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Fig. 1. Schematic diagram of three typical relationships between the game interaction radius and the mi-
gration perceptual radius. Red nodes represent cooperators and blue nodes represent defectors. The solid
green circle with light green shading indicates the game interaction radius r;, and the dashed black circle

with yellow shading indicates the migration perceptual radius rp,. (a) vy > Tm, (b) 75 = rm, (¢) 7 < Tm.
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Fig. 2. Fraction of cooperators fc as a function of the temptation to defect b, with different curves cor-

responding to different migration perceptual radii r,,. (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 ry,, with different curves
corresponding to different migration step lengths 6. (a) b= 1.2, r;, = 0.5, (b) b=14, r; = 0.5, (¢) b= 1.2,

ri = 0.3, (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 r,,. 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 dia-
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respectively. (al)(a2) rm = 0.1, (b1)(b2) ry = 0.3, (c1)(c2) rm = 0.6, (d1)(d2) rm = 1.5. Other parameters:

N =1000, L =10, b= 1.2, ;= 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 migration perceptual radius r,. (a) 6 = 0.1, (b) § = 0.3. Other.parameters: N = 1000,

L=10,b=12

FERR7R T WORMLH] B RE R b, A0 E M WL S 802 (ML A R % IR AL AR oy SRR I
& XRGEENILFEEN. & 5 Gl T MIER D KXNI fo fE riorn ZECPIE BRI E A6, Bt
HIE B FROR SRR OB R AL, IR B B AR MR G, S K ES e fn E 2B B2 10k
B AL, a1 DX (MR (X)) SR A AF X (A (L IX) Z [ AR TR M A R (B B IX), Ry 5 v X
AR R A HE IR,

EEHE g BRI AE o BN = 0)BF, 2B 6 = 0.1)HHE ;= 0.6 FEEHIL T —/ D AmEafE
MRt DX 38K, T8 N2 T3 A8 A0 BN I A AR RIAGE £ RN B AR AR 9 IR A1 00 1 5 BE 45 AT & 1 3 IR FF A E =)
A, AR R S S ACEF RIS TR, S 3(a) NS KRIEALE/N ry SRR B AR A&
BEHE rw K, GAEAKCTAE ry =~ 0.3~ 0.5 BT B A G0 I8 )G 2804 (X3, X — XX B
W& R mBOBEE SIS, SBEFERENSEGEHL 2 ry DI RE PSP, 40P I
KR e SRR X3, EAEAKTRE ry IR EZSRT. 2y GREIE R EEONER, SRR



WA FIREEE R R W, BHIE &R K R E0E B F P E . B 5551 RERCR OS], x5 52
i BISGMR. E r BUN, MAFEZRSE D, R E BEA L, S1EACFRBRMRAIS 75 r 2T & KF(
i~ 0.3 ~ 0.7)F, = EfFRR O X IR e, R b i 2R AT B AR e 9 S A R S iR ALy S5 A 1k
ORAP; T2y BOKIN, ZRAR 5 Ba KR 0, & 17F BIAE B W 2% BB A MR, maEIX o idd, 5
Kl 3(d) Bk FETEAKF R MRS — 2

XTEE 5(a) A 5(b), IEBBK § GRS GAEEM A T BE M. £B (6 = 0.1)Fma1EX IR
TIABE R B B v, R BN BT RS 28 (KO B T MR AR BN B &/ 8 15 5 5 EAT RS 40 0 7€ 1) 8 8, AT
TE 5 5032 10 S B0 B A R R A 1EKCF. A6 = 0.3) i A 1 X I R i, WA PR AR, B A e X
RA K o J7 RS, U6 BTBOR BT 2 K 5 B VL E SE K IR RN 42 7 e S A ROR 4k
AR Gy VR A R T G S M BIOR, G E R R ry 3L 8077 S BRIATHE T, BB KA R
PR S A BERA N EERER NS, X REE 3 bRk 6 TEILACHE K ry, 4 A8k 26 1R 120
FEIE R T 58 B 10 2 802 A EAEE.

3.5 BAEERIFN

B LIRS HOAh, B AT DS A AR TR T AR R () S Ak R 2, [RIAE ] RESE M IE 7% S 24 0t
EERITER. B 6 B8 T RMAE L p XA EEILIIEN, B2 B RFXSHEEPLE 1, B 6(a) MK
6(b) 73 AXSRLEFE K § = 0.1 F1 6 = 0.2, A [l 20S RLA 7] R AT o AR IR B AR 30k
B, AFE o BUE T A AE KT B BRI T AR B35 7 57, AR 8 LI TH ) P 1 s 2y, LI A
JEo VAR B DA S AR P i O AEE 46 7K T B i AOANTRT T 2B B B0

XFERH r, FEEEERARES S EACT DA THEUKCT, XRUIEM B T, 205 KT B
TRAEAT 1 3 RENS 1P R K 22 ) P B IR LA 5 5 (KA Bl 55 0 S A SR 4R, AT AE AR 18] 124 8
BURIE DL SRR R A K. B BERT R, R G0 A 1 /KA rh 8 B2 X 1A W A8 J 3 1 %,
LT AR AT AR (Y KW 3G N 15 A A R AR S 3 08, 1R S A BB R M e E R, SEE1E
AP B EE. X TR v, FEARE G AR HGOE S, AR DR A2 AT BR 1 TE iR AR A i A 85 3R
WA R 77 ) 51 35 B, TR AT NP BENLIEAE, A 1FF X DUSR A, BEES RER R, MA I PR 4 4, A PR
IR NI IR BT BB BE I SR &5 5, SRR IZ BRI IR AE o 355 BEAL Hh BV AH, (HIE(E W] A1
TR rm RENIHILE, JEHIINL 7y = 0.3 [ HTZEAE PR B SRR, 5 4 Frizs i g s
EEHLAIAHY A



SV s TNV &3/ MR 2 2728 SIE DN e 45 6 N w0 ¥/ b 2 S SN Rl P S LRSS R PN
i HERAE BETZ (05 5L X [R) Y 38 BEZERF o S VR AT DB i ZRpe St Rl, K  BHTE A1K S 58 i A
AT A PR THE R B S T B S D BEUE, MIXS AL ry = 0.3 AHIERAE JLF- I s M i %, R
BB S BN AR O 2 A 1R & 5 LA N S DL RR S 1. BRI 5, IR FEMA B R R 42
X G AR R REAE I SR, T e P PR B I oF 5 4077 A 2 i R 30 Rz, AR RS B RS D K SRR Ik
FEtE = E I FAGUE T ARG MG AT

--8--r,=0.1 --¢--r=0.3 --4--r,=0.5 rn=0.9
10 r T A j./ A T i T
L,L—LLJ:‘U: AF{AA A " (a) (b)
N X
s s
14, L_LL-L‘L‘L iLkLi
.| E-E-Eg.s ' , LLL
=" ' A A P4
)=} hﬂ‘ N . = ‘T
“L05¢ " oa_ X £ 2
-E =R} A
. O'OQOQODO'O - ) ux M
/ g = j A -
, < = ! = Bom
' goco b . = BTE e .
! N
Icﬁ =1 cescescacecfoccccccccocece
0.0 comcae | L 4 . ) )
3 10 20 30 3 10 20 30
P P

Bl 6 HB1EKF fo BERHAREE p BAALIIZE, AR it Zon A R KT IEA AR ro. BUHD p AN 3 JTER, BRI T
MR B AR EE. (a) § = 0.1, (b) § =0.2. HihZ¥: L =10, b=1.2, r, = 0.5.

Fig. 6. Fraction of cooperators fc as a function of population density p, with different curves corresponding
to different migration perceptual radii r,,. 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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Abstract

In nature and human society, individuals’ spatial movement decisions and game interaction ranges are often governed
by distinct mechanisms. However, most previous studies on evolutionary game dynamics with migration have defaulted
to treating the game interaction radius and migration perceptual radius as identical, which ignores the prevalent range
asymmetry between strategic interaction and spatial movement in real systems. In this paper, we decouple these two

radii by treating the migration perceptual radius r, and game interaction radius r; as two fully independent parameters,
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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 through numerical simulations and
microscopic mechanism analysis. We find that the migration perceptual radius exerts a pronounced non-monotonic
regulatory effect on the cooperation level. When r,, is excessively small, individuals lack directional guidance for
migration, making it difficult for cooperators to aggregate effectively, and the cooperation level remains close to that
of random mixing. When 7, lies within a specific intermediate range, defectors can efficiently track and infiltrate
local cooperator clusters, leading to a pronounced valley in the cooperation level that is robust across a wide range of
parameter combinations including different values of the temptation to defect and game interaction radii. In contrast,
when rp,, increases to a moderate level, cooperators achieve directed aggregation and form stable structural protection
against defector invasion, resulting in a substantial enhancement of cooperation. A further increase in r, enables
defectors to follow cooperators’ movement signals at large scale, breaking cooperative clusters and causing the cooperation
level to decline again. Through snapshots of spatial distributions and polar rose diagrams of migration directions, we
reveal the microscopic mechanisms underlying each regime. Furthermore, the game interaction radius r; plays a key
regulatory role in cooperation evolution. An intermediate r; most effectively supports the formation and maintenance
of cooperative clusters, while an excessively large r; weakens network reciprocity and suppresses cooperation. In the
parameter space spanned by 7; and rm, the cooperation level exhibits a clearly non-uniform distribution with sharp
boundaries between high-cooperation and low-cooperation regions, confirming the significant 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 particularly prominent at low population density, whereas high
density generally suppresses the cooperation level. These results provide a novel theoretical perspective for understanding
the intrinsic mechanisms by which individual movement behaviors facilitate the emergence of cooperation in real-world

complex systems.
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