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Specified functions of the first
two fixations in face recognition: Sampling
the general-to-specific facial information

Meng Liu,"?2 Jiayu Zhan,*>¢ and Lihui Wang'-2:3/.*

SUMMARY

Visual perception is enacted and constrained by the constantly moving eyes. Although it is well known
that the first two fixations are crucial for face recognition, the function of each fixation remains unspeci-
fied. Here we demonstrate a central-to-divergent pattern of the two fixations and specify their functions:
Fix I clustered along the nose bridge to cover the broad facial information; Fix Il diverged to eyes, nostrils,
and lips to get the local information. Fix Il correlated more than Fix | with the differentiating information
between faces and contributed more to recognition responses. While face categories can be significantly
discriminated by Fix Il's but not Fix I's patterns alone, the combined patterns of the two yield better
discrimination. Our results suggest a functional division and collaboration of the two fixations in sampling
the general-to-specific facial information and add to understanding visual perception as an active process
undertaken by structural motor programs.

INTRODUCTION

When we see a face, we quickly get various information about this person such as identity and emotional state. To achieve quick and accurate
recognition the task-relevant information on the face has to be efficiently sampled and analyzed.'™ This is coupled with eye movements,
which direct the gaze center toward a specific region so that the task-relevant information can reach the fovea and gain optimal processing.*>
Even when free eye movements are constrained, there are microsaccades within the fixation which have a similar information sampling func-
tion as the saccades during free-viewing by bringing the task-relevant information close to the fixation locus®’

A large body of eye-movement studies has investigated the spatial distribution of the fixations on the face image, revealing a T-shaped
concentration covering the eye-nose-mouth area™®? (also see'® for individual differences within this area). Although these studies have pro-
vided important insights into “what” information on the face image is sampled to support recognition, it remains unsettled “how" the infor-
mation is sampled and interpreted. The answer to the "how” question is often explained as neural computations or representations of the
“what” information. Studies from this perspective have provided important insights into the relationship between the physical properties
of the face image and the spatial-temporal neural dynamics in the brain (see a recent review''). However, this mapping process does not
consider a fundamental body constraint: the eyes are never still and the images on the retina are always changing.'? The information scattered
on a face has to be transformed into the stimulations on the retina by the sequentially occurring eye movements.'* Notably, a growing body of
recent studies has suggested that the eye movements themselves contribute to the visual activities in the brain, which cannot be reduced to
the physical properties of the images.'*'®

Even as one of the most common visual tasks, face recognition cannot be sufficiently achieved within one single fixation. For instance, by
manipulating the maximal number of fixations allowed during face viewing, Hsiao and Cottrell'” found that the recognition performance
improved significantly when the number of allowed fixations was increased from one to two, with no further improvement after more fixations
had been allowed. Of note, when the numbers of fixations are strictly restricted, we speculate that a better cognitive strategy would be to
direct the limited fixations to different locations rather than the same location to maximize the obtained information. In other words, from
an economic perspective, why should we have the two essential fixations doing the same job? Moreover, there are individual differences
in landing the first fixation toward a specific location on the face, and the recognition performance was impaired when observers were forced
to maintain the first fixation away from the preferred location.'®'? These results further suggested that the order of the fixations also matters
for face recognition, because even if the preferred first location could be visited by the following fixations, forcing the first fixation away from
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the preferred location would change the preferred order of the fixation sequence. Despite the functional significance of the sequentiality, the
first two fixations were often treated homogenously and pooled together with other fixations to show the overall distribution on the face. No
study yet to our knowledge has specified the function of each fixation and how the two fixations collaborate to achieve recognition.

Neuroimaging studies have indicated the sequential process of face recognition as information accumulation in the brain. This process can
be parsed into two stages: an early stage where the initial broad information is acquired to have an overview of the face configuration, and a
late stage where the detailed information is analyzed to achieve specific task goals such as recognizing the identity.”>*' In agreement with a
temporal profile, a recent model suggested that the sequence of eye movements is carried out to build up the initial perceptual hypothesis
about an encountered face constrained by the task and collect information to confirm this hypothesis.”” It is thus to be tested if the two stages
of face processing can be reflected in the first two fixations. Testing the correspondence between the temporally obtained information and
the first two fixations will not only show the specific functions of the first two fixations for face recognition but also advance the current un-
derstanding by bridging the “what” and "how" aspects of the information sampling. Moreover, the functions of the first two fixations in im-
plementing the information accumulation can provide grounding for the neural representations underlying face recognition.

Here we investigated the specific functions of the first two fixations for face recognition. To show if the functions can be generalized to
different recognition tasks, fixation patterns were examined in two task contexts: an identity recognition task and an emotion recognition
task. Using a data-driven method, we first delineated the geographical distribution of the initial two fixations, with the first fixation (Fix [) mainly
clustered along the nose bridge while the second fixation (Fix ) was more widely dispersed over key areas such as the eyes, nostrils, and lips.
Building upon previous studies, we hypothesized that the distinct spatial distributions of the first two fixations reflect an optimized information
sampling process for face recognition, with Fix | more involved in harvesting general facial information to build up an initial hypothesis about
this face (e.g., face configuration related to an identity or emotion category), whereas Fix Il more involved in processing fine details requisite
for the specific recognition task (e.g., distinguishing John vs. Mike or happy vs. sad) to narrow down and confirm the perceptual hypothesis.
We evaluated this research hypothesis by analyzing the correspondence between the fixation patterns and the information on the face im-
ages. Firstly, we calculated the distance between the fixation location and the regions of interest (ROlIs) of the face images (eyes, nose, and
mouth). We found that Fix | tended to land at a location that allows the entire face to be covered by the visual span, whereas Fix Il tended to
land at a location where critical local information can be scrutinized. Secondly, we quantified the information that differentiated a specific face
image from other images. We found that Fix Il was more related to the differentiating information than Fix I, and contributed more to the
behavioral recognition performance. Thirdly, we assessed the collaboration between the two fixations. We found that the combined patterns
of Fix | and Fix Il were better in predicting the face categories than the patterns of Fix | or Fix Il alone.

RESULTS

Twenty-eight participants completed an identity task and an emotion task (Figure 1) in a counterbalanced order, with their free eye move-
ments recorded during the task. A picture of a target face was presented at the screen center for 1.5s (duration chosen according to
Wang et al.,'” after which a task frame was presented requiring a response from the participant. In the identity task, participants were asked
to recognize the identity of the target picture by choosing the right answer from 7 alternative pictures. In the emotion task, they were asked to
recognize the emotion by choosing the right answer from 7 alternative labels (“anger,” “disgust,” “fear,” “happiness,
“surprise”). For our research purpose, data analysis was focused on the first two fixations during the presentation of the target face. To avoid
biasing the first fixation to the screen center, a fixation dot was randomly presented at one of the screen corners before the target (Figure 1).
Participants exhibited high accuracies in both tasks (identity task: mean = 97.85%, SE = 0.59%; emotion task: mean = 83.70%, SE = 1.10%). The
onsets of the first two saccades: mean = 217.3 ms, SE = 1.2 ms and mean = 502.0 ms, SE = 2.8 ms; the lag between the two: mean = 284.7,
SE = 2.4 ms.

"o

neutral,” “sad,” and

Distinct patterns of the first two fixations revealed by data-driven clustering

We first measured the preferred landing locations of the first two fixations (termed Fix | and Fix Il thereafter) on the face image. To this end, we
applied an unsupervised machine learning technique, K-means clustering, to the fixation locations pooled over trials and participants. We
found that, for Fix I, participants consistently preferred only one landing location across trials (i.e., optimal K = 1, decided by the silhouette
score, see Rousseeuw?” in quantifying the goodness of fit for the K-means model; Figure 2A); for Fix Il, participants preferred three landing
locations across trials (i.e., optimal K = 3, Figure 2A). The specific locations of the clustered fixations from one example participant are illus-
trated in Figure 2B.

We summarized the preferred landing locations of all participants in Figure 2D. The centroids of the identified clusters are illustrated on an
example face (Figure 2D left). Then, we transformed the K-means scatters into density layers using kernel density estimate (KDE) and overlaid
the density layers of Fix | (Figure 2D middle) and Fix Il (Figure 2D right) onto an example face image. The graphical results indicated that the
clusters of Fix | were mainly located along the line from the middle of the eyebrows to the nose tip, and the clusters of Fix Il were mainly
located in the critical local regions such as the eyes, nostrils, and lips.

The above independent patterns of the first two fixations showed overlapped areas, which might have been taken as that Fix | and Fix Il
landed at the same location. However, it should be noted that the overlapped areas were not necessarily from the same trial. To verify the
distinct patterns, we further visualized the within-trial transition pattern from Fix | and Fix Il. We color-coded the saccade trajectory from Fix |
and Fix Il at the single-trial level and mapped the trajectory onto the face image (see Figure 2E for data from one participant and Figure S1 for
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Figure 1. Experimental design and stimuli sequence

Each trial began with a central fixation cross, followed by a green fixation dot at a random location of the four corners. Note that all four possible positions are
marked by the green circles here but only one green dot was presented in a specific trial. In 10% of all trials, a red dot inside the green dot was presented, and
participants were asked to detect it by a button press. Then a target face was presented, during which participants were asked to view with free eye movements. In
the identity task, participants were asked to choose the correct image for the target face. In the emotion task, participants were asked to choose the correct
emotion label for the target face (labels shown here are in English but were in Chinese in the experiment). Responses were given by mouse click without a
time limit.

data from other participants). The geographical pattern suggested a central-to-divergent transition from Fix | to Fix Il on the image (see the
section below and Figure 3C for statistical evidence).

The distinct roles of the first two fixations in sampling general-to-specific facial information

The clustering of the fixation distribution suggested a centrality of Fix | on the face, whereas Fix Il diverged into the key areas such as the eyes
and mouth. Building upon previous studies on the critical physical properties of the face images for recognition,”>?° the distinct patterns be-
tween Fix | and Fix Il may function to sample the general-to-specific information for face perception. We assessed the “general vs. specific”
information in correspondence to the functional division of Fix | and Fix Il on the following aspects: 1) how the landing locations of the two
fixations were biased for the broad versus local facial information contained within a face; 2) how the patterns of fixations relate to the infor-
mation differentiating the current face from other faces; 3) how the patterns of fixations contribute to the performance of behavioral
discrimination.

Fix I covers broad facial information, Fix Il targets local facial information

In afirst step, we asked if and how the landing locations of Fix | and Fix Il were involved in sampling the broad information spatially covering all
key ROIs (eyes, nose, and mouth) or were biased toward the local details of a specific ROI. Specifically, landing at a central-middle location
accessible to all ROls would be beneficial for having the whole face within the visual span whereas the detailed information of a specific ROI
would be nevertheless compromised because the visual resolution decreased from the fovea to the peripheral visual field. By contrast, land-
ing at one of the ROIs would be beneficial for getting fine details of this ROl whereas the broad information such as the relational information
between this ROl and other ROIs would be nevertheless compromised.

We predicted that Fix | would land at a location accessible to all key ROls, whereas Fix [l would land at one of the ROls. We selected four key
ROls (left eye, right eye, nose, and mouth) for each face image based on facial landmarks detected with a machine learning tool — Dlib?;
Figure 3A, left). We calculated the distance from a specific location to each of the four ROls (namely four distances, in degrees of visual angle),
and defined two types of distance: the shortest distance among the four distances (i.e., Shortest-Dis) and the sum-up of the four distances (i.e.,
Sum-Dis, Figure 3A, right). Specifically, Shortest-Dis quantified to which extent the fixation location was closer to one of the four ROls than
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Figure 2. Clustering results of the first two fixations

(A) The goodness of fit (i.e., silhouette score,”” is shown as a function of the prior number of clusters (K) for Fix | (olue line) and Fix Il (orange line) for one example
participant. The dashed lines denote the threshold for deciding the optimal K value. The red dots denote the optimal Ks, which achieved the maximum silhouette
scores.

(B) The clusters of Fix | (left) and Fix Il (right) are obtained from the optimal K-means model for the same example participant. Purple, cyan, and yellow dots
indicate the individual fixations pooled over trials; red dots indicate the geometrical centers of the clusters.

(C) The counts of optimal Ks of all participants for Fix | (blue bars) and Fix Il (orange bars).

(D) The distribution of the cluster centroids for the first two fixations (left panel, each dot represents the centroid of the estimated cluster of fixations across trials
for a specific participant, i.e., the red dots in B, blue for Fix |, orange for Fix Il). The separate patterns of Fix | (middle panel) and Fix Il (right panel) are also shown in
the form of density layers.

(E) The saccade trajectory from Fix | to Fix Il at the single-trial level. The color-coded lines represent single-trial fixation pairs from one example participant, where
the transition from blue to yellow represents the trajectory from Fix | to Fix II.

the other three, and Sum-Dis quantified the cost of the fixation to get access to all four ROls. Our analysis showed that the image pixels with
the lowest Sum-Dis were localized at the center of the face image, whereas the pixels with the lowest Shortest-Dis were localized at the four
ROIs (Figure 3A, right). The centrality versus divergence patterns here echoed the distinct clustering patterns between Fix | and Fix Il illus-
trated in Figure 2.

Further statistical analysis revealed that Shortest-Dis of Fix | was higher than Shortest-Dis of Fix Il, t(27) = 6.15, p < 0.001, Cohen’s d = 1.16
(Figure 3B, left). By contrast, Sum-Dis was lower for Fix | than for Fix II, (27) = 2.99, p = 0.006, Cohen’s d = 0.57 (Figure 3B, right). We also
replicated the results in each of the two tasks. Specifically, Shortest-Dis of Fix | was higher than Shortest-Dis of Fix Il in both the identity
task, t(27) = 6.33, p < 0.001, Cohen'’s d = 1.20, and the emotion task, t(27) = 5.04, p < 0.001, Cohen’s d = 0.95; Sum-Dis was lower for Fix |
than for Fix | in both the identity task, t(27) = 3.11, p = 0.004, Cohen’s d = 0.59, and the emotion task, #(27) = 2.32, p = 0.028, Cohen's d =
0.44. Note that the small effect size in the emotion task according to the prior criteria (d < 0.48, see STAR Methods) asked for further exam-
inations in future studies. These results suggested that, regardless of task type, the location of Fix | was more beneficial for sampling the broad
information over all ROls, whereas the location of Fix Il was more beneficial for sampling the local information of one ROI.

Then we verified if Fix [l was more distant from the face center than Fix | at the single-trial level, as shown by the graphical results of the
central-to-divergent tendency (cf., Figure 2E). To test this prediction, we chose the location on the face image that had the shortest Sum-
Dis as the face center (Figure 3A). For each trial, we calculated two distances — the distance from the face center to Fix | and to Fix II. Across
trials, we compared these two single-trial distances with paired t test, independently for each participant. Given the individual-level sta-
tistical analysis, the Bayesian population prevalence (BPP,?” was introduced to assess the statistical reliability. Statistical analysis collapsed
over the two tasks showed that Fix Il was more distant from the face center than Fix | (p < 0.05 for 23 out of 28 participants, see Figure 3C
left), with the maximum a posteriori probability (MAP) estimate of the population prevalence of 23/28 achieved 0.84, 95% highest posterior
density interval, HPDI = [0.63,0.93]. That is, given the data, the probability that the population prevalence was greater than 63% was higher
than 95%. Separate statistical analysis showed p < 0.05 for 20 out of 28 participants in the identity task, and p < 0.05 for 21 out of 28 par-
ticipants in the emotion task.

Fix Il correlates more than Fix | with differentiating facial information

As the results of distance revealed the general versus the specific information processing of a face, a further prediction is that the specific
information can differentiate one specific face from other faces, and such differentiating information can be used to achieve the behavioral
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Figure 3. Definition of face ROIs and analysis of distance

(A) Left: the facial landmarks (marked by white dots) detected with the machine learning model - Dlib,** were used to identify the ROls (eyes, nose, mouth). The
red dots denote the geometric center of each ROI. Right: the red disks indicate the centroids of the four ROls, the blue and orange disks are shown as an example
of Fix | and Fix Il, respectively. The thin lines (blue for Fix | and orange for Fix Il) indicate the distances from a fixation location to an ROI, and thick lines indicate the
Shortest-Dis. The heatmaps illustrate to which extent each image pixel has a low Shortest-Dis (the upper heatmap) and a low Sum-Dis (the lower heatmap).
(B) The two types of distance for the first two fixations (left panel: Shortest-Dis, right panel: Sum-Dis; blue for Fix I, orange for Fix Il). The violin plots represent the
distributions of the participant-level distances (**p < 0.01, ***p < 0.001, paired t tests).

(C) Difference in distance from Fix Il and Fix | to the face center. Each violin plot represents the distribution of trial-level measurement for a specific participant.

discrimination of identity or emotion among the alternatives. In a second step, we defined the Differentiating Features by quantifying to which
extent one face was different from other faces and investigated how the patterns of fixations correlated with the Differentiating Features.
Based on our hypothesis, we predicted that the patterns of Fix Il would be more related to the Differentiating Features than Fix |. Specifically,
for each target face, we calculated the pair-wised difference of pixel values between the target face and each of the other faces. By averaging
the pair-wised differences, we obtained a feature map for each target face, quantifying to which extent the current target face image differed
from other face images (Figure 4A).

An example of the differentiating features for a face and the feature-fixation overlay for this example is illustrated in Figure 4A (the two
columns on the right), where the fixations corresponded to the pixels with high differentiating values (in bright color). We then investigated
how the differentiating features corresponded to the patterns of Fix | and Fix Il. For each fixation group (Fix | vs. Fix II), the correspondence was
measured by calculating the cross-correlation between the vectorized values of the feature map and the vectorized values of the fixation den-
sity map. Statistical analysis of the cross-correlation coefficients showed that the density map of Fix Il correlated more with the differentiating
features than Fix | (0.20 vs. 0.24), #(27) = 6.73, p < 0.001, Cohen’s d = 0.97 (Figure 4B, left panel).

Mirroring the distance findings, the correlation patterns between the density map and differentiating features are consistent across the two
tasks. Fix Il correlated more with the differentiating features than Fix | in both the identity task (0.55 vs. 0.70), #(27) = 6.37, p < 0.001, Cohen’s d =
1.16 (Figure 4B, lower middle panel), and the emotion task (0.55 vs. 0.67), t(27) = 4.76, p < 0.001, Cohen’s d = 0.81 (Figure 4B, middle and right
panels).

The above analysis of distance and feature-fixation correlation focused on the first two fixations. As a comparison, we also analyzed the
following 3-5th fixation, which showed a similar pattern to the second fixation (see Figure S2 and Figure S3).
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Figure 4. The facial feature maps and the fixation-feature correlations

(A) The flow charts show the procedures of calculating the Differentiating Features for each target face image. The second column from the right illustrates a map
of the Differentiating Features for example face (the first column from the left, high values in bright color). The first column from the right illustrates the overlay of
Fix | (blue dots) and Fix Il (orange dots) on the map of the Differentiating Features.

(B) The cross-correlation (Z-transformed) between the fixation density map and the Differentiating Feature map (blue for Fix I, orange for Fix Il). The violin plots
illustrate the distribution of the participant-level correlation coefficients (***p < 0.001, paired t-tests).

Behavioral discrimination is better predicted by Fix Il

In a third step, we asked if and how the two fixations contributed to the behavioral performances of face recognition. We addressed this by
investigating which one of the two fixations’ patterns was more distinctive between the correct and incorrect recognition responses. We
focused on the emotion task, as the accuracies of the identity task approached the ceiling (mean accuracy = 97.85%, Figure 5A), leaving insuf-
ficient trials with an incorrect response for analysis. Specifically, we calculated the correlation between the Differentiating Feature map and the
fixation density map with the same procedure as above, but the calculation was performed for each of the 7 emotion categories, and trials with
correct and incorrect responses respectively.

The paired t-test comparing the correspondence between the correct and the incorrect trials showed a significant difference for Fix I,
%(27) = 2.34, p = 0.026, Cohen'’s d = 0.44, but not for Fix |, t(27) = 0.51, p = 0.616 (Figure 5B). Note that the small effect size (d < 0.48) asked
for further examinations in future studies. That is, relative to trials with incorrect recognitions, trials with correct recognitions had higher cor-
relations between the Differentiating Features and the fixation patterns, and this was observed only for Fix Il but not Fix . To test the reliability
of the results, we further assessed the difference for the following 3-5th fixations, none of which showed any significant effects (3rd: p = 0.776,
4th: p = 0.230, 5th: p = 0.952). These results suggested that the successful behavioral discrimination of the face categories (emotion category
here) was dependent on how well Fix Il but not Fix | corresponded to the Differentiating Features. In an extension of the above distance and
the feature-fixation correspondence, these results suggested that the specific information sampled by Fix Il can be used to achieve behavioral
discrimination.

The collaboration between Fix | and Fix I

So far, by treating Fix | and Fix Il independently, we have shown that Fix | and Fix Il had distinct roles in sampling the facial information to
support behavioral recognition. A remaining question is: were they collaborative in collecting the task-guided information (i.e., identity infor-
mation in the identity task and emotion information in the emotion task)? The lower correlation with the differentiating features and the lack of
power in predicting successful recognition response might lead to an underestimated task relevance of Fix I. In other words, the general facial
information collected by Fix | may not have contained any task-relevant information. Alternatively, Fix | can also carry categorical information
to form a task-guided perceptual hypothesis about the face. The information collected by Fix | itself may not be sufficiently distinguishable,
but can add to the specific information collected by Fix Il, and the combined information would be better in distinguishing the face categories
than the specific information collected by Fix Il. We thus predicted that the combined patterns of Fix | and Fix Il would be more distinctive
between face categories than the pattern of Fix Il alone. Specifically, the classifier trained with combined patterns of the first two fixations
would be better in classifying the face categories than the classifier trained with Fix Il or Fix | alone. We tested this prediction by calculating
the accuracy of the fixation patterns in predicting the label of the emotion categories (Figure 6A). We built three independent predictive
models with different predictors respectively: the location coordinates of Fix | only (model 1), the location coordinates of Fix Il only (model
2), and the location coordinates of both fixation (model 3). We adopted a random forest model to train and cross-validate the predictive
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Figure 5. The contribution of Fix Il to recognition performance

(A) The mean and standard deviation of the accuracies (ACC) in the two tasks.

(B) The correspondence (Z-transformed correlations) between the differentiating features and the first two fixations for correct and incorrect trials. The violin plots
illustrate the distributions of the individual correlations (n.s., *p < 0.05, paired t-tests).

model. While model 1 did not show above-chance prediction accuracy, t < 1, the prediction accuracies of model 2 and model 3 were both
above-chance: t(27) = 3.46, p = 0.002, Cohen’s d = 0.66 for model 2 and t(27) = 5.04, p < 0.001, Cohen'’s d = 0.95 for model 3 (Figure 6B).
Importantly, the prediction accuracy of model 3 was significantly higher than the prediction accuracy of model 2, #(27) = 2.16, p = 0.039, Co-
hen's d=0.41. Note that the small effect size concerning the higher accuracy of model 3than model 2 (d < 0.48) asked for further examinations
in future studies. We also trained and cross-validated other models with the fixation data and found the same patterns of results: the predic-
tion accuracy increased from model 1 to model 2, and to model 3 (Figure S4).

Here we focused the classification on the emotion labels not on the identity labels because we included 70 target identities to avoid the
confounding effect of familiar faces.”®*” The classification of a large number of identities based on the current sample size would run the risk of
overfitting. As a sanity check, see Figure S4 for the results of the identity-based classification.

DISCUSSION

It is long established that face perception involves strategic fixations on the face image, gathering the visual information for recognition.*
Recent findings highlighted that the functional significance of the fixations for face recognition extends beyond spatial patterns to temporal
relations between the fixations.””*"* It has been shown that the recognition performance could be related to the transition probability from
one fixation location to the next on the face image.*” A computational model of visual recognition suggested that the location of a fixation
determines the location of the next fixation’” (see the ref. Arizpe et al® and Ziman et al*® for empirical evidence). According to this model, an
initial hypothesis about a stimulus (e.g., face identity) is built up based on the information sampled by the preceding fixation, which leads the
next fixation to the expected location to confirm the initial hypothesis. Together with these studies, the current results suggested a spatio-
temporal information integration process for face recognition that can be optimized by structural fixation sequence, with the individual fix-
ations serving distinct and collaborative functions.

Previous studies have shown a central tendency of the first fixation during face perception.” """ In Hsiao and Cottrell'” where the face
size was smaller than the face size shown here, the first fixation was located around the center of the nose. In Peterson and Eckstein'®
where the faces had a similar size as the current study, the first fixation was located below the eyes while above the nose tip across multiple
recognition tasks. This centrally localized pattern was suggested as a strategy to optimize the information integration because the whole
face was covered by the perceptual span and thus all relevant information can be acquired.'”'® Consistent with these findings, here the
graphical analysis of the fixation locations also showed that Fix | was clustered along the nose bridge. As a further step, here the clustering
results showed the graphical pattern of the second fixation, which diverged to the eyes, nostrils, and lips. Importantly, the current findings
provide a mechanistic account for the central vs. divergent distributions. The distance results suggested that the centrally localized pattern
of Fix | was to cover the broad facial information of the key ROls while the divergent pattern of Fix Il was to target the specific ROls for local
information. Moreover, the feature-fixation correlation results showed that Fix || was more related to the differentiating information than Fix
| and contributed more to the behavioral recognition performance. These results suggested a functional division of the first two fixations,
with the first fixation more involved in processing the general configuration information, whereas the second fixation more involved in pro-
cessing the fine information specific to a certain face. Furthermore, only the patterns of Fix Il alone but not Fix | alone could predict the
face categories, and the combined patterns of the two fixations yield better predictions than Fix Il. These results suggested that the gen-
eral information gathered by Fix |, although not significantly discriminative itself, adds to the differentiating information gathered by Fix Il
to achieve statistically significant discrimination.

The central versus divergent distribution and the general versus specific information processing between the first two fixations raised the
holistic versus analytic processing in face recognition.” While holistic processing combines the different parts of the face into a whole, analytic
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Figure 6. Predictions of the emotion categories based on the locations of Fix I, Fix Il, and the two combined

(A) The input-output data for the model training and the cross-validation procedure.

(B) The cross-validation accuracy for the random forest model in cross-validation. The violin plots illustrate the distributions of the cross-validation performance of
the individual participants (*p < 0.05, paired t test; n.s., **p < 0.01, ***p < 0.001, one-sample t-tests).

processing narrows down the visual analysis to the local information. Fixations clustered at the center of a face were taken as evidence for
holistic processing, whereas fixations clustered at the local regions were taken as evidence for analytic processing.”>>" It has been shown
that analytic processing was preceded by holistic processing during face perception.®® Moreover, face recognition performance was more
related to analytic processing but less so to holistic processing.” Consistent with this finding, the recognition performance in the emotion
task here could be better predicted by the pattern of Fix Il than Fix I. Along this line, the first fixation was for holistic processing and the second
fixation was for analytic processing.

Although this study’s results were based on East Asian observers viewing East Asian faces, the functions of the first two fixations are consis-
tent with previous studies on West Caucasian observers during the viewing of West Caucasian faces.'®*> However, fixation patterns were
shown to be different between cultural groups.”* In a task of race recognition, West Caucasians showed a scattered pattern of fixations
over the eyes and the mouth whereas East Asians tended to focus the fixations on the central region of the face.” In a task of emotion recog-
nition, the fixations of West Caucasians were distributed evenly over the eyes, the nose, and the mouth whereas the fixations of East Asians
were mainly distributed over the eyes and the nose.” It should be noted that these distinctive patterns could be due to the different weights
(e.g., in terms of duration) of the individual fixations, as the individual fixations were pooled over to show the spatial pattern. The distinct func-
tions of the individual fixations proposed here thus can be taken to tease apart the cultural differences of the fixation patterns.”” Nevertheless,
the generalizability of the current findings to different cultural groups still needs to be tested.

Time-resolved neuroimaging evidence has shown the early and late stages of face processing.”’*® A magnetoencephalographic (MEG)
study”' showed two phases responsive to faces during the first 500 ms post-image presentation: an early phase (100-200 ms) associated
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with the low-level information of the image, and a later phase (200-300 ms) associated with the high-level information of the face identity. In
agreement with this sequential neural processing, the current findings suggested that the transition from general to specific processing
stages was reflected in the fixation sequences. However, it should be noted that the exact onset of the two stages was subject to the context
(e.g., the initial fixation started from the center in the MEG study whereas had to be redirected from the peripheral to the center in the current
study). Considering that the current experiment design entailed longer fixation latencies, the lag between the two fixations (on average
284.7 ms) here intuitively fit with the sequential properties of the two MEG time ranges. Another account could be that Fix | was also involved
in identity-related processing (e.g., configurational information for identity recognition), which directed Fix Il into more detailed processing.
The shared temporal characteristic of face perception points to a link between the fixation sequence and the brain activity revealed by recent
studies where the face-related neural representations were tuned to the fixation sequences that were used to explore the face images.'* "
Importantly, the idiosyncratic fixation patterns of the same face were coupled with idiosyncratic neural tunings among observers,'* and the
coupling between the fixation sequence and the neural representation was observed in the absence of image input.'” Therefore, the fixation
sequence and the neural response may not simply be two independent aspects of the same information sampling process but have interac-
tively developed from the experience of visual exploration.”*°

The temporal course of general-to-specific information processing reflected in the fixation sequence here fits with the general principle of
the “coarse-to-fine” processing in visual perception®>*'*? beyond face perception.**** From a dualistic view, the neural activities can be
taken as the inner representations of the physical properties of the outer images. However, this view is challenged by alternative suggestions
and growing evidence that the neural representation is grounded by action.*>*® Building on previous work, our findings suggest fixation se-
quences as the grounding for neural representations of faces and shed light on a framework covering the physical image, the eye movements,
and the neural representations for visual perception.

Limitations of the study

We focused on the first two fixations, yet it should not be taken that the fixations after the first two fixations did not contribute to the recog-
nition at all. One account we speculated here is that, apart from the initial fixations, the following fixations may provide supplementary infor-
mation. The supplementary information could be used to further confirm the initial hypothesis on the task-defined recognition (e.g., identity,
emotion),”” and hence might contribute more to the recognition confidence than to the correctness of the recognition. Also, we included only
two basic recognition tasks, so caution should be taken in generalizing our findings to more abstract task goals such as judging compe-
tence,”’ beautydg, or trustworthiness.”’
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

OSF: Raw and analyzed data This paper http://osf.io/xgfds
Dlib: Face landmark King, 200974, http://dlib.net/files/ https://dlib.net/

shape_predictor_68_face_landmarks.dat.bz2

Software and algorithms

Python 3.9 https://www.python.org/ RRID: SCR_0083%94

NumPy 1.23 https://numpy.org/ RRID: SCR_008633

SciPy 1.9.1 https://scipy.org/ RRID: SCR_008058

Scikit-learn 1.2.2 https://scikit-learn.org/ RRID: SCR_002577

Dlib King, 2009%*, https://dlib.net/ https://dlib.net/

Cili Acland & Braver, 2014°°, https://github.com/beOn/cili https://doi.org/10.5281/zenodo.48843
Original code This paper http://osf.io/xgfds

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact Lihui Wang (lihui.wang@sjtu.
edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e The raw data and analyzed data of this study are available at OSF, accession code: osf.io/xgfds. The datasets for detecting the face
landmarks are available at: dlib.net/files/shape_predictor_68_face_landmarks.dat.bz2.
e All codes for reproducing the analyses reported in this study are available at OSF, accession code: osf.io/xgfds.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants

Twenty-nine university students (sex and gender: 18 females, 11 males, age: 23.2 + 2.3 years old, ethnicity: Chinese) were recruited. One
participant was excluded due to dropout, leaving 28 participants (17 females, 11 males, 23.1 + 2.3 years old) included for data analysis.
The sample was determined based on eye movement studies for face perceptions (e.g.,“%'*""1%?%), the sample size of which ranges from
20 to 30, and resource limitation. All participants reported normal or corrected-to-normal vision. Informed written consent was obtained
from each of all participants prior to the experiment. The experiment was conducted in accordance with the Declaration of Helsinki and
was approved by the Ethics Committee of the School of Psychological and Cognitive Sciences, Peking University (#2020-10-01). To evaluate
the observed effect sizes, we performed the analysis of effect size sensitivity (suggested by the review®") using G-power 3.0.”” Given the sam-
ple size (n = 28), the suggested power of 80%,”" and the specified direction of our hypothesis concerning the function of Fix | and Fix Il (e.g.,
one-tailed), the required Cohen’s dis 0.48 for a meaningful effect. We thus identified the observed effects as achieving a large effect size given
a d > 0.48 and a small effect size given d < 0.48.

METHOD DETAILS
Stimuli and apparatus

Stimuli were presented against a light gray background of a computer screen with a resolution of 1280 x 1024. Seventy grayscale images of
faces were selected as the target faces from the Chinese Facial Affective Picture System.”” The images of this dataset were standardized in the
way that all faces were in frontal view, scaled to the same size, and hair and clothing were excluded. Seven emotion categories (angry, disgust,
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fear, happy, neutral, sad, surprise) were included, with 10 images of different identities (5 females and 5 males) in each category. The ratings on
the emotional category and intensity of the pictures can be seenin Table S1. Due to the limited number of identities available from the picture
set, the identities between different emotional categories were not exclusively different.

Monocular eye movements were recorded using a video-based Eyelink 1000plus system (SR-Research, Canada) with a temporal resolution
of 1000 Hz. A standard procedure of nine-point calibration and validation was performed at the beginning of each task, with a maximum error
of 1.0° as the threshold.

Design and procedure

Participants were seated in a dimly-lit and sound-attenuated room at a viewing distance of 57 cm, with their heads positioned on a chin-rest.
Each participant completed two tasks, an identity task and an emotion task, with the order of the two tasks counterbalanced across partic-
ipants. In the identity task, participants were required to view a target face picture and then choose a face picture among 7 alternative face
pictures that matched the identity of the target face. The 7 face pictures belonged to the same emotion category. In the emotion task, par-
ticipants were required to view a target face picture and then choose a label that matched the emotion of the target face among 7 alternative
labels.

Each trial began with a white cross in the center of the screen, followed by a green dot (radius = 5 pixels,0.15° of visual angle) randomly
presented at one of the four corners of the screen (12.7° degrees of visual angle to the screen center). In 10% of all trials, a red dot (radius = 1
pixel, 0.03° of visual angle) was presented inside the green dot, and participants were instructed to press the space bar when they detected it.
After the offset of the green dot, a target face picture (13.6° X 14 ° of visual angle, the eye-to-mouth distance around 3.5° x 6.5° degrees, i.e.,
7.4° in total distance) was presented at the center of the screen for 1.5s (duration chosen according to 14), and participants were asked to view
the face with free eye movements. Then, the 7 alternative options were presented, and participants were instructed to choose the correct
answer by mouse click. In the identity task, the alternative options were 7 pictures of different identities (5.23 ° x 5.15 ° of visual angle),
with only one of the same identities as the target picture. In the emotion task, the alternative options were 7 different labels of emotion words,
with only one label matching the emotion of the target picture. The alternative options remained on the screen until a response was given. The
inter-trial interval was 1 s.

Each task consisted of 4 blocks of equal length. In each block, each of the 70 pictures was presented as the target picture only once,
rendering 280 trials in total (70 trials per block) for each task. There was a break between each two blocks. The order of task is randomized
and counterbalanced across participants.

QUANTIFICATION AND STATISTICAL ANALYSIS

Extraction of fixations

Eye-movement data were extracted from the 1.5-s interval during which the target picture was presented. Data were firstly preprocessed us-
ing the cili module,” a python-based tool for detecting and correcting eye blinks. Fixations were then identified based on the velocity
threshold of 30°/s and the acceleration threshold of 8000°/s. Fixations that occurred outside the target picture were excluded from analysis.
Considering that the main purpose of the current study was to reveal the functions of the first two fixations, the analysis was focused on the first
and the second fixations in each trial. The results of the fixations following are presented in Figure S2 and Figure S3.

K-means clustering of the fixations

The K-means clustering was performed to show the geographical distributions of the fixations. This method was to group the fixations into K
clusters by minimizing the sum of Euclidean distances within the cluster, and the geometrical center of each cluster was used to represent the
fixation tendency. The silhouette score’® was introduced to determine the optimal K value, which measured how a fixation location was close
to its own cluster than other clusters. For each of Fix | and Fix Il and for each participant, we searched for an optimal K value ranging from 2 to
20 and identified the K value with the highest silhouette score, provided that the score exceeded the lowest score by more than 30%. If the
highest score did not meet this threshold, the optimal K was set to 1. The cluster center with the optimal K value was mapped onto the face
image. To visualize the cluster centers, a Gaussian kernel was applied to the two-dimensional distribution of centers using Kernel Density
Estimation (KDE), with the bandwidth determined by Scott’s Rule as a rule of thumb. A hundred contours were used to achieve a smooth
demarcation between the areas hit by fixations and those missed by fixations.

Analysis of distances

For each face image, the facial landmarks were detected with Dlib™ (https://github.com/davisking/dlib) and a trained dataset (http://dlib.net/
files/shape_predictor_68_face_landmarks.dat.bz2). Dlib uses a combination of Histograms of Oriented Gradients (HOG) features and a su-
pervised regression approach to predict the locations of these facial landmarks. Specifically, Dlib’s facial landmark detector uses a cascaded
ensemble of regressors called a shape predictor. This regressor ensemble is trained on a large dataset of annotated face images using a
gradient descent optimization algorithm. Once trained, the shape predictor can efficiently and accurately detect facial landmarks in new im-
ages, even under various conditions (e.g., pose and illumination variations) by using the learned HOG features. The output of the Dlib facial
landmark detection is a set of 68 2D facial landmarks. The 68 landmarks cover the contours of the whole face, the mouth (lips), the eyes and
eyebrows, and the nose (see Figure 3A, left).
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Four ROIs were defined: left eye, right eye, nose and mouth. The geometric center of all landmarks for a specific ROl was defined as the ROI
center. For the two eyes, we used the 6 landmarks around the eyes. For the nose, we used the 4 landmarks along the nose bridge and the 5
landmarks along the nostril. For the mouth, we used the 14 landmarks around the contour of the lips, and the 4 landmarks inside the contour.

Two types of distance were calculated: the shortest distance (Shortest-Dis) and the sum of distances (Sum-Dis). The Shortest-Dis was
defined as the Euclidean distance between a location on the face image and the closest ROI center, which quantified to which extent the
location was closer to one ROI than the other ROls (a lower distance indicates closer to the ROI). The Sum-Dis was defined as the sum of
the Euclidean distances between a location on the face image and each ROI center, which quantified the cost of the location to get access
to all four ROIs (a lower distance indicates a lower cost). To visualize each of the two types of distance on the face image, the distance was
calculated for each pixel and averaged across all images. The heatmaps of the two types of distances are shown in Figure 3A (right). All cal-
culations are based on the unit of visual angle.

For each participant and each of the two fixations, each type of distance was averaged across trials. For each type of distance, a paired-t
test was performed to test the difference between Fix | and Fix II.

Feature-fixation correspondence

For each of the 70 target face images, the pixel-wise values were first normalized into Z scores. Then, the pairwise difference between a spe-
cific face image and each of the other face images was obtained by calculating the absolute value of the pixel-level difference between the Z
scores. The pairwise absolute differences were averaged into a map which quantified to which extent a face image was different from the
other images, and hence was identified as the map of Differentiating Features.

For Fix I and Fix Il respectively, the fixation pattern was quantified by the pixel-level density map on the face image. For each target face in
each task, the density map was obtained by the 2D histogram weighted by duration of the fixations across all trials of this face.

Cross-correlation was performed to investigate how the Differentiating Features correlate with the distributions of the first two fixations.
Each pixel-wise feature map and each density map were flattened into a one-dimensional array respectively, and a cross-correlation was con-
ducted between the vectorized feature values and the fixation density values. This correlation was performed separately between the Differ-
entiating Feature and Fix |, and between the Differentiating Feature and Fix Il. For each calculation, the fixation density vector was normalized
by dividing the maximal density value, resulting in a normalized R value unbiased by the number of fixations located in the same pixel. The
normalized r values were then transformed into Fisher’s Z scores to normalize the underlying distribution, thereby enhancing the validity of
subsequent t-tests. For each participant, the Z-scored r values were averaged across face images. A paired t-test was performed on the Z-
scored r values to show if one of the first two fixations correlated more with the Differentiating Features than the other.

The cross-correlation was also performed for each emotion category. Considering the varied local features (e.g., ‘action units’ in facial
expression studies>") in different face images may lead to misaligned features across stimuli within a specific emotion category, the face im-
ages were realigned prior to the calculation (see Figure S5). The face images within each category were realigned to achieve spatial consis-
tency between the key features of individual faces within a category. For each face image, the 68 facial landmarks were first identified using
Dlib. An affine transformation was then applied to align the landmarks using a set of reference landmarks derived from the average contour of
all face images. A transformation matrix was calculated using the least-squares method to map a set of input landmarks to the reference land-
marks. The transformation included scaling, rotation, translation, and shearing with the following steps: computing the geometric center of
the input landmarks and the reference landmarks, scaling the input landmarks uniformly to the reference landmarks, applying translation to
align them with the reference landmarks, and applying rotation to align the input landmarks with the reference landmarks. The resulting
displacement vector was then added to the input landmarks to shift them to the corresponding positions in the reference face space. To
ensure the correspondence between the fixation density map and the face image, the same procedure was also performed on the fixations.
To keep the correspondence between the Differentiating Features and the fixation patterns, we applied the same transformation to the fix-
ation locations. Note that here the stimuli alignment and fixation transformation were focused on emotional categories but not the image-
based analysis above because the action units shared by the individual images within a certain emotion category may play a diagnostic role in
recognizing the emotion category (e.g., Ekman®?). Nevertheless, as a sanity check, we replicated the patterns of results when the transforma-
tion was taken into consideration for the image-based analysis (see Figure Sé).

Then the feature-fixation correspondence of each fixation was compared between the correct and incorrect trials using paired t tests. To
achieve equal statistical power for correct vs. incorrect trials (because there were more correct trials than incorrect trials), we applied a random
sampling procedure to obtain 7 emotions x 28 participants x 2 trials (one correct and one incorrect) correlations and repeated this procedure
1000 times with replacement.

Prediction models of emotion categories

Three models were built to predict the emotion labels of the target face, with the fixation patterns included as the predictors. In model 1, the
coordinates of Fix | (xq, y;) were included as predictors. In model 2, the coordinates of Fix Il (xp, y») were included as predictors. In model 3, the
coordinates of both fixations (x4, y1, x2, y2) were included as predictors. For each prediction model, a random forest method with a 10-fold
partitioning was used to train and cross-validate the model. For each participant, the procedure was repeated 100 times to calculate the
mean prediction accuracy. For each model, the prediction accuracy was tested against chance-level (i.e., 1/7) using one-sample t test. The
accuracies between model 2 and model 3 was compared using paired t test.
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