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Abstract 

Recent research has found that autistic individuals have poorer 
performance and lower eye movement consistency in face 
recognition, which may be related to less face processing 
experience due to lack of social interests. Here we showed that 
this phenomenon was not observed in visual search tasks, as 
autistic individuals and matched neurotypicals had similar hit 
rate and precision as well as eye movement behavior when 
searching for either social (human) or non-social (vehicle) 
stimuli. However, autistic individuals had longer search time 
and made more and longer fixations, suggesting difficulties in 
identifying potential targets. This difficulty was not limited to 
social stimuli, supporting a domain-general view of deficits in 
autism spectrum disorder (ASD). Our findings have important 
implications for understanding the core mechanisms 
underlying social-cognitive impairment in ASD. 

  

Keywords: Autism spectrum disorder (ASD); visual search; eye-
tracking; eye movement consistency; EMHMM 

Introduction 

Autism spectrum disorder (ASD) is characterized by 

persistent difficulties with social communication and social 

interaction, along with restricted and repetitive patterns in 

behaviors and interests (DSM–5; American Psychiatric 

Association, 2013). Autistic individuals across ages often 

exhibit difficulties in the social domain or failure in 

preferential looking at social stimuli. Consistent with their 

atypical eye movement behavior, they performed poorly in 

face recognition (Falkmer et al., 2010) and facial expression 

recognition (Loth et al., 2018). These are critical social skills, 

and deficits in processing social stimuli may lead to negative 

consequences; for example, a person who misrecognizes their 

boss as a friend might behave inappropriately, and it could 

hurt their social relationships (Griffin et al., 2021).   

Recent research has suggested that individuals have 

preferred eye movement patterns for face recognition, and 

deviation from such visual routines results in reduced face 

recognition performance (Mehoudar et al., 2014; Peterson et 

al., 2013). This finding suggested that individuals optimize 

real-world face recognition by consistently fixating the same 

locations (Peterson et al., 2016). Consistent with this finding, 

Hsiao, An et al. (2022) showed that children gradually 

develop a more consistent visual routine for face recognition 

during development, and higher eye movement consistency 

for face recognition predicts better recognition performance. 

In addition, they found that autistic children had lower eye 

movement consistency for face recognition than matched 

non-autistic children, and lower eye movement consistency 

for face recognition was associated with children’s autistic 

traits, particularly in social skills. Their computational 

modeling results suggested that this phenomenon may be 

related to autistic children’s insufficient experience in face 

recognition to develop a consistent visual routine due to a 

lack of social interests or motivation (Chevallier et al., 2012).  

It remains unclear whether a similar phenomenon can be 

observed in other tasks where autistic individuals may have 

less experience with, such as searching for and identifying 

social stimuli in complex scenes, due to their lack of social 

interests. Indeed, it has been reported that autistic individuals 

display increased visual attention to non-social stimuli as 

opposed to social stimuli (Bhat et al., 2010; Sasson et al., 

2012). Thus, as compared with neurotypicals (NT), they may 

not have developed a consistent visual routine and thus may 

have lower eye movement consistency and poorer 

performance when searching for social stimuli as compared 

with NTs, but not when searching for non-social stimuli. 

Nevertheless, related visual search studies in the literature 

have not obtained consistent results regarding autistic 

individuals’ search performance and behavior. For example, 

New et al. (2010) found that when participants were asked to 

spot the difference between two images of natural scenes 

involving either an animate or inanimate object, autistic 

individuals displayed the same prioritized social attention for 

animate categories, indicating that social attention 

impairment may not be a unitary phenomenon as reported in 

previous studies (New et al., 2010; Sturm et al., 2004). In a 

typical visual search paradigm where participants search for 

a target (either letters or simple shapes) in a display among 

an array of distractors (Wolfe, 1998), autistic individuals 

often show superior visual search performance than NTs. 

This has been attributed to their enhanced local visual 

information processing ability to discriminate between 

targets and distractors (Kaldy et al., 2016; Happe & Frith, 

2006). Consistent with this finding, autistic individuals have 

been found to outperform matched controls on the Embedded 

Figures Test, which required identifying simple shapes 

within a complex form (Shah & Frith, 1983), and Block 

Design tasks, which required the ability to see the whole 
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design in terms of its parts (Caron et al., 2006; also see 

Simmons et al., 2009 for a review). However, these studies 

have typically used impoverished stimuli such as colored 

shapes. When visual search tasks involve more elements of 

naturalistic conditions, results may differ from the 

aforementioned laboratory studies (as observed in Russell et 

al., 2019). Kingstone et al. (2003) specifically discussed the 

importance of studying attention using stimuli with real-life 

situations. It remains unclear whether superior visual search 

performance in ASD could still be observed when visual 

search tasks involve rich visual information with high 

relevance to real-life situations (New et al., 2010). In a recent 

study, Russell et al. (2019) used real-world scene stimuli and 

found that autistic adults were consistently slower in visual 

search and less accurate in locating a specified target than a 

neurotypical comparison group. Consistent with Kingstone et 

al. (2003)’s speculation, this finding suggests that ASD’s 

superior visual search does not transfer to situations 

involving real-world scenes.  

Accordingly, in the current study, we aimed to examine 

whether autistic individuals differ from NTs in performance 

and eye movement behavior when searching for social vs. 

non-social stimuli in complex scene stimuli with high 

resemblance to real-life search scenarios: detecting humans 

vs. vehicles during driving scenarios. We hypothesized that 

autistic individuals may perform poorer than NTs when 

searching for humans but not when searching for vehicles, 

and this performance difference may be related to differences 

in eye movement behavior, particularly in eye movement 

consistency. 

Method 

Participants 

We recruited 33 participants with autism diagnosis (ASD 

group) and 33 neurotypical controls (NT group) matched in 

sex. The groups did not differ in age, t(64) = 0.89, p = .377, 

or IQ as measured in Raven’s Standard Progressive Matrices 

(RSPM; Raven, 2000), t(64) = 0.67, p = .505. All participants 

had normal or corrected-to-normal vision. A power analysis 

showed a sample size of 54 (η2
p = .25, α = .05, β = .05) was 

required for a 2 x 2 mixed ANOVA, and a sample size of 55 

was required (f2 = .15, α = .05, β = .2) for linear multiple 

regression with one tested predictor. The required sample size 

for independent sample t-test (d = 0.8, α = .05, β = .2) was 

52. 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Characteristics of the participant groups. 

 

Participant group ASD group NT group 

 

Age 

(years) 

Mean 24.8 23.6 

SD 6.2 5.1 

Range 18-41 18-38 

 

Sex 

Male 15 15 

Female 18 18 

 

RSPM 

(score) 

Mean 8.0 7.8 

SD 1.1 1.5 

Range 5-9 3-9 

 

Materials and Apparatus 

We used the same stimuli from Yang et al. (2023), which 

were sampled from the Berkeley DeepDrive 100K Image 

Dataset (Yu et al., 2020), for the vehicle search and the 

human search task. The stimuli were displayed one at a time 

at the center of a 15.6-inch monitor (1920 x 1080 pixels), 

spanning 34.2 ° x 20.8° of visual angle at a viewing distance 

of 55 cm. Participants' eye movements were recorded using 

an EyeLink 1000 Plus. A nine-point calibration procedure 

was performed before the experiment and whenever the drift 

check error exceeded 1° of visual angle.  

Procedure 

Participants performed a vehicle and a human search task 

with the task order counterbalanced across the participants, 

followed by cognitive ability tests, Autism-Spectrum 

Quotient (AQ), and RSPM.  

 

Visual search tasks We adopted Yang et al. (2023)’s 

procedure. In the vehicle search task, participants searched 

for cars, trucks, and buses; in the human search task, they 

searched for pedestrians and riders. Each trial started with a 

drift check at the screen center. The experimenter initiated the 

stimulus presentation when a stable fixation was observed. 

Participants were asked to search for all targets and press a 

key as soon as they thought they had detected all. Their eye 

movements during the visual search before the key press were 

used for data analysis. To assess visual search performance, 

immediately after the key press, participants were asked to 

use a mouse click to place a marker at each detected target 

location on a blank screen. Then, they were asked to click 

again on the same targets they had clicked previously on the 

original image to confirm their selection (Figure 1). Here we 

reported the results based on the clicks on the blank screen 

(similar results were obtained using the clicks on the original 

image). We separated the visual search phase from the 

clicking phase to avoid interference from sensorimotor 

planning of clicking during the eye movement recording of 

visual search. Haladjian and Pylyshyn (2011) reported an 

average location error of 2.2° of visual angle in a spatial 

memory task with clicking responses. Accordingly, we used 
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64-pixel (2.2°) location error tolerance when calculating the 

hit rate, i.e., clicks falling within the location error tolerance 

of each target’s bounding box were counted as a hit. 

 

 
 

Figure 1. Procedure of the visual search tasks.  

 

Navon task  Navon task was used to measure 

participants’ global and local information processing abilities 

(Navon, 1977). Participants were presented with a 

hierarchical letter pattern, i.e., a larger letter consisting of 

smaller letters, and judged whether a target letter was 

presented regardless of whether it was at the global or local 

level. We measured the accuracy and RT of the trials where 

there was a target letter at the global and local level separately 

as the measure of global and local information processing 

ability respectively. 

 

Tower of London (TOL) task TOL task was used to  

assess participants’ executive function abilities (Phillips et 

al., 2001). In each trial, participants saw a move board on the 

right with three balls in different colors (red, blue, and blue) 

and a target board on the left, and were asked to preplan and 

move the balls on the move board to match the target board 

using the fewest possible moves for 12 trials. We measured 

their accuracy, average number of moves, execution time, 

and planning time. 

 

Verbal/Spatial Two-back task Two-back tasks were 

used to  assess participants’ working memory (Lau et al., 

2010). Participants saw a number or a symbol at a time and 

judged whether the current number or symbol location 

(regardless of the symbol’s identity) was the same as the one 

presented two trials back in the verbal or spatial test 

respectively. Each test had two blocks with 28 trials per 

block. We measured their accuracy and response time (RT). 

 

Flanker task Flanker task was used to assess 

participants’ selective attention (Eriksen & Eriksen, 1974; 

Ridderinkhof et al., 1999). In each trial, participants judged 

the direction of the central arrow flanked by four other 

arrows. The flanking arrows pointed in the same direction as 

the central arrow in congruent trials and the opposite 

direction in incongruent trials. In neutral trials, the flankers 

were nondirectional symbols. The flanker effect in accuracy 

 
1 d’ could not be calculated since the number of correct 

rejections during the visual search was unknown. 

and RT was measured as (C – I)/(|C| + |I|), where C and I are 

the accuracy/RT for congruent and incongruent trials 

respectively. 

 

AQ We administered AQ to measure participants’ 

autistic traits (Baron-Cohen et al., 2001). We calculated the 

total AQ score and subscores in the five areas of autistic 

traits. A cut-off total score of 32 or above indicates a possible 

risk of ASD. 

 

RSPM We used RSPM to assess participants’ general 

intelligence (Raven, 2000). Participants were asked to choose 

a missing piece to complete a matrix-like pattern among the 

given six choices. We used the nine-item version (Bilker et 

al., 2012). 

Design 

Participants’ performance in visual search was assessed in hit 

rate (the ratio of the number of hits to the number of hits plus 

misses), precision1  (the ratio of the number of hits to the 

number of hits plus false alarms), and visual search RT. Eye 

movement behavior was assessed by number of fixations per 

trial, average fixation duration, and eye movement pattern 

and consistency as assessed using Eye Movement analysis 

with Hidden Markov Model (EMHMM) with co-clustering 

(see Eye Movement Analysis for details). We conducted 2 x 
2 mixed ANOVAs on performance and eye movement 

behavior with target category (vehicle vs. human) as a within-

subject variable and group (ASD vs. NT) as a between-

subject variable. We also conducted linear regression 

analyses to examine whether any group difference in 

performance could be predicted by eye movement behavior 

with cognitive ability difference controlled, and whether eye 

movement consistency was associated with autistic traits as 

observed in previous studies (Hsiao, An et al., 2022).  

Eye Movement Analysis 

Using the same stimuli and visual search procedure, Yang et 

al. (2023) discovered focused and explorative eye movement 

pattern groups in healthy young adults through EMHMM 

with co-clustering (Hsiao, Chan et al., 2021; Chuk et al., 2014) 

in both human and vehicle search. As shown in Figure 2, 

participants using the focused pattern scanned narrowly 

along the horizon, whereas those using the explorative pattern 

had larger ROIs, scanning across a broader area beyond the 

horizon. Yang et al. (2023) used the two representative 

pattern group models to quantify each participant’s eye 

movement pattern in each stimulus along the dimension 

contrasting the focused and explorative patterns using FE 

(Focused-Explorative) scale: (LF - LE)/(|LF|+|LE|), where LF 

and LE were the log-likelihoods of a participant’s data 

generated by the Focused and Explorative patterns 

respectively. A higher FE scale reflected higher similarity to 

the Focused pattern in contrast to the Explorative pattern.  To 
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make the current results with ASD participants comparable 

to Yang et al. (2023), we directly used the representative 

focused and explorative models from Yang et al. (2023) to 

quantify each participant’s pattern using FE scale 2 . For 

quantifying participants’ eye movement consistency, 

following previous studies (e.g., Hsiao, An et al., 2022; Hsiao, 

Liao et al., 2022; Hsiao, Chan et al., 2021), we summarised 

each participant’s eye movement pattern for viewing each 

stimulus using one hidden Markov model (HMM) with 

personalized regions of interest (ROIs) and a transition 

matrix indicating the transition probabilities among the ROIs. 

The optimal number of ROIs for each HMM was determined 

from a preset range of 1 to 5 using a variational Bayesian 

approach. Each HMM was trained 300 times to select the 

model with the greatest log-likelihood. We then used entropy 

of the HMM (Cover & Thomas, 2006) as the measure of eye 

movement consistency (entropy is a measure of randomness 

or unpredictability; higher entropy indicates lower 

consistency).  

 

 
 

Figure 2: The focused and explorative eye movement pattern 

groups for human and vehicle search. Ellipses show ROIs as 

2-D Gaussian emissions. Priors show probabilities of the first 

fixation landing on each ROI and transition matrices show 

transition probabilities among the ROIs.  

 
2  Similar results were obtained if we used current 

participants’ eye movement data to generate the 

representative pattern group models for FE scale.  

Results 

The ASD and NT group differed significantly in AQ total 

score, t(64) = 7.51, p < .001, d = 1.85, and all AQ subscores, 

ps < .05. The two groups did not differ significantly in the 

cognitive ability tests assessed except for the TOL task, 

where the NT group had shorter execution time, t(37.8) = 

2.95, p = .005, d = 0.73, and a smaller number of moves,  

t(42.5) = 3.03, p = .004, d = 0.75, than the ASD group, 

suggesting that the ASD group had worse executive function 

than the NT group.  

Performance in Visual Search 

Since the ASD and NT groups differed in TOL’s execution 

time and average number of moves, we included them as 

covariates using ANCOVA. For either hit rate or precision, 

no significant results were observed, suggesting that the two 

groups did not differ in either human or vehicle search 

performance (Figure 3). 

 

 

 
 

Figure 3: ASD vs. NT group in visual search performance. 

 

In RT, a main effect of group was observed, F(1, 62) = 7.99, 

p = .006, η2
p = .13: the ASD group had longer RT than the 

NT group. This effect was significant in both human search3, 
tWelch(55.3) = 2.65, p = .010, d = 0.65, and vehicle search, 

tWelch(56.5) = 2.63, p = .011, d = 0.65. No other effect was 

found. 

 

3 Welch’s t-tests were used whenever equal variance assumption 

was not met.  
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Figure 4: ASD vs. NT group in RT. 

Eye Movement Behavior in Visual Search 

In either FE scale or entropy, no significant effect was found. 

These results suggested that the two groups had similar eye 

movement patterns and consistency in both visual search 

tasks (Figure 5). However, linear regression analysis 

predicting entropy in vehicle search showed that total AQ 

score contributed significantly to the regression model, ΔR2 

= 6.5%, F(1, 64) = 4.42, p = .040, suggesting that autistic 

traits were associated with greater eye movement consistency. 

This effect was not found in human search. 

 

 
 

Figure 5: Attention maps of the ASD and NT group during 

visual search tasks. 

 

In number of fixations per trial, a main effect of group was 

observed, F(1, 62) = 5.52, p = .022, η2
p = .08: the ASD group 

had a larger number of fixations per trial than the NT group. 

This effect was significant in both human search: tWelch(57.8) 

= 2.38, p = .021, d = 0.59, and vehicle search: tWelch(54.6) = 

2.20, p = .032, d = 0.54. In fixation duration, a main effect of 

group was also observed, F(1, 62) = 9.33, p = .003, η2
p  = .13: 

the ASD group had longer fixation duration. This effect was 

significant in either human search: t(64) = 2.56, p = .013, d = 

0.63, or vehicle search: t(64) = 2.41, p = .019, d = 0.59 

(Figure 6). In both visual search tasks, linear regression 

analyses showed that RT was a significant predictor for 

number of fixations per trial (human search:  ΔR2 = 89.4%, 

F(1, 64) = 538, p < .001; vehicle search: ΔR2 = 87.9%, F(1, 

64) = 465, p < .001), and fixation duration (human search: 

ΔR2 = 49.6%, F(1, 64) = 63, p < .001; vehicle search: ΔR2 = 

35.2%, F(1, 64) = 34.8, p < .001). These results suggested 

that RT was associated with a greater number of fixations per 

trial and longer fixation duration in either human or vehicle 

search.  

 
Figure 6: ASD vs. NT group in number of fixations per trial. 

Discussion  

Here we investigated whether autistic individuals 

performed worse than non-autistic individuals when 

searching for social stimuli as compared with non-social 

stimuli and whether their poorer performance was related to 

lower eye movement consistency. Recent research has shown 

that autistic individuals have reduced eye movement 

consistency when recognizing faces as compared with 

matched controls, and computational modeling results 

suggested this phenomenon may be related to their reduced 

face processing experience due to lack of social motivation, 

resulting in less well-learned visual routines (Hsiao et al., 

2022). Thus, we hypothesized that a similar phenomenon 

may be observed in visual search tasks when the targets are 

social stimuli such as humans, as autistic individuals’ lack of 

social motivation may lead to lack of experience in searching 

and identifying social stimuli. Contrary to our hypothesis, 

autistic individuals showed comparable hit rate and precision, 

and adopted similar eye movement strategy and consistency 

to non-autistic individuals in both human and vehicle search. 
Thus, the findings of Hsiao, An et al. (2022) may be limited 

to face processing. 

Indeed, face recognition and visual search tasks differ in 

task demands, which can shape how visual routines are 

developed. Specifically, faces all share the same 

configurations, and thus viewers know in advance what 

features can be obtained through a saccade to a specific 

location. Thus, a visual routine can be learned by 

reinforcing/repeating fixation locations that lead to better 

performance (i.e., important features for recognition such as 

eyes; Hsiao, An et al., 2022). In contrast, a visual search task 

can happen in all kinds of scenarios and thus the stimuli can 

differ significantly in feature layout, and targets can appear 

in different locations. A consistent routine may not 

necessarily lead to better performance, and thus would not be 

reinforced during learning. In contrast, a more adaptive eye 

movement pattern, which typically leads to lower eye 

movement consistency, may be beneficial to visual search 
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(Yang et al., 2023; Eckstein, 2011). Thus, although autistic 

individuals may have less experience in human search as 

compared with non-autistic individuals due to lack of social 

interests, they did not differ from NTs in performance or eye 

movement behavior.  

Despite similar search strategies, autistic individuals had 

longer RT in both human and vehicle search. Their longer RT 

was found to be associated with longer fixation duration and 

a larger number of fixations per trial. This result suggested 

that although autistic individuals had similar eye movement 

patterns and consistency to non-autistic individuals, they may 

have repeated the pattern for longer, suggesting that they may 

have difficulties in identifying objects but not in visual search 

strategies. This aligns with past findings that autistic 

individuals were slower in detecting changes or searching for 

a target item in real-world scenes (Russell et al., 2019;  

Hochhauser et al., 2018). Indeed, autistic individuals have 

been reported to have difficulties in processing a vast amount 

of visual information with high complexity (Kana et al., 

2011), or more specifically in selecting relevant information 

(i.e., search targets) and inhibiting unwanted information (i.e., 

distractors). Our results showed that autistic individuals’ 

deficits in visual search were not limited to social stimuli, as 

they showed longer RT than NTs in both human and vehicle 

search. This result was consistent with the proposal that 

deficits in autism may be domain-general rather than specific 

to social stimuli. For example, Scherf et al. (2018) found that 

autistic individuals performed poorly in both face and novel 

object recognition, suggesting a generalized deficit in 

perceptual processing across both social and non-social 

domains. Recent studies have revealed an atypical bias 

towards high spatial frequency information (i.e., details) in 

ASD during object recognition, deviating from coarse-to-fine 

processing typically observed in neurotypicals (Caplette et al., 

2016; Sasson et al., 2008). Such deficits may lead to atypical 

perceptual category learning, which could be related to the 

poorer visual search performance observed here. These 

perceptual deficits may in turn impact social-cognitive 

processes related to core autism symptoms (Mercado et al., 

2020). 

In conclusion, here we showed that autistic individuals 

performed similarly in hit rate and precision to non-autistic 

individuals when searching for either social or non-social 

stimuli. More importantly, they did not differ in eye 

movement strategy or consistency during visual search. 

These results demonstrated that the association between ASD 

diagnosis and reduced eye movement consistency observed 

in face recognition did not generalize to visual search tasks. 

This result may be because face recognition and visual search 

tasks differ in task demands. While a consistent visual routine 

can be learned for face recognition by reinforcing/repeating 

fixation locations that lead to better performance,  a more 

adaptive eye movement pattern, which typically leads to 

lower eye movement consistency, is more beneficial to visual 

search. Nevertheless, autistic individuals had longer search 

RT and made more and longer fixations regardless of having 

similar eye movement patterns to non-autistic individuals, 

suggesting difficulties in identifying potential targets. This 

deficit was not limited to social stimuli, supporting a domain-

general view of deficits in SD. Our findings have important 

implications for the understanding of the core mechanisms 

underlying social-cognitive impairment in ASD.  
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