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Fig. 1. (a) Strategy updating rule: Normal individuals follow the “best-take-over”rule, copying the strategy of the neighbor
with the highest payoff if that payoff exceeds their own; (b) Tolerance-driven migration mechanism: An individual actively
migrates to a random empty site within its Moore neighborhood when the number of defectors in that neighborhood exceeds

its tolerance threshold T'.
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Fig. 2. Fraction of cooperators fc as a function of population density p for different dilemma strengths » under

different tolerance thresholds, with ® = 0.5. (a) T'=1 and (b) T = 4.
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Fig. 3. Time evolution of the fraction of cooperators fc and the fraction of trapped individuals f:, together with
spatial snapshots, for population densities p = 0.75 and p = 0.80. Results are obtained by setting ® = 0.5,
r = 0.3, and T = 1. (al) Time series of fc for the two population densities; (a2) time series of f; for the two
population densities; (bl) spatial snapshots at representative time steps for p = 0.75; (b2) spatial snapshots at

representative time steps for p = 0.80.
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Fig. 4. Fraction of cooperators fc as a function of robot ratio ® under different population densities p and dilemma
strengths r, with T'=1. (a) » = 0.1, p € [0.1,0.7]; (b) » = 0.1, p € [0.75,0.95]; (¢) » = 0.3, p € [0.1,0.7];

(d) r = 0.3, p € [0.75,0.95].
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Fig. 8. Fraction of cooperators fc as a function of population density p for different dilemma strengths r, under
the scenario where social robots can adaptively adjust their strategies based on neighborhood defection pressure.

Results are obtained by setting ® = 0.5 and 0 = 0.3. (a) T =1; (b) T = 4.
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Evolution of cooperation in a human-machine hybrid
three-strategy spatial prisoner’s dilemma game with

tolerance-driven migration™
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Abstract

We propose a human-machine hybrid three-strategy spatial prisoner’s dilemma game model on a two-dimensional
lattice with a tolerance-driven migration mechanism. The population consists of cooperative robots and ordinary
individuals, where robots remain cooperative throughout evolution, while ordinary individuals can adopt cooperation,
defection, or the loner strategy. We then investigate how the tolerance threshold, robot proportion, population density,
and dilemma strength affect the evolution of cooperation. Results show that cooperation is maximized at an optimal
population density. Moderate vacancy provides sufficient space for migration and spatial reorganization, and a lower
tolerance threshold increases individuals’ responsiveness to defector-dominated neighborhoods; together, these effects
facilitate the formation and stability of cooperative clusters. By contrast, excessive population density hinders migration,

making it difficult for individuals to escape defector-dominated neighborhoods and thus causing cooperation to break

* Project supported by the National Natural Science Foundation of China (Grants No. 12565005,

72501127, and 62363004).
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down. We further show that the effect of cooperative robots depends on both population density and dilemma strength.
The role of cooperative robots is not always positive, under high dilemma strength and high population density, the
introduction of cooperative robots can even suppress cooperation. Furthermore, we examine the effects of robots with
a broader strategy space—specifically, robots that adaptively switch between cooperation and the loner strategy under
high local defection pressure—and different game types on the evolution of cooperation, and similarly find that an
optimal population density maximizes cooperation. The adaptive strategy switching reduces defector exploitation of
robots and sustains higher cooperation levels under strong dilemmas. Robustness checks under the snowdrift game and
the weak prisoner’s dilemma confirm that the unimodal density—cooperation relationship is a general feature independent
of the specific game type. These findings deepen our understanding of the evolution of cooperation in human-machine

hybrid systems.
Keywords: prisoner’s dilemma, human-machine hybrid population, cooperation, evolu-
tionary game
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