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Abstract

In crowds, where scrutinizing individual facial expressions is inefficient, humans can make snap
judgments about the prevailing mood by reading “crowd emotion”. We investigated how the brain
accomplishes this feat in a set of behavioral and fMRI studies. Participants were asked to either
avoid or approach one of two crowds of faces presented in the left and right visual hemifields.
Perception of crowd emotion was improved when crowd stimuli contained goal-congruent cues
and was highly lateralized to the right hemisphere. The dorsal visual stream was preferentially
activated in crowd emotion processing, with activity in the intraparietal sulcus and superior frontal
gyrus predicting perceptual accuracy for crowd emotion perception, whereas activity in the
fusiform cortex in the ventral stream predicted better perception of individual facial expressions.
Our findings thus reveal significant behavioral differences and differential involvement of the
hemispheres and the major visual streams in reading crowd versus individual face expressions.
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Introduction

We routinely encounter groups of people at work, school, or social gatherings. In real-life
situations, we often need to make quick decisions about which group of people to approach
or avoid, and facial expressions of the group members play an important role in our
judgments of their intent and predisposition. Because such decisions usually need to be
made rapidly in many social situations, serial scrutiny of each individual’s facial expression
is slow and becomes increasingly inefficient as the size of the crowd grows. Instead,
extracting summary statistics (e.g., the average) through a process known as ensemble
codingl~* is a more efficient way to process an array of similar objects.

A large body of evidence has shown that the visual system can rapidly extract the average of
multiple stimulus features such as orientation®5, size’:8, and motion direction® of groups of
objects in an array. Ensemble coding provides precise global representation?:78:10 with little
or no conscious perception®7:11-13 or sampling of individual members in a set!415. Recent
work has further shown that ensemble coding occurs for even more complex objects, such as
averaging emotion from sets of faces?:3:16-19, facial identity16.20-23 as well as a crowd’s
movements?4:25 and gaze direction26:27.

Face perception has great social importance, because emotional expressions forecast
behavioral intentions of expressors?8-30 and govern observers’ fundamental social
motivations accordingly. From a perceiver’s perspective, for example, an angry face elicits
an avoidance reaction while a happy face elicits approach reaction?8:39-32. To date, however,
empirical work undertaken on ensemble perception of faces has largely concentrated on the
efficiency and the fidelity of crowd perception23:16-23 but not on how this process is
socially relevant. To our knowledge, no studies have examined how humans make speeded
social decisions about which crowd of faces to approach or avoid, based on extracted
ensemble features of facial crowds (e.g., crowd emotion). We often engage in such affective
appraisals to enhance our social life (e.g., looking for a more approachable group of people
to have a chat with at a cocktail party), and, occasionally, to avoid danger (e.g., rapidly
inferring intent to commit violence from the facial expressions of a mob on the street to
escape in time and seek help from another group that looks kinder).

Therefore, in the current study we aimed to characterize the behavioral and neural
mechanisms of social decision making based on rapidly extracted crowd emotion from
groups of faces. Behaviorally, our goals were to examine 1) how extracting crowd emotion
from two groups of faces was modulated by task demands reflecting different social
motivations (approach or avoidance) and whether this processing was significantly
lateralized across the visual field, and 2) how characteristics of facial crowds such as sex-
linked identity cues and group size interact with the social motivations present when
perceiving crowd emotion. These factors have received surprisingly little attention in the
literature of ensemble perception of facial crowds, although they have been found to play a
major role in affective processing elsewhere28-30.33-39,

Neurally, our goal was to examine the brain networks and pathways mediating ensemble
perception of crowd emotion and compare it to the neural processes underlying extraction of
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emotion from, and choosing between, two individual faces. We focused on the dorsal and
ventral visual streams, predicting their preferential involvement in processing crowd and
individual emotion, respectively. The magnocellular (M) and parvocellular (P) pathways
project primarily, but not exclusively, to the dorsal and ventral streams, respectively40:41,
The dorsal M-dominant pathway is suggested to support vision for action, non-conscious
vision and detection of global and low-frequency information, whereas the ventral P-
dominant pathway is suggested to support vision for perception, conscious vision, and
analysis of local, high spatial frequency information*2-52. Given such distinctive properties
and functions of the dorsal and ventral pathways, we hypothesized that decisions on rapidly
extracted global information of crowd emotion may rely on the dorsal pathway-dominant
processing, whereas decisions that involve comparison between two individual emotional
faces may rely on the ventral pathway-dominant processing. We tested this hypothesis by
using both whole brain and ROI analyses in the superior frontal gyrus (SFG) and the
intraparietal sulcus (IPS) which have been implicated as conveying information via the M-
pathway®>3-57 and the fusiform gyrus (FG) which is known to support P-pathway
information38:56.58-62_ Finally, we also included an additional ROI in the amygdala given its
central role in emotional processing®3-8. Unlike the other ROIs (IPS, SFG, and FG) that we
predicted to be selectively engaged in reading of crowd versus individual emotion, we
expect that the amygdala would be involved in both processes.

To accomplish our goals, we conducted a set of behavioral and fMRI experiments in which
participants viewed visual stimuli containing two groups of faces with varying emotional
expressions (single faces were also examined for a direct comparison in the fMRI study),
presented in the left and right visual hemifields. Participants had to choose one of the two
crowds (or individual faces) as rapidly as possible, to indicate which one they would avoid
or approach. Unlike the estimation task where the absolute value is judged, the answers and
the ease of the decision in such comparison task would vary depending on the task goal. For
example, the decision to choose to approach a happy crowd vs. an emotionally neutral crowd
should be quite clear and explicit. However, the same comparison (happy vs. neutral)
becomes more ambiguous and implicit when observers have to decide which crowd they
would rather avoid. This paradigm allows us to examine the role of observers’ social
motivation in comparing crowd emotion and its interaction with crowd size, sex-linked
identity cues, and visual field of presentation.

Experiment 1: behavioral study

Participants viewed two crowds of faces (Figure 1B), one in the left visual field (LVF) and
one in the right visual field (RVF) for 1 second. They were instructed to fixate on the center
fixation cross and to make a key press as quickly and accurately as possible to indicate
which group of faces they would rather avoid (Experiment 1A) or approach (Experiment
1B). Rather than freely choosing, participants were explicitly informed that the correct
answer was to choose either the crowd that looked angrier in the avoidance task and the
crowd that looked happier on average in the approach task. This allowed us to create the task
settings that are applicable in naturalistic social context, by instructing participants to make
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relative comparisons between two crowds or faces in order to achieve the explicit social goal
(e.g., avoiding a more threatening crowd or approaching a friendlier crowd).

Individual faces contained in each crowd were chosen from a set of 51 faces (Figure 1A)
morphed from two highly intense, prototypical facial expressions (angry and happy) of the
same person. The set contained six different identities (3 male and 3 female faces), taken
from the Ekman face set®®. One visual field always contained a crowd with varied
expressions that were nonetheless emotionally neutral on the average (i.e., the particular mix
of happier and angrier expressions was at the midpoint between happy and angry). The other
visual field contained a crowd that had a mix of expressions that was either happier or
angrier on the average than the neutral crowd. Individual faces had all different emotional
intensities, and half of individual faces were more intense in the neutral crowd than any
expression in the emotional crowd. This is critical because it ensures that participants could
not simply rely on finding the most intense (happy or angry) expression and base their
decision on that face. Instead, they had to choose the crowd to approach or avoid based on
the average emotion from a crowd to perform the task correctly.

While participants reported the task as being rather difficult, they could reliably perform the
task at levels well above chance. The overall accuracies for both Experiments 1A and 1B
were significantly higher than chance (avoidance task: 64.88% vs. 50%; approach task:
63.72% vs. 50%, all p’s < 0.001 from separate one-sample t tests), demonstrating that
participants were able to extract the average crowd emotion from the two groups of faces
and choose appropriately which group they would rather avoid or approach. Although
accuracies for the avoidance task vs. approach task were not significantly different (64.88%
vs. 63.72%: 40) = 1.330, p=0.191), the mean response time (RT)1 was significantly
slower for the avoidance task than for the approach task (1.17 vs. 0.98 seconds: {40) =
2.156, p<0.04, Cohen’s d = 0.666). As shown in Figure 1D, neither accuracy nor RT was
affected by the size of the facial crowd (8 vs. 12 faces total) in the avoidance task (accuracy:
#40) = 0.113, p> .250, Cohen’s d = 0.035; RT: £40) = 0.010, p> .250, Cohen’s d = 0.003)
or approach task (accuracy: £40) = 0.818, p>.250, Cohen’s d = 0.153; RT: {40) = -0.037,
p>.250, Cohen’s d = -0.011), suggesting that extraction of crowd emotion does not require
serial processing of each individual crowd member, but is processed in parallel. Because
there was no effect of crowd size, we collapsed the data from the different crowd size
conditions for further analyses.

Facilitation of task-congruent cues: avoiding angry and approaching happy
crowds—In our morphing methods (Figure 1A), the emotional distance between the
morphed faces could be quantified based on the arbitrary values of the emotional unit (EU)
number, with zero being emotionally ambiguous (e.g., 50% happy and 50% angry), +25
being extremely happy (100% happy), and —25 being extremely angry (100% angry).
Because the neutral crowd (EU of zero on average) was always presented on one side, the
positive value of the emotional distance between the two crowds indicates that the other side

1\\e also conducted RT analyses using each participant’s median RT. Just as mean RT, median RT was significantly slower for the
avoidance task than for the approach task (1.16 second vs. 0.97 second on average: {40) = 1.995, p< 0.05, Cohen’s d = 0.632). We
also confirmed that median RTs yielded the same results for all the other findings reported in this manuscript (see Supplementary

Results).
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to be compared contained a happier crowd than the neutral crowd (e.g., +9 vs. 0: very happy
vs. neutral and +5 vs. 0: somewhat happy vs. neutral) and the negative value of the
emotional distance indicates that the other side contained an angrier crowd than the neutral
crowd (e.g., =9 vs. 0: very angry vs. neutral and -5 vs. 0: somewhat angry vs. neutral). Such
separation proved to be effective in systematically manipulating the difficulty of the task
(Figure 1E): A repeated-measures analysis of variance showed a significant main effect of
the emotional distance (four levels: -9, =5, +5, and +9) on performance accuracy in both
avoidance task (A3,60) = 4.69, p< 0.01, npz =0.29) and approach task (A3,60) = 4.644, p
<0.01, npz =0.219). Post hoc Tukey’s HSD pairwise comparison tests revealed higher
accuracy for +9 than +5 of emotional distance, as well as higher accuracy for -9 than -5 of
emotional distance (all p’s < 0.05), suggesting that accuracy increased when emotional
distance between the two crowds being compared increased in both the avoidance and
approach tasks.

Furthermore, contrast analyses also revealed that participants were more accurate for the
crowd emotion that was congruent with the task goal — whether to approach or to avoid. That
is, participants were more accurate when comparing angry versus neutral crowds (both

levels of emotional distance: —9 and —5) than comparing happy versus neutral crowds (both
levels of emotional distance: +9 and +5) during the avoidance task, statistically confirmed by
the contrast of [-9 and -5 vs. +9 and +5]: £80) = 2.37, p< 0.03. Conversely, during the
approach task, participants were more accurate when comparing happy versus neutral
crowds (both levels of emaotional distance: +9 and +5) than comparing angry versus neutral
crowds (both levels of emotional distance: -9 and -5): {80) = 2.12, p< 0.04. The RTs
showed similar trends toward faster RTs for comparisons involving task-congruent crowd
emotion: angry vs. neutral (emotional distance of -9 and -5) for the avoidance task and
happy vs. neutral (emotional distance of +9 and +5) for the approach task (Supplementary
Result 1). Together, these results suggest that observers were most accurate and efficient
when they had to choose angrier crowds over neutral for the avoidance task and happier
crowds over neutral for the approach task. Thus, it appears that motivational information
systematically modulates observers’ evaluation of crowd emation.

Right hemisphere dominance for goal-relevant crowd emotion—When
participants judged which crowd they would avoid (Experiment 1A), choosing an angry over
a neutral crowd is an easier, task-congruent decision (red frame shown in Figure 2A). On the
other hand, choosing a neutral over a happy crowd introduces ambiguity into the decision,
because the neutral crowd does not contain an explicit social cue (although it is less friendly
than a happy crowd, it is not angry on average; gray frame shown in Figure 2A). In both
types of decisions, we observed the right hemisphere dominance in which participants’
accuracy was facilitated when the facial crowd to be chosen was presented in the LVF. Their
accuracy was higher for an angry crowd presented in the LVF than the RVF when comparing
an angry vs. a neutral crowd, and a neutral crowd presented in the LVF than the RVF when
comparing a neutral vs. a happy crowd during the avoidance task (Figure 2A). A two-way
repeated measures ANOVA with two factors of the visual field of presentation (LVF vs.
RVF) and the emotional valence of the crowd to be chosen (angry vs. neutral) revealed the
significant main effect of the visual field (A1,20) = 6.133, p< 0.03, npz = 0.235), with the
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accuracy for LVF presentation being greater than RVF presentation. The main effect of the
emotional valence of the crowd to be chosen (A1,20) = 0.033, p=0.858, T]p2 =0.002) or the
interaction (A1,20) = 0.818, p=0.376, np2 = 0.039) was not significant. Post hoc Tukey’s
HSD pairwise comparison tests confirmed both the higher accuracy for an angry crowd in
the LVF than an angry crowd in the RVF (p < 0.05) and the higher accuracy for a neutral
crowd in the LVF than a neutral crowd in the RVF (p < 0.04). This result indicates
hemispheric specialization for crowd emotion processing in which LVF/RH presentations
are superior for crowd emotion to be chosen (an angry over a neutral crowd and a neutral
over a happy crowd) for the avoidance task.

For the approach task (Experiment 1B), on the other hand, participants had to choose which
of the two crowds they would rather approach. It is important to note that the emotional
valence of the congruent social cue for the approach task is opposite to that for the
avoidance task. For the approach task, choosing a happy over a neutral crowd is a task-
congruent social decision (Figure 2B) whereas choosing a neutral over an angry crowd is a
more ambiguous decision (gray frame shown in Figure 2B). Despite the emotional valence
of a task-congruent social cue being flipped (e.g., angry for avoidance and happy for
approach task), we again found a consistent pattern of hemispheric asymmetry: The
participants’ accuracy for crowd emotion to be chosen (a happy crowd when comparing a
happy vs. a neutral crowd and a neutral crowd when comparing a neutral vs. an angry
crowd) was facilitated when it was presented in the LVF than in the RVF (Figure 2B). A
two-way repeated measures ANOVA showed the significant main effect of the visual field
(A1,20) =5.447, p<0.05, np2 = 0.232), although the main effect of the emotional valence
of the crowd to be chosen (happy vs. neutral: A/1,20) = 0.358, p=0.556, npz =0.019) or the
interaction (A1,20) = 0.654, p=0.428, npz = 0.035) was not significant. Post hoc Tukey’s
HSD pairwise comparison tests also confirmed the higher accuracy both for a happy crowd
in the LVF than the RVF (p < 0.04) and a neutral crowd in the LVF than the RVF (p < 0.02).
Finally, the RT results also indicated faster processing of crowds containing task-congruent
cues than of crowds containing task-incongruent cues, both for the avoidance and approach
tasks (more details and statistics are reported in the Supplementary Result 1).

Because of the relative comparisons required in our study, in the avoidance task, a neutral
crowd could be either the one to be avoided when compared with a happy crowd or the one
notto be avoided when compared with an angry crowd. Similarly, in the approach task a
neutral crowd could be either the one to be approached when compared with an angry crowd
or the one notto be approached when compared with a happy crowd. One could imagine
that on a given trial a neutral crowd was the avoidance/approach stimulus but on the next
trial it is the non-avoided/non-approached stimulus depending on the other crowd to be
compared with. If participants had used different cognitive strategies for the comparisons of
an angry vs. a neutral crowd and of a happy vs. a neutral crowd within the same task,
switching the response mapped to a neutral crowd from one trial to the next could
significantly slow down participants’ RT or impair their accuracy because of the switch
cost’0-"4_ In order to examine whether such prior trial interference occurred, we compared
participants’ RT and accuracy when the response mapped onto a neutral crowd was switched
(Switched trials) versus when the same type of comparison was repeated (Repeated trials).
We found no difference in RT or accuracy between Switch trials vs. Repeated trials in the
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avoidance task or the approach task (all p’s> 0.570, more details shown in Supplementary
Result 9), suggesting that the prior trial interference effects and switching costs is minimal
in our task.

Together, our results are consistent with previous studies that have shown that the right
hemisphere is dominant for global processing whereas the left hemisphere is dominant for
local processing”>~79. Furthermore, our results suggest that the RH dominance for global
processing of crowd emotion is also modulated by the task goal at hand. Regardless of the
actual emotional valence of the facial crowd, LVF/RH processing facilitated processing of a
goal-relevant facial crowd: a facial crowd that looked “relatively angrier” was facilitated
during the avoidance task whereas processing of a facial crowd that looked “relatively
happier” was facilitated during the approach task.

Sex-specific identity cues that modulate crowd emotion perception—Because
previous findings of individual face perception have documented that female- and male-
specific facial features are perceptually confounded with happy and angry expressions,
respectively33:80 we examined whether processing of crowd emotion was also modulated by
sex-specific facial identity cues. We compared the accuracy for male and female facial
crowd stimuli (illustrated in Figure 3A) in the avoidance and approach tasks. Figures 3B and
3C show the accuracy on the avoidance task and approach task, plotted separately by the
valence of emotional face images (happy and angry) to be compared to a neutral crowd and
the sex of the face images (male vs. female). The two-way repeated-measures ANOVA
showed that the main effects of the stimulus sex (AH1,20) = 2.984, p=0.100) or of the
emotional valence of the face images (A1,20) = 0.112, p = 0.741) were not significant in the
avoidance task. In the approach task, the main effect of the stimulus sex (A1,20) = 4.966, p
<0.04, npz =0.199), but not the main effect of the emotional valence (A1,20) = 0.588, p=
0.981), was significant, with the accuracy for female crowds being greater. Importantly, we
found the significant interaction between the sex and the emotion of the facial crowd both in
the avoidance task (A1,20) = 4.908, p < 0.04, npz =0.197) and in the approach task (A1,20)
=4.678, p<0.05, npz =0.190). Post hoc Tukey’s HSD pairwise comparison test showed the
higher accuracy for angry male than angry female crowds (o < 0.05) in the avoidance task
and the higher accuracy for happy female than happy male in the approach task (p < 0.04).
These results suggest that integration of crowd emotion from emotional faces is also
influenced by sex-specific identity cues.

Comparing the differing task demands for avoidance and for approach, we also observed a
modulation by task demands. Contrast analyses comparing the accuracy for angry males to
the other three conditions (happy males, angry females, and happy females) revealed that
participants were most accurate for comparing an angry male crowd vs. a neutral male
crowd than the other three conditions during the avoidance task (480) = 2.119, p< 0.05),
suggesting that facial anger and masculine features both conveyed threat cues and interacted
to facilitate decisions to avoid a crowd. Conversely, participants were most accurate in
comparing a happy female crowd vs. a neutral female crowd than the other three conditions
during the approach task (£80) = 2.473, p< 0.02). Although the sex of the faces in our
crowd stimuli modulated the perception of crowd emotion, we found that the sex of the
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participants did not influence perception of crowd emotion either in the avoidance or the
approach task (Supplementary Result 2).

Reading crowd emotion from faces of different identities: Control experiments
1A and B—In real-world situations, as compared to a laboratory, we never view one
person’s various emotional expressions simultaneously. Rather, we encounter groups of
individuals who differ not only in their emotional expression, but also identity, age, and
gender cues. Because a majority of the previous studies of average crowd emotion (including
the main experiments in the current study, but see 1) constructed each stimulus using faces
of the same person that varied in emotionality, observers’ ability to extract crowd emotion
from facial expressions of the same individual vs. from different individuals has not yet been
directly compared. Thus, we conducted two Control experiments 1A and 1B in which two
new groups of participants (N= 40 total) were presented with crowd stimuli containing a mix
of different identities (Supplementary Result 3). As in our main experiments, the task was to
choose a relatively angrier crowd of the two to avoid (Avoidance task, Control experiment
1A) and to choose a relatively happier crowd to approach (Approach task, Control
experiment 1B). As we reported in detail in Supplementary Result 3, we replicated the
results of Main experiments 1A and 1B even with mixed presentation of different facial
identities and with new cohorts of participants. We obtained not only similar overall
accuracy and overall RT results, also the replication of the task-goal dependent facilitation of
the accuracy and the right hemisphere dominance for crowd emotion to be chosen. These
results suggest that facial identity cues do not significantly interfere with extraction of crowd
emotion. These results also confirm the robustness of our main findings of task-goal
dependent modulation and hemispheric asymmetry for task-congruent and task-incongruent
decisions on crowd emotion.

Parallel, global processing of facial crowds: Control experiment 2 (Eye
tracking study)—Both in Experiments 1A (avoidance) and 1B (approach), we have found
that presenting a larger number of faces in facial crowds (from 8 to 12 total) did not impair
participants’ accuracy or slow down their RT (Figure 1D). Likewise, in Control experiments
1A and 1B (Supplementary Result 3), we observed no set size effects on the accuracy or RT,
suggesting that participants did not process each individual crowd member in a serial
manner (see also Supplementary Result 8 for the further analyses and discussion). However,
it is still possible that a total duration of 2.5 seconds of stimulus (1 second) and blank (1.5
second) presentation was sufficient for participants to saccade rapidly to only two or three
faces in each visual field to make a judgment relying only on these sampled subsets. If this
were the case, the flat slope between 8 and 12 faces both in the accuracy and the RT could
also be observed as a result of serial processing of subsets, rather than parallel processing.
To address this issue, we conducted Control experiment 2 where a new group of 18
participants performed the same avoidance task as in Experiment 1A, with their eye
movement monitored and restricted (fixed to the center of the screen) throughout the
experiment. We observed not only that both the accuracy and RT were comparable to our
main results from Experiment 1A (and Control experiments 1A), but also that the effects of
the set size, the emotional distance, and the goal-dependent hemispheric lateralization were
replicated in this control eye-tracking experiment. All the details and statistics of Control
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experiment 2 are reported in Supplementary Result 4. These results provide the evidence
that extracting crowd emaotion of facial groups does not necessarily require participants
make eye saccades towards a subset of individual faces. Therefore, we conclude that crowd
emotion can be extracted as a whole, in a parallel manner rather than relying on serial
processing of individual faces or subjects of faces in the crowds.

Experiment 2: fMRI study

In the fMRI study, we scanned 30 participants, using only the avoidance task because of
time and budgetary constraints. Participants were presented with stimuli containing either
two facial crowds (Figure 1B) or two single faces presented in a crowd of scrambled masks
(Figure 1C). Participants were asked to choose rapidly which of the two facial crowds
(crowd emotion condition) or which of the two single faces (individual emotion condition)
they would rather avoid, using an event-related design with crowd emotion and individual
faces conditions randomly intermixed (See Methods for more details). We compared the
patterns of brain activation when participants chose to avoid one of two crowds or one of
two individual faces. If the processing of crowd emotion relies on the same mechanism that
mediates single face perception, we would observe activations of the same brain network
during the processing of crowd emotion, but perhaps to a larger degree and larger extent than
during single face comparisons, given the greater complexity of the stimulus and difficulty
of the crowd emotion task. Alternatively, if the processing of crowd emotion and of
individual face emotion relies on qualitatively distinct processes, specifically mediated by
dorsal and ventral visual pathways as we hypothesized, we would expect to observe
differential brain activations in distinct sets of brain areas in dorsal and ventral visual
pathways.

Behavioral results

The participants’ overall accuracy for crowd emotion condition in the fMRI study was
63.16%, not significantly different from that we observed from Experiment 1A (64.88%;
X(48) = —1.468, p= 0.149). We further confirmed that the behavioral results of the crowd
emotion condition in the fMRI study replicated other behavioral results in Experiment 1A
and the control experiments: Participants’ accuracy was higher when emotional distance
between the two crowds being compared increased, when comparing angry (task-congruent
cue) vs. neutral crowds than comparing happy vs. neutral crowds, and when comparing
angry male vs. neutral male crowds than comparing angry female vs. neutral female crowds.
The figures and statistical tests supporting these results are presented in Supplementary
Result 5.

Critically, we again replicated the right hemisphere advantage for crowd emotion to be
chosen, as in Experiment 1A (Figure 2A) and the control experiments (Supplementary
Results 3 and 4). The participants’ accuracy was higher when the crowd emotion to be
chosen was presented in the LVF than the RVF, both in comparing an angry vs. a neutral
crowd and comparing a neutral vs. a happy crowd (Figure 2C, color-filled bar graphs). This
was confirmed by a significant main effect of the visual field of presentation (LVF vs. RVF:
H1,29) = 4.560, p < 0.05) from a two-way repeated measures ANOVA with the accuracy for
the LVF being greater than the RVF. The main effect of the emotional valence of the crowd
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to be chosen was not significant (angry vs. neutral: A1,29) = 1.141, p= 0.294), although the
interaction was significant (H1,29) = 9.361, p < 0.01). Post hoc Tukey’s HSD pairwise
comparison tests also confirmed the higher accuracy for an angry crowd in the LVVF than the
RVF (p< 0.03) and for a neutral crowd in the LVF than the RVF (p < 0.05).

For the individual emotion condition, the overall accuracy was 65.92%, which was slightly
but not significantly, higher than that for crowd emotion condition (458) = -1.491, p=
0.106). We also observed no difference in the RT for the crowd emotion condition vs. the
individual emotion condition (458) = 0.318 p= 0.751). Even though only two faces were
presented, and thus there was no need to extract the average crowd emotion, the level of
accuracy and the response time for comparing two individual faces was similar to that for
comparing two facial crowds. These results confirm that the difference in our fMRI findings
comparing crowd emotion vs. individual emotion conditions is not due to a difference in task
difficulty, but reflects qualitative differences in neural processing patterns and substrates.

Finally, we observed different patterns of hemispheric lateralization for the individual
emotion condition (Figure 2C, bar graphs with outlines). Unlike the crowd emotion
condition showing the right hemisphere advantage regardless of the emotional valence of the
crowd emotion to be chosen, the individual emotion condition showed that participants’
accuracy was higher when an angry face was presented in the LVF/RH and when a neutral
face was presented in the RVF/LH. In addition, choosing an angry face over a neutral face
was more accurate than choosing a neutral face over a happy face overall. A two-way
repeated measures ANOVA showed that the main effect of the visual field of presentation
was not significant for the individual emotion condition (A1,29) = 1.702, p=0.202),
although the main effect of the emotional valence of the face to be chosen (angry vs. neutral:
A1,29) = 18.511, p<0.01) and the interaction (A1,28) = 8.193, p < 0.01) were significant.
Post hoc Tukey’s HSD pairwise comparison tests also confirmed the higher accuracy for an
angry face in the LVF than in the RVF (p < 0.05) and the higher accuracy for an angry face
than a neutral face in the LVF (p < 0.05), but not in the RVF (p > 0.76). Our findings in the
individual emotion condition are consistent with previous findings suggesting that affective
face processing in general is right-lateralized, with more marked laterality effects for
negatively-valenced stimuli3>80-82_ Together, our behavioral data from the fMRI study
replicate our main findings from Experiment 1A (and other control experiments) and
provide further evidence that perception of crowd emotion and individual emotion engage
different patterns of hemispheric specialization.

fMRI results

Distinct neural substrates for crowd emotion vs. individual emotion
processing—Our main goal in the fMRI experiment was to characterize the neural
substrates involved in participants’ avoidance decision between two facial crowds vs. those
mediating decisions between two individual faces. Figure 4A shows the brain regions
activated when participants were comparing two crowds (labeled in red) vs. comparing two
individual faces (labeled in blue) and vice versa (The complete list of activations is reported
in the Table 1). Using the contrast Crowd emotion - Individual emotion conditions, we
observed that comparing two facial crowds in the avoidance task showed greater cortical
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activations in the parietal and frontal regions along the dorsal stream (e.g., IPS, SPL, SFG,
MFG, IFG, and OFC) in both hemispheres. On the other hand, the Individual emotion
condition evoked greater activation in the regions along the ventral stream (FG, PHC, RSC,
TP), ACC/PCC, and vmPFC. In order to verify the robustness of our results, we also used
several different thresholding parameters (o < 0.001, uncorrected; k=5 in Supplementary
Table 1 and p < 0.0005, uncorrected; k=5 in Supplementary Table 2) and observed similar
patterns with greater activations in the regions along the dorsal pathway for crowd emation
condition and in the regions along the ventral pathway for individual emotion condition.

We further examined responses in our regions of interest (IPS, SFG, FG, and amygdala). We
chose these ROIs based on the prior work that showed involvement of SFG in dorsal stream
processing and its intrastream functional connectivity with IPS53-57  the work showing the
major involvement of FG in ventral stream information processing38:56:58-62 and the wealth
of data supporting the link between the amygdala and emotional functions in general®3-68,
These regions were functionally restricted based on an unbiased contrast of all the visual
conditions minus baseline (average activation of voxels) using random effects models
(height: p<0.01, uncorrected; extent: 5 voxels), within the anatomical label for each ROI
(obtained by the anatomical parcellation of the normalized brain83). As shown in Figure 4B,
we observed that both the left and right IPS and SFG showed greater activation for the
crowd emotion condition than the individual emotion condition, whereas the bilateral FG
showed greater activation for the individual emotion condition than crowd emotion condition
(See Supplementary Figure 10 for the breakdown of the emotional valence for each of the
condition as well). This observation was confirmed by paired t-tests (two-tailed), conducted
separately for each ROI (crowd emotion > individual emotion: p < 0.01 for the bilateral IPS
and SFG; individual emotion > crowd emotion: p < 0.01 for the bilateral FG). These results
suggest that the regions in the dorsal visual pathway (e.g., IPS and SFG) and in the ventral
visual pathway (e.g., FG) show differential responsivity to the crowd emotion and the
individual emotion comparisons, respectively. Unlike these three ROI’s that showed
selective responses to crowd emotion (IPS and SFG) and individual emotion (FG)
conditions, we observed that the bilateral amygdala did not distinguish crowd emotion and
individual emotion conditions. The amygdala showed similar level of responsivity to both
conditions, confirmed by the non-significant t-test between crowd vs. individual emotion
conditions (two-tailed): p> 0.693). The null result on the amygdala activation suggests that
the differential responses of IPS, SFG, and FG we observed here are pathway-specific.

Furthermore, we found that the activity in these ROIs differentially predicted the
participants’ behavioral accuracy for the crowd emotion and individual emotion conditions.
As shown in Figure 4C, the responses of the bilateral IPS and the right SFG positively
correlated with participants’ accuracy for the crowd emotion condition (left IPS: r=0.424, p
< 0.01; right IPS: r=0.462, p< 0.01; left SFG: r=0.337, p=0.069; right SFG: r=0.454, p
< 0.02), whereas the activity of the bilateral FG positively correlated with the accuracy for
the individual emotion condition (left FG: r=0.568, p< 0.01; right FG: r=0.498, p< 0.01).
However, we did not find any significant correlation between participants’ amygdala activity
and behavioral accuracy for crowd emotion condition (left amygdala: r = 0.266, p = 0.155;
right amygdala: r=0.192, p=0.310) or individual emotion condition (left amygdala: r =
0.133, p = 0.482; right amygdala: r = 0.254, p = 0.176). Together, our fMRI results provide
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the evidence for the differential contributions of the dorsal and ventral visual pathways to
crowd emotion and individual emotion processing, respectively.

Finally, we verified that our ROIs are the regions selectively engaged in M-pathway (IPS and
SFG) and P-pathway (FG) processing, by conducting a pilot study using functional localizer
scans for M-pathway and P-pathway regions (Supplementary Result 7). In this pilot study,
we used non-face stimuli, sinusoidal counter-phase flickering gratings biased to engaged the
M-pathway (a low-luminance contrast, varying gray-on-gray grating with a low spatial
frequency and 15 Hz flicker) and biasing P-pathway (an isoluminant, high color-contrast
red-green grating with high spatial frequency with slow, 5 Hz flicker), following the method
detailed in Denison et al84. These types of stimuli have been known to selectively bias M-
pathway and P-pathway processing in previous studies using object, letter, scene, and face
stimuli44:45.50.84-87_Athough different types of stimuli and different cohorts of participants
were employed, the localizer scans showed activations in foci adjacent to and overlapping
with our ROIs including the bilateral IPS and SFG activated by M-pathway stimuli and the
bilateral FG activated by P-pathway stimuli.

Brain activations for comparing angry vs. neutral crowds and neutral vs.
happy crowds—Our secondary interest was to examine the different patterns of brain
activation when participants had to choose an angry over a neutral crowd (obvious and task-
congruent comparison) vs. when they had to choose a neutral crowd over a happy crowd
(less-obvious comparison). As shown in Figure 5A, we found greater activations evoked by
the avoidance comparison between an angry vs. a neutral crowd in the brain areas along the
dorsal visual pathway (SFG, MFG, IFG, SMA, and OFC) and the vIPFC, PCC, amygdala,
and PHC in the right hemisphere, and in the left SPL (Figure 5A). Overall, many of these
regions overlapped with the areas showing preference for crowd emotion than individual
emotion processing (Figure 4A and Table 1), suggesting that task-congruent decision is
dominant in the crowd emotion processing of these dorsal pathway regions. For the
avoidance comparison between a neutral vs. a happy crowd, we observed greater activations
in the bilateral MTG and SFG, STS, PCC, PHC, ACC, mPFC in the left hemisphere. Some
of these areas including the MTG, PCC, and ACC are also known to be engaged in
emotional conflict resolution, coupled with DLPFC which is responsible for integration of
emotional and affective processes®8:89.132 Thys, this result suggests that choosing a neutral
vs. a happy crowd as a relative option to be avoided may engage an additional control
mechanism. The control mechanism in these areas appears to be responsible for resolution
of possible emotional conflict between the task goal (e.g., avoidance) and the motivational
value elicited by a happy facial crowd (e.g., approach). The complete list of the brain
activations in Figure 5A is shown in Supplementary Table 3. Finally, comparing an angry vs.
a neutral face evoked greater activation in the brain areas including the bilateral AG, MTG,
PHC and PCC/PC, the right TP, PFC, and OFC, whereas comparing a neutral vs. a happy
face evoked greater activation in the areas including the left IFG, insula, TP, and the SMA
(shown in Figure 5B). The complete list of the brain activations in Figure 5B is shown in
Supplementary Table 4.
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Discussion

The goal of this study was to characterize the functional and neural mechanisms that support
crowd emotion processing. We had four main findings: 1) Goal-dependent hemispheric
asymmetry for crowd emotion processing in which presenting a facial crowd to be chosen
(e.g., either an angry or a neutral crowd for the avoidance task and either a happy or a
neutral crowd for the approach task) in the LVF/RH facilitated participants’ accuracy, 2)
Higher accuracy overall in identifying facial crowds containing task-congruent crowd
emotion (e.g., angry crowd to avoid, happy crowd to approach); 3) Higher accuracy when
sex-linked identity cues were congruent with the task goal (e.g., angry male crowds to avoid
and happy female crowds to approach); and 4) Preferentially activated dorsal visual stream
in crowd emotion processing, with IPS and SFG predicting behavioral crowd emotion
efficiency; and 5) Preferentially activated ventral visual stream in individual face emotion
processing, with fusiform cortex activity predicting the accuracy of decisions about
individual face emotion.

The goal-dependent modulation of crowd emotion processing suggests that the mechanism
underlying the reading of crowd emotion is highly flexible and adaptive, allowing perceivers
to focus most keenly on desired outcomes in dynamic social contexts (e.g., to avoid
unfriendly crowds or to approach friendly ones). Neither the stimulus display nor the
response characteristics changed between avoidance and approach tasks: the only difference
was the decision (approach or avoid) that was mapped to the response. The same visual
stimuli containing facial crowds appear to be biased differently depending on whether the
task goal was to avoid or to approach. Stimulus gender also interacted with the processing of
crowd emotion, in a manner relevant to the current goal. Such visual integration of
compound social cues (e.g., gender, emotion, race, eye gaze, body language, etc.) has been
well incorporated into the theories of mechanisms underlying single face perception®.
However, the roles of these compound social cues in ensemble coding of facial crowds have
not been examined. The current study provides evidence that intrinsic (social motivation
shaped by the task instruction in this study) and extrinsic (e.g., emotional expressions and
sex of the crowds) factors also mutually facilitate the reading of crowd emotion in a manner
that is functionally related to the task at hand. Future study will be needed to further explore
how other relevant information about environment and context modulate perception of
crowd emotion and individual emotion differently and how perceived crowd and individual
emotion yield different emotional intensity and confidence of observers in order to initiate
an appropriate social response toward it.

Our findings also provide evidence that the processing that supports social decisions on
crowd emotions are highly lateralized, in a manner that is relevant to the current task goal.
Lateralized behavioral responses provide an opportunity to study the hemispheric
asymmetries that enable cognitive functions. This hemispheric asymmetry enables flexible
and adaptive processing optimized for the current task goal in dynamic environments®2,
supporting the selection of appropriate, and inhibition of inappropriate, responses®2. This is
particularly useful when a large number of complex stimuli (such as a crowd of emotional
faces) and competing cognitive goals tax the processing capacity of the visual system, as
was the case in our task. The pattern of hemispheric lateralization in affective processing has
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been traditionally thought to rely on emotional valence3%93, with aversive or negative
stimuli lateralized to the right hemisphere (RH) and positive, approach-evoking stimuli
lateralized to the left hemisphere (LH). However, we instead found that the lateralization
effects in crowd emotion processing are actually goal-dependent, rather than being driven
purely by stimulus valence. Our findings demonstrate that the same emotional stimuli can be
biased differently in RH and LH, depending on the task goal and observers’ intent.
Specifically, the current task goal (approach or avoidance) biased processing such that
LVF/RH was superior for recognizing a “relatively angrier” facial crowd during the
avoidance task and for processing a “relatively happier” facial crowd during the approach
task. Since the task-relevant emotions were anger and happiness for the avoidance and the
approach tasks, respectively, our results suggest that global processing of ensemble face
emotion most strongly engages the RH in general, consistent with a popular concept of the
dominant role of RH in global processing”>~"9. Unlike the crowd emotion condition,
however, we observed a RH advantage for an angry face and a LH advantage for a neutral
face. This also conforms to the traditional framework of single face processing, with RH
preference for aversive or negative face stimuli and LH preference for positive, approach-
evoking stimuli31:35.82.94 Together, our data suggest that reading crowd emotion and single
face emotion show different patterns of the hemispheric lateralization, with crowd emotion
processing showing the flexible modulation of the RH dominance depending on the task
goal, rather than being based purely on stimulus valence.

It is worth noting that the inference should be made very carefully from the divided visual
field paradigm because it is a relatively indirect approach to localizing hemispheres with
cognitive functions®. In particular, the interpretation of the results becomes very difficult
when participants shift their gaze. To ensure that participants did not move their eyes while
they performed the current task, we explicitly instructed participants to initiate each trial
only after they fixated the central fixation cross. Moreover, we verified from the control eye-
tracking experiment (Control experiment 2) that we could replicate our results from the main
Experiments (1A and 2) when participants’ eye movements were monitored and restricted
(Supplementary Result 4). Finally, we also replicated this hemispheric lateralization for
crowd emotion processing in all the main and control experiments (see Supplementary
Result 6). Therefore, we conclude that our results are robust to confounding factors such as
variability in facial stimuli, differences in experimental settings (behavioral, eye-tracking,
and fMRI), and participants’ eye movements and variability across different cohorts of
participants.

For a given pair of facial crowds to be compared in our study, participants had to choose
which one of the two is to be avoided (avoidance task) or approachable (approach task)
relatively more. Although both an angry crowd compared to a neutral crowd and a neutral
crowd compared to a happy crowd showed a RH advantage during the avoidance task, these
two different types of comparisons may yield a different amount of emotional ambiguity and
task difficulty. In our fMRI study, we found greater activations evoked by goal-congruent
comparison (an angry vs. a neutral crowd) in the brain areas along the dorsal visual pathway
(SFG, MFG, IFG, SMA, and OFC) as well as the vIPFC, PCC, amygdala, and PHC in the
right hemisphere, and in the left SPL. This result suggests that task-congruent decision may
occur predominantly in the crowd emotion processing of these dorsal pathway regions, with
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the RH more pronounced. When comparing a neutral vs. a happy crowd, however, we
observed greater activations in the bilateral MTG and the left SFG, STS, PCC, PHC, ACC,
mPFC. The MTG, PCC, and ACC are known to be engaged in emotional conflict resolution,
coupled with DLPFC, which is responsible for integration of emotional and affective
processes19:88:89 \When a goal-incongruent emotional stimulus interferes with a goal-
congruent emotional stimulus, emotional conflict occurs®. Thus, this finding suggests that
choosing a neutral over a happy crowd during the avoidance task may involve an emotional
conflict control mechanism®”:%8 in which possible interference by goal-incongruent facial
crowd (e.g., a happy crowd) is suppressed and ambiguity of a neutral crowd is resolved as a
relatively better option for avoidance decision.

Different patterns of hemispheric lateralization for the crowd emotion vs. individual emotion
processing suggest that they may rely on qualitatively distinct systems. Much behavioral
evidence has been accumulated supporting this notion8:7:11-15.21,99-103, but see 104 3)though
only a few recent fMRI studies have compared the neural representations of ensemble
coding and individual processing195-197. Cant and Xu105106 showed that PPA and LO were
preferentially engaged in texture perception and object processing, respectively; and Huis
in’t Veld and de Gelder197 showed the greater anticipatory and action preparation activity in
the areas including IPL, SPL, SFG, and premotor cortex for interactive body movement of a
group of panicked people, compared to an unrelated movement of individuals. However,
unlike prior work that used stimuli of simple texture patches and objects19%:106 or that
removed the information about facial expression of people from their blurred video clips1%7,
the current study examined the distinct neutral substrates underlying the processing of facial
crowds with varying emotional expressions compared to the processing of individual
emotion expressions, providing evidence for distinct mechanisms supporting them.

The benefit of having distinct systems for ensemble coding and individual object processing
is that these two processes can serve complementary functions. Global information extracted
via ensemble coding influences processing of individual objects in many different ways.
Because ensemble coding compresses properties of multiple objects into a compact
description with a higher level of abstraction1%8, it allows observers to surmount the severe
limitations on individual object processingl9-113 imposed by attention or working
memory114-117 Furthermore, the global information of ensembles allows for an initial,
rough analysis of visual inputs, which then biases and facilitates the processing of individual
objects108.109.113.118 'For example, extracted ensemble representation influences the
individual object processing, by guiding detection of outliers in a set (e.g., pop-out visual
search108.118) ‘facilitating selection of an individual object at the center location of a set!13,
and biasing memory for individual objects towards the global mean!19. Our results from the
whole brain and the ROI analyses both support our hypothesis that the dorsal visual stream
contributes to global processing for crowd emotion extraction whereas the ventral visual
stream contributes more to object-based (local) processing of emotion in individual faces.

Processing of crowd emotion appears to be achieved in a global, parallel fashion, rather than
serially for the following reasons. First of all, we found that the RTs for the crowd emotion
condition were equivalent to those for the individual emotion, despite many more faces that
needed to be processed in the crowd condition compared to the individual face condition
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(see Supplementary Result 8). Second, simply sampling any one or two individual faces
from each crowd in our stimuli would lead to the chance level of accuracy, because a half of
the individual members in the neutral crowd were always more intense than a half of the
angry crowd in our stimuli. Thus, sampling faces with an extreme emotional expression can
not be an explanation for our findings. Third, the participants were equally accurate and fast
when they viewed the facial crowds containing 8 faces or 12 faces. Finally, fixating eyes to
the center did not impair participants’ accuracy or RT for extracting crowd emotion,
indicating that making saccades towards individual faces in the crowd to foveate them is not
essential to effectively evaluate crowd emotion in our task. Therefore, we suggest that
extracting crowd emotion relies on a parallel, global process, rather than on a sequential
sampling of individual members1%4. In various feature dimensions, the notion of global
averaging has been previously tested, by using empirical approaches showing that multiple
stimuli were integrated??, ideal observer analysis®1°, equivalent noise2®, or general linear
modeling®’. Consistent with this prior work, the current findings suggest that people do
average different facial expressions to make social decisions about facial crowds, and such
ensemble coding of crowds of faces is achieved via a distinct mechanism from that
supporting individual object processing.

To conclude, here we have reported evidence for distinct mechanisms dedicated to
processing of crowd emotion and individual face emotion, which are biased towards
different visual streams (dorsal vs. ventral), and show different patterns of hemispheric
lateralization. The differential engagement of the dorsal stream regions and the
complementary functions of the left and right hemispheres both suggest that processing of
crowd emotion is specialized for action execution that is highly flexible and goal-driven,
allowing us to trigger a rapid and appropriate reaction to our social environment.
Furthermore, we have shown that observers’ goals — to avoid or approach - can exert
powerful influences on the perception accuracy of crowd emotion, highlighting the
importance of understanding the interplay of ensemble coding of crowd emotion and social
vision.

General Methods

Participants

In Experiment 1, a total of 42 undergraduate students participated: 21 subjects (12 female)
participated in the avoidance task (Exp.1A) and a different cohort of 21 participants (11
female) participated in the approach task (Exp.1B). A power analysis (N*120) based on a
pilot run of this experiment with four subjects indicated that 21 subjects were enough to
achieve at least 80% power. No subjects were excluded from the behavioral data analysis. In
Experiment 2, a new group of 32 (18 female) undergraduate students participated. Two
participants were excluded from further analyses because they made too many late responses
(e.g., RTs longer than 2.5s). Thus, the behavioral and fMRI analyses for Experiment 2 were
done with a sample of 30 participants. All the participants had normal color vision and
normal or corrected-to-normal visual acuity. Their informed written consent was obtained
according to the procedures of the Institutional Review Board at the Pennsylvania State
University. The participants received monetary compensation or a course credit.
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Apparatus and stimuli

Stimuli were generated with MATLAB and Psychophysics Toolbox21:122_|n each crowd
stimulus (Figure 1A), either 4 or 6 morphed faces were randomly positioned in each visual
field (right and left) on a grey background. Therefore, our facial crowd stimuli comprised
either 8 or 12 faces. We used a face-morphing software (Norrkross MorphX) to create a set
of 51 morphed faces from two highly intense, prototypical facial expressions of the same
person for a set of six different identities (3 male and 3 female faces), taken from the Ekman
face set®. The morphed face images were controlled for luminance, and the emotional
expression of the faces ranged from happy to angry (Figure 1A), with 0 in Emotional Unit
(EVU) being neutral (morph of 50% happy and 50% angry), +25 in EU being the happiest
(100% happy), and =25 in EU being the angriest (100% angry). Because the morphed face
images were linearly interpolated (in 2% increments) between two extreme faces, they were
separated from one another by EU of intensity such that Face 1 was one EU happier than
Face 2, and so on. Therefore, the larger the separation between any two morphed faces in
EU, the easier it was to discriminate them. Such morphing approach was adapted from the
previous studies on ensemble coding of faces16.

Since the previous literature on averaging of other visual features showed that the range of
variation is an important determinant of averaging performance (e.g., size or huel23.124) we
kept the range of faces the same (i.e., 18 in emational units) across the two set sizes. This
emotional unit was determined from initial pilot work in order to ensure that each individual
face is distinguishable from one another within the range and that the task is not so easy as
to produce accuracy ceiling effects. One of the two crowds in either left or right visual field
always had the mean value of zero in emotional units, which is neutral on average, and the
other had the emotional mean of +9 (very happy; morphing of angry 32 % and happy 68%),
+5 (somewhat happy; morphing of angry 40% and happy 60%), —9 (very angry; morphing
of angry 68% and happy 32%), and —5 (somewhat angry; morphing of angry 60% and happy
40%). Thus, the sign of such offset between the emotional and neutral crowds in EU
indicates the valence of the emotional crowd compared to the neutral: The positive values
indicate more positive (happier) crowd emotion compared with the neutral and the negative
values indicate more negative (angrier) mean emotion.

In order to avoid the possibility that participants simply sampled one or two single faces
from each set and compared them to do the crowd emotion task, we ensured that 50% of the
individual faces in the neutral set were more expressive than 50% of the individual faces in
the emotional sets to be compared. For example, half of the members of the neutral set were
angrier than a half of the members of the angry crowd. This manipulation allowed us to
assess whether participants used such “sampling strategy04” rather than extracting an
average, because sampling one or two members in a set would yield 50% of accuracy in this
setting.

Stimuli for the individual emotion condition (Figure 1C; only included in the fMRI study)
comprised one emotional face (either angry or happy) and one neutral face from the same set
of morphed face images randomly positioned in the same invisible frame surrounding the
crowd stimuli in each visual field. The offsets between the emotional and neutral faces
remained the same as those in facial crowd stimuli. To ensure that the difference is not due
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to the confound of simply having more “stuff” in crowd emotion condition, compared to the
individual emotion condition, we included scrambled faces in the individual emotion
condition so that the same number of the face-like blobs were presented as in the crowd
emotion condition. This ensured that any differences are not due to low-level visual
differences in the stimulus displays, but rather to how many resolvable emotional faces
participants had to discriminate on each trial (2 vs. 8 or 12).

On one half of the trials, the emotional stimulus (i.e., happy or angry: £ 5 or + 9 EU away
from the mean) was presented in the left visual field and the neutral stimulus was presented
in the right visual field, and it was switched for the other half of the trials. Each face image
subtended 2° x 2° of visual angle, and face images were randomly positioned within an
invisible frame subtending 13.29° x 18.29°, each in the left and right visual fields. The
distance between the proximal edges of the invisible frames in left and right visual fields
was 3.70°.

Participants in Experiment 1 sat in a chair at individual cubicles about 61 cm away from a
computer with a 48 cm diagonal screen (refresh rate = 60 Hz). Participants in Experiment 2
were presented with the stimuli rear-projected onto a mirror attached to a 64-channel head
coil in the fMRI scanner. Figure 1B illustrates a sample trial of the experiment. Participants
were presented with visual stimuli for 1 second, followed by a blank screen for 1.5 seconds.
The participants were instructed to make a key press as soon as possible to indicate which of
the two crowds of faces or two single faces on the left or right they would rather avoid
(Experiment 1A and Experiment 2) or approach (Experiment 1B). Participants pressed ‘f’
key for choosing the LVF and ‘j” key for choosing the RVF in the behavioral experiments
(1A and 1B). In the fMRI scanner (Experiment 2), they pressed ‘1’ key for the LVF and ‘4’
key for the RVF using the response box. They used both left and right index fingers. Key-
response assignment was not counterbalanced in order to maintain the automatic and
consistent stimulus-response compatibility22> (left key for the LVF and right key for the
RVF). They were explicitly informed that the correct answer was to choose either the crowd
or the face showing a more negative (e.g., angrier) emotion for the avoidance task and a
more positive (e.g., happier) emotion for the approach task. Responses that were made after
2.5 seconds were considered late and excluded from data analyses. Feedback for correct,
incorrect, or late responses was provided after each response. Before the actual experiment
session, participants were provided with 20 practice trials that were conceptually identical to
the actual trials.

In Experiment 1, half of the participants performed the avoidance task and the other half
performed the approach task. Experiment 1 had a 4 (emotional distance between facial
crowds, -9, =5, 5, or 9) x 2 (visual field of presentation, LVF and RVF) x 2 (set size: 4 or 6
faces in each visual field) design, and the sequence of total 320 trials (20 repetitions per
condition) was randomized. In Experiment 2 (fMRI), all the participants performed the
avoidance task. Because we needed more trials for statistical power for fMRI data analyses
and we observed no effect by the number of crowd members on crowd emotion perception
(Figure S1), we only used crowd stimuli containing 4 faces in Experiment 2. Thus,
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Experiment 2 had a 2 (stimulus type: crowd and individual) x 4 (emotional distance) x 2
(visual field of presentation) design and 112 additional null trials (background trial without
visual stimulation). The sequence of total 624 trials including 512 experimental trials (32
repetitions per condition) and 112 null trials was optimized for hemodynamic response
estimation efficiency using the gptseg2 software (https://surfer.nmr.mgh.harvard.edu/
optseq/).

fMRI data acquisition and analysis

fMRI images of brain activity were acquired using a 3 T scanner (Siemens Magnetom
Prisma) located at The Pennsylvania State University Social, Life, and Engineering Sciences
Imaging Center. High resolution anatomical MRI data were acquired using T1-weighted
images for the reconstruction of each subject’s cortical surface (TR = 2300 ms, TE = 2.28
ms, flip angle = 8°, FoV = 256 x 256 mm?, slice thickness = 1 mm, sagittal orientation). The
functional scans were acquired using gradient-echo EPI with a TR of 2000 ms, TE of 28ms,
flip angle of 52° and 64 interleaved slices (3 x 3 x 2 mm). Scanning parameters were
optimized by manual shimming of the gradients to fit the brain anatomy of each subject, and
tilting the slice prescription anteriorly 20-30° up from the AC-PC line as described in the
previous studies?+126:127 to improve signal and minimize susceptibility artifacts in the brain
regions including OFC and amygdalal28. We acquired 780 functional volumes per subject in
four functional runs, each lasting 6.5 min.

The acquired fMRI mages were pre-processed using SPM8 (Wellcome Department of
Cognitive Neurology). The functional images were corrected for differences in slice timing,
realigned, corrected for movement-related artifacts, coregistered with each participant’s
anatomical data, normalized to the Montreal Neurological Institute template, and spatially
smoothed using an isotropic 8-mm full width half-maximum Gaussian kernel. Outliers due
to movement or signal from preprocessed files, using thresholds of 3 SD from the mean,
0.75 mm for translation and 0.02 radians rotation, were removed from the data sets, using
the ArtRepair softwarel29, Subject-specific contrasts were estimated using a fixed-effects
model. These contrast images were used to obtain subject-specific estimates for each effect.
For group analysis, these estimates were then entered into a second-level analysis treating
participants as a random effect, using one-sample t-tests at each voxel. Six contrasts of our
interest were used: 1) Crowd emotion minus Individual emotion, 2) Individual emotion
minus Crowd emotion, 3) Angry crowd minus Happy crowd, 4) Happy crowd minus Angry
crowd, 5) Angry individual minus Happy individual, and 6) Happy individual minus Angry
individual. These contrasts were thresholded at p < 0.05 (FWE whole-brain corrected) and a
minimum cluster size of 5 voxels. For visualization and anatomical labeling purposes, all
group contrast images were overlaid onto the inflated group average brain, by using 2D
surface alignment techniques implemented in FreeSurferl30,

For the region of interest (ROI) analyses, we extracted the BOLD activity from the bilateral
IPS, SFG, FG, and amygdala. We defined a separate contrast between all the visual
stimulation trials (all trials containing stimuli) vs. background (Null trials). From this
contrast, we localized each of the ROIs based on the peak activation within the anatomical
label obtained by the anatomical parcellation of the normalized brain83. The [x y z]
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coordinates for these ROIs were [-30/30 —67/-70 52/42] for IPS (L/R), [-27/36 5/6 66/58]
for SFG (L/R), [-30/33 -58/-58 -10/-10] for FG (L/R), and [-18/18 -1/-4 —-18/-12] for
amygdala (L/R). The coordinates for the right IPS and the right SFG were adjacent to the
regions that have been reported in the previous study as showing the robust intra-stream
connectivity (dorsal visual stream®®). Moreover, the coordinate for the right FG has been
also localized as the right FFA (Fusiform Face Area) in the activation maps by Spiridon,
Fischl, & Kanwisher3, The beta weights were extracted for crowd emotion and individual
emotion conditions using the rfxplot toolbox (http://rfxplot.sourceforge.net) for SPM. We
defined a 6mm sphere around the [x y z] coordinate for each of our ROIs. Using the rfxplot
toolbox in SPM8, we extracted all the voxels from each individual participant’s functional
data within that sphere. In order to achieve our main goal to map out the brain regions that
are preferentially engaged in crowd emotion processing vs. individual emotion processing,
we collapsed the four different levels of emotional distance (-9, -5, +5, and +9) and the two
levels of visual field of presentation (LVF and RVF). On the extracted beta estimates for the
two main conditions (Crowd emotion and Individual emotion) from each of the ROIls, we
conducted the paired t-tests to compare the % signal change between Crowd emotion vs.
Individual emotion conditions and the correlation analyses to examine the relationship with
the behavioral accuracy measurements. In Supplementary Figure 10, we also report the beta
estimates from the breakdown of the emotional valence for Crowd emotion and Individual
emotion conditions (four conditions total: Angry Crowd, Happy Crowd, Angry Individual,
and Happy Individual).

Data availability

The datasets generated during and/or analyzed during the current study are available from
the first author (him3@mgh.harvard.edu) or the corresponding author
(kestas@nmr.mgh.harvard.edu) on reasonable request.

Code availability

All the MATLAB codes for the behavioral and fMRI analyses presented in this article are
available from the first author (him3@mgh.harvard.edu) or the corresponding author
(kestas@nmr.mgh.harvard.edu) upon the request.
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Figure 1. Sample faceimages, sampletrials of crowd emotion and individual emotion conditions,
and the resultsfrom Experiment 1

(A) Some examples of 51 morphed faces from two extremely angry and happy faces of the
same person, with Face —25 in Emotional Unit (EU) being extremely angry, Face 0 being
neutral, and Face +25 being extremely happy. (B) A sample trial of crowd emotion
condition. (C) A sample trial of individual emotion condition (included in the fMRI study).
(D) The effect of the number of faces on the accuracy and RT in Experiment 1A (avoidance
task, red bars) and in Experiment 1B (approach task, green bars). The error bars indicate the
standard error of the mean (SEM). (E) The effect of the similarity in average emotion
between facial crowds on crowd emotion processing: Participants’ accuracies on Experiment
1A (avoidance task, red line) and Experiment 1B (approach task, green line) are plotted as a
function of the emotional distance in EU between two facial crowds to be compared.
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Figure 2. Right hemisphere dominance for goal-relevant crowd emotion in the crowd emotion
processing

(A) Participants’ accuracy for the avoidance task (Experiment 1A), separately plotted for
when the crowd to be chosen (an angry crowd when compared to a neutral and a neutral
crowd when compared to a happy crowd) is presented in the LVF vs. RVF. Because the
correct answer was to choose a “relatively angrier” crowd than the other, participants had to
choose an angry over a neutral crowd and a neutral over a happy crowd. Participants’
accuracy was greater for the LVF than the RVF, regardless of the actual emotional valence of
the crowd to be chosen (both an angry and a neutral crowd). (B) Participants’ accuracy for
the approach task (Experiment 1B), separately plotted for when the crowd to be chosen (a
happy crowd when compared to a neutral and a neutral crowd when compared to an angry
crowd) is presented in the LVF vs. RVF. Note that the valence of the goal-relevant crowd
emotion is switched from angry to happy in the approach task. Participants’ accuracy was
greater for the LVF than the RVF, regardless of the actual emotional valence of the crowd to
be chosen (both a happy and a neutral crowd). (C) Participants’ accuracy for Experiment 2
(fMRI study). Accuracies both for crowd emotion and individual emotion conditions are
plotted for the LVF and RVF, separately. As in Experiment 1, participants’ accuracy for
crowd emotion condition was greater for LVF than RVF both when they had to choose an
angry over a neutral crowd and a neutral over a happy crowd to avoid. However, patterns
were different for individual condition: Accuracies were greater for an angry face in the LVF
and a neutral face in the RVF. The error bars indicate SEM. Points in (A)-(C) represent data
from individual participants.
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Figure 3. The effect of the sex-specific identity cue of facial crowds on crowd emotion perception
(A) Sample crowd stimuli for male (in cyan) and female (in magenta) crowds. (B)

Participants’ accuracy for the avoidance task (Experiment 1A) for sex of facial crowds (male
crowds vs. female crowds) and for the emotional valence of an emotional crowd (Angry vs.
Happy). Angry male crowds were identified most accurately in the avoidance task. (C)
Participants’ accuracy for the approach task (Experiment 1B). In the approach task, happy
female crowds were identified most accurately. The error bars indicate SEM. Points in (B)-

(C) represent data from individual participants.
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Figure 4. Distinct neural pathways preferentially involved in dorsal and ventral visual pathways
for crowd emotion and individual emotion processing, respectively

(A) The brain areas that showed greater activation when participants were making avoidance
decision by comparing two crowds are shown in red and the brain areas that showed greater
activation for comparing two single faces are shown in blue. The activations were
thresholded at p < 0.05, FWE-corrected. The complete list of activations is labeled and
reported in the Table 1, and the results of the same contrasts at different thresholds are
reported in the Supplementary Tables 1 and 2. (B) The percent signal change of our ROI’s
(bilateral IPS, SFG, FG, and amygdala) when participants were making avoidance decision
by comparing two crowds (pink and red bars for the left and right hemispheres, respectively)
and two single faces (light and dark blue bars for the left and right hemispheres,
respectively). Points represent data from individual participants. (C) The correlation
between the percent signal change and the participants’ accuracy for crowd emotion
condition (pink and red dots for the left and right hemispheres, respectively) and for
individual emotion condition (in light and dark blue dots for the left and right hemispheres,
respectively), with overlaid linear regression lines with same colors. Thick regression lines
indicate statistically significant correlation (at p < 0.05) between the individual participants’
accuracy and the percent signal change of each ROI.
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Figure5. Brain activations by different types of avoidance comparisons: an angry vs. a neutral
crowd (A) or face (B) vs. aneutral vs. a happy crowd (A) or face (B)

(A) The brain areas that showed greater activation when participants were making avoidance
decision by comparing an angry crowd vs. a neutral crowd (shown in orange labels) and the
brain areas that showed greater activation for comparing a neutral crowd vs. a happy crowd
(shown in blue labels). (B) The brain areas that showed greater activation when participants
were making avoidance decision by comparing an angry face vs. a neutral face (shown in
yellow labels) and the brain areas that showed greater activation for comparing a neutral
crowd vs. a happy face (shown in cyan labels).
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