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Fig. 1. Schematic diagram of three typical relationships between the game interaction radius and the migration perceptual radius,

red nodes represent cooperators and blue nodes represent defectors, the solid green circle with light green shading indicates the

game interaction radius 7j, and the dashed black circle with yellow shading indicates the migration perceptual radius rpy:

(@) ri >rm; (D) ri=rm;(c) ri <rm.
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Fig. 2. Fraction of cooperators fc as a function of the temptation to defect b, with different curves corresponding to different mi-
gration perceptual radii rm: (a) § = 0.05; (b) § = 0.15; other parameters N = 1000, L =10, r; =0.5.
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Fig. 3. Fraction of cooperators fc as a function of the migration perceptual radius 7, with different curves corresponding to
different migration step lengths é: (a) b=1.2, r,=05; (b) b=14, r=05; (¢) b=12, r=03; (d) b=1.2, r,=0.8.

Other parameters: N = 1000, L =10.
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Fig. 4. Snapshots of spatial distributions and polar rose diagrams of migration directions under four typical migration perceptual

radii rm , in each panel group, the upper row shows spatial configuration snapshots (red dots: cooperators; blue dots: defectors), and

the lower row shows the corresponding polar rose diagrams of migration directions, columns from left to right correspond to time
steps ¢t =1,10,40,100,10000, respectively: (al), (a2) rm =0.1; (bl), (b2) rm =0.3; (cl), (¢2) rm =0.6; (d1), (d2) rm =
1.5 ; other parameters N = 1000, L =10, b=1.2, r;=0.5, § =0.15.
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Fig. 5. Color maps of the cooperator fraction fc in the parameter plane spanned by the game interaction radius r; and the migra-
tion perceptual radius rm: (a) 6 =0.1; (b) § = 0.3; other parameters N = 1000, L =10, b=1.2.
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Fig. 6. Fraction of cooperators fc as a function of population density p, with different curves corresponding to different migration

perceptual radii rm , the horizontal axis starts from p = 3, as game interactions cannot effectively occur at extremely low densities:
(a) §=0.1;(b) 6 =0.2; other parameters: L =10, b=1.2, r,=0.5.
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Effects of migration perceptual radius and game interaction
radius on cooperation evolution in spatial prisoner’s dilemma”
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Abstract

In nature and human society, individuals’ spatial movement and game interaction are often governed by
distinct mechanisms. However, most previous studies on evolutionary game dynamics with migration have
treated the interaction and migration radii as identical, which ignores the range asymmetry. In this paper, we
decouple these two radii by treating the migration perceptual radius m, and game interaction radius r; as two
fully independent parameters, construct a spatial prisoner’s dilemma model with continuous migration in two-
dimensional continuous space, and investigate how variations in these two factors affect the evolution of
cooperation. We find that r,, has a pronounced non-monotonic effect on cooperation. When r, is excessively
small, individuals lack directional guidance for migration and the cooperation level remains close to that of
random mixing. At intermediate r, , defectors can efficiently track and infiltrate cooperative clusters, leading to
a pronounced cooperation valley that is robust across defection temptations and interaction radii. In contrast,
when r, increases to a moderate level, cooperators achieve directed aggregation and form stable structures,
substantially enhancing cooperation. A further increase in r, enables defectors to follow cooperators’ movement
signals at a large scale, breaking cooperative clusters and causing the cooperation level to decline again. Spatial
snapshots and polar migration-direction diagrams reveal the microscopic mechanisms underlying these regimes.
Furthermore, the game interaction radius 7 plays a key regulatory role in cooperation evolution. An
intermediate 7 most effectively supports the formation of cooperative clusters, while an excessively large r;
weakens network reciprocity. In the r-7, parameter space, the cooperation level exhibits a non-uniform
distribution with sharp boundaries between high and low cooperation regions, confirming the joint regulatory
roles of both radii. In addition, the migration step size and population density interact with r, to jointly
determine cooperation outcomes. The promoting effect of an optimal r, is prominent at low population density,
whereas high density suppresses the cooperation level. These results provide a theoretical perspective on how

movement behavior facilitates cooperation in real-world complex systems.

Keywords: spatial prisoner’s dilemma, evolution of cooperation, migration perceptual radius, game

interaction radius, two-dimensional continuous space
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