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Abstract With the advancement of arti cial intelligence, human inte rest in human{agent collaboration has grown, raising

a series of challenges regarding the relationship between a gents and humans, such as trust and cooperation. This leads t o
the inevitable consideration of the inherent human traits o f subjective interaction preferences for di erent groups, particu-
larly in human{agent hybrid systems where human{human, age nt{agent, and human{agent interactions coexist. However,
understanding how individual interaction preferences in uence cooperation within such systems remains a major chall enge.
To address this, this study proposes a human{agent hybrid pr isoner's dilemma game system within the framework of evolu-
tionary game theory. In spatial networks, the primary disti nction between agents and humans lies in their decision-mak ing
exibility: humans possess higher adaptive capabilities, follow link dynamics, and employ free decision-making rule s, which
allows them to select dierent strategies for di erent neig hbors. In contrast, agents follow node dynamics, applying u ni-
form decision rules and using the same strategy across all ne ighbors. We de ne subjective preferences for individuals i n
various groups, including interaction preferences betwee n homogeneous and heterogeneous groups. The simulation res ults
demonstrate that both humans and agents display asymmetric interaction preferences toward groups with di erent ident ities,
which signi cantly enhances cooperative behavior in the sy stem. In the hybrid system, human groups exhibit more stable
prosocial behavior, whereas agent groups form highly coope rative clusters when there is a strong interaction preferen ce for
human groups. Additionally, endowing agents with the abili ty to identify their opponents e ectively mitigates the int eraction

dilemma among agents.
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1 Introduction

In complex social relationships, individuals inevitably engage in intensecompetition to obtain higher
bene ts. However, the development of ecosystems, economic &gms, and human societies relies heavily
on cooperation. Examples of such collaboration include various couries and institutions collaborating to
address global climate changel], 2], developing and distributing vaccines to prevent and treat diseasg [3,
4], and alleviating social conicts between dierent groups [5,6]. Cooperation fundamentally means
individuals incur costs to benet others. In many dilemma games, wheher involving two or multiple
players, free-riding behavior often emerges as the optimal individal strategy [7{11]. Despite extensive
research within the framework of evolutionary game theory over ecent decades 12{ 14], the mechanisms
driving the emergence and evolution of cooperative behavior haveemained elusive in many elds [L5].
This challenge has become even more pronounced with the advancent of arti cial intelligence, leading to
increasingly frequent scenarios involving human{agent integration[16]. To complete tasks more e ciently
and intelligently, the interaction and cooperation between humans ad agents have become central goals
of arti cial intelligence research. As agents' capabilities continue b expand and diversify, various issues
concerning the human{agent relationship arise 17{ 20], posing signi cant challenges to understanding the
evolution of cooperation in human{agent hybrid systems.
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1.1 Motivations and related work

In the development of human{agent hybrid systems, signi cant research has focused on enhancing ma-
chine intelligence and improving agent intelligence credibility. Examples irtlude state perception, real-
time analysis, optimal decision-making, and precise execution. Hower, it is essential to emphasize
that machine intelligence alone cannot directly determine agents' cpacity to cooperate with humans.
Cooperation involves more intricate mechanisms incorporating faatrs such as human cognition, emo-
tion, and social behaviors in hybrid systems. Thus, exploring humafagent cooperation has become
increasingly critical. In complex systems, collective behaviors emery from local interactions among
individuals. Numerous studies have demonstrated that altering locainteraction dynamics alone is su -
cient to generate complex and interesting macro-level phenomenaAs a result, scholars have conducted
fruitful research on various aspects of human{agent interactio, including trust perception [21{23], in-
formation exchange P4,25], and understanding mental states P6{28]. Agents have been endowed with
anthropomorphic features, such as human-like appearance, camunication modes, and emotional expres-
sions R9Y{31], to enhance the perceived similarity between agents and humanshereby increasing human
trust in agents. Additionally, scholars have applied behavioral gametheory to empirically measure trust
and trustworthiness through [32]. In terms of information exchange, the theory of mind-based comuni-
cation has been proposed to drive agents to determine whether,tven, and what information to share with
humans. This is done to avoid cumbersome data and minimize the integrence of irrelevant information
in the decision-making processZ8]. Recent advancements in algorithms and experimental researchave
signi cantly improved agents' accuracy, robustness, and e ciency in task performance B3], laying a solid
technical foundation for more e ective human{agent cooperation.

Another critical aspect of hybrid systems is understanding how agnts in uence human cooperative
behavior during conict situations. Recent studies have introduced committed agents in one-shot and
anonymous social dilemma games in which agents consistently chooseoperation (or defection) with-
out changing strategies, even in the absence of reputation priorx@erience B4 36]. These studies have
demonstrated that although cooperative agents have a limited impat on prisoner's dilemma games, they
play a signi cant role in stag hunt games [34] and voluntary prisoner's dilemma games 35]. In contrast,
defective agents can enhance cooperation in snowdrift games amgpwell-mixed populations [34]. Further-
more, in voluntary prisoner's dilemma games, loner agents have miniran uence in well-mixed networks
but promote cooperation in lattice networks [35]. Beyond cooperative behavior, proposed punishment
agents have been observed to establish social norms in both well-ngd and lattice populations, whereas
anti-social punishment agents fail to do so 86]. This research highlights the importance of considering
agents' strategies and interaction environments when exploring he emergence of prosocial behaviors in
hybrid systems.

To date, most research has focused on objective performanceetnics used to assess agents' potential
to cooperate with humans, often neglecting human subjective inteaction preferences toward machine
agents B7]. For example, Google's Duplex can convincingly mimic human speech, agealing its ar-
ti cial nature and arguing that machine agents' identities should be transparent during interactions
with human [38,39]. Behavioral experiments have demonstrated that in repeated psoner's dilemma
games between humans and agents, agents are more likely to induo®operative behavior than hu-
mans. However, this e ectively disappears once the agents' trugdentities are revealed. Even when
agents exhibit increasingly cooperative behaviors over time, partipants' biases toward agents remain
unchanged B0]. This suggests that humans possess inherent interaction prefences based on their part-
ners' identities [41]. Consequently, in human{agent hybrid systems, where human{hunan interaction,
agent{agent, and human{agent interaction coexist, key questims arise: how do individuals choose their
interaction partners based on di erent identities, and how do these preferences impact the evolution of
cooperation in hybrid systems?

1.2 Contributions and organization

To address the outlined challenges, this study introduces a humarggent hybrid system for the prisoner's
dilemma game, framed within evolutionary game theory. In spatial néworks, a key distinction between
humans and agents lies in the exibility of decision-making. Speci cally, agents follow traditional node
dynamics from a security perspective, applying the same strategyhen interacting with di erent neigh-
bors. However, unlike traditional committed agents, we enhance gents with imitation ability, allowing
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them to adjust their strategies after each interaction later of interaction rather than adhering to a xed

strategy. For humans, who possess stronger adaptability, we imbduce greater exibility: they can adopt

di erent strategies for di erent neighbors [ 42{45], and, in addition, human decisions may be in uenced by
third-party interactions, which they, in turn, may pass on to their partners. This better re ects realistic

human decision-making patterns. We further incorporate subjetive interaction preferences for di erent

groups by analyzing both homogenous (human{human, agent{aget) and heterogeneous (human{agent)
interactions and exploring how these preferences a ect coopeti@n in the hybrid system. The primary

contributions of this study are as follows.

A dynamic decision model based on subjective interaction preferares is proposed, providing new
insights into the evolution of cooperation in human{agent hybrid systems through an evolutionary game
theory approach.

This study reveals that asymmetric interaction preferences between di erent groups facilitate better
performance in complex environments, particularly when strongerinteraction preferences for heteroge-
neous groups are involved.

It demonstrates that individuals with a exible decision-making mode can mitigate interaction dilem-
mas and that increasing an agent's preference for human intera@n stimulates cooperative behavior.

The remainder of this study is organized as follows. Section 2 presenthe foundational model, includ-
ing the network structure of the human{agent hybrid system and strategy learning rules for agents and
humans. Section 3 presents the numerical simulation results. Seon 4 introduces an extended model
with di erentiated recognition ability, analyzing the in uence of inter action preference, recognition abil-
ity, and other factors on cooperation and verifying the robustness of individual subjective preferences
on the evolution of cooperation. Finally, this study concludes with a simmary and discussion of future
directions.

2 Model

2.1 Game environment of human{agent hybrid system

In the proposed model, we categorized individuals within a spatial nework into two types based on their
decision-making exibility: agents with strict decision protocols and humans with free decision-making
abilities. Agents and humans are evenly distributed in a lattice netwok with periodic boundaries of
sizeL = 300. Initially, each individual, whether agent or human, randomly selects one of two strategies:
cooperation (C) or defection (D). An agent's decision-making is uniform to all its neighboring individuals,

where sy, = Sxy, = = Sy, and sy, 2 fC;Dg. Here, sy, represents the focal individual strategy
toward neighbor yx. This indicates that the agent maintains a consistent strategy, eiber cooperation
or defection, toward their neighbors. In contrast, humans can @opt di erent strategies for di erent

cooperate with some neighbors while defecting against others. Ehndndividual interacts with k neighbors,
where (k = 4), and the interactions are structured around the weak prisorer's dilemma game. The
outcomes of these interactions follow standard payo s: two cooprators receive a reward olR = 1, two
defectors are penalized withP = 0, A cooperator interacting with a defector receivesS = 0, while the
defector receives a temptation payo of T = b, whereb re ects the severity of the social dilemma. Each
focal individual obtains cumulative income according to the following payo matrix:

C D
C R S .
D T P - (1)

In a hybrid system, eachx is likely to interact simultaneously with both agents and humans. Thes
interactions between groups of dierent identities trigger an individual's inherent subjective selection
preferences. To model this, we introduce the parameter, which represents the preference for interactions
between homogeneous individuals, i.e., human{human and agent{age interactions. Conversely, 1

represents the preference for interaction between heterogenus individuals, such as human{agent
interaction, as illustrated in Figure 1. Clearly, the focal individual's payo from each neighbor depends
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Figure 1 Diagram of the human{agent hybrid system based on interacti on preference. (a) illustrates the random distribution

of agents and humans in the spatial network. Each focal indiv idual interacts with both agents and humans, showing intera ction
preferences. The preference for interactions within homog eneous groups (human{human or agent{agent) is denoted as , while the
preference for interactions within heterogeneous groups ( human{agent) is 1 . (b) demonstrates the game dynamics: agents follow
consistent strategies across all neighbors (node dynamic) . Here, si indicates the strategy of focal individual i toward neighbor k,
and sj1 = Sjp = = si . Humans have exible decision-making, allowing dierent s trategies to interact with di erent neighbors,
known as link dynamics, where Si1, Si2, and sy are independent of each other. Taking focal agent x1 and human x, as examples,
their cumulative payo s are P xyys +(1 Y(Pxqy1+ Pxyy, + Pxyyg),and  (Px,y, + Pxyyg)+(1 )(Px,yq + Px,y,), respectively.

X2Yy3
Heterogeneous interaction

not only on the strategies of the interacting parties but also on thefocal individual's interaction preference
toward the neighbor. Therefore, the cumulative payo  of individual x is expressed as
" #
XX x4
= (1 W) P XYi + W(l )PXyi ; (2)
w=0 =1 i=1

<
|

where, Py, represents the payo that individual x receives as a result of interacting with their neighbor
yi. The parameter w serves as an indicator function, wherew = 0O represents interactions between
homogeneous individuals, andwv = 1 represents the interactions between heterogeneous individda. In

summary, a larger implies that focal individuals are more inclined to interact with neighbors of the
same type, whereas the opposite is true for smaller values of. When = 0:5, focal individuals interact

equally with groups of di erent identities.

2.2 Strategy learning rules

In the human{agent hybrid game, an asynchronous Monte Carlo iteative algorithm is used to update
strategies. Speci cally, for each step of the Monte Carlo iteration an individual x is randomly selected
to interact with neighbors and accumulate a payo according to (2). The individual x then selects one
of their neighborsy; as a reference for imitation and learns the neighbor's strategy,, x with probability
W, which is determined by the Fermi function based on the payo di er ence between the two individuals
as follows: 1

1vepl (4,

where , and , represent the cumulative payo s of individual x and selected neighboly; , respectively.
The imitation strength (> 0) measures how strongly individuals base their decisions on payo
comparisons §6]. A higher payo by neighbor y; increases the likelihood that the strategy is imitated.
For | 0 (weak imitation), imitation is nearly random, while for I +1 (strong imitation), the
selected neighbor's strategy is always imitated if their performances superior; otherwise, they are never
imitated. Based on previous studies, we set = 10 [35,47,48], though we explore how varying a ects

f(sx Sy;x) =

®)



JiaDY,etal Sci China Inf Sci November 2025, Vol. 68, Iss. 11, 212201:5

(a) Agent (b) Human
3 7 B ° o, / \ : \ °
: ) ( )
1-p
%f(sz — Sy,2) 0.0 %f(sx — Sy,z) F2f(Szy, < Syiz) P (Szy, < Syoz)
X X
1 N 1 - - l1-p
1F (82 « 8y,2) o e Zf(sz — Sysz) 13—pf(szy2 — Sy.z) o Tf(szyz  8ysz)
o) °
Va V3 % 2] V3 %
Individual Cooperation @ Defection
Figure 2 Diagram of strategy learning rules for two groups in a human{ agent hybrid system. (a) The agent x randomly selects
a neighbor (so p = 0:25), for example, selecting neighbor  y,, and decides whether to imitate the selected neighbor y2's strategy
Sy, x, based on probability  f (s , Sy,x) (i.e., replacing the agent's strategy sx with neighbor y»'s strategy sy,x). (b) If human
X updates his strategy sy , toward neighbor y», he selects neighbor y, as the reference object with probability p and imitates
neighbor y,'s strategy Sy,x, according to probability f(Sxy , Sy,x) (i.e., replace human's strategy Sxy , With strategy sy, x).
Human x then randomly chooses one of the other neighbors with probab ility (1 p)=(k 1) (e.g., y3) and imitates neighbor y3's
strategy Sy,x following the same probability function f(Sxy , Sy;x) (that is, replace human's strategy Sxy , With strategy  Sy;x).

cooperation in more detail later. Notably, since individual x only observes their interaction with neighbor
yj , the strategy sy, x refers to that interaction, regardless of the neighbor's strateges with others.
When individual x updates their strategy against neighbory;, whether x is an agent or a human, the
imitation probability W is uniformly described as
1

8
; P2 5y =i
B E p1+exp[ ( « yj )] y] y] yl

- @)
51 p 1 o
kK 1lvexpl ( » ) N2 VWEW

w

where represents the set of neighbors of individualx.
Since the groups follow distinct decision-making processes, they agt di erent learning rules, primarily
re ecting on how they choose which neighbor to imitate.

Agent's updating rule. For an agent x, as shown in Figure 2, the agent randomly selects a
neighbor y; (i.e., y2) and learns the selected neighbor's strategys,, x (i.e., Sy,x) with probability W.
Thus, for each agent,p = 1=k (here p = 0:25).

Human's updating rule. For a human x, following the principle of direct reciprocity, if the human
updates its strategy toward a speci ¢ neighbor {;), it primarily imitates neighbor vy; in the extreme case
wherep = 1; human x relies completely on the directly related opponent §;), limiting strategy transmis-
sion to those who interact directly, leading to stagnation (e.g., coogration to cooperation, defection to
defection) [43]. To prevent this, we setp =0:99. As shown in Figure 2, if humanx updates her strategy
toward neighbory; (e.g.,y2), then y; (y; = vi) (e.g., y2) is selected as the imitation object with probability
0.99, while any other neighbory; (y; 6 yi) (e.0., y1, ¥3, and ya4) is selected with probability 0:01=(k  1).
Then human x imitates the selected neighbor strategysy, x with probability W. This process is applied
independently to each neighbor.

This model employs the Monte Carlo asynchronous update rule. In a&omplete Monte Carlo situation,
each individual is selected on average once to update their stratégs for all four neighbors. All steady-
state results were measured as the average of the last 4@tep of the total 5 10° iterations. The
parameters required for the model are listed in Table 1.

3 Results

An asymmetric interaction preference between the two groups, peci cally when the focal individual
prefers to interact with one of the groups, is su cient to induce a high level of cooperation (Figure 3).
Cooperative behavior follows a double-hump pattern as the focal idividual's interaction preference
shifts toward the same type of neighbors. The rst peak occurs & interaction preferences of 0.2 and
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Table 1 Parameter values used in the model.

Parameter Description Value
N Network size 9 10*
Imitation strength 10
b Temptation to defect [1;2]
Interaction preference [0; 1]
u Density of identi able individuals [0 ;1]
c Cost of obtaining opponent identity information [0 ;1]
(a) 2.0 (b) (c) 1.0
1.8 !
< 0.8
g 16 0.6
=
2
=14 0.4
5]
F
1.2 0.2
1.(8) 0.0
.0 02 04 06 08 1000 02 04 06 08 1.000 02 04 0.6 08 1.0
Interaction preference, o Interaction preference, o Interaction preference, o
Figure 3 Asymmetric interaction preferences induce high-level coo peration. The cooperation frequencies in the steady state
of the total population (a), the sub-population of agents (b ), and the sub-population of humans (c), are plotted as conto urs of
interaction preference and temptation b from left to right. (a) shows a double-hump pattern in the coo peration behavior of the
system. (b) and (c) indicate that both agent and human groups follow similar trends in cooperative behavior. Individual s with
exible decision-making abilities perform better in envir onments with greater social dilemmas.

0.8, respectively. The rst bump appears when the focal individualsare more likely to interact with
heterogeneous neighbors (= 0:2), while the second bump arises when the focal individuals prefer hmo-
geneous neighbors ( = 0:8). Additionally, the rst bump is associated with higher levels of cooperative
behavior, and cooperation is at its lowest when the interaction preérences reach = 0:5. Further-
more, the frequencies of cooperation among agent and human gips follow similar trends (Figures 3(b)
and (c)), although human groups are more likely to achieve strong eoperative behavior, particularly in
environments characterized by signi cant social dilemmas.

Considering the complex and diverse interaction environment of thepopulation within the hybrid
system, the cooperative behaviors of subgroups are analyzed $&d on individual types and interaction
conditions (Figure 4). From the perspective of individual type (Figure 4(a)), as the interaction preference
shifts from heterogeneous to homogeneous opponents, cooptive behavior in both groups gradually de-
clines. Overall, human cooperative behavior (HC) is signi cantly higher than agent cooperative behavior
(AC). Further, from the perspective of pairing relationships, homogeneous interactions show higher coop-
eration than heterogeneous interactions (Figure 4(b)), largely die to the high level of cooperation within
human groups in homogeneous interactions. Speci cally, by examinig the pairing relationships, it can be
observed that in homogeneous interactions, human{human pairings more likely to form high-cooperation
environments, whereas agent{agent pairings tend to fall into loweooperation dilemmas. Cooperation in
heterogeneous pairs, such as human{agent, occurs at a modéealevel (Figure 4(c)). The distribution
of cooperative behavior across the four interaction segments indates that human interactions primarily
drive the overall cooperative behavior in the hybrid system (Figure4(d)).

To further explore the in uence of interaction preference on individual cooperative behavior, we an-
alyzed the distribution of individual cooperation frequencies at the micro level (Figure 5). The results
indicate that individuals' asymmetric interaction preferences toward di erent groups lead to the formation
of large cooperative clusters, with peaks appearing at =0:2 and = 0:8. Speci cally, when individuals
prefer interacting with heterogeneous opponents ( = 0:2), the human group can stimulate cooperative
behavior with the agent they interact with and acts as a protective barrier for the cooperative clusters
(Region I: defective agents (light cyan) are surrounded by humaas (light gray)). In contrast, when individ-
uals prefer a homogeneous opponent (= 0:8), humans surrounded by cooperative agents (light orange)
evolve into pure cooperators (dark orange), forming cooperatig clusters, while humans surrounded by
defective agents (light cyan) evolve into pure defectors (dark cgn), forming defective clusters (Region
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Figure 4 Cooperation is higher when individuals prefer heterogeneo us groups (is small). (a){(c) show the frequency of co-
operation as a function of interaction preference for individual types (agents and humans), pairing types (ho mogeneous and
heterogeneous), and speci ¢ pairing (agent{agent (AA), hu man{human (HH), human{agent (AH or HA)). In directed intera ctions,
AH denotes that the focal individual is an agent interacting with the human neighbor, and HA denotes the reverse. Human
groups are more likely to foster cooperative behavior than a gents. (d) displays the fraction of each pairing type in the ¢ ooperative

population. Results are obtained for b=1:4.

Figure 5 Asymmetric interaction preferences drive the formation of larger cooperative clusters. Snapshots display the distri bution
of individual cooperation on a grid network ( L = 60) in steady state for di erent values of interaction pref erence , progressing
from left to right with =0.2,0.5,and 0.8. Results for b=1:3(top) and b =1 :4 (bottom). For each agent, cooperation frequencies

are represented as 0 (light cyan) and 1 (light orange). For hu mans, frequencies are categorized as 0 (dark cyan), 0.25, 0. 5, 0.75
(light gray), and 1 (dark orange). Humans with cooperation f requencies of 0.25, 0.5, and 0.75 are collectively denoted a s (0; 1).

[11). This shift results in the second cooperation peak being lower han the rst. When individuals treat
both types of opponents equally ( = 0:5), a large number of small clusters are scattered across the
spatial network, forcing humans to use exible decision-making stategies, cooperate with cooperative
clusters (orange), and defect with defective clusters (cyan). his leads to the spontaneous emergence of
humans (light gray) with 0.25, 0.5, and 0.75 cooperation frequenciesorming protective bands (Region
I1). By comparing di erent social dilemmas, it is evident that regard less of individual interaction prefer-
ences, humans act as barriers, isolating cooperative clusters frodefective clusters when necessary. This
fascinating behavioral trait arises from the exibility of human decision-making, as observed in previous
research #4].

In light of the clear di erence in cooperative behavior between agets and humans based on the type
of neighbors, as shown in the spatial distribution of strategies (Figire 5), we analyzed how the coopera-
tion rate of both groups changed with interaction preference under di erent neighbor con gurations,
particularly the number of humans present (Figure 6). Regardlessof the number of humans, humans
consistently cooperate more than agents. Moreover, regardlef whether the focal individual is an agent
or a human, the presence of humans in the neighborhood signi caihy stimulates cooperative behavior.
Focal individuals surrounded by humans (H4AC and H4HC) consistetly demonstrate high levels of coop-
eration across varying interaction preferences. Interestinglyagents surrounded by other agents (HOAC)
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Figure 6 More humans in the neighborhood signi cantly stimulate coo perative behavior. The average cooperative frequency of
individuals is plotted against interaction preference , conditioned on the number of humans in the neighborhood whe re the focal
individuals are agents (a) and humans (b). For example, HLAC denotes the cooperation rate of an agent with one human neigh bor,
and H3HC denotes the cooperation rate of a human with three hu man neighbors. Results are for b = 1:4. The ndings indicate
that regardless of individual type or interaction preferen ce, individuals surrounded by humans exhibit stable cooper ative behavior.
Additionally, both agents and humans surrounded by agents m ust increase their interaction preferences with heterogen eous groups

to mitigate social dilemmas.

can overcome low cooperation rates by adjusting their interactionpreferences, particularly by reducing
their preference for agents. In summary, these results suggethat human presence facilitates the spread
of cooperative behavior in diverse interaction settings.

We then examined how the number of neighbors of the same type a&s cooperative behavior (Figure
7). Under varying interaction preferences , the cooperation rate distribution remains relatively stable
across the overall population. However, a clear distribution emergs between agent and human subgroups.
Speci cally, agent cooperation is negatively correlated with the nunber of agent neighbors, and this
negative correlation becomes more pronounced as the interactiooreference increases. In contrast, the
behavior exhibits the opposite trend. These ndings suggest thatagents surrounded by more agents can
improve their cooperative behavior by increasing their preferencéor human interaction.

To verify the robustness of the results, we further explored hownetwork size L and imitation strength

a ect the evolution of cooperation in a hybrid system. It was found that for di erent interaction
preferences, cooperative behavior in the hybrid system evolves dependently of group size. However, a
larger network size results in a more precise level of cooperationsat reduces the uctuations of cooper-
ation frequency in the evolutionary steady state (Figure 8). Additionally, imitation strength signi cantly
a ects the evolution of cooperation (Figure 9). Speci cally, for small imitation strengths (i.e., =0:1or

= 0:5), individuals' interaction preferences for heterogeneous grqus (i.e., small ) enable the system
to achieve full cooperation. Conversely, the interaction preferaces for homogeneous groups (i.e., large)
lead the system to the dilemma of total defection. As a form of imitaton strength, individuals' interaction
preferences for any group type can prevent the disappearanaa cooperation. Although larger imitation
strengths may weaken cooperation in cases in which individuals havetreng interaction preferences for
homogeneous or heterogeneous groups, it is con rmed that a medate interaction preference for hetero-
geneous groups can help the system maintain a high level of coopéian across a wide range of imitation
strengths.

Inspired by previous research, the e ect of agents promoting coperation in human{agent hybrid sys-
tems is related to the population structure. Therefore, we provice results for well-mixed populations and
other structured populations, in addition to lattices, as shown in Figure 10. Here, the population size is
1000 for a well-mixed population and 1600 for a structured populatio, including small-world (rewiring
probability of 0.1), random networks, and scale-free networks. tt was found that in well-mixed popula-
tions, individuals with strong asymmetric interaction preferences @n enhance cooperation. Speci cally,
individuals with the same attitude (i.e., = 0:5) toward both groups lead to the lowest level of coopera-
tion in the hybrid system. However, in structured populations, individuals' strong interaction preferences
for heterogeneous groups are generally more likely to promote cperation. The results for small-world
populations are similar to those for lattices, although they are a eded by the rewiring probability. Com-
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Figure 7 Agents improve cooperative behavior by increasing interac tion preferences for humans. The distribution of individua |
cooperation frequencies across the total population, agen t subpopulation, and human subpopulation is shown as a funct ion of the
number of neighbors of the same type as the focal individual. This is analyzed for di erent interaction preferences , with values
of 0.2, 0.5, and 0.8 (from left to right). Results are for b=1:4
L=50 L=100 L=150
O ——————g ] ()T ——— ()
=
208 0.8 0.8}
g . . .
&
] 0.6} 0.6} 0.6}
[t
)
2 0.4F 0.4t 0.4t
=
5]
=
302 0.2F 0.2F
=
0.0 it i o] 00 i i o 0O i
10" 10° 10" 10* 10° 10* 10° 10" 10° 10" 10* 10° 10* 10° 10" 10° 10" 10* 10° 10* 10°
Time Time Time
Figure 8 Network size does not aect the evolution of cooperative beh avior in hybrid systems. The evolution of cooperative
behavior in hybrid systems is shown for di erent interactio n preferences , with values of 0.2, 0.5, and 0.8. The network sizes L

are 50, 100, and 150. Results are for b=1:4, and = 10.

pared with small-world populations, the hybrid system exhibits a highe level of cooperation in random
and scale-free populations. Therefore, regardless of the poptian structure, the asymmetric interaction
preference is critical for inducing cooperation in the hybrid system
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Figure 9 Asymmetric interaction preference, especially in heterog eneous groups, enhances cooperation over a wide range of
imitation strengths. (a) shows the system's cooperation fr equency as a function of interaction preference under di erent imitation
strengths . (b){(d) depict the evolution of cooperative behavior in hy brid systems for dierent interaction preferences, with
values of 0.2, 0.5, and 0.8, respectively. Results are for b=1:4.
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Figure 10 Asymmetric interaction preferences promote cooperation i n hybrid systems in both well-mixed and structured popula-
tions. Cooperative behavior in hybrid systems is a function of interaction preferences across di erent network popula tions. Results
are for b=1:4,and =10.
4 Extended model for the human{agent game with di erentiate d ability to

obtain opponent's identity information

In the above model, it is assumed that all individuals' identity informat ion is transparent; that is, an
individual interacts with a neighbor, knowing whether the opponent is a human or an agent. Furthermore,
because people have limited abilities in the real environment and canrmbtain all information, they often
have to pay for key information, such as opponent identity. Therdore, we enhance the previous model by
introducing a cost factor that considers both the decision pattens of the two groups and the individual's
identi able ability (i.e., whether the individual pays a cost to obtain info rmation about whether the
opponent is a human or an agent). For convenience, we label indivicdals who obtain opponent identity
information by paying a cost as \individuals with identi able ability", while individuals who do not pay
for this information are labeled \individuals without identi able ability."

For the extended game model that considers individuals' identi able ability, agents and humans are
evenly distributed on a regular lattice network of size L = 300. The proportion of individuals with
identi able ability in the hybrid system is u. Therefore, the network interaction environment contains
four subgroups: agents with identi able ability (IA), humans with ide nti able ability (IH), agents without
identi able ability (UA), and humans without identi able ability (UH). In  dividuals with identi able
ability and those without identi able ability, respectively, obtain cumu lative payo s based on di erent
payo matrices. Individuals without identi able ability interact with th  eir neighbors based on the payo
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Figure 11 Contour plots of cooperative behavior in the b- , b-u, b-c planes. (a) shows that the cooperative behavior of the
system exhibits a double-hump shape with interaction prefe rence , ¢c=0:2, and u = 0:8. (b) indicates a signi cant increase in
cooperative behavior with increasing density of individua Is with identi able ability, c=0:2,and =0:2. (c) suggests that high

cost can appropriately enhance cooperative behavior in hyb rid systems, with u=0:8and =0:2.

matrix from (1), whereas individuals with identi able ability interact ba sed on the following payo matrix:

C D
C 1 ¢ ¢c .
D b c c’ ©)

where parameterc represents the cost that an individual with identi able ability must inc ur to obtain
each neighbor's identity information. Individuals without identi able a bilities incur no costs. Notably,
because individuals without identi able ability cannot distinguish oppon ent types, they have no interac-
tion preference when interacting with di erent types of neighbors, which leads to a xed parameter of
0.5.

Through extensive numerical simulations, we further analyzed hownteraction preference , the density
of individuals with identi able ability u, and costc a ect the evolution of cooperation in hybrid systems
(Figure 11). The results indicate that the in uence of interaction preference on cooperative behavior
in the hybrid system is robust, con rming that individuals' asymmetr ic interaction preferences for two
groups promote the system's achievement of a high level of coopetion, particularly when there is a
strong preference for heterogeneous groups. Furthermorepnsidering cost and increasing the density of
individuals with identi able abilities in the system can signi cantly improve cooperative behavior.

Subsequently, previous results have suggested that individuals'apperative behavior depends heavily
on the interaction environment in which they are located. Therefore, we further analyzed the coop-
erative behavior of humans and agents with and without identi able abilities in various neighborhood
environments (Figure 12). It is observed that regardless of the exibility of individual decision-making,
individuals with identi able abilities generally exhibit higher levels of cooperation. Furthermore, even
if individuals lack identi able ability, exible decision-making patterns en able them to perform well in
various interaction environments, inducing agents to present sthle and high cooperation levels. The
results in Figure 13 also corroborate our ndings.

5 Conclusion and discussion

This study explores how the subjective interaction preferencesfoagents and humans for di erent groups
a ect cooperative behavior in a human{agent hybrid system basedon the inherent selection preferences
of individuals in real-world environments. The ndings suggest that, regardless of the population struc-
ture [43,44], asymmetric interaction preferences for two groups promote higer cooperation across a
wider range of social dilemmas, particularly when individuals exhibit a stong preference for hetero-
geneous groups. This expansion extends previous hybrid systentisat did not account for interaction
preferences43,44]. In addition, humans demonstrate more stable prosocial behaviothan agents, likely
because of humans' exible decision-making capabilities, which allow tem to act as a barrier that sepa-
rates cooperative clusters from defective ones when necessdad]. In contrast, it is challenging to form
cooperative clusters in an agent-centered environment unless agts actively seek interactions with hu-
mans. Meanwhile, humans surrounded by agents are more likely to @we into pure cooperators. We
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Figure 12 Agents with identi able ability exhibit higher cooperativ e behavior. Cooperation levels vary with interaction prefe rence
in the environment according to the number of humans in the ne ighborhood. Sub gures represent the cooperative behavior s of
(a) IA, (b) IH, (c) UA, and (d) UH. All results are based on para meters c=0:2, b=1:2, u =0:8.

also examined the case of incomplete information, where individuals ing costs to obtain opponents'
identity information. This analysis con rms the robustness of the results under transparent information
conditions and reveals that information transparency e ectively mitigates interaction dilemmas faced by
agents. Increasing the density of individuals with the ability to identify others enhances cooperative
behavior.

The results suggest that improving the decision-making abilities of hmans and agents is crucial for
fostering cooperation in human{agent hybrid systems under the famework of evolutionary games. For
humans, decision-making behaviors are depicted more realistically.nl this study, humans are endowed
with exible decision-making abilities in addition to the widely acknowledged strategy-imitation capa-
bility. For agents, their decision-making behavior is modeled as being mre anthropomorphic. Previous
research has shown that committed agents can enhance human @oeration, although their e ectiveness
is limited by factors such as the type of agent, game model, and netark topology [34{36]. In this study,
agents are given the ability to imitate strategies, allowing them to leam from well-performing neighbors
through payo comparison rather than adhering to a single strategy, thereby enabling adaptation to
a complex interaction environment. Future research should furtter relax agents' decision-making con-
straints to allow them to make exible, context-speci ¢ decisions in complex game environments similar
to humans. In addition to anthropomorphic decision-making patterns, giving agents anthropomorphic
decision factors, such as interaction preference, enables theno select appropriate interaction partners
based on tasks or emotions. Under the evolutionary game framewdk, this study o ers valuable insights
into improving and stabilizing cooperative behavior in hybrid systems through the interaction preferences
driven by decision-making patterns.

Furthermore, these ndings are not limited to individual interaction preferences between groups. Re-
cent behavioral studies have con rmed that humans exhibit prefeences for certain agents over others
even when the agents perform identically 37]. Therefore, future research should investigate the diversity
of interaction preferences both within and between groups and eore the co-evolution of dynamic in-
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Figure 13 Increasing the density of individuals with identi able abi lity improves cooperative behavior across various interac tion
environments, particularly for agents. Cooperative level s change with the density of individuals possessing identif ying abilities u
in environments with varying numbers of humans in the neighb orhood. Sub gures display the cooperative behavior of (a) | A,
(b) IH, (c) UA, and (d) UH. All results are based on parameters c=0:2,b=1:2, =0:2.

teraction preferences and cooperative behavior. Additionally, wewill study the subjective preferences of
di erent groups. For example, preferences in human{human inteactions di er from those in agent{agent
interactions. Similarly, preferences in human{agent pair vary between human's preferences for agents and
agents' preferences for humans. We identify ways to foster b&tr cooperation between humans and agents
in hybrid systems by examining local interactions across human{hunan, agent{agent, and human{agent
dynamics.
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