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Abstract: In the attention schema theory, people attribute the property of consciousness to
themselves and others because it serves as a schematic model of attention. Most of the existing
literature on monitoring the attention of others assumes that people primarily use the gaze
direction of others. In that assumption, attention is not represented by a deeper model, but instead
limited mainly to a single, externally visible parameter. Here we presented subjects with two
cues about the attentional state of a face: direction of gaze and emotional expression. We tested
whether people relied predominantly on one cue, the other, or both when deciding if the face was
conscious of a nearby object. If the traditional view is correct, then the gaze cue should
dominate. Instead, some people relied on gaze, some on expression, and some on an integration
of cues, suggesting that a variety of surface strategies could inform a deeper model. We also
assessed people’s social cognitive ability using two, independent, standard tests. If the traditional
view of attention monitoring is correct, then the degree to which people use gaze to judge
attention should correlate best with their social cognitive ability. Instead, social cognitive ability
correlated best with the degree to which people successfully integrated the cues together. The
results strongly suggest that when people attribute a specific state of consciousness to another,
rather than simply tracking gaze, they construct a model of attention, or an attention schema, that

is informed by a combination of surface cues.



Introduction

In the attention schema theory, the human brain constructs a simplified, schematic model,
both descriptive and predictive, to represent attention [1-3]. The model leads us to attribute
consciousness to ourselves and others. The theory has two branches. In one branch, the brain
constructs a model of its own attention to monitor, predict, and help control attention [3-5]. In
the other branch, the brain constructs a model of the attention of other people to help in social
cognition [6-11]. According to the theory, the two types of model depend on partially
overlapping mechanisms in the brain [6,11-14]. The present study focuses on the second branch
of the theory, modeling the attention of other agents.

Modeling the attention of others is of central importance to theory of mind [2,15,16]. The
perceptual, emotional, and cognitive content of a person’s mind at any one moment is almost
entirely determined by the focus of that person’s attention. Therefore, having a good model of
what attention is, what its dynamics are, what impact it has on other cognitive processes, and
how to reconstruct it from available cues, is fundamental to good social cognition. Most previous
work on the tracking of someone else’s attention has focused on the perception of gaze direction
[16-23]. Gaze is a major external cue about a person’s attention. However, attention is a deeper
process than directing the eyes toward something, and is often entirely dissociated from gaze. A
person can focus covert, selective attention on an object in the visual periphery, on a sound, on a
thought, or on a recalled memory [24-26]. Moreover, if person A is to reconstruct the attention of
person B, and person A is blind, or listening to person B over the phone, or if person B is
wearing dark glasses or is engaging in social gaze aversion, then the reconstruction of attention

must be more complex than registering gaze direction. According to the attention schema theory,



people do not merely register gaze direction as a proxy for attention; instead, they construct a
deeper, complex model of someone else’s attention that is constrained by multiple surface cues.
As a useful analogy, consider the body schema [27,28]. It was once assumed that
knowledge of the state of one’s arm is simply a matter of registering the somatosensory signals

that indicate joint angle. A century of work has shown how much deeper the process really is
[27,28]. The brain constructs a rich model or simulation of the arm that has both descriptive and
predictive components. The model is constrained by the convergence of many cues, including
somatosensory signals, visual signals, motor feedback, and contextual knowledge. If two cues
are put in opposition, the body schema works to integrate them. One of the most compelling
examples is the Pinocchio illusion [29]. If you close your eyes and touch your nose with your
right finger, and if someone applies a 120 Hz vibration to your right biceps muscle, two
contradictory signals are generated. The sensation from the muscle tells you that your elbow is
extending. The sense of touch tells you that your fingertip is still in contact with your nose.
Under this circumstance, different people integrate the cues in different ways. Some people
suppress the muscle signal and experience no illusion; some combine the cues and report feeling
as though their finger is lengthening; and some report feeling as though their nose is lengthening.
Opening the eyes immediately eliminates any illusion, because the added visual signal further
constrains the body schema. This type of cue integration demonstrates the presence of an
integrative model that is deeper than the tracking of any single variable.

In the case of social attention, do people monitor a single variable — gaze — or do they
construct an attention schema that is similar to the body schema — a model that is constrained by
multiple cues? In the present study, we presented subjects with two cues about the attentional

state of a face: direction of gaze and emotional expression. The cues sometimes aligned and



sometimes conflicted. We asked people to judge whether the face was aware of an object, and
tested whether people relied predominantly on one cue, the other, or an integration of both.

The paradigm was based on one introduced in a brain imaging study conducted
previously by our group [6] and is shown in Figure 1. Subjects viewed a face next to an object.
The face could look toward or away from the object, the face could look happy or alarmed, and
the object could be of positive valence (such as a birthday cake) or of negative valence (such as a
bloody knife). Two cues to the state of the cartoon person’s mind were therefore available: first,
whether the eyes pointed toward or away from the object, and second, whether the emotional
expression matched or mismatched the valence of the object. Subjects were asked to judge
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whether the face looked “not aware,” “somewhat aware,” or “very aware” of the object. After
subjects completed this Attribution-of-Awareness Task, they were given two independent,
standard assessments of social cognitive ability: the Reading the Mind in the Eyes Test (RMET)
[30,31] and the Hinting Task [32,33].

The purpose of the study was to evaluate two contrasting hypotheses. In the traditional
hypothesis, the social cognitive mechanism is tuned to rely primarily on gaze as a proxy for
someone else’ attention. If this hypothesis is correct, though the emotional expression cue may
influence subjects’ judgments, the gaze cue will dominate. Moreover, people who rely more on
the gaze cue (and who therefore demonstrate a better-tuned social cognitive mechanism) should
score higher on the RMET and Hinting Task, which measure general social cognitive ability.
Social cognitive ability should be less well correlated with other strategies, such as reliance on
the expression cue or on an integration of the two cues.

In the attention schema hypothesis, in contrast, people monitor each other’s attention by

constructing a deeper model that is fundamentally integrative. The gaze cue may still be of



importance. Convincing evidence suggests that the brain is especially well tuned to detect the
gaze of others [17-23]. But the brain is also well tuned to detect facial expression [34-41], and
the processing of gaze and facial expression may interact [36,42,43]. In the attention schema
hypothesis, the gaze cue should not dominate. As in the case of the Pinocchio illusion, our
paradigm should reveal a variety of ways that people can use the surface cues to inform the
deeper model, including a reliance on gaze, on facial expression, or on an integration of the two.
Moreover, social cognitive ability should be best correlated with the integration of the two cues,

and not with the use of any one cue.

Methods
Participants

All participants provided informed consent and all procedures were approved by the
Princeton Institutional Review Board. We recruited 831 human volunteers through Amazon
Mechanical Turk (229 females, aged 18-70, mean age = 37 years, SD = 10) and paid them $0.10
per minute. We chose online testing, a practical way to test a large sample size, because a major
goal of the study was to assess the statistical range and clustering of different strategies among
the population. We could not know how many different strategies might be present or what
proportion of subjects might engage in each, and therefore we chose a large sample size. A
disadvantage of online testing is that, outside of a controlled lab environment, people do not
always pay sufficient attention or engage fully with the task. To limit this problem, we
eliminated subjects whose responses indicated reduced engagement with the experiment. First,
we eliminated 89 subjects because they completed fewer than 80% of the trials on the

Attribution-of-Awareness Task. The Hinting Task provided a second criterion for eliminating



subjects, because it required responses typed in English. We eliminated a further 154 subjects
whose responses in the Hinting Task suggested an inattentive or disengaged participant (e.g. any
possible word salad or nonsensical repetition of the instruction text). With these criteria, 243 of
the 831 subjects were eliminated, leaving a total of 588 subjects. Eliminating a high percentage
of subjects on the basis of possible inattention to the task is common for online experiments. On
subsequent testing, we found that whether these subjects were eliminated or added to the data

changed levels of variance but did not materially change the overall trends in the data.

Stimulus Validation

Prior to using the Attribution-of-Awareness Task, we validated stimuli in an independent
sample of 56 subjects recruited through Amazon Mechanical Turk. In the validation test,
volunteers rated the appropriateness of the expression of a face looking at a set of 96 objects. On
each trial, an object was shown with a cartoon head facing it. Objects included foods, animals,
tools, landscapes, depictions of events, and so on. The cartoon either had a happy expression or
an agitated expression when looking at the object. Participants were then asked to choose on a 3-
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point scale whether the face’s expression was “inappropriate,” “neither inappropriate nor
appropriate,” or “appropriate” for the object at which it was looking. The 30 most
unambiguously positive objects (rated most highly appropriate with a happy expression and most
inappropriate with an agitated expression) and 30 most unambiguously negative objects (rated

most highly appropriate with an agitated expression and most inappropriate with a happy

expression) were included in the final task.



Attribution-of-Awareness Task

The Attribution-of-Awareness Task was adapted from Kelly et al. [6]. Participants were
asked to judge the extent to which an agent on screen was aware of an object (see Figure 1). Note
that whereas the figure shows the relative sizes and positions of images in the display, the
absolute size in degrees of visual angle could not be controlled because of the online testing
procedures. On each trial, a cartoon head was displayed on the right side of the screen
simultaneously with a picture of an object on the left. Participants were asked to “respond
whether you think the cartoon face looks not aware, somewhat aware, or very aware of the
object.” Judgments were converted to a numerical scale by coding “not aware” as -1, “somewhat
aware” as 0, and “very aware” as 1.

For half of the trials, the cartoon’s eyes were directed toward the object, and for the other
half of trials the eyes were directed away from the object. The expression of the face was happy
for half of trials and agitated for half of trials. The object had a positive valence for half of trials
and a negative valence for half of trials. This fully counterbalanced, 2X2X2 design was collapsed
into four conditions of interest for the purpose of analysis: gaze directed away from the object
paired with facial expression incongruent with the valence of the object (G-E-); gaze away,
expression congruent (G-E+); gaze toward, expression incongruent (G+E-); and gaze toward,
expression congruent (G+E+).

The Attribution-of-Awareness Task consisted of 240 trials (60 trials for each of the four
main conditions) over 8 blocks. Subjects were allowed to rest at the end of each block and begin
the next block when ready. All trial types were fully counterbalanced and their order was

randomized. The task could be completed within approximately fifteen minutes. The Attribution-



of-Awareness Task was always presented to subjects first, followed by the two social cognition

tests.

Reading the Mind in the Eyes Task

After subjects performed the Attribution-of-Awareness Task, they were asked to
complete a test of their general aptitude for social cognition. The Reading the Mind in the Eyes
Task (RMET) has been widely validated as a reliable way to assess theory of mind [30,31]. The
RMET consists of 36 photographs of faces restricted to the eye area. Subjects label the photos
with an emotion from a small set of options given on each trial. The task measures a subject’s
ability to read the mental state of others given limited social cues. For each correct matching of a
picture to an emotional state, one point is awarded, up to a maximum of 36. The RMET could be

completed within approximately ten minutes.

Hinting Task

After completing the RMET, subjects were given a second social cognition task, the
Hinting Task [32,33]. We began use of the Hinting Task part-way through the experiment, to add
to the completeness of the cognitive assessment, and thus of the 588 subjects included in the
analysis, 411 performed the Hinting Task. All analyses concerning the Hinting Task therefore
represent that subset of the subjects.

The Hinting Task used here was an adapted version for American participants, altered
from the original British version to include more familiar vocabulary and examples [33]. The
task consists of 10 short written scenarios in which two individuals interact and one individual

implies something to the other. For example: “Scott and Eric are coworkers who enter the



elevator at the same time. Scott’s arms are filled with paperwork. He says to Eric, ‘Sixth floor
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please, I'm late for a meeting.”” Subjects are then asked a question probing what was implied by
the characters, such as: “What does Scott really mean when he says this?”” Each question earns 2
points for a correct answer. In previous versions, subjects were given a second chance to respond
to each question and earn points, but given the online format here, we chose to limit subjects to
one try at each question. Thus, the maximum number of points that could be earned was 20. The

Hinting Task could be completed within approximately ten minutes and was the last of the three

tests that subjects performed.

Results
K-Means Clustering for the Attribution-of-Awareness Task

In the Attribution-of-Awareness Task, for each subject, four numbers were computed,
corresponding to the subject’s mean responses in the four task conditions. Different subjects
showed different patterns across the four means. As an initial analysis to gain a better
understanding of these response patterns, we employed the commonly used, k-means clustering
method [44]. K-means clustering is an unsupervised learning algorithm for finding natural
categories within multi-dimensional data. In the present case, the procedure sorted participants
into five clusters, as shown in Figure 2. It is important to keep in mind that the k-means
clustering does not represent an absolute division of the data into cleanly separable
subpopulations, but provides only an initial, roughly descriptive account of the data. A more
hypothesis-driven analysis, taking into account the variance among individual subjects, is

presented in subsequent sections.
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Figure 3 shows the mean response pattern for each of the five k-means clusters. In the
first cluster, subjects responded with a similar, elevated mean rating across all four trial
conditions. These subjects tended to judge the faces to be more often “very aware” than “not
aware,” regardless of whether the gaze was aimed toward or away from the object or whether the
facial expression matched or mismatched the valence of the object. These subjects apparently did
not rely consistently on the gaze or expression cues, since our manipulation of those cues did not
affect mean response. The subjects presumably noticed and may have used the two cues, but
must have done so inconsistently, thus resulting in the flat average. The cluster contained 131
subjects (22.2% of total).

The second cluster of subjects in Figure 3 resembled the first. The subjects did not rely in
a consistent manner on the gaze or the expression cue, since the average rating was similar
regardless of cue configuration. However, the average rating was lower in this second cluster
than in the first. The cluster contained 151 subjects (25.6% of total).

The third cluster of subjects in Figure 3, unlike the first two, showed evidence of relying
in a more consistent manner on the available cues. These subjects appeared to rely more on the
gaze of the face (whether gaze was aimed toward or away from the object) than on the
expression of the face (whether the expression matched or mismatched the valence of the object).
When the gaze was turned away from the object (G-E- and G-E+, first two bars shown in Figure
3, cluster 3), the subjects rated the face as unaware more often than aware of the object; and
when the gaze was turned toward the object (G+E- and G+E+, second two bars shown in Figure
3, cluster 3), the subjects rated the face as aware more often than unaware of it. This cluster

contained 100 subjects (17.0% of total).
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The fourth cluster of subjects shown in Figure 3 appeared to rely more on the emotional
expression of the face (whether the expression was congruent or incongruent with the valence of
the object) than on the gaze. When the expression mismatched the valence of the object (G-E-
and G+E-, first and third bars in Figure 3, cluster 4), these subjects rated the face as more
unaware than aware; and when the expression matched the valence of the object (G-E+ and
G+E+, second and fourth bars in Figure 3, cluster 4), the subjects rated the face as more aware
than unaware. This cluster contained 115 subjects (19.5% of total).

Finally, the fifth cluster of subjects followed a pattern consistent with relying roughly
equally on both the gaze and expression cue, integrating the two to inform judgments. These
subjects rated the face as mostly unaware of the objects only when both gaze and expression cues
mismatched the object (G-E-, first bar in Figure 3, cluster 5); they rated the face as mostly aware
of the object only when both gaze and expression cues matched the object (G+E+, fourth bar in
Figure 3, cluster 5); and when the two cues conflicted (G-E+ and G+E-, second and third bars in
Figure 3, cluster 5), the subjects judged the face at an intermediate level of awareness, on
average closer to unaware than aware. Cluster five contained 91 subjects (15.4% of total).

In summary, the gaze cue did not dominate. The results are not consistent with gaze as
the proxy signal that drives social attention. Instead, the results are consistent with subjects
constructing a deeper model of the face’s awareness of the object, and informing that deeper
model through surface cues. Just as in the case of the Pinocchio illusion, where conflicting cues
could be used in a variety of ways to inform the body schema [29], here different subjects used
different cue strategies, and among those subjects who relied on the cues, the three main

strategies were roughly equally represented.
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RMET And Hinting Task Performance

The purpose of including the RMET and Hinting Task in the present study was to provide
independent assessments of social cognitive ability and to determine whether that ability was in
any way correlated with the cue-utilization strategies found in the Attribution-of-Awareness
Task. Before describing how these many tasks were correlated, we first describe the results of
the RMET and Hinting Task individually. The average score on the RMET was 21.1, with a
standard deviation of 8.36 and a range from 5-36. Performance on the RMET in this study was
roughly similar to, though lower than, performance in past studies (Fertuck et al. [45]
mean=25.00, standard deviation=3.63; Jankowiak-Siuda et al. [46] mean=24.98, standard
deviation=4.53; Kynast et al. [47] mean=23.40, standard deviation =10.53).

The average score on the Hinting Task was 10.31, with a standard deviation of 8.18 and a
range from 0-20. The Hinting Task scores collected here are not comparable to scores from
previous studies due to simplifications that we introduced to the scoring of this dataset (see
Methods).

Although the RMET and Hinting Task are independent measures of social cognition and
assess participants in very different ways, one focusing on the visual inspection of eyes and
emotional expression, and the other focusing on hidden intentions and written stories, scores for

the two assessments were highly significantly correlated (r*=0.66, F=807.8, p=7.14¢-99).

RMET and Hinting Task Scores for Each K-Means Cluster

As described above, subjects were sorted into five clusters based on their performance on

the Attribution-of-Awareness Task. Figure 4 shows how each of these five clusters scored on the
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two social cognition tests (see also Table 1). The RMET scores are shown in Figure 4A and the
Hinting Task scores are shown in Figure 4B.

Note that the five clusters form two larger, overarching groups. The first group could be
called the “non-strategy” subjects (clusters 1 and 2), or subjects who did not use the available
visual cues in a consistent manner. Subjects in this non-strategy group performed comparatively
poorly on both of the social cognition tasks. It is possible that these subjects represent the low
end of the social cognition spectrum; but it is also possible that many of these subjects were
unengaged with the task. In the Discussion, we address this possibility further.

The second large group could be called the “strategy’ subjects (clusters 3, 4, and 5), or
subjects who used the available cues in a consistent, systematic manner. The strategy group
performed significantly better than the non-strategy group on both of the social cognition tests
(two tailed Welch’s t test: for RMET, t = 29.7, p = 7.23e-119; for Hinting Task, t=22.12,p =
1.29¢-69).

Before describing the next, more detailed analysis, here we note some interpretational
limits to the initial analysis involving clustering. The clusters of subjects described here cannot
be considered to cleanly represent distinct response strategies. Though each cluster may, on
average, emphasize one response pattern more than another, the subjects appear to utilize the
cues in a complex and mixed manner. Dividing the subjects into a small number of clusters and
averaging within each cluster, though providing a useful initial picture, is not sufficient for

understanding the data. The following section describes a more detailed analysis.
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Does Better Social Cognitive Ability Predict a Specific Cue-Utilization Strategy?

The traditional view of how people monitor each other’s attention implies that use of the
gaze strategy should correlate best with general social cognitive ability. In contrast, the attention
schema hypothesis suggests that an integrator strategy should correlate best with social cognitive
ability. To test these possibilities, we first constructed three metrics to quantify how much each
individual subject relied on a gaze strategy, an expression strategy, or a cue-integration strategy.
Figure 5 shows the three hypothetical, idealized response strategies. Consider Figure 5A first.
Here the hypothetical strategy relies on the gaze cue only. When gaze is away from the object
(first two bars, Figure 5A), the face is rated as totally unaware of the object, with a rating of -1.
When gaze is toward the object (second two bars, Figure 5A), the face is rated as very aware of
the object, with a rating of +1. A simple way to quantify how much each real subject relies on a
pure gaze strategy is to compute a difference score between the subject’s response and this
idealized response. For each of the four conditions shown in Figure 5A, the subject’s own mean
score was subtracted from the idealized score. Each of these four numbers was then squared and
added together. The result was a sum-of-squares deviation score, a single score for each subject
that varied between 0 and 16, for which 0 indicates that the subject perfectly matched the
idealized response pattern of using the gaze cue only, 8 indicates that the subject’s strategy was
orthogonal to or totally unrelated to the gaze strategy, and 16 indicates that the subject was as far
as mathematically possible from that response pattern [gaze difference score = (-1 - subject’s
mean score for G-E- condition)” + (-1 - subject’s mean score for G-E+ condition)” + (1 -
subject’s mean score for G+E- condition)” + (1 - subject’s mean score for G+E+ condition)?].

Similarly, Figure 5B shows an idealized response pattern that relies only on facial

expression to solve the task. Using the same method as for the gaze difference score, an
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expression difference score was computed for each subject. Once again, the lower the score, the
better the subject matched the idealized, facial expression strategy [expression difference score =
(-1 - subject’s mean score for G-E- condition)® + (1 - subject’s mean score for G-E+ condition)
+ (-1 - subject’s mean score for G+E- condition)® + (1 - subject’s mean score for G+E+
condition)?].

Finally, Figure 5C shows an idealized response pattern that relies on an integration of the
two cues to solve the task, weighting the two cues equally. Using the same method as for the
gaze difference score, an integrator difference score was computed for each subject. The lower
the score, the better each subject matched this integrator response strategy [integrator difference
score = (-1 - subject’s mean score for G-E- condition)” + (0 - subject’s mean score for G-E+
condition)” + (0 - subject’s mean score for G+E- condition)” + (1 - subject’s mean score for
G+E+ condition)?].

With these three scores computed for each subject (gaze difference score, expression
difference score, and integrator difference score), we could perform correlation analyses, asking
whether people who adhered relatively more closely to a particular cue-utilization strategy would
also tend to score higher on the two social cognition tests. The results are shown in Figure 6 (see
also Tables 2 and 3).

We first briefly summarize the overall pattern of results and then describe the details.
Overall, subjects’ social cognitive ability, as measured by performance on the two social
cognition tests, was significantly correlated with the use of all three strategies in the Attribution-
of-Awareness Task. However, it was much better correlated to the strategy of integrating the two
cues together than it was to the alternative strategies of relying on any one cue by itself. The

correlation between the RMET score and the integrator strategy accounted for 44% of the inter-

16



subject variance (1°=0.44, see Table 2) as compared to 13% for the gaze strategy and 11% for the
expression strategy. Similarly, the correlation between the Hinting Task score and the integrator
strategy accounted for 43% of the variance in the data as compared to 14% for the gaze strategy
and 9% for the expression strategy (see Table 3). The traditional hypothesis of a dominance of
the gaze strategy was not confirmed; instead, the attention schema hypothesis was supported.

We examined these relationships in greater detail, to better understand the difference
between the gaze strategy, expression strategy, and integrator strategy. First consider Figure 6A,
which shows the relationship between the gaze difference score and the RMET score. Each data
point represents a single subject. Overall, a clear relationship can be seen. As subjects scored
better on the RMET (higher scores on the X axis), they also showed greater use of the strategy of
relying on the gaze cue when performing the Attribution-of-Awareness Task (lower scores on
the Y axis). This correlation is highly significant (r*=0.13, F=89.78, p=6.50e-20). Note that the r*
value is relatively low (accounting for 13% of the variance) but the relationship is reliable,
resulting in a small computed p value. However, even a quick inspection of the data in Figure 6A
shows more complexity than a simple linear relationship. The first half of the data along the X
axis is obviously different from the second half. To help quantify that pattern, we divided the
subjects into two groups: those that scored at or below the median on the RMET (lower half of
the range on the X axis, median = 20), and those that scored above the median (upper half of the
range on the X axis). The two groups show different behavior. Within the low-social-scoring
group, a clear correlation was present: subjects who performed better in the RMET tended to rely
more on the gaze cue in the Attribution-of-Awareness task. This correlation was statistically

significant (’=0.045, F=14.46, p=0.00017). In contrast, within the high-social-scoring group
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(subjects who scored above the median on the RMET), no significant correlation was found
anymore between the RMET score and the gaze difference score (r* =0.0005, F=1.52, p=0.218).

Figure 6B shows a similar result for the relationship between the expression difference
score and the RMET score. The subset of subjects who were relatively poor at social cognition
(at or below the median on the X axis) showed a significant correlation. Among those subjects,
better performance on the RMET predicted greater reliance on the expression cue in the
Attribution-of-Awareness task (1°=0.046, F=14.73, p=0.00015). The subset of subjects who were
relatively better at social cognition (above the median on the X axis) did not show a significant
correlation. Among these subjects, better performance on the RMET did not predict more
reliance on the expression cue (r’=0.001, F=0.25, p=0.614).

Figure 6C shows the result for the integrator difference score. Here the pattern was
different. The data no longer showed a clear division between those subjects who were below the
median and those who were above. The same trend applied to both halves of the data. The subset
of subjects who were relatively poor at social cognition (at or below the median on the RMET)
showed a significant correlation, in which better performance on the RMET was associated with
greater reliance on the strategy of integrating the two cues together in the Attribution-of-
Awareness task (r’=0.10, F=33.83, p=1.52e-08). The subset of subjects who were relatively
better at social cognition (above the median on the RMET) also showed a significant correlation
in which better performance on the RMET was associated with greater reliance on integrating the
two cues together (r’=0.034, F=9.79, p=0.0019).

The results shown in Figure 6D, E, and F show a similar pattern with respect to the

Hinting Task (see also Table 3).
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In summary, scores on the two social cognition tests were by far better correlated with a
reliance on an integrator strategy than with any other strategy. The more subjects relied on the
integrator strategy, the better their social cognition scores tended to be. This overall pattern
appeared to be partly related to a split in the data between low-social-scoring subjects and high-
social-scoring subjects. Among the low-social-scoring subjects, social cognition scores were
significantly correlated with all three cue-utilization strategies, though the correlation was still
two to three times greater for the integrator strategy. Among the high-social-scoring subjects,

social cognition scores were significantly correlated only with the integrator strategy.

Discussion

Monitoring the attention of others is fundamental to all social cognition. Most of the
literature on social attention assumes that the gaze direction of others serves as a proxy for the
attention of others, and that the social cognitive machinery is tuned specifically to rely on gaze
[15-23]. A weakness of this approach is that it trivializes the representation of other people’s
attention, reducing it to a single parameter that is visually tracked. In contrast, in the attention
schema theory, people construct a deeper model of the attention of others, and the model can be
informed by more than one cue. Here we tested whether the more standard assumption, or the
attention schema hypothesis, is correct. We tested how people combine two cues, a gaze cue and
an emotional expression cue, to judge the awareness of a cartoon face. Sometimes the cues were
aligned and sometimes they were in conflict with each other. In direct contradiction to the gaze-
dominance hypothesis, we found a variety of cue-utilization strategies. Some subjects did not
rely on the cues in a consistent manner and simply found the face to be generally aware of the

nearby object. Some subjects relied mainly on the gaze cue, much as in the traditional view of
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attention monitoring. Some subjects relied on the emotional expression of the face and ignored
the gaze cue. Some relied more heavily on a strategy of integrating the two cues together,
weighing them against each other. The range of strategies suggests a deeper model that can be
constrained in various ways by surface cues.

We also tested subjects on two independent assessments of social cognitive ability: the
RMET and the Hinting Task. In both cases, we found the same pattern of results. Social
cognitive ability, as measured by performance on the two social cognition tests, was better
correlated to the strategy of integrating the two cues together than it was to the alternative
strategies of relying on any one cue by itself. Neither test was best correlated to the use of the
gaze cue.

To gain greater insight into the data, we separately examined subjects who performed
poorly and who performed well on the two social cognition tests. Among those subjects who
performed relatively poorly on the social cognition tests, a better social cognition score was
significantly correlated with a greater use of any of the cue strategies (though the correlation was
still two to three times stronger for the integrator strategy). By implication, if you are bad at
social cognition, then an ability to use any cue and any strategy will help. But among those
subjects who were above the median in their social cognitive ability, only one of the cue-
utilization strategies was significantly associated with better social cognition scores — the
strategy of integrating the two cues together. Looking at Figure 6A, B, and C, and focusing on
the upper end of the X axis range, one sees the result especially starkly. Good social cognition is
not especially associated with reliance on the gaze of others (Figure 6A) as the dominant cue; nor
is it associated with reliance on the emotional expression of others (Figure 6B); instead, good

social cognition is associated with reliance on a strategy of integrating cues together (Figure 6C).
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These results directly contradict the most common assumptions about how humans
monitor the attention of other humans. The direction of someone’s gaze is apparently not
automatically used as the dominant, proxy signal for that person’s attention. A person’s attention
is a complex, hidden property, not equatable to any simple external feature. Instead, the results
point to a deeper process. The social mechanism evidently constructs an integrative model, and
that model can be informed by more than one cue.

The gaze cue is clearly an important one, with special representation in the brain [15-23].
The emotional expression of faces is also obviously an important feature with special
representation in the brain [34-41]. We do not argue that any one cue is unimportant or does not
have special neuronal representation. Our argument here is that the representation of other
people’s attention is not the same as a representation of other people’s gaze. It lies at a deeper
level. It can be informed by both gaze and expression cues, and perhaps by other cues. The point
of the present experiment is also not to search out all cues or define all attributes of the model,
but to establish the basic principle that social attention is deeper than the gaze cue, and that the
process involves integration of cues to inform a model.

Other studies have looked at interactions between gaze and facial expression, but have
done so in a different manner [42,43]. In those previous studies, expression was not set up to
provide specific information about attentional state. Instead, gaze was the primary cue to
attention and facial expression was a secondary, modulating factor. In the present study, the
expression of the face could match or mismatch an object, just as the gaze could match or
mismatch the object. In this way, facial expression and gaze were potentially equally informative
about whether the face was attending to the object. We suggest that in real-life situations, though

gaze may indeed often be an important cue to someone else’s attention, sometimes other cues are
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also informative. A person’s speech and body language, tone of voice and facial expression, and
the general context itself, can provide strong cues to attention. Most importantly, reconstructing
attention is not about tracking a simple parameter, but, we suggest, about constructing a deeper
model and attributing a mind state to others.

An alternative interpretation of at least some of the present results is worth considering.
In both the k-means clustering analysis and the regression analysis, a difference was found
between subjects who performed relatively poorly across all tasks and those who performed
relatively better. One possibility is that some subjects genuinely have poor social cognition, and
consequently are not as consistent or strategic in their use of the two cues. However, it is also
possible that, given the nature of online testing, some subjects were inattentive or unmotivated
and therefore performed poorly across tasks. It is extremely difficult to disentangle these
possibilities. It is likely that at least some subjects were disengaged, contaminating the data set.
However, we do not believe that inattentive subjects and random responses represent a major
interpretational problem to the data. We offer the following reasons.

First, to address exactly this concern, we eliminated a high percentage of subjects who
demonstrated a possible lack of engagement with the tasks (see Methods).

Second, even if all poorly-performing subjects are eliminated entirely from the analysis,
the conclusions of the study remain. When we considered only the high-performing subjects —
those who performed above the median on the social cognition tests — this select sample was
presumably the least likely to include unmotivated, inattentive subjects. It was among this group
that the clearest result emerged: social cognitive ability was significantly correlated with a cue-
integration strategy and was not significantly correlated with the strategy of relying separately on

the gaze cue or on the expression cue.
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RMET Hinting

N Mean SE N Mean SE
Cluster 1 134 13.00 0.45 &9 2.88 0.63
Cluster 2 148 14.32 0.36 109 5.03 0.59
Cluster 3 100 25.72 0.62 72 15.61 0.59
Cluster 4 115 26.72 0.54 78 16.10 0.60
Cluster 5 91 27.38 0.44 63 16.70 0.47

Table 1: Performance of five clusters of subjects on two social cognition tests. For definition of
clusters, see Figure 3. N = number of subjects tested, SE = standard error, RMET = Reading the
Mind in the Eyes Test, Hinting = Hinting Task.

All <M >M

R* |F P R° |F P R° |F P
Gaze 0.13 [89.78 |6.50e-20 | 0.045 | 14.46 | 0.00017 | 0.005 | 1.524 |0.218
Expression | 0.11 |72.30 | 1.54e-16 | 0.046 | 14.73 [ 0.00015 | 0.001 | 0.2543 | 0.614
Integrator | 0.44 |456.10 | 2.80e-75 | 0.100 | 33.83 | 1.52e-08 | 0.034 | 9.787 |0.0019

Table 2: Relationship between the RMET score and the three cue-utilization strategies. Gaze =
the strategy of relying on the gaze cue, as quantified by the gaze difference score. Expression =
the strategy of relying on the expression cue, as quantified by the expression difference score.
Integrator = the strategy of relying on an integration of both cues, as quantified by the integrator
difference score. All = all subjects, <M = the subset of subjects who scored at or below the
median on the RMET, >M = the subset of subjects who scored above the median on the RMET.
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All <M >M

R® |F P R° |F P R° |F P
Gaze 0.14 | 64.59 |1.00e-14 |[0.16 |44.08 |2.27e-10 |0.003 | 0.5844 | 0.446
Expression | 0.09 [39.94 |6.84e-10 | 0.11 |28.39 |2.38e-07 [0.009 | 1.682 |0.196
Integrator | 0.43 [303.30 | 3.19e-51 | 0.32 | 104.80 | 1.73e-20 | 0.073 | 14.060 | 0.00024

Table 3: Relationship between the Hinting Task score and the three cue-utilization strategies.
Gaze = the strategy of relying on the gaze cue, as quantified by the gaze difference score.
Expression = the strategy of relying on the expression cue, as quantified by the expression
difference score. Integrator = the strategy of relying on an integration of both cues, as quantified
by the integrator difference score. All = all subjects, <M = the subset of subjects who scored at
or below the median on the Hinting Task, >M = the subset of subjects who scored above the

median on the Hinting Task.
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Figure 1. Paradigm for the Attribution-of-Awareness Task. On each trial subjects saw a cartoon
face next to an object. The face could look toward or away from the object, the object could have
positive or negative valence, and the face could have a happy or alarmed expression. The result
was a 2X2 design: gaze toward or away and expression congruent or incongruent. Subjects rated
whether the face seemed not aware, somewhat aware, or very aware of the object. Here two
examples of the four possible categories are shown. Top: gaze away, facial expression congruent.

Bottom: gaze toward, facial expression congruent.
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Figure 2. K-means clustering results for the Attribution-of-Awareness task. Each data point
represents a single subject. While only three axes are visually displayed here, the data are
actually distributed in four dimensions, corresponding to the four means obtained for each
subject. The clusters are therefore less overlapping and more separable than they appear here.

The five colors represent the five k-means clusters.
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Figure 3. Five clusters of subjects. Cluster 1 subjects were characterized by similar, elevated
ratings across all conditions. Cluster 2 subjects were characterized by similar, intermediate
ratings across all conditions. Cluster 3 subjects were characterized by ratings mainly dependent
on whether the gaze matched or mismatched the object. Cluster 4 subjects were characterized by
ratings mainly dependent on whether the expression matched or mismatched. Cluster 5 subjects
were characterized by ratings dependent on an integration of gaze and expression. Bars show
mean ratings among subjects in the four task conditions. Error bars = standard error. G-E- = task
condition in which the gaze is away from the object and the expression mismatches the object.
G-E+ = task condition in which the gaze is away and the expression matches the object. G+E- =
task condition in which the gaze is toward and the expression mismatches. G+E+ = task

condition in which the gaze is toward and the expression matches.

35



>
oo

25 L 151
S
(O] (W]
o 201 e
) '

v 8 10-
157 =
= 3
e =
c 107 E

o I 57
= 54 c
(]
=

0 0

1 2 3 4 5
Cluster Cluster

Figure 4. Social cognition scores by cluster. A. Average score on the RMET for each of the five
clusters of subjects. Error bars = standard error. B. Average score on the Hinting Task for each of

the five clusters of subjects. Error bars = standard error.
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Figure 5. Three idealized strategies. A. The idealized strategy for a hypothetical subject who
relies entirely on the gaze cue and ignores the expression cue. B. The idealized strategy for a
hypothetical subject who relies entirely on the expression cue and ignores the gaze cue. C. The
idealized strategy for a hypothetical subject who relies on integration and equal weighting of

both the gaze and expression cues.
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Figure 6. Relationship between social cognitive ability and cue-utilization strategy. A. For each
subject, the score on the RMET (a measure of social cognitive ability) is plotted on the X axis
and the gaze difference score (lower scores indicate more reliance on the gaze strategy) is plotted
on the Y axis. Shading around regression line shows standard error. B. RMET score versus
expression difference score. C. RMET score versus integrator difference score. D. Score on the
Hinting Task (an independent measure of social cognitive ability) versus the gaze difference
score. E. Hinting Task score versus expression difference score. F. Hinting Task score versus

integrator difference score.
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