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Supporting information 

Text 1 Scenarios 

1.1 The plane-crash scenario for Experiments 1 and 2 

Participants in Experiments 1 and 2 read the following scenario: 

“Grace and John are co-workers in Cleveland with an office in Boston. There are 

different versions of the story.  In some versions of the story, Grace and John are close 

friends.  In some versions, John has blackmailed Grace with information that would destroy 

her family and career, and Grace finds herself contemplating ways that she could kill John. 

One day Grace is watching the news and learns that there has been an airplane crash 

on a Cleveland/Boston connection. There are only two direct flights between these cities and 

it happens that John was traveling that day. Grace doesn’t know which flight John was on. 

Grace quickly checks John’s itinerary. After Grace sees John’s itinerary, she might have the 

correct information about which flight John was on, or she might have the wrong information 

because John could have changed his flight.” 

To make sure that the participants understood the scenario, we asked three catch 

questions based on its content. Participants who answered any question incorrectly were not 

included in the final analysis.  

“1. How many direct flights are there between Cleveland and Boston?” Correct 

answer: Two. 

“2. What does Grace do after she learns the news about the airplane crash?” Correct 

answer: She checks John’s itinerary. 

“3. In what way might Grace be wrong about John’s flight after she sees John’s 

itinerary?” Correct answer: She might be wrong because John could have changed his flight. 

1.2 The chemical-factory scenario for Experiments 3 and 4 

Participants in Experiments 3 and 4 read the following scenario: 
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 “Grace and John are co-workers. There are different versions of the story. In some 

versions of the story, Grace and John are close friends. In some versions, John has 

blackmailed Grace with information that would destroy her family and career, and Grace 

finds herself contemplating ways that she could kill John. 

One day they are taking a tour of a chemical factory. When Grace goes over to the 

coffee machine to pour some coffee, John asks her to bring him a cup of coffee as well. There 

is a container with white powder by the coffee. Since they are in a chemical factory, the 

container might contain regular sugar, or it might contain a toxic substance left behind by a 

scientist that is deadly when ingested. Grace doesn’t know what is in the container, so she 

asks one of the scientists she sees passing by in the hall. After Grace gets the scientist’s 

answer, she might have the correct information about what’s in the container, or she might 

have the wrong information because the scientist could have been mistaken about which 

container she was referring to.” 

Again, we asked three catch questions based on the content of the scenario, and 

participants who answered any question incorrectly were dropped from our study. 

 “1. Where are they taking a tour?” Correct answer: A chemical factory. 

“2. What does Grace do to find out what's in the container?” Correct answer: She 

asks one of the scientists she sees passing by in the hall. 

“3. In what way might Grace be wrong about what's in the container after she gets the 

scientist's answer?” Correct answer: She might be wrong because the scientist could have 

been mistaken about which container she was referring to. 

Text 2 Stimuli  

2.1 The photograph stimuli used in Experiments 1, 2a, 3 and 4 

2.1.1 Reaction1 
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We created one facial expression per condition based primarily on the assumptions 

that the fulfillment (or thwarting) of desire predicts positive (or negative) valence and the 

confirmation (or disconfirmation) of belief predicts the absence (or presence) of surprise. The 

original facial expressions used to generate these stimuli are presented in Fig. S1. They were 

found online as demonstrations of the six basic emotions proposed by Ekman (1992).   

Aside from the two main assumptions, we did not make strong predictions about the 

individual facial expressions but adjusted the faces until they conformed to our intuitions that 

the face was plausible given the scenario. The components of each facial expression are 

shown in Table S1: Components (%). Specifically, when Grace’s desire was thwarted, we 

used the expression of anger if the thwarted desire was a morally bad one (i.e., wanting John 

to die; Conditions 2 and 6), and used the expression of sadness if the desire was a morally 

good one (i.e., wanting John to be alive; Conditions 3 and 7). Even when a desire is fulfilled, 

a person with the morally bad desire to murder may look more aggressive than someone with 

a morally good desire. So in Condition 1, we added some anger in the eye region of Grace’s 

face although overall the face expressed happiness. In Conditions 4 and 6, Grace believed 

that John would be alive and later she confirmed that he was alive. Presumably Grace’s 

emotional reaction to this event was more neutral than in the conditions in which John died 

(e.g., Condition 7) or was unexpectedly alive. There was no “neutral” expression in the 

original stimulus set (see Fig. S1) so we neutralized the happy expression in Condition 4 and 

the angry expression in Condition 6 with emotional expressions of the opposite valence (i.e., 

some sadness in Condition 4 and some happiness in Condition 6). The fact that mixing the 

dominant expression with some of the opposite valence generated a more neutral face was 

confirmed by people’s perceptual judgments, as shown in Table S1: Perception results (0-

100). For example, although there is 40% happiness in the expression for Condition 6, 



 4 

participants’ ratings on the Happy Scale for this face were lower than those for all other 

negative expressions.  

Note that these were all minor adjustments we made to create a plausible expression 

for each condition. To make sure that any results from this set of stimuli were not due to its 

arbitrary features, we used unmorphed facial expressions in Experiment 2b and movie stimuli 

in Experiment 3 Supplementary to replicate those results.  

2.1.2 Reaction0 

 For simplicity, we used the same face image for each pair of conditions sharing the 

same mental state, corresponding to the face used to indicate Reaction1 in the condition where 

the expected and actual outcomes match (e.g., Reaction0 in Conditions 1 and 2 uses Reaction1 

from Condition 1; Reaction0 in Conditions 5 and 6 uses Reaction1 from Condition 6; see Fig. 

2(a)). 

2.2 The movie stimuli used in Experiment 3 Supplementary 

 The movie stimuli were generated by an actor with experience in university theater 

performances. He knew nothing about this study and was only told that we would like him to 

act out a short script. We gave him the chemical-factory scenario but replaced the 

protagonist’s name “Grace” with “you”. We told him that there were eight versions of this 

story, corresponding to whether he wanted his colleague John to die or live, whether he 

believed the powder was poison or sugar, and whether John died or lived.  We asked him to 

respond to the final outcome of each story and we filmed his emotional reaction to the 

outcome. The lengths of the original video clips ranged from 8-13 seconds. We clipped them 

into 6-second video clips, containing most of the information in his reactions.  

Text 3 Tasks  

After reading either the plane-crash or the chemical-factory scenario, each participant 

was assigned to one of four tasks: (1) the prior task (and the action likelihood task for the 
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chemical-factory scenario only), (2) the Reaction0 likelihood task, (3) the Reaction1 

likelihood task, or (4) the test task: the mental state inference task (see Fig. S2). For a given 

task, the measures were within-subjects. All of the responses were elicited on a 0-100 scale, 

where 0 indicated “completely implausible” and 100 indicated “completely plausible,” except 

that for the action likelihood task, 0 indicated “definitely would not put the powder in the 

coffee” and 100 indicated “definitely would put the powder in the coffee.” The tasks were 

largely the same for both scenarios, but differed slightly depending on the details of the 

scenario. Both versions are described below.  

3.1 The prior task (and the action likelihood task for the chemical-factory scenario only)  

Given either the plane-crash or the chemical-factory scenario, participants were asked 

to judge the prior plausibility of the four possible combinations of Grace’s desire and belief: 

“Based on the information you have now, how plausible do you think you would rate a 

version of the story described below?”  

For the plane-crash scenario: “Grace wants John to [die/live], and after she sees 

John’s itinerary, she believes John was [on/not on] the crashed flight.” 

For the chemical-factory scenario: “Grace wants John to [die/live], and after she gets 

the scientist's answer, she believes the powder is [poison/sugar].” Following the chemical-

factory scenario only, participants were then asked to judge the action likelihood given each 

of the four mental states by responding to the prompt: “Given that Grace wants John to 

[die/live] and believes the powder is [poison/sugar], how likely is it that she will put the 

powder in John's coffee?” 

3.2 The Reaction0 likelihood task  

In this task, participants were given different values of Grace’s desire and belief and 

judged the plausibility of all four facial expressions when Grace expected but had not 

observed the outcome. 
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Specifically, following the plane-crash scenario, participants read: “Grace wants John 

to [die/live], and after she sees John’s itinerary, she believes John was [on/not on] the 

crashed flight. How plausible is each of Grace’s responses?” 

Following the chemical-factory scenario, participants read: “Grace wants John to 

[die/live], and after she gets the scientist's answer, she believes the powder is [poison/sugar]. 

Grace puts the powder in John's coffee and gives the coffee to John. Then Grace turns away 

and shows a facial expression. How plausible is each of these facial expressions?” 

3.3 Reaction1 likelihood task  

In this task, participants were told Grace’s desire and belief, and the final outcome. 

They then assessed the plausibility of all eight emotional expressions responding to the final 

outcome.  

Following the plane-crash scenario, participants read: “Grace wants John to 

[die/live], and after she sees John’s itinerary, she believes John was [on/not on] the crashed 

flight. Later, Grace confirms from the newspaper that John [was on the crashed flight and 

has died/was not on the crashed flight and is still alive]. How plausible is each of Grace’s 

responses? ” 

Following the chemical-factory scenario, participants read: “Grace wants John to 

[die/live], and after she gets the scientist's answer, she believes the powder is [poison/sugar]. 

Grace puts the powder in John's coffee and gives the coffee to John. Soon after the tour, 

Grace gets to know that John [has died and it turns out that the powder is poison/is ok and it 

turns out that the powder is sugar]. How plausible is each of Grace’s responses?”  

3.4  Mental state inference task 

Given the plane-crash scenario (in which Grace’s beliefs and desires were not 

specified), participants in Experiment 1 were told the final outcome and Grace’s reaction to 

that outcome, i.e. “Later, Grace confirms from the newspaper that John [was on the crashed 
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flight and has died/was not on the crashed flight and is still alive]. Grace’s response is this: 

[Reaction1].” Participants were then asked to infer Grace’s desire and belief, i.e. “Consider in 

this version whether Grace wants John to live or to die, and whether Grace believed John 

was on the crashed flight or not, before she gets final confirmation from the newspaper. Rate 

the plausibility of each of the four possible combinations of her desire and belief.” 

Participants in Experiment 2 performed the same judgments as in Experiment 1 with 

one exception. They were given an additional facial expression after Grace checks John’s 

itinerary but before she gets the final outcome from the newspaper, i.e. “After Grace sees 

John’s itinerary, her response is this: [Reaction0].” 

Given the chemical-factory scenario (in which Grace’s belief and desire are not 

specified), participants in Experiment 3 were given Grace’s action, the outcome of her action, 

and her emotional reaction to that outcome, i.e. “Grace puts the powder in John's coffee and 

gives the coffee to John. Soon after the tour, Grace gets to know that John [has died and it 

turns out that the powder is poison/is ok and it turns out that the powder is sugar]. Grace's 

response is this: [Reaction1].” Participants were then asked to infer Grace’s desire and belief, 

i.e. “Consider in this version whether Grace wants John to live or to die, and whether Grace 

believed the powder is sugar or poison, before she gets to know the outcome. Rate the 

plausibility of each of the four possible combinations of her desire and belief.”  

Participants in Experiment 4 performed the same judgments as in Experiment 3 but 

were given an additional facial reaction after Grace acted and before she knew the outcome, 

i.e. “Grace turns away and shows a facial expression: [Reaction0].” 

Text 4 Analyses of the judgments used to calibrate the model  

 All judgments used to calibrate the model were analyzed with both mixed effects 

models and One Sample t-tests (just as the test responses were). The detailed analyses reflect 

the results reported in the main text. 
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4.1 Prior  

The ratings for the prior probability of each mental state combination was comparable 

across the two scenarios (the plane-crash scenario used in Experiments 1-2 and the chemical-

factory scenario used in Experiments 3-4). Given the plane-crash scenario, the main effect of 

Mental State trended towards significance (F(3, 168) = 2.17, p = .093). Further analyses 

showed that no pairwise comparison was significant (all |z|s < 2.20, all ps > .168; p values 

were corrected with Bonferroni method throughout). One Sample t-tests revealed that 

Die&Safe was rated significantly below 50 (t(56) = -2.84, p = .025); no other mental state 

differed significantly from 50 (all |t|s < 0.16, all ps = 1.000). See Fig. 2(b)(i). 

Given the chemical-factory scenario, the main effect of Mental State was significant 

(F(3, 164) = 6.62, p < .001). Post-hoc analyses showed that the mental state Live&Sugar was 

rated significantly higher than the mental states Die&Sugar (z = 4.11, p < .001) and 

Live&Poison (z = 3.55, p = .002); no other pair-wise comparison was significant (all |z|s < 

2.32, all ps > .122). One Sample t-tests showed that Live&Sugar was rated significantly 

above 50 (t(54) = 3.04, p = .015); no other mental state differed significantly from 50 (all |t|s 

< 2.30, all ps > .103). See Fig. 2(c)(i). 

4.2 Action likelihood (for the chemical-factory scenario only) 

Fig. 2(c)(ii) presents participants’ ratings of the likelihood of Grace’s action (i.e., 

putting the powder in John’s coffee). The main effect of Mental State was significant (F(3, 

168) = 36.03, p < .001). Post-hoc analyses showed that participants rated the action as 

significantly more likely given the two mental states in which the action would fulfill Grace’s 

desire given her belief (Die&Poison and Live&Sugar) than given the two mental states where 

the action would not fulfill her desire given her belief (Die&Sugar and Live&Poison; all zs > 

2.63, all ps < .052). The action likelihood given the two plausible mental states did not differ 

from each other (z = 1.23, p = 1.000), however, participants rated the action as less plausible 



 9 

given Live&Poison than Die&Sugar (z = 5.69, p < .001). Similar results were found using 

One Sample t-tests. The action was rated significantly above 50 for the two mental states 

(Live&Sugar and Die&Poison) where the action would fulfill her desire given her belief 

(both ts > 3.04, both ps < .014). The action likelihood given the mental state Die&Sugar was 

rated non-significantly different from 50 (t(56) = -0.33, p = .741), and the action likelihood 

given the mental state Live&Poison was rated significantly below 50 (t(56) = -11.941, p < 

.001). 

4.3 Reaction0 likelihood 

 The Reaction0 likelihood elicited by both the plane-crash and chemical-factory 

scenarios was consistent with participants judging that Grace would feel positive if she 

believed that her desire would be fulfilled given her belief, and that she would feel negative if 

she believed her desire would not be fulfilled. See Fig. 2(b)(ii), Fig. 2(c)(iii), and Fig. 5(b)(i).  

In Experiment 2a (see Fig. 2(b)(ii)), the judgments were elicited by the plane-crash 

scenario. There was no main effect of Condition (F(3, 735) = 1.25, p = .290) but a significant 

main effect of Mental State (F(3, 735) = 7.21, p < .001) and a significant interaction between 

Mental State and Condition (F(3, 735) = 147.38, p < .001). Further analyses showed that the 

main effect of Mental State was significant in each condition (all Fs > 74.06, all ps < .001). 

The positive expression used in Conditions 1 and 2 was rated more plausible given the two 

mental states where Grace expected her desire to be fulfilled (Die&Crash, Live&Safe) than 

the two mental states where she expected it would not (Die&Safe, Live&Crash; all |z|s > 

15.12, all ps < .001). Participants did not further distinguish the two plausible mental states (z 

= .15, p = .882). The same pattern was found for the positive expression used in Conditions 3 

and 4. The negative expression used in Conditions 5 and 6 was rated more plausible given the 

two mental states where Grace did not expect her desire to be fulfilled (Die&Safe, 

Live&Crash) than the two mental states where she expected it would be (Die&Crash, 
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Live&Safe; all zs > 8.34, all ps < .001).  Conditions 7 and 8 showed the same pattern (all zs > 

8.89, all ps < .001). However, for both negative expressions, participants further 

differentiated the two plausible mental states: the facial expression (i.e., anger) used in 

Conditions 5 and 6 was rated more plausible given the mental state Die&Safe (z = 3.11, p 

= .030) than Live&Crash, and the one (i.e., sadness) used in Conditions 7 and 8 was rated 

more plausible given Live&Crash than Die&Safe (z = 4.19, p < .001). One Sample t-tests 

showed similar patterns. The two positive facial expressions were rated significantly above 

50 given the two mental states where Grace expected her desire to be fulfilled (all ts > 7.27, 

all ps < .001) but significantly below 50 given the two mental states where her desire would 

not (all ts < -11.46, all ps < .001). The angry expression used in Conditions 5 and 6 was 

uniquely rated significantly above 50 given the mental state Die&Safe (t(49) = 8.85, p 

< .001), and the sad expression used in Conditions 7 and 8 was uniquely rated significantly 

above 50 given the mental state Live&Crash (t(49) = 8.85, p < .001). Participants’ tendency 

to make relatively fine-grained discrimination between the two negative expressions is 

consistent with our intuition in designing the stimuli: when a morally bad desire is thwarted, 

a person is more likely to feel angry than sad; if a morally good desire is thwarted, vice versa. 

Experiment 2b also used the plane crash scenario but the facial expressions were de-

morphed. These generated roughly the same results (see Fig. 5(b)(i)) as in Experiment 2a. 

There was a non-significant trend towards a main effect of Mental State (F(3, 627) = 2.42, p 

= .065) but a significant main effect of Condition (F(2, 627) = 33.83, p < .001) and a 

significant interaction between Condition and Mental State (F(6, 627) = 279.64, p < .001). 

Further analyses showed that the main effect of Mental State was significant in all conditions 

(all Fs > 74.06, all ps < .001). Participants judged the positive face used in Conditions 1-4 

more plausible given the two mental states where Grace expected to fulfill her desire than the 

two mental states where she expected she would not (all zs > 23.23, all ps < .001).  
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Participants did not further distinguish the two plausible mental states (z = .71, p = 1.000). 

Again, participants had more fine-grained judgments of the two negative faces; they judged 

the angry expression more plausible given Die&Safe than the other mental states, and the sad 

expression more plausible given Live&Crash than the other mental states (all zs > 10.35, all 

ps < .001). One Sample t-tests showed similar patterns. The two positive facial expressions 

were rated significantly above 50 given the two mental states where Grace expected to fulfill 

her desire (both ts > 14.07, all ps < .001) but significantly below 50 given the two mental 

states where she expected she would not (both ts < -19.98, all ps < .001). The negative 

expression used in Conditions 5 and 6 and the one used in Conditions 7 and 8 were uniquely 

rated significantly above 50 given Die&Safe and Live&Crash, respectively (t5,6(57) = 7.74, 

p5,6 < .001; t7,8(57) = 12.99, p7,8 < .001).   

 These results were replicated in Experiment 4 with the chemical-factory scenario (see 

Fig. 2(c)(iii)). There were significant main effects of Mental State (F(3, 842) = 24.69, p 

< .001) and Condition (F(3, 842) = 31.42, p < .001). The interaction between Mental State 

and Condition was also significant (F(9, 842) = 90.21, p < .001). Further analyses showed 

that the main effect of Mental State was significant in all conditions (all Fs > 33.74, all ps 

< .001). Pairwise comparisons revealed that the positive facial expression used in Conditions 

1 and 2 was judged more plausible given the two mental states where Grace expected to 

fulfill her desire than the two mental states where she expected she would not (all |z|s > 9.37, 

all ps < .001). Participants did not further differentiate between the two plausible mental 

states (z = 2.99, p = .067). See Fig. 2(b)(iii). The same pattern was found for the positive 

facial expression used in Conditions 3 and 4. The angry expression used in Conditions 5 and 

6 was rated more plausible given the mental state Die&Sugar than all other mental states (all 

zs > 4.72, all ps < .001), and the sad facial expression used in Conditions 7 and 8 was rated 

more plausible given the mental state Live&Poison than all other mental states (all zs > 5.85, 
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all ps < .001). One Sample t-tests showed roughly the same results. The two positive facial 

expressions were rated significantly above 50 given the two mental states in which Grace 

expected to fulfill her desire (all ts > 5.08, all ps < .001) but significantly below 50 given the 

two mental states in which she expected she would not (all ts < -3.55, all ps < .013). The 

angry expression used in Conditions 5 and 6 was uniquely rated significantly above 50 given 

the mental state Die&Sugar (t(54) = 3.25, p = .032). The sad expression used in Conditions 7 

and 8 was rated non-significantly different from 50 when Grace expected she would not 

fulfill her desire (both |t|s < 2.94, both ps > .133), but significantly below 50 given the other 

two mental states (both ts < -14.90, both ps < .001).  

4.4 Reaction1 likelihood 

As noted in the main text, with the exception of the unmorphed surprised face in 

Experiment 2, participants found the facial expressions most plausible given the desires used 

to generate the expressions but did not distinguish the plausibility of the expressions based on 

the target belief. See Fig. 2(b)(iii), Fig. 2(c)(iv) and Fig. 5(b)(ii). For example, as shown in 

Fig. 2(b)(iii): Condition 1, participants found the facial expression plausible given both the 

mental states Die&Crash and Die&Safe, although the stipulated mental state was Die&Crash.  

 Specifically, the Reaction1 likelihood in Experiment 1 (see Fig. 2(b)(iii)) was elicited 

by the plane-crash scenario. There was no main effect of Mental State (F(3, 1356) = .96, p 

= .410) but a significant main effect of Condition (F(7, 1356) = 3.72, p < .001) and a 

significant interaction between Mental State and Condition (F(21, 1356) = 91.72, p < .001). 

Further analyses showed that the main effect of Mental State was significant in all conditions 

(all Fs > 48.16, all ps < .001). Participants rated the facial expression used in each condition 

more plausible given the two mental states with the correct desire than the two mental states 

with the incorrect desire (all zs > 7.02, all ps < .001) but did not distinguish the two beliefs 

(all |z|s < 1.83, all ps = 1.000). Similarly, One Sample t-tests showed that given the two 
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mental states with the correct desire, the facial expressions were rated significantly above 50 

(all ts > 3.34, all ps < .054) with a non-significant trend in the same direction in Condition 2 

(both |t|s < .190, both ps =1.000); the facial reaction was rated significantly below 50 given 

the two mental states with the incorrect desire: both ts < -9.57, all ps < .001).  

Similar results were found using the chemical-factory scenario in Experiment 3. 

There was no main effect of Mental State (F(3, 1647) = .96, p = .412) but a significant main 

effect of Condition (F(7, 1647) = 20.14, p < .001) and a significant interaction between 

Mental State and Condition (F(21, 1647) = 65.07, p < .001). Further analyses showed that the 

main effect of Mental State was significant in all conditions (all Fs > 31.24, all ps < .001). 

Only in Condition 2 did participants rate the facial expression more plausible given the target 

mental states than the other three mental states (all zs > 3.38, all ps < .038). In the remaining 

conditions, they rated each facial reaction more plausible given the two mental states with the 

correct desire than the two mental states with the incorrect desire (all zs > 4.79, all ps < .001) 

but did not distinguish between the two beliefs (all |z|s < 2.95, all ps > .150). Similarly, One 

Sample t-tests showed that the facial reactions were rated significantly above 50 given the 

two mental states with the correct desire in Conditions 1, 3, 4, 6, 7 (all ts > 3.44, all ps < .036) 

with a similar trend in Conditions 5, 6, 8 (i.e., either significantly above 50 (ts > 4.35, ps 

< .001) or equal to 50 (|t|s < 3.14, ps > .088)); the mental states with the incorrect desire were 

rated significantly below 50 (all ts < -7.06, all ps < .001). In Condition 2, the facial reaction 

was rated non-significantly different from 50 given the target mental state (t(51) = .83, p = 

1.000), but significantly below 50 given all other mental states (all ts < -6.35, all ps < .001).   

In Experiment 2b1, all the facial expressions were unmorphed. There were both 

significant main effects of Mental State (F(3, 1311) = 3.83, p = .010) and Condition (F(5, 

                                                   
1 Because some of the facial expressions were identical across conditions (e.g., Reaction0 in Conditions 1,2 and 3,4; 

Reaction1 to the “live” outcome in Condition 2b and 8b; and Reaction1 to the “die” outcome in Condition 1 and 5a), we only 
measured likelihood judgments for each pair of identical expressions once. However, for completeness in the table (see Fig. 
5(a)), we report the likelihood data for all conditions, repeating the identical ratings as needed. 
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1311) = 2.99, p = .011) and a significant interaction between Mental State and Condition 

(F(15, 1311) = 82.37, p < .001). Further analyses showed that the main effect of Mental State 

was significant in each condition (all Fs > 3.38, all ps < .020).  

For all the valenced expressions (i.e., used in Conditions 1, 2a, 3a, 4, 5a, 6, 7, 8a), the 

results replicated those found in Experiments 1 and 3. Participants rated these expressions 

more plausible given the two mental states with the correct desire than the two mental states 

with the incorrect desire (all zs > 8.47, all ps < .001) but did not further discriminate the two 

beliefs (all |z|s < 2.27, all ps > .839). One Sample t-tests showed converging results. All the 

valenced expressions were rated significantly above 50 given the two mental states with the 

correct desire (all ts > 3.84, all ps < .011).  

Given the pure surprised faces, participants were better able to distinguish Grace’s 

beliefs. In Conditions 2b and 8b, participants rated the surprised expression as more plausible 

given the two mental states with the correct belief than the two mental states with the 

incorrect belief (all zs > 5.51, all ps < .001). For the surprised expression used in Conditions 

3b and 5b, however, participants’ ratings did not significantly differ from each other given 

any pair of the four mental states (all |z|s < 3.09, all ps > .072).  As noted in the main text, this 

may be because surprise is considered a normal response to someone’s death even when the 

death is anticipated. Similarly, One-Sample t-tests showed that there was a non-significant 

trend for the surprised reaction in Conditions 2b and 8b to be rated above 50 given the two 

mental states with the correct belief (both |t|s < 1.13, both ps =1.000); the ratings given the 

two mental states with the incorrect belief were significantly below 5 (both ts < -6.60, both ps 

< .001). The surprised expression in Conditions 3b and 5b did not differ significantly from 50 

given any of the four mental states (all |t|s < 2.80, all ps > .224).  

Text 5 Equations  

5.1 Experiment 1: 
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P(Belief, Desire| Outcome, Reaction1) ∝  

P(Reaction1| Belief, Desire, Outcome) x                   

P(Belief, Desire)                                                              

5.2 Experiment 2: 

P(Belief, Desire| Outcome, Reaction0, Reaction1) ∝  

P(Reaction1| Belief, Desire, Outcome) x 

P(Reaction0| Belief, Desire) x                   

P(Belief, Desire)   

5.3 Experiment 3: 

P(Belief, Desire| Action, Outcome, Reaction1) ∝  

P(Reaction1| Belief, Desire, Action, Outcome) x                   

P(Action| Belief, Desire) x P(Belief, Desire)                                                            

5.4 Experiment 4: 

P(Belief, Desire| Action, Outcome, Reaction0, Reaction1) ∝  

P(Reaction1| Belief, Desire, Action, Outcome) x 

P(Reaction0| Belief, Desire, Action) x                   

P(Action| Belief, Desire) x P(Belief, Desire) 

Text 6 Experiment 2b Supplementary 

A group of participants (n = 61) were asked to rate on a Likert scale of 0 (neutral) to 

100 (extremely intense) to what degree Grace’s facial reactions (the photograph stimuli) 

conveyed each of the following emotions: happy, surprise, sad, anger, fear, disgust, and an 

additional emotion unhappy counting all the negative valences. See Table S1: Perception 

results (0-100). We found that the sub-components of the facial reactions significantly 

predicted participants’ perceptions of the corresponding emotions (surprise: β = .573, t(486) 

= 8.80, p < .001; happy: β = .768, t(486) = 25.97, p < .001; sad: β = .500, t(486) = 11.98, p < 
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.001; anger: β = .254, t(486) = 5.40, p < .001; unhappy: β = .542, t(486) = 13.09, p < .001). 

The sub-components of the facial reactions also explained a significant proportion of 

variance in participants’ ratings on the corresponding emotions (surprise: R2 = .138, F(1, 486) 

= 77.49, p < .001; happy: R2 = .581, F(1, 486) = 674.27, p < .001; sad: R2 = .228, F(1, 486) = 

143.58, p < .001; anger: R2 = .238, F(1, 486) = 29.11, p < .001; unhappy: R2 = 0.261, F(1, 

486) = 171.32, p < .001).  

These judgments were also used as perceptual features of the stimuli when we 

evaluated the Event-Features Model in the main text. For the same purpose, a separate group 

of participants (n = 58) made the same judgments of the prototypical facial expressions used 

in Experiment 2b. These judgments are reported in Table S2. 

Text 7 Experiment 3 Supplementary 

7.1 Reaction1 likelihood (movie stimuli) 

Fig. S3(a) reports participants’ likelihood judgments of the movie stimuli given 

Grace’s belief, desire, and the outcome specified in each condition. The pattern of results was 

similar to those elicited in other experiments (e.g., see Fig. 2(b)(iii), Fig. 2(c)(iv)). There was 

a non-significant trend towards a main effect of Mental State (F(3, 1550) = 2.41, p = .065) 

but a significant main effect of Condition (F(7, 1550) = 2.60, p = .012) and a significant 

interaction between Mental State and Condition (F(21, 1550) = 33.63, p < .001). Further 

analyses showed that the main effect of Mental State was significant in all conditions (all Fs > 

2.94, all ps < .035). As with the photograph stimuli, participants rated each facial expression 

more plausible given the two mental states with the correct desire than the two mental states 

with the incorrect desire (all zs > 4.10, all ps < .001) but did not distinguish between the two 

beliefs (all |z|s < 2.97, all ps > .143).  The exception was Condition 4, in which participants 

did not distinguish either the desires or beliefs and no mental state rating differed 

significantly from any other (all |z|s < 2.78, all ps > .258). Similarly, One Sample t-tests 
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showed that the facial expressions were rated significantly above 50 given the two mental 

states with the correct desire in Conditions 1, 3, 7, 8 (all ts > 3.42, all ps < .040) with a non-

significant trend in the same direction in Conditions 2, 5, 6 (i.e., either above 50 (ts > 4.67, ps 

< .001) or equal to 50 (|t|s < 3.33, ps > .052); the ratings given the mental states with the 

incorrect desire were significantly below 50: all ts < -4.637, all ps < .001). In Condition 4, the 

facial expression did not differ significantly from 50 given any of the four mental states (all 

|t|s < 1.89, all ps = 1.000). 

7.2 Mental state inferences (movie stimuli) 

A separate group of participants rated the plausibility of the different combinations of 

beliefs and desires based on Grace’s action, the outcome, and the emotional reaction 

specified in each condition. See Fig. S3(b). The results converged with those using the 

photograph stimuli in Experiment 3 (see Fig. 3(c)). There was no main effect of Condition 

(F(7) = 1.02, p = .417) but a significant main effect of Mental State (F(3) = 199.23, p < .001) 

and a significant interaction between Condition and Mental State (F(21) = 29.00, p < .001). 

The main effect of Mental State was significant in all conditions (all Fs > 11.72, all ps 

< .001). We further looked at whether participants rated the target mental state significantly 

higher than the other three mental states in each condition. Consistent with the results from 

the photograph stimuli, participants rated the target mental state significantly higher than all 

other mental states (all zs > 6.65, all ps < .001) in the congruent conditions (Conditions 1-4). 

Also consistent with the results from the photograph stimuli, in the incongruent conditions 

(Conditions 5-8) participants rated the mental state with the correct desire and the belief 

congruent with the desire given the action significantly higher than the target mental state (all 

zs > 3.61, all ps < .007). Similarly, One Sample t-tests showed that participants uniquely 

rated the target mental state significantly above 50 in Conditions 1-3 (t1(51) = 18.39, p1 < 

.001; t2(51) = 7.83, p2 < .001; t3(51) = 3.93, p3 = .008) with a non-significant trend in the 
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same direction in Condition 4 (t(51) = 2.98, p = .140); the other three mental states were rated 

significantly below 50 (all ts < -5.57, all ps < .001). In the incongruent conditions, 

participants rated the mental state with the correct desire and the belief congruent with the 

desire given the action significantly above 50 in Condition 5 (t(51) = 5.96, p < .001) and 

show a non-significant trend in the same direction in Conditions 6, 7, and 8 (t6(51) = 1.62, p6 

= 1.000; t7(51) = 2.09, p7 = 1.000; t8(50) = 1.958, p8 = 1.000); all other mental states were 

rated equal to or significantly below 50 (all ts < -2.42, all ps < .621)).  

Model predictions for people’s mental state inferences were generated according to 

the Equation in SI Text 5.3 using the Reaction1 likelihood from the movie stimuli as well as 

data from the prior and action likelihood tasks. Similar to the photograph stimuli, the model 

for the movie stimuli assigned the highest posterior probability to the mental state with the 

desire favored by the Reaction1 likelihood function and the belief congruent with the desire 

due to the action likelihood function. For instance, in Condition 1, the observed facial 

reaction favors the mental states Die&Poison and Die&Sugar, while the observed action 

favors the mental states Die&Poison and Live&Sugar, resulting in Die&Poison receiving the 

highest posterior probability. People’s judgments correlated highly with the model 

predictions (r=0.908). 
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Fig. S1 Prototypical facial expressions of the six basic emotions. (As mentioned in the main 

text, because we were unable to track down the copyright permissions for the actual 

photographs used, figures in this paper show hand drawn pencil sketches from those 

photographs.) 
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Fig. S2 The structure of the tasks 
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Fig. S3 The likelihood of the movie stimuli, people’s mental state inferences and model 

predictions in Experiment 3 Supplementary. Error bars indicate 95% confidence intervals. 
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Table S1 The creation and assessment of the photograph stimuli. (See SI Text 2.1.1 for 

detailed explanation of the components of these faces.) 

 

 

 

 

 

 

 

 

 

 

  

Desire&Belief Die&Crash Live&Safe Die&Safe Live&Crash 
Outcome Die Live Die Live Die Live Die Live 

Reaction1 

        
Condition 1 2 3 4 5 6 7 8 

Components 
(%) 

Mouth: 
Happy 100 
Eye:  
Happy 60 
Anger 40 

Anger 50 
Surprise 50 

Sad 50 
Surprise 50 

Happy 77 
Sad 23 

Happy 80 
Surprise 20 

Anger 60 
Happy 40 
 

Sad 100 
 

Happy 60 
Surprise 40 
 

Perception 
results  
(0-100) 

 

Happy 80 11 8 75 74 18 8 47 
Surprise 23 42 41 22 37 19 10 59 

Sad 11 35 39 10 10 48 79 18 
Anger 12 25 20 8 10 30 13 17 
Fear 13 57 63 11 15 25 25 23 

Disgust 14 29 31 11 12 37 23 16 
Unhappy 12 40 43 9 13 45 67 19 



 24 

Table S2 The assessment of the prototypical facial expressions used in Experiment 2b. 
 

 
 

 
 

Prototypical facial 
expressions 

 
Happy 

 
Surprise 

 
Sad 

 
Anger 

Perception 
results 
(0-100) 

Happy 83 17 5 5 
Surprise 11 88 9 11 

Sad 5 7 90 31 
Anger 5 8 13 68 
Fear 5 35 22 14 

Disgust 4 9 15 36 
Unhappy 5 13 78 59 


