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Abstract

Humans can effectively infer others’ mental states, pre-
dict their behavior, and adapt their own level of coop-
eration accordingly in social dilemmas. However, the
computational mechanisms underlying this ability re-
main unclear. While previous research has shown that
people use both actions and emotional expressions as
social cues, how these different signals are integrated
during social inference has not been formally modeled.
Here we propose a Bayesian framework that explains
how people infer others’ Social Value Orientation (SVO)
from their decisions and emotional expressions in the it-
erated Prisoner’s Dilemma. Our model formalizes this
inference process through two key mechanisms: (1) ra-
tional decision-making based on utility transformation
according to SVO, and (2) emotional expressions driven
by outcome appraisals. We tested our model against em-
pirical data from an existing study involving 711 partic-
ipants and found that it captured both their reputation
judgments and cooperation predictions. These results
suggest that people may employ Bayesian inference to
integrate behavioral and emotional signals when predict-
ing others’ cooperative tendencies.

Keywords: Bayesian Theory of Mind, Prisoner’s
Dilemma, Appraisal, Reverse Appraisal

Introduction

In social dilemmas such as the Prisoner’s Dilemma, con-
ditional cooperation—cooperating with those who also
cooperate while avoiding exploitation by defectors—
is theoretically optimal (Axelrod & Hamilton, 1981;
Nowak, 2006). Specifically, unconditional cooperation
risks exploitation by defectors, whereas unconditional
defection forgoes the mutual benefits of working with
trustworthy partners (Trivers, 1971; Axelrod & Hamil-
ton, 1981). However, implementing conditional coop-
eration hinges on accurately predicting whether others
will cooperate or defect (Fehr & Fischbacher, 2003). Be-
cause people’s intentions cannot be directly observed
and their past behaviors may not reliably predict future
choices (Rand & Nowak, 2013), individuals rely on social
cues (e.g., emotional expressions) to infer others’ prefer-
ences and intentions. This makes the ability to “read
minds,” that is, to form accurate expectations of others’
decisions, crucial for navigating social interactions suc-

cessfully (Singer & Fehr, 2005; Byrne & Whiten, 1988;453

Tomasello, Carpenter, Call, Behne, & Moll, 2005; de
Melo, Carnevale, Read, & Gratch, 2014).

Action prediction can broadly be divided into two ma-
jor approaches: a rule-based approach and a mentalist
approach. The rule-based approach employs a genera-
tive model of actions p(a|s), learned through prior ex-
perience (Whiten, 1996; Sutton & Barto, 1998; Wood &
Neal, 2007). Under this model, the observer infers the
most likely action a in situation s € S by

4 = argmax p(als; ). (1)
acA
Although the rule-based model fits known states, its
weak inductive bias for state similarity limits general-
ization to novel s’ and estimating p(als) requires many
(s,a) observations, implying high sample complexity.

In contrast, the mentalist approach posits that ac-
tions arise from rationally maximizing a utility function
(Von Neumann & Morgenstern, 1944; Savage, 1954; Ng
& Russell, 2000; Premack & Woodruff, 1978; Dennett,
1987; Gergely & Csibra, 2003; Baker, Saxe, & Tenen-
baum, 2009; Baker, Jara-Ettinger, Saxe, & Tenenbaum,
2017):

a® = argmax u(a, s; ), (2)

acA

where v represents various mental elements—beliefs, de-
sires, goals, preferences, emotional states, and social
values—that parameterize the utility function. Leverag-
ing its goal-directed bias, the mentalist model narrows
the hypothesis space and lowers sample complexity; once
utility peaks are inferred, optimal actions for any novel
state s’ can be recomputed, yielding strong generaliza-
tion. Under this view, predicting actions reduces to in-
ferring the parameters ©»—the mental state that best
explains the observed behavior in the given situation:

p(¢la, s) o< plaly, s)p(4). 3)

Observers can infer a latent mental state 1 by in-
verting a situation-dependent action-generation model,
which yields a wide range of observable outputs, such as
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bodily movements (Baker et al., 2017), decisions (Kelley
& Stahelski, 1970; Van Lange & Visser, 1999; de Melo et
al., 2014), and emotional expressions (Wu, Baker, Tenen-
baum, & Schulz, 2017; de Melo et al., 2014). In social
interactions, emotional expressions frequently serve as
pivotal cues for inferring others’ mental states—a process
sometimes referred to as Reverse Appraisal (Gratch & de
Melo, 2019; Hareli & Hess, 2010)—and thus influence the
observer’s subsequent behavior (van Kleef & Coté, 2021,
2018). For example, joy can foster the continuation of
reciprocal relationships (Scharlemann, Eckel, Kacelnik,
& Wilson, 2001; de Melo et al., 2014; de Melo & Terada,
2020), anger may prompt concessions (van Kleef, Dreu,
& Manstead, 2004; Sinaceur & Tiedens, 2006; van Kleef
& Coté, 2007), disappointment or sadness can elicit sup-
port or aid (Lelieveld, Van Dijk, Van Beest, & Van Kleef,
2013; Takagi & Terada, 2021), and regret can facilitate
relationship repair (de Melo et al., 2014; de Melo & Ter-
ada, 2020). Recent evidence further shows that specific
emotion patterns aligned with underlying social prefer-
ences can down-regulate overly cooperative behavior to-
ward artificial agents (Ito, de Melo, Gratch, & Terada,
2024). In social dilemmas, people read joy, anger, and
regret to infer intentions, update reputations (de Melo,
Terada, & Santos, 2021), and adjust their own coopera-
tion, thereby achieving conditional cooperation (de Melo
et al., 2014; de Melo & Terada, 2020).

However, the computational mechanisms by which
people integrate emotional expressions to infer whether
a person is fundamentally cooperative or competitive—
and how that affects future decisions—remain insuffi-
ciently understood. In the present study, we propose
a Bayesian framework that uses both observed decisions
and emotional expressions to infer a counterpart’s un-
derlying social tendencies in the Prisoner’s Dilemma.
Specifically, we validate this approach against data from
711 participants who interacted with an emotionally ex-
pressive counterpart in an iterated Prisoner’s Dilemma.
Unlike previous Bayesian Theory of Mind models, our
framework explicitly treats emotions as rational signals
of outcome evaluations, which arise from balancing one’s
own payoff against the other’s payoff. As we detail in
the next section, we formalize this balance through the
lens of Interdependence Theory (Van Lange, 1999; Van
Lange, Joireman, Parks, & Van Dijk, 2013), in particu-
lar by leveraging the concept of Social Value Orientation
(SVO), which captures how individuals weigh their own
payoff relative to others’. By incorporating these pro-
cesses into generative models, our approach provides a
concrete account of how people use actions and affective
cues to make inferences in social dilemmas.

Computational Model

In non-zero-sum interdependent situations like the Pris-
oner’s Dilemma (see Fig. 1a), SVO serves as a crucial
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Figure 1: The Prisoner’s Dilemma game and SVO ring.
(a) The payoff matrix showing outcomes for both play-
ers in points. (b) The SVO ring represents how indi-
viduals weigh payoffs between self (horizontal axis) and
other (vertical axis). The angle 6 determines the rela-
tive weights through wger = cos @ and wogper = sinf. At
6 = 0° (individualistic), only self-payoffs are valued; at
0 = 45° (prosocial), self and other’s payoffs are weighted
equally.

individual characteristic ¥ that influences utility. SVO
represents how individuals weigh their own outcomes
against others’ outcomes, acting as a utility transformer
that motivates cooperative or individualistic behavior in
social dilemma situations (Van Lange, 1999) (see Fig.
1b). The differences in SVO lead to distinct patterns in
both decision-making and emotional responses (Bogaert,
Boone, & Declerck, 2008; Kramer, McClintock, & Mes-
sick, 1986; Cremer & Van Lange, 2001; Van Lange,
Bekkers, Schuyt, & Van Vugt, 2007). Thus, mental state
inference in the Prisoner’s Dilemma is formalized as fol-
lows:

p(SVO | EE, Option, Outcome) o
p(Decision | SVO, Option)
p(EE | SVO, Outcome)’p(SVO)?.

(4)

Here, SVO is the social value orientation to be inferred.
EE is the observed emotion expression. Option denotes a
player’s choice—C (cooperate) or D (defect); Outcome is
the joint result (self,other): CC (mutual cooperation),
CD (other defects), DC (self defects), or DD (mutual
defection). The term p(SVO) represents a prior distri-
bution over SVO angles, which encodes any initial infor-
mation or biases about the counterpart’s cooperative vs.
competitive tendencies (i.e., their “reputation”). The
exponents «, (3, and ~ regulate the relative influence of
the likelihood terms and the prior.

The Prisoner’s Dilemma involves two distinct ap-
praisal processes: the evaluation of game options and
the evaluation of game outcomes . As shown in Fig.
2, these processes are represented by two likelihood

LOur formulation follows the two-stage appraisal structure
of Ito et al. (2024).
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Figure 2: Generative model of the other player’s
decision-making and emotional processes in the Pris-
oner’s Dilemma. The graph represents how the other
player’s SVO generates their decisions and emotion ex-
pressions through two appraisal processes. This gener-
ative model serves as the basis for inferring the other’s
SVO through Bayesian inference.

functions: p(Decision | SVO, Option) for decisions and
p(EE | SVO, Outcome) for emotion expressions. For
prosocials, cooperation is valued more highly than de-
fection and mutual cooperation yields positive emotions,
while for proselfs, defection is preferred and exploitation
leads to positive emotions.

Once the posterior distribution over SVO angles is ob-
tained, the probability that the counterpart will cooper-
ate in the next round (which we interpret as their “co-
operative intention”) can be derived by integrating over
all possible SVO angles:

p(C)
/p(C | SVO)p(SVO | EE, Option, Outcome)d(SVO),
(5)

where p(C | SVO) quantifies the likelihood of rationally
choosing cooperation for a given SVO.

Social Value Orientation and Utility
Let 6 denote the SVO angle. We define the subjective
utility U, (0) for each outcome o € CC,CD,DC, DD as:
Uy(6) = cos(f) - r2¢ + sin(@) - rother (6)
other

o
where 72¢ and r¢ are the payoffs for self and other
respectively. To ensure proper representation of relative
preferences across all SVO angles, we introduce a soft-
max transformation of utilities:

exp(kUs(0))
ZjeCC,C’D,DC,DD exp(kU;(0))

Vo(0) (7)
where k controls the sensitivity to utility differences.
This transformation ensures that utilities are always pos-
itive and sum to one, effectively capturing how different
SVOs lead to different subjective evaluations of the avail-
able options.
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Figure 3: Softmax Utilities across SVO angles, showing
how the transformation enables meaningful representa-
tion of relative preferences across all possible SVO ori-
entations.
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Figure 4: Probability of Cooperation P(C|f) as a func-
tion of the SVO angle 6, showing higher cooperation
probability for prosocial orientations (6 ~ 45°) com-
pared to individualistic orientations (6 = 0°).

Decision Likelihood Function

The decision likelihood function p(Decision |
SVO, Option) can be formalized using the softmax-
transformed utilities. For Option = C (cooperation),
the probability is denoted as P(C|#) and defined as the
sum of probabilities for outcomes involving cooperation:

(8)

P(C|0) = Ve (0) + Vep(8)

Similarly, for Option
VDc(Q) + VDD(Q).

This formulation captures a key theoretical insight:
the probability of cooperation emerges from aggregat-
ing the subjective values of all outcomes where coopera-
tion is chosen, regardless of the counterpart’s action. As
shown in Fig. 4, this provides a formal mechanism for
how social preferences translate into behavioral tenden-
cies.

D (defection), P(D|6)

Emotion Likelihood Function

Based on these relative values, we define satisfaction
S,(0) and dissatisfaction D,(6) for each outcome:

Vo (0

So(6) = max(V (0))’
Do(0) = 1— S,(6).

9)
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Figure 5: Emotion likelihood as a function of SVO angle
for different game outcomes in the Prisoner’s Dilemma.
Each subplot shows how the likelihood of a specific emo-
tion varies with SVO angle for different game outcomes.

Following appraisal theory (Scherer, Schorr, & John-
stone, 2001; Moors, Ellsworth, Scherer, & Frijda, 2013),
satisfaction represents goal attainment while dissatisfac-
tion indicates goal obstruction. For the emotion likeli-
hood functions, we directly map these values to specific
emotions:

P(EE =Joy | CC,0) =

P(EE = Regret | CC,0) =

P(EE =Joy | DC,0) =
P(EE = Regret | DC,0) = DD

)=

)=

10

0(9) 1o
P(EE = Neutral | DD, 6) = Dpp(0),
P(EE = Anger ‘ CD,9 DCD(G)

This formulation captures key theoretical insights from
appraisal theory: joy arises from goal attainment (sat-
isfaction), regret from self-attributed goal obstruction,
and anger from other-attributed goal obstruction. As
shown in Fig. 5, our model predicts systematically differ-
ent emotional patterns for each game outcome depend-
ing on the individual’s SVO. For instance, prosocials
(0 =~ 45°) express joy after mutual cooperation (CC)
(Fig. 5a), reflecting joint welfare maximization, whereas
individualists (6 ~ 0°) feel regret over missed personal
gains in the same outcome (Fig. 5b). In the exploitation

scenario (DC), individualists display joy for maximizing
personal payoff (Fig. 5¢), while prosocials show regret
for undermining joint welfare (Fig. 5d). When being ex-
ploited (CD), both orientations exhibit anger (Fig. 5e),
attributing goal obstruction to the other’s action. Fi-
nally, mutual defection (DD) typically results in neu-
tral (Fig. 5f) expressions due to diffused responsibility
despite suboptimal outcomes. These distinct emotional
patterns align with Van Kleef’s EASI theory (van Kleef
& Coté, 2021), indicating that emotions function as so-
cial signals that communicate how individuals evaluate
outcomes and guide subsequent behaviors.

Experiment

We tested our computational model using existing data
from an iterated Prisoner’s Dilemma experiment where
participants interacted with counterparts showing differ-
ent strategies and emotional expressions. Our analysis
focused on how well the model captured human infer-
ences about others’ social preferences and cooperative
intentions.

Method

Behavioral Data We analyzed data from de Melo et
al. (2021), which consisted of 711 participants engaging
in a 20-round iterated Prisoner’s Dilemma game. In
their experiments, participants were randomly assigned
to one of 18 conditions in a 3 x 2 x 3 factorial design
crossing initial reputation (negative, unknown, or
positive), strategy (extortion or generosity) based on
zero-determinant approaches (Press & Dyson, 2012),
and emotion expression (competitive, cooperative,
or neutral). Before starting the game, participants
were given one of three reputational cues about their
partner—negative, unknown, or positive. Based on this
cue, they then rated the partner’s reputation on a scale
from —50 to +50. The counterpart’s facial expressions
were shown after each round according to predefined
patterns aligned with either cooperative or competitive
intentions, which directly corresponded to our emotion
likelihood functions defined in Equation 10.  The
expressions for being exploited (CD: anger) and mutual
defection (DD: neutral) were the same in both intention
patterns. However, the expressions following mutual
cooperation (CC) and exploitation (DC) differed: under
cooperative intentions, the counterpart showed joy after
CC and regret after DC, whereas under competitive
intentions, they showed regret after CC and joy after
DC.

Model-based Analysis For each participant’s in-
teraction sequence, we applied our Bayesian inference
model to estimate the counterpart’s SVO. The analysis
involved two main steps. First, we initialized the SVO



prior using a von Mises distribution 2 centered on the ini-
tial reputation score, mapping negative reputation (—50)
to individualistic orientation (0°), unknown reputation
(0) to intermediate orientation (22.5°), and positive rep-
utation (+50) to prosocial orientation (45°). We set the
exponents to unity, a = § = vy = 1, thereby giving equal
weight to each likelihood term and the prior.

Second, we performed sequential updating for each
round ¢ (1 to 20). After observing the game
outcome O; (CC/CD/DC/DD) and emotion expres-
sion Fy, we updated the SVO distribution using
decision likelihood P(O|f) and emotion likelihood
P(E;|O,0). We then computed the MAP estimate

¥ = argmax P(0]|O1.t, E1.+) and calculated the coopera-
tion probability P(C|6;).

Results

Overall Results Fig. 6 shows the evolution of inferred
SVO angles across 20 rounds for different combinations
of strategy and emotion expression patterns, aggregated
across initial reputation conditions. The density plots re-
veal clear patterns of SVO inference influenced by both
strategy and emotion: in the Extortion—Cooperative
condition, cooperative emotional expressions lead to
more prosocial inferences despite the exploitative strat-
egy, while in the Generosity-Competitive condition,
competitive emotions result in more individualistic in-
ferences despite the generous strategy. Additionally,
neutral emotions produce wider variance in SVO an-
gles compared to conditions where strategy and emo-
tions are aligned (Extortion-Competitive or Generos-
ity—Cooperative), which yield clearer and narrower dis-
tributions. These simulation results illustrate how in-
corporating emotional expressions not only shifts the in-
ferred SVO itself but also modulates the observer’s cer-
tainty about that inference.

Case Study As an example, Fig. 7 shows a single in-
teraction where a participant started with a negative
prior reputation (—50) for a generous, emotionally coop-
erative counterpart. Initially, the posterior distribution
was centered at 0° (reflecting individualism). After two
rounds of mutual cooperation (CC) with joy, it shifted
toward prosocial. In round 3, being exploited (CD) and
seeing anger partially reversed this trend, but in round 4,
defection (DC) with regret restored prosocial inference.
By round 20, the MAP estimate stabilized at 41°, close
to 45°, with a cooperation probability of 0.686. This
sequence illustrates how observed actions and emotions
jointly shape inferences about the counterpart’s SVO.

Model Validation To validate our computational
model’s predictions against human judgments, we con-
ducted two analyses. First, we examined how well the

2The von Mises distribution is the circular analog of the
normal distribution and serves as a close approximation to
the wrapped normal distribution.
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Figure 6: Evolution of inferred SVO angles across ex-
perimental conditions. Each subplot corresponds to a
combination of counterpart strategy (Extortion or Gen-
erosity) and emotion (Competitive, Cooperative, or Neu-
tral). Data are aggregated (averaged) over all initial rep-
utation conditions. Heat maps illustrate the density of
SVO estimates, with brighter colors representing higher
density.

model’s inferred SVO angles corresponded to partici-
pants’ final reputation ratings of their counterparts. Sec-
ond, we compared the model’s predictions of cooperation
probability with participants’ actual expectations of co-
operation in the final round. Fig. 8 shows these compar-
isons.

Fig. 8a reveals a significant positive correlation be-
tween model-inferred SVO angles and human reputa-
tion ratings (r = 0.36, p < 0.01). In the study by de
Melo et al. (2021), participants re-evaluated the coun-
terpart’s reputation after 20 rounds, and they reported
that these final ratings varied systematically according
to the counterpart’s strategy (extortion or generosity)
and emotional expressions. The close alignment between
our model’s SVO estimates and the observed final rep-
utation scores suggests that participants integrated ob-
served actions and emotional cues in a manner consistent
with Bayesian inference when updating their judgments.

Fig. 8b shows the relationship between the model’s
predicted probability of cooperation in the final round
and participants’ final-round expectations of coopera-
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Figure 8: Model validation against human judgments.
Colors indicate different combinations of strategy and
emotion expression patterns.

tion (r = 0.42, p < 0.01). This moderate correlation
indicates that the model partly captures how humans
integrate strategy and emotion information to antici-
pate others’ cooperative intentions. Notably, the dis-
tribution of points shows clear clustering by strategy,
with generosity conditions yielding higher cooperation
predictions from both the model and humans compared
to extortion conditions.

Discussion

Our study provides a computational account of how hu-
mans integrate behavioral and emotional signals to in-
fer others’ social preferences in the iterated Prisoner’s
Dilemma. By developing a Bayesian framework that
combines two key processes - rational decision-making
based on social preferences and emotional expressions
based on outcome appraisals. Specifically, our model ex-
plains the cognitive mechanisms by which people update
their beliefs about others’ SVO based on observed ac-
tions and emotional expressions, and demonstrates how
these inferences systematically shape predictions about
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future cooperation.

Our model validation analysis yielded two main re-
sults. First, we found a moderate correlation between
our model’s inferred SVO angles and participants’ rep-
utation ratings after the game (r = 0.36). This sug-
gests that our computational framework partly captures
how people form impressions of others’ social preferences
through observed behaviors and emotional expressions
during the game. Second, the model’s predictions about
cooperation probability, derived from rational action se-
lection based on inferred social preferences (Equation
2), showed a moderate correlation with participants’ re-
ported expectations (r = 0.42). This alignment sug-
gests that people may predict others’ behavior by infer-
ring their underlying preferences and assuming rational
decision-making—a core principle of our Bayesian frame-
work. The observation that this relationship persisted
across different experimental conditions suggests some
robustness in this cognitive mechanism.

Our work contributes to the broader understanding
of human cooperation. While various mechanisms have
been proposed to explain why self-interested individuals
engage in cooperative behavior—including indirect reci-
procity and reputation systems (Nowak, 2006; Alexan-
der, 1987)—our model adds a cognitive computational
perspective to this literature. Specifically, we provide a
computational foundation for previous findings on the
social effects of emotion expressions in strategic inter-
action (de Melo et al., 2014; de Melo & Terada, 2020;
de Melo et al., 2021). While these studies demon-
strated empirically that emotions influence cooperation,
our model formalizes the cognitive mechanisms under-
lying this influence through Bayesian inference. Specif-
ically, we provide a mathematical framework that cap-
tures how emotions serve as informative signals about
others’ appraisals of social outcomes (van Kleef & Coté,
2021), enabling observers to infer others’ underlying so-
cial preferences and predict their future behavior.

Our study has several limitations that may help ex-
plain the moderate correlations observed in our valida-
tion analysis. First, we did not account for individ-
ual differences and uncertainty in social inference; for
instance, some individuals may prioritize actions over
emotions, disregard initial reputation, or misunderstand
social cues. Second, although we theoretically derived
the likelihood functions, we did not empirically vali-
date them (e.g., with self-reports or physiological mea-
sures). Finally, our investigation was limited to three
specific emotions (joy, regret, anger) within a particu-
lar Prisoner’s Dilemma context, leaving other potentially
relevant emotions (e.g., sadness, disappointment, guilt)
and other interaction scenarios unaddressed. Addressing
these limitations may yield a more comprehensive and
generalizable model of how people integrate social sig-
nals to infer others’ intentions in strategic interactions.
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