advances.sciencemag.org/cgi/content/full/7/10/eabe6276/DC1

Supplementary Materials for
Reading between the lines: Listener’s vmPFC simulates speaker cooperative
choices in communication games
Qingtian Mi, Cong Wang, Colin F. Camerer, Lusha Zhu*
*Corresponding author. Email: lushazhu@pku.edu.cn
Published 3 March 2021, Sci. Adv. 7, eabe6276 (2021)
DOI: 10.1126/sciadv.abe6276

The PDF file includes:
Figs. S1 to S17
Tables S1 and S2
Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/7/10/eabe6276/DC1)
Data file S1

Fig. S1. Schematic representation in the symmetric condition. A listener and a speaker are
presented with the same context consisting of 3 items in the symmetric condition. The speaker
needs to refer to the target item (indicated by an arrow) using either the color or shape of the target,
whereas the listener needs to recover the target referent based on the expression sent by the
speaker. More specifically, on each trial, a listener is presented with a set of three items for an
average of 2.5 s. The referring expression chosen by the speaker is then shown on the screen for
an average of 2.5 s. The listener is able to make a self-paced decision once the received expression
is framed by pressing buttons mapped to item locations on a response pad. Once the listener makes
the choice, an arrow is shown underneath the chosen item for an average of 1 s, followed by a
fixation screen for an average of 3 s.
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Fig. S2. Context configuration and item feature distribution across locations. (A) Context
configuration. Contexts were constructed by generating all possible combinations of 3 objects,
randomly drawn from 16 (i.e., 4 colors ´ 4 shapes), with replacement, that did not distinguish
between drawing orders or item locations. We included all these combinations in the experiment
with two exceptions, due to the fMRI experiment's time constraint (1.5-hour scanning time under
the current design). We excluded contexts that contained 3 different colors or shapes and manually
selected a subset of contexts from type 2A2B-I (48 out of 144) that displayed no obvious patterns
in the distribution of item features. This resulted in 304 contexts of 4 configuration types in the
symmetric and asymmetric conditions combined. (B) Item features are evenly distributed across
item locations in 304 contexts [𝜒 " (14) = 2.15, 𝑃 = 0.999].
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Fig. S3. Behavioral recovery rates. (A) Distributions of recovery rates in referential
interpretation in the symmetric (pink) and asymmetric (blue) conditions. Histograms illustrate the
percentage of listeners for each bin of recovery accuracy under different conditions. (B)
Mismatching listeners and speakers across different conditions (e.g., speakers in the asymmetric
condition paired with listeners in the symmetric condition) decreases the recovery rates, suggesting
that the choices of both listeners and speakers, rather than those of only the speakers or listeners,
contribute to the recovery accuracy observed in the symmetric condition. The dashed line
represents the choice accuracy associated with literal listeners who always select randomly among
all items that can be literally denoted by the received expression. Error bars indicate inter-subject
SEM. *P < 0.05, **P < 0.01, ***P < 0.001; n.s. not significant; all Bonferroni corrected.
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Fig. S4. Model comparison. (A) Out-of-sample predictive power based on pooled estimation is
superior with RSA compared with the alternatives (RSA vs. flat prior: t40 = 4.09, P = 0.0004; RSA
vs. sophisticated listener: t40 = 3.63, P = 0.0016; all Bonferroni corrected). Models are fitted using
the pooled estimation method with either the odd-numbered or even-numbered trials in the
symmetric condition compounded over listeners. The predictive power is computed by averaging
the hold-out prediction accuracy for each model. The dashed line represents the explanatory power
of the literal listener model, which contains no free parameter and therefore does not need model
fitting. The [2.5%, 97.5%] percentile of the prediction accuracy in holdback samples based on 100
random splits is [68.37%, 68.44%] for RSA, [67.52%, 67.60%] for the flat prior model, and
[67.99%, 68.09%] for sophisticated RSA. The lower bound of the RSA model is higher than the
upper bounds of the other two models. (B) We also implement the Bayesian model selection
method for models with a free parameter 𝛼, assuming that listeners follow different decision
models with a fixed but unknown population distribution of the parameter. Both the protected
exceedance probability (left) and model frequency (right) calculated by Bayesian model selection
based on DIC show superior RSA fit relative to models with alternative hypotheses regarding
either the prior probability (flat prior model) or pragmatic likelihood (sophisticated listener model).
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Fig. S5. Stimulation- (S-) examples demonstrating that pragmatic likelihood estimates exert
no influence on posterior probabilities. Top panel: S- trial with a “determined” reference that
uniquely denotes an item in context. Bottom panel: S- trial with an “uncertain” reference that could
denote more than one potential referent in a particular context. Of note, in the lower panel, the
posterior probability for the left item depends only on the priors associated with the left (𝑖0 ) and
right (𝑖1 ) items. These two objects, although geometrically identical, differ in prior likelihoods,
reflecting differential position saliency that is perhaps both visually and socially relevant.
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Fig. S6. Prior probabilities. (A) Examples of empirically measured priors in 4 individual trials
with different context configurations. (B) Histogram of Shannon entropy derived from prior
probability distribution of each context. (C) Coefficients of a random-effect linear regression
predicting prior probabilities from potential modulatory factors such as item property (unique
color/shape) and position (left/middle/right). (D) Priors distributed fairly consistently across
survey participants, as shown by significant correlation of prior probabilities between two
randomly divided subsets of survey participants. Left: an example of dividing survey participants
in half for computing Pearson r between two subgroups. Right: histogram of correlation
coefficients calculated from 1000 random splits. (E) Coefficients of a random-effect logistic
regression on listener choices against the empirically measured prior and model-derived pragmatic
likelihood. The regression model contains three rows for each trial, each reflecting the effect on
the probability of choosing a particular option (left/middle/right) of the independent variables
(prior and pragmatic likelihood associated with the given option).
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Fig. S7. Listener striatum encodes the value estimates of posterior and prior probabilities,
but not pragmatic likelihood. (A) Neural betas with respect to (w.r.t.) the posterior, prior, and
pragmatic likelihood (PL) estimates, separately extracted from the striatal ROI. Activity in the ROI
is positively correlated with the posterior probability estimates of the chosen item, negatively with
the independently-measured prior probability, and shows no association with the pragmatic
likelihood estimates. The ROI is defined as a 6 mm ball around the peak voxel (MNI: -9/17/-4)
identified in Fig. 3A. (B) Listeners with higher striatal sensitivity to the posterior probability
respond more strongly (in the absolute term) to the prior probability in the same striatum ROI.
Each dot represents a listener. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant; all
Bonferroni corrected.
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Fig. S8. Neural encoding of trial type, posterior, prior, and RT. Clusters of activity whose
variance can be uniquely explained by (A) trial type, (B) posterior probability of the chosen item,
(C) prior probability of the chosen object, and (D) reaction time (RT). Identical to Fig. 4A, these
results are generated by GLM2, which simultaneously includes the above 4 variables and the
pragmatic likelihood (PL) estimate as parametric modulators associated with the utterance onset.
A regression coefficient from this GLM reflects the portion of variance that can be uniquely
explained by the regressor, but not the shared variance (P < 0.05 cluster-wise FWE corrected,
cluster-forming threshold P < 0.001). (E-F) Neural betas with respect to 5 regressors extracted
from either (E) the vmPFC ROI as identified in Fig. 4A, or (F) an anatomically-defined ROI based
on the automated anatomical labeling template (http://www.gin.cnrs.fr/en/tools/aal/). Error bars
represent inter-subject SEM. *P < 0.05, **P < 0.01, **P < 0.001; n.s., not significant; all
Bonferroni corrected.

9

Fig. S9. Listener vmPFC encodes pragmatic likelihood estimates above and beyond various
decision-related variables. Average fMRI activity from the vmPFC ROI for each pragmatic
likelihood estimate ranked by relative specificity, conditional on (A) utterance type, (B) context
composition, (C) listener choice, (D) posterior–prior update estimate, and (E-F) median splits
according to two confidence-related measures. The vmPFC encoding of pragmatic likelihood
cannot be attributed to any of these variables. The option difference in (F) reflects the extent to
which an “optimal” choice differentiates from the suboptimal ones, assessed by the discrepancy in
the model-derived posterior between items associated with the highest and the second-highest
posterior. See also Fig. S15 for more confidence-related analyses. The same vmPFC ROI is used
as in Fig. 4A. Error bars represent inter-subject SEM. Circle sizes represent sample sizes.
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Fig. S10. Robustness checks for the encoding of pragmatic likelihood estimates. (A-B) To
demonstrate the extent of vmPFC activation in response to pragmatic likelihood estimates, we
performed whole-brain searches for pragmatic likelihood estimates associated with the chosen
item, for each condition, with or without controlling for decision variables that the listener’s brain
likely encodes at the expression onset. That is, clusters shown in (A) reflect the maximal extent of
activation in response to pragmatic likelihood estimates, without controlling for the effects of other
more general decision variables. By comparison, clusters shown in (B) reflect the extent of
activation to the residuals of pragmatic likelihood after being orthogonalized against 9 variablesof-no-interest in symmetric condition. These include: trial type (S+/S-), posterior, prior, RT,
utterance type (color/shape), context configuration (1A1B/1A2B/2A2B), choice (L/M/R), absolute
difference between posterior and 0.5, and posterior difference between the best and second-best
options. For the symmetric-garment and asymmetric conditions, we include all variables above
except those related to prior and model-derived posterior probabilities, because no prior probability
data were collected and thus no model estimation was performed for these conditions (see also
Materials and Methods for prior probability data collection). (C) To demonstrate that the listener
vmPFC tracks pragmatic likelihood estimates even when mental simulation is irrelevant for
referential interpretation, we performed a whole-brain search for pragmatic likelihood estimates
in S- trials only. (D-E) To demonstrate that listener vmPFC encoding is robust to context
configurations, we performed a whole-brain search for pragmatic likelihood estimates, in trials of
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type 1A2B or 2A2B, separately (see Materials and Methods and Fig. S2 for trial configurations).
All results are thresholded and displayed at cluster-level PFWE < 0.05, with a cluster-forming
threshold Punc. < 0.001.
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Fig. S11. Listener vmPFC represents different notations of pragmatic likelihood estimates.
(A) vmPFC activity correlates with pragmatic likelihood (PL) estimates associated with either the
item on the left of the context (cyan) or the most salient item according to the prior probability
distribution independently measured on a separate sample (magenta) (P < 0.05 cluster-wise FWE
corrected, cluster-forming threshold P < 0.001). These vmPFC encoding could not be entirely
attributed to the correlation with pragmatic likelihood of the chosen item: Forward and backward
stepwise regression analyses revealed that, of three notions of pragmatic likelihood estimates, the
ones associated with the left and chosen item both made independent contributions in explaining
the variances in activity in an anatomically-defined vmPFC ROI (left item: β = 0.28 ± 0.12, t40
= 2.32, P = 0.025; chosen item: β = 0.43 ± 0.17, t40 = 2.60, P = 0.014; ROI defined by AAL
template as shown in Fig. S8F). (B) Time course for the effects of these pragmatic likelihood
estimates in the vmPFC ROI. The ROI is defined as a 6 mm ball around the peak voxel as identified
in Fig. 4A (MNI: -6/44/-7). Vertical dashed lines indicate the onset of the referring expression.
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Fig. S12. Listener vmPFC activity predicts speakers’ actual choice patterns above and
beyond the model-derived pragmatic likelihood estimates. If the listener vmPFC activity
reflects the mental simulations of speakers, and if the speaker choices contain any behavioral
nuances that the pragmatic likelihood estimates fail to capture but listeners correctly anticipate
during communication, then the listener vmPFC activation should predict the actual choice pattern
of speakers above and beyond the pragmatic likelihood estimates derived from the best-fitting
RSA model. We tested this hypothesis by examining the degree to which vmPFC activation
outperforms the model-derived pragmatic likelihood estimates in predicting the likelihood that
speakers chose an expression to refer to a given target in the symmetric condition. (A-B) To avoid
ceiling effects, we sorted trials from all listeners according to how well the pragmatic likelihood
estimates could explain speaker behavior, and focused on the last 10% of trials where pragmatic
likelihood estimates performed poorest (trials presented in green in A-B). In these trials, pragmatic
likelihood estimates provide no explanatory power. That is, whereas speakers are biased towards
one of the two candidate expressions (green dots at relative specificity 1:1 in B), the RSA predicts
zero bias in these decisions (red dots at relative specificity 1:1 in B). (C) As expected, activity in
the listener vmPFC reflects the degree of bias in speakers’ decisions, as revealed by a linear
regression predicting the speakers’ choice frequencies using the BOLD signals extracted from the
vmPFC ROI (as identified in Fig. 4A). Consistent with the whole-brain finding that vmPFC codes
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mental simulation signals in both S+ and S- trials, no significant difference was observed between
S+ and S- in how well vmPFC activity can predict speaker choices, as revealed by the
nonsignificant interaction of S+/S- ´ vmPFC in the regression. Moreover, comparing between
these and the remaining 90% trials, the vmPFC signals perform comparably in predicting speaker
behavior (∆𝛽 = 0.02 ± 0.02, P = 0.27). (D-E) The observed effect is specific to the vmPFC, such
that the update- or prior-related activity does not predict speakers’ choice biases.
Taken together, these results therefore argue against the possibility that the listener’s vmPFC
signals choice confidence or reward expectation during communication. Instead, these results are
compatible with previous conjectures that in addition to informativeness, factors such as the
internal preference or communicative cost associated with a particular utterance may play a role
in guiding reference selection (e.g., uttering “red” vs. “trapezoid” to a listener may be associated
with different rewards and/or costs inside a speaker). Whereas the influences of such factors are
highly variable across individuals and communicative environments and difficult to formally
characterize at the behavioral level, they may be part of the “common knowledge” shared among
interlocutors and decodable from the listeners’ brain. Our results thus raise an intriguing possibility
for training models with behavioral and neural data that, complementary to RSA, may offer finegrained predictions on how pragmatic reasoning is shaped by perceptual, social, and
communicative components previously left out from the formalization of communication.

15

Fig. S13. Listener vmPFC activity does not vary according to trial type in trials with identical
pragmatic likelihood estimates (PL=0.5, relative specificity 1:1). (A) There is no significant
difference in the mean vmPFC activity between S+ and S- trials at PL=0.5. (B-E) The null effect
is unlikely due to the lack of statistical power, as there are significant differences between S+ and
S- trials in other ROIs defined by the peak coordinates of regressors with respect to (B) trial type,
(C, right) posterior, (D, right) prior, and (E, right) RT. The neural activation patterns are consistent
with the behavioral patterns (C-E, left). The opposite correlation patterns presented in D (prior:
behavior vs. ROI) is consistent with the negative correlation between activity in the occipital cortex
and the prior. Each ROI is defined as a 6 mm ball around the peak coordinate in the corresponding
activation map generated by GLM2, as in Fig. 4A and Fig. S8. Each grey line represents a
regression line of a listener; each red line represents the fitted line of all listeners. Error bars
represent inter-subject SEM. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant; all
Bonferroni corrected.

16

Fig. S14. Listener vmPFC encodes pragmatic likelihood estimates even in trials with
“determined” references. (A) Whole-brain analyses with respect to pragmatic likelihood
estimates in trials associated with determined references (P < 0.05 cluster-wise FWE corrected,
cluster-forming threshold Punc. < 0.001). (B-D) Confirmatory ROI patterns showing that, within
trials with determined references, activity in ROIs identified by (B) trial type, (C) posterior, and
(D) RT does not differ across relative specificity. (E) Consistent with the neural results in RTrelated ROI in (D), we did not find any variation in RT across PL for trials with determined
references. Each ROI is defined as a 6 mm ball around the peak coordinate in the corresponding
activation map generated by GLM2, as shown in Fig. 4A and Fig. S8. Each grey line represents a
regression line of a listener; each magenta line represents the regression line for all listeners. Error
bars represent inter-subject SEM. n.s., not significant.
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Fig. S15. Listener vmPFC activity is not correlated with various measures related to choice
confidence and task difficulty. To explore whether the listener’s vmPFC represents choice
confidence during reference resolution, we consider the following measures that has been
connected to confidence or difficulty in previous studies: (A) differences in choice options, as
reflected by the differences in posterior probability estimates between the option with the highest
posterior and the one with the second-highest posterior; (B) the uncertainty in choices, as reflected
by the absolute difference between the RSA posterior and 0.5; (C) task performance, as measured
by the trialwise recovery probability; and (D) reaction time (RT). (E-F) At the neural level, these
behavioral measures cannot explain the same portion of variances in vmPFC signals as compared
to pragmatic likelihood (PL) estimates. ROI in (E) is the same vmPFC ROI as in Fig. 4A. ROI in
(F)
is
defined
based
on
the
automated
anatomical
labeling
template
(http://www.gin.cnrs.fr/en/tools/aal/). Error bars represent inter-subject SEM. *P < 0.05, **P <
0.01, ***P < 0.001; n.s., not significant; all Bonferroni corrected.
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Fig. S16. Within-subject comparison in the vmPFC encoding of pragmatic likelihood
estimates across conditions. We use two vmPFC ROIs identified by either (A) the actual speaker
choices or (B) model-derived pragmatic likelihood estimates. For each listener in each condition,
we extracted trialwise BOLD signals from these clusters, and regressed the BOLD signal against
either (A) the model-derived pragmatic likelihood estimates or (B) the speaker’s actual choices.
The violin plots represent the distributions of individual regression coefficients for the
corresponding conditions. ROI in (A) was defined by a separate GLM on the speakers’ actual
choice frequency (FWE P < 0.05, with the cluster-forming P < 0.001). The model is identical to
GLM2 except that, instead of the pragmatic likelihood estimates, it includes the actual speakers’
choice frequency calculated by averaging choices across all speakers within each context for the
item selected by each listener. No correlation coefficient was computed for the symmetric-garment
condition in (B) because no speaker data were collected for this condition (Materials and Methods).
Each dot represents a listener. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant; pairedcomparison, all Bonferroni corrected.
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Fig. S17. Across-subject correlation of vmPFC encoding of pragmatic likelihood estimates
between conditions. Consistent with the finding that the vmPFC encoding of pragmatic likelihood
estimates is robust to the eliciting stimuli but sensitive to the common ground information, we
found a positive correlation between the differential vmPFC responses to pragmatic likelihood
estimates of the chosen objects in the symmetric and symmetric-garment conditions (A); and no
correlation between the vmPFC responses to pragmatic likelihood estimates of the chosen objects
in the symmetric and asymmetric conditions (B). All neural betas are extracted from the same
vmPFC ROI as identified in Fig. 4A. Each dot represents a listener.
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Table S1 Correlation between pragmatic likelihood estimates and relevant decision variables.
Pearson correlation coefficients with
pragmatic likelihood estimates
r

standard
deviation

posterior

0.57

0.08

prior

0.30

0.13

trial type
(S+/S-)

-0.73

0.03

RT

-0.25

0.14

update
(posterior-prior)

0.34

0.15

|posterior-0.5|

0.42

0.09

option difference
(best – second-best)

0.46

0.04
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Table S2 Regions where activity correlates with trialwise computational signals derived from the
RSA model. All activations survived a cluster-level threshold PFWE < 0.05, with a cluster-forming
threshold of Punc. < 0.001. L, left; R, right.
Sign

Region

MNI peak

Voxels

T-value

Fig. 3A: Regions correlating with the update signal. Symmetric condition.
Positive

Negative

L/R Striatum

-9 17 -4

370

6.95

L/R Parietal/occipital lobe

36 -67 14

1296

6.42

L/R Cerebellum

-3 -55 -22

347

6.26

L Middle temporal gyrus

-45 -76 8

412

6.17

L Thalamus

-18 -16 11

135

5.52

R Thalamus

24 -22 23

61

5.45

R Middle frontal gyrus

27 -4 38

46

4.98

L Caudate

-24 17 20

41

4.80

L Precentral

-33 -4 47

59

4.54

R Temporal pole

60 -22 -13

257

6.47

R Inferior parietal lobule

54 -43 53

179

5.11

R Inferior frontal gyrus

51 11 8

40

4.24

Fig. 4A: Regions correlating with the pragmatic likelihood estimates, while controlling for trial type
(S+/S-), posterior, prior, and RT. Symmetric condition.
Positive

vmPFC

-6 44 -7

56

4.48

Fig. S10C top: Regions correlating with the pragmatic likelihood estimates in S- trials. Symmetric
condition.
Positive

vmPFC

-15 38 -10

136

5.12

Fig. S14A: Regions correlating with the pragmatic likelihood estimates in trials with determined
references. Symmetric condition.
Positive
vmPFC
-15 41 -1
107
5.02
R Postcentral

45 -22 47

49

4.81

Anterior cingulate cortex

6 17 23

42

4.79

L Superior frontal gyrus

-24 41 35

46

4.69

Precuneus

-6 -52 2

120

4.66

L Precentral

-45 -13 41

44

4.54

Fig. 7B: Regions correlating with pragmatic likelihood estimates. Symmetric-garment condition.
Positive

Negative

vmPFC

6 50 -1

667

6.03

L Temporal lobe

-33 -52 2

90

6.01

L Inferior parietal lobule

-57 -31 26

82

4.71

dmPFC

-6 14 53

478

9.68

L Insula

-30 23 2

117

9.52

L/R Occipital lobe

-21 -82 -10

3613

9.16

22

L DLPFC

-42 11 32

1157

9.16

R DLPFC

45 11 26

350

7.24

R Insula

30 23 -1

91

7.02

R Superior frontal gyrus

24 8 53

209

6.16

L Lateral PFC

-42 47 -7

149

5.99

L Caudate

-12 5 11

120

5.93

L Thalamus

-9 -16 5

141

5.91

R Thalamus

9 -19 2

120

5.52

R Caudate

12 5 14

80

5.22

Fig. 7E: Regions correlating with pragmatic likelihood estimates derived from the matching
symmetric condition. Asymmetric condition.
Positive

R SupraMarginal

57 -22 26

53

4.88

Negative

dmPFC

-6 26 38

586

8.84

L Insula

-27 23 -4

201

7.95

L DLPFC

-42 17 29

1154

7.84

L Inferior parietal lobule

-39 -49 47

1326

7.24

R Insula

33 26 -1

73

6.89

R Superior frontal gyrus

27 5 50

187

6.29

R DLPFC

45 29 29

348

6.01

R Parietal lobe

27 -61 41

731

5.62

L Caudate

-15 14 2

78

4.63
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