studying the more complex
multi-population multi-strategic on-grid power generation
amount competition games in the supply-side power gener-
ation market, especially for the complex asymmetric market
bidding issues.
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D. POLICY IMPLICATIONS

Through the case study in previous parts, we deem that
the government should vigorously guide new energy power
generation enterprises to participate in long-term bidding in
the power generation market while improving overall social
welfare to promote new energy consumption. By actively
guiding new energy generation enterprises, it can also enable
the government itself to actively participate in energy sources
structural readjustment and the future development direction
of the new energy industry.

In addition, the government can reasonably use fiscal
instruments such as subsidized taxes to promote the develop-
ment of new energy industries in the process of monitoring
the power generation market. At the same time, the govern-
ment can use measures such as carbon tax or environmental
tax on traditional energy enterprises to restrict their participa-
tion in on-grid bidding in the power generation market.

Overall, through the active intervention and adequate guid-
ance of the government, a close cooperative development
relationship between new energy generation enterprises and
traditional energy generation enterprises needs to be pro-
moted in the future in order to achieve win-win cooperation
and ultimately accelerate the consumption of new energy and
maximize the total social welfare.

V. CONCLUSION

This paper explores the long-term ESE of the general
3PmSEGs. Based on this, the long-term on-grid price bidding
of a generation-side EM with three parties is thoroughly
investigated. Overall, the main contributions are summarized
as follows.

i) The long-term ESE characteristics of general 3P2S-
SEG, 3P2S-AEG, and 3P3S-AEG systems are systematically
investigated and summarized. Complete RNP parameters are
defined for them. Besides, the modeling idea and conver-
gence iteration method of general 3PnS-AEG systems are
elaborated.

ii) Research reveals that proper regulation of the evolu-
tionary game system’s RNP parameters is essential. This can
gradually drive the system to evolve towards an expected
long-term ESE state spontaneously. Therefore, the key of
investigating the long-term ESE characteristics of the general
3PmSEGs is first to determine and define their RNP param-
eters according to their payoff matrices.

iii) To verify the effectiveness and practicability of the
general 3PmSEG models in this paper, the long-term on-grid
bidding of a generation-side EM involving three enterprise
populations is investigated.

iv) The application case study reveals that, under no gov-
ernment supervision, the two power generation enterprise
populations will choose not to cooperate with each other
and meanwhile, the power grid enterprise population will
choose to passively participate in new energy accommoda-
tion. In contrast, under government supervision, the mar-
ket’s RNP parameters can be approximately adjusted by the
government, thus the two power generation enterprise popu-
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lations can be guided to actively cooperate with each other to
promote more new energy accommodation and meanwhile,
the power grid enterprise population can also be guided to
actively participate in new energy accommodation.

v) The case study also indicates that the government should
appropriately regulate the market’s RNP parameters accord-
ing to actual market conditions. This is of great significance
to the long-term sustainable and healthy development of new
energy resources and the supply-side power market. This can
also avoid new energy curtailment, including wind energy
curtailment and solar energy curtailment.

Overall, the methodology and obtained conclusions
have certain universality and validity, which can be
applied to investigate various practical complex behavioral
decision-making issues in many actual scenarios, espe-
cially the more common 3PmSEG scenarios. It is expected
to provide some ideas and reference for the investiga-
tion of complex multi-population multi-strategic behav-
ioral decision-making issues involving non-complete rational
stakeholders in related fields.

APPENDIX

DRM demand-side response management

ESE evolutionarily stable equilibrium

EGT evolutionary game theory

ESS evolutionarily stable strategy

ESSs evolutionarily stable strategies

EM electricity market

LyESC Lyapunov method-based evolutionary sta-
bility criterion

NE/NEs Nash equilibrium/Nash equilibria

RD replicator dynamics

RNP relative net payoff

StEG stochastic evolutionary game

2P2S-SEG  two-population two-strategy = symmetric
evolutionary game

2P2S-AEG two-population two-strategy asymmetric
evolutionary game

3P2S-SEG  three-population two-strategy symmetric
evolutionary game

3P2S-AEG three-population two-strategy asymmetric
evolutionary game

2P3S-SEG  two-population three-strategy symmetric
evolutionary game

3P3S-AEG three-population three-strategy asymmetric
evolutionary game

3PmSEG three-population multi-strategy evolution-
ary game

3P2SEG three-population two-strategy evolutionary
game

3PnS-AEG  three-population n-strategy asymmetric evo-
lutionary game
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