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Abstract 

Aims 

Previous research has demonstrated that autistic people often outperform neurotypical 

controls on visual search tasks. Similarly, individuals with relatively high, but subclinical, 

levels of autistic traits as measured by self-report questionnaire (high AQ) outperform those 

with lower levels of autistic traits (low AQ). There are a number of properties of the stimuli 

that are employed in visual search tasks that may at least in part contribute to why autistic 

and high AQ individuals have been found to outperform appropriate comparison groups. This 

thesis explored several possible factors that might contribute to the pattern of performance 

observed in autism and the broader phenotype on visual search tasks.  

Scope 

The work described in this thesis largely employed Radial Frequency (RF) patterns 

and the Radial Frequency search task (RFST). These tasks were chosen because although the 

Embedded Figures Test (EFT) is perhaps the most frequently employed task in this field of 

work, the RFST has advantages over traditional visual search tasks. In contrast to the EFT, 

the local and global properties of RF patterns are controllable and their psychophysical and 

physiological basis is reasonably well understood. Additionally, novel versions of the stimuli 

can be generated each time the task is run, which allows the task to be repeated. Where 

subclinical samples were recruited, we used the Autism Spectrum Quotient (AQ) to measure 

self-reported autistic-like traits.  
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Conclusions 

We have conducted a much needed meta-analysis which suggests that despite 

variability within the literature, overall, there is evidence that high AQ, subclinical 

individuals show superior EFT performance to low AQ individuals and are therefore a useful 

group to assess when characterizing the cognitive and behavioural profile of autism. 

However, subclinical individuals will not always show the same pattern of results to 

clinically diagnosable individuals. We have also established that contour integration is adult-

like in primary-school aged children and therefore we suggest differences in findings of 

previous studies are likely to represent a difference between clinical and subclinical groups, 

not a difference in developmental trajectory. We have identified multiplicative internal noise 

as a possible contributing factor, while ruling out simple reaction time as a factor that is 

likely to lead to an advantage in visual performance in individuals high on the autism 

spectrum. Our data also suggest that autistic individuals may have more difficulty switching 

between target present and target absent responses on visual search task than neurotypical 

controls.  
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Preamble 

This thesis is formatted as a series of papers.  Chapter one is a general introduction 

and provides a review of the relevant background literature, as well as the rationale for and 

overview of the thesis. Chapters two, three, four, five and six are the empirical chapters of 

the thesis. Chapters two and four have been published, and chapters three and six have been 

prepared for publication.  Chapter seven discusses the key findings and implications of the 

thesis. 
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Chapter One: Visual Search and the Embedded Figures Test in Autism and the Broad 

Phenotype 

Autism Spectrum Disorder (ASD) is a DSM-5 diagnostic category characterised by 

difficulty with social communication and the presence of restricted and/or repetitive 

behaviours and interests, which in DSM-5 include atypical sensory behaviours (American 

Psychiatric Association, 2013). The core triad of symptoms that characterise the ASD 

diagnosis are not discussed in depth here, as they are covered thoroughly elsewhere (Patricia 

et al., 2014). ASD encompasses the previously discrete diagnostic categories of Asperger’s 

Disorder, Autistic Disorder and Pervasive Developmental Disorder – Not Otherwise 

Specified (PDDNOS) due to increasing evidence that these formerly discrete diagnoses are 

not qualitatively distinct from one another and differ only in the degree of autistic traits (Lord 

et al., 2012; Macintosh & Dissanayake, 2004; Ozonoff, South, & Miller, 2000). DSM-5 has 

therefore adopted a spectrum diagnosis in that individuals given this diagnosis vary 

considerably in terms of the extent of their autistic traits. While ASD remains the technical 

diagnostic term, and therefore it is sometimes necessary to use this terminology, this thesis 

largely uses the terms “autism” and “autistic” in line with the preferences of a majority of 

autistic people and their family members; Kenny et al. (2016) found that in a survey of 3470 

stakeholders, “autism” and “on the autism spectrum” were preferred to the term “autism 

spectrum disorder” across community groups. This thesis also uses “identity first” rather than 

“person first” language because Kenny et al. (2016) found that a majority of autistic adults 

and family members of autistic people preferred the term “autistic” to describe autism. 

Whilst the majority of professionals still used the terminology “person with autism,” 

considerably fewer autistic adults and their families endorsed this terminology.  
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Sensory abnormalities are common in both autistic children and adults, with studies 

suggesting more than 90% of diagnosed individuals show some degree of unusual sensory 

behaviour (Leekam, Nieto, Libby, Wing, & Gould, 2007; Tomchek & Dunn, 2007), however 

sensory behaviours do appear to become more similar to those of typically developing 

individuals as age increases (Kern et al., 2006). Some authors argue that sensory processing 

may underlie the social and communicative difficulties that characterise autism to some 

degree (Schlooz & Hulstijn, 2014). It is easy to imagine how, for example, impaired auditory 

processing of voices (Badcock, 2010; Gervais et al., 2004) could result in difficulty holding a 

conversation, or how difficulty recognising faces (Klin et al., 1999) could impact on social 

relationships. More recent work suggests that abnormalities in sensory processing are in fact 

present from early life, originate from differences in low-level sensory processing, and may 

even represent biomarkers from autism (Robertson & Baron-Cohen, 2017). In the present 

thesis, we are specifically interested in visual processing in autism, which is characterised by 

a heterogeneous profile of strengths, weaknesses, and equivalent performance to controls, 

depending on the specific visual task (Dakin & Frith, 2005; Simmons et al., 2009).  

While autism has traditionally been viewed as categorical (i.e. where an “all or 

nothing” diagnosis should be made), a dimensional approach is now widely viewed as more 

appropriate, as autistic traits are believed to be distributed continuously throughout the 

general population (Frazier et al., 2012; Skuse et al., 2009), and there is thought to be no 

natural boundary between clinically diagnosable autism and typical development (Skuse et 

al., 2009). Importantly, autism is clinically diagnosed when the individual’s behaviours cause 

clinically significant challenges in day-to-day life (American Psychiatric Association, 2013) 
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and it is plausible that  individuals possessing a high level of autistic traits may at times 

encounter no clinically significant difficulties.  

Several twin studies have been conducted to date, with each demonstrating higher 

concordance rates for monozygotic than dizygotic twin pairs, supporting the hypothesis that 

autism has a genetic basis (Bailey et al., 1995; Nordenbæk, Jørgensen, Kyvik, & Bilenberg, 

2014; Steffenburg et al., 1989). While studies have identified numerous chromosomal 

abnormalities that are predictive of a greater likelihood of receiving an autism diagnosis 

(Bourgeron, 2009; Christian et al., 2008; Muhle, 2004), the etiology appears to be complex, 

and not reliably related to a single abnormality or mechanism.  

More recently, some authors have suggested that autistic traits exist on a spectrum 

that extends well into the neurotypical population, and that autism should be conceptualized 

as falling at the most extreme end of the distribution of autistic traits (Baron-Cohen, 

Wheelwright, Skinner, Martin, & Clubley, 2001; Constantino & Todd, 2003; Ronald, Happé, 

& Plomin, 2005). Those who have a relatively high level of autistic traits but who do not 

meet the criteria for autism diagnosis are referred to as showing the “broader autism 

phenotype” or the “broad autism phenotype” (Constantino & Todd, 2003; Le Couteur et al., 

1996). Relatives of autistic individuals show autistic-like behaviours in the areas of social 

communication (Landa et al., 1992; Wolff, Narayan, & Moyes, 1988), social-emotional 

behaviour (Wolff et al., 1988),  language and cognitive functioning (Fombonne, Bolton, 

Prior, Jordan, & Rutter, 1997; Smalley & Asarnow, 1990), and stereotyped behaviour (Piven, 

Palmer, Jacobi, Childress, & Arndt, 1997). Additionally, in twin studies, concordance rates 

increase substantially when twins who may not meet clinical criteria but who do display the 

broad autism phenotype are considered (Bailey et al., 1995; Bolton et al., 1994; Le Couteur 
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et al., 1996). This suggests that not only is there a genetic basis of the broad autism 

phenotype as well as clinically diagnosable autism, but it is plausible that they may be 

etiologically linked. Consistent with the notion of an etiological link between clinically 

diagnosable autism and the broad autism phenotype, Lundström et al. (2012) found that 

subclinical autistic traits (as measured by parent report questionnaire) are common, are 

continuously distributed in the general population and are heritable.  

The Autism Spectrum Quotient (AQ) is a 50-item self-report questionnaire developed 

to quantitatively measure autistic-like traits in individuals without intellectual disability (i.e. 

with an IQ score > 70) (Baron-Cohen et al., 2001). The AQ assesses levels of autistic-like 

traits across five subdomains: social skills, attention switching, attention to detail, 

communication and imagination, however factor analysis has not found a 5-factor structure 

that maps onto these subscales. Instead, a two-factor solution consisting of social interaction 

and attention to detail factors has been found (Hoekstra, Bartels, Cath, & Boomsma, 2008). 

Ford, Apputhurai, Meyer, and Crewther (2017) conducted a meta-analysis of autistic and 

schizophrenic traits, and while they did find five factors that applied to the AQ (Odd 

Behaviour, Relationship Disinterest, Cue Interpretation, Social and Communication 

Discomfort and Fixation with Details), they did not map onto those described by Baron-

Cohen et al. (2001). In their later work, using latent profile analysis of subscale scores in the 

same sample of participants, they suggested an eight population cluster solution, which again 

did not map onto the five factors of the AQ (Ford, Apputhurai, Meyer, and Crewther, 2018).  

The AQ is quick and easy to administer, and while it is not a diagnostic tool, it 

reliably differentiates between autistic people without intellectual disability and neurotypical 

individuals. Additionally, parents of autistic children score significantly higher on the AQ 
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than control parents (Wheelwright, Auyeung, Allison, & Baron-Cohen, 2010). On average, 

men show higher levels of subclinical autistic-like traits than women (Baron-Cohen et al., 

2001). This is of interest due to autism being more commonly diagnosed in boys than girls 

(Wing, 1981) although this may be due to a bias towards the male presentation of autism in 

the diagnostic criteria (Van Wijngaarden-Cremers et al., 2014). Students studying science 

(e.g. physical science, biological science, mathematics, engineering) show higher levels of 

autistic-like traits than students studying social science (e.g. geography, economics, political 

science) or arts (e.g. law, history, classics) (Baron-Cohen et al., 2001).  

Since the development of the AQ, a considerable amount of research has focused on 

comparing typically developing individuals, whose scores are relatively high on this measure 

(high AQ), to those whose scores are relatively low (low AQ), with outcomes of this research 

often mirroring those obtained in studies that compare autistic people to neurotypical 

controls. There are a number of benefits to this approach (Landry & Chouinard, 2016). 

Including those below the threshold for clinical diagnosis may increase our understanding of 

autism as being dimensional rather than categorical. There are also practical benefits; 

neurotypical high AQ participants are greater in number than autistic people and therefore 

easier to recruit. Additionally, subclinical groups are easier to match on cognitive and 

language ability than in clinical research, particularly given clinically diagnosable autism is 

often characterized by an uneven cognitive profile (Joseph, Tager-Flusberg, & Lord, 2002). It 

is important however to note that any novel hypothesis about autism tested in a high AQ 

group should be replicated in a clinical sample, as the pattern of results may not always be 

the same in clinical groups and subclinical groups.  



6 
 

Autism is characterised by a complex profile of performance on visual perceptual tasks. 

The atypical visual processing seen in autism is task-specific, and includes enhanced 

performance on some visual tasks and diminished performance on others (for a review, see 

Simmons et al., 2009). In particular, there is evidence to suggest that autistic observers and 

high AQ observers show superior performance to appropriate comparison groups on some 

shape detection tasks (Happé, 1996; Happé & Frith, 2006; Shah & Frith, 1983). In order to 

understand how processing of shape is altered in autism, a basic understanding of the neural 

mechanisms underlying typical shape processing is needed. 

  

Some Background on Typical Visual Perception 

The human visual system contains two major cortical “streams” – the ventral (or “what”) 

stream, largely responsible for processing form information, and the dorsal (or “where”) 

stream, largely responsible for processing motion information, though substantial feedback 

occurs within the two, and interaction between them also occurs (Felleman & Van Essen, 

1991; Goodale & Milner, 1992). The primate visual system has three common types of cells 

in lateral geniculate nucleus that receive input from specific types of retinal ganglion cells, 

such that differentiation begins in the retina. These cells relay information through the (LGN) 

of the thalamus (Cleland, Dubin, & Levick, 1971; Enroth-Cugell & Robson, 1966). 

Magnocellular neurons (M-cells) feed primarily into the dorsal stream. This cell population 

responds to a visual stimulus range with a higher mean temporal frequency and higher 

contrast sensitivity than parvocellular neurons (P-cells), although M-cells have a response 

level that rapidly saturates at intermediate contrast level, meaning P-cells often perform 

better at suprathreshold levels because of less response saturation, particularly at low to 
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medium contrast levels (Shapley, Kaplan, & Soodak, 1981). M-cells also have larger 

receptive field centres than P-cells (De Monasterio & Gouras, 1975) making them better 

suited to perception of motion and depth (Livingstone & Hubel, 1988). M-cells show little 

responsiveness to chromatic difference in the centre and surround of their receptive fields 

(Lennie, Krauskopf, & Sclar, 1990) but respond more vigorously to small changes in 

luminance than P-cells (Kaplan & Shapley, 1986). P-cells provide a dominant input into the 

ventral stream. These cells are sensitive to colour variation (Hubel & Livingstone, 1990; 

Lennie et al., 1990) and have smaller receptive fields (De Monasterio & Gouras, 1975), than 

M-cells, making them apt for the perception of detailed colour and form information 

(Livingstone & Hubel, 1988). The function of koniocellular (K-cells) is less well understood, 

though it is known that their properties overlap extensively with those of M-cells and P-cells 

(Xu et al., 2001). K-cells appear to play at least some role in processing chromatic 

information and receive significant short cone input (Kaplan, 2004). All three cell types 

project to the primary visual cortex (V1/striate cortex), aside from a small proportion, mostly 

K-cells and M-cells, which project directly to intermediate motion area MT (Sincich, Park, 

Wohlgemuth, & Horton, 2004).  

The cortical visual system is widely agreed to process visual information in a hierarchical 

manner (DeYoe & Van Essen, 1988; Felleman & Van Essen, 1991; Loffler, 2008), meaning 

perception of visual information is achieved through a number of stages of processing that 

occur in different cortical regions. There is also substantial feedback connections that allow 

top-down influences on the information flow through the hierarchy, with the majority of 

connections between areas being reciprocal (Felleman & Van Essen, 1991).  Increasingly 

complex analysis of visual information is thought to occur as the hierarchical level increases, 
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with information, rather than the entire visual image, extracted at one level and passed to the 

next (Lennie, 1998). Receptive field size increases as the information moves through the 

sequence of stages, facilitating analysis of progressively larger areas of the visual field and 

presumably reflecting the pooling together of information from earlier levels of the hierarchy 

(Loffler, 2008). At the earliest stage of this hierarchy (the primary visual cortex, V1), 

receptive fields are very small, and therefore process information over a small area of visual 

space (Rust, Schwartz, Movshon, & Simoncelli, 2005), though even at this early level, there 

is some pooling of information across cells (Polat & Sagi, 1994).  V1 contains cells that are 

tuned for the orientation and size of stimuli (Hubel & Wiesel, 1968) and projects primarily to 

V2, but also to V5 (which is also termed MT and MST in monkeys, MT+ in humans)  (Van 

Essen, Newsome, Maunsell, & Bixby, 1986). V2 projects to V4 in the ventral steam 

(Rockland & Pandya, 1981) and V3 (Van Essen et al., 1986) and V5 in the dorsal stream 

(Rockland & Pandya, 1981; Zeki, 1971).  Processing in V1 has been referred to as being 

“local”, which in this context means that features of shape contours and motion are being 

processed by small receptive fields relatively independently of the larger stimulus 

configuration (Bell, Badcock, Wilson, & Wilkinson, 2007; Loffler, Wilson, & Wilkinson, 

2003). However, these early stage receptive fields do not operate completely independently 

of one another and it is known that collinear facilitation along smooth lines occurs in V1 

(Field, Hayes, & Hess, 1993). Processing at this level can therefore account for coding of 

simple stimuli such as oriented lines (Hubel & Wiesel, 1968), but larger, closed contour 

stimuli can extend over many early stage receptive fields. As such, a mechanism is needed 

that integrates information across these early stage receptive fields to allow coding of whole, 

complex shapes (Loffler, 2008). This process of integration across early receptive fields has 
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been referred to as “global” processing, and is believed to occur in cortical area V4 for form 

information (Gallant, Shoup, & Mazer, 2000; Grill-Spector et al., 1998) and V5  for motion 

information (Zeki et al., 1991).  

Evidence that V4 is critical for global processing of shape information comes from a 

number of neurological studies. Lesions to area V4 in monkeys produce specific deficits in 

global, but not local, processing of form information (Gallant et al., 2000). Additionally, an 

fMRI  study found increased blood flow to V4, a marker of neural activation, when human 

observers were presented with whole objects rather than highly fragmented versions of the 

same images, while V1 responded equally to scrambled and non-scrambled images, 

suggesting V1 engages in local processing (depending on the nature of stimulus fragments), 

while V4 engages in global processing, responding to the global configuration of the contour 

elements (Grill-Spector et al., 1998).  Another fMRI study indicated increased activity in V4 

when human observers were presented with Glass patterns (Wilkinson et al., 2000), which 

are stimuli believed to be globally processed as thresholds reduce with increasing global 

pattern structure (Wilkinson, Wilson, & Habak, 1998), supporting the notion that these 

stimuli tap V4 processing. Further evidence for the role of V4 in global processing is that V4 

neurons respond more strongly to contour features than edges or bars (Pasupathy & Connor, 

1999). V4 neurons show preferences for specific boundary configurations on global shapes, 

e.g. concave curvature to the right of the contour (Pasupathy & Connor, 2001) and 

populations of such cells appear to represent whole shapes as boundary fragments (Pasupathy 

& Connor, 2002).  

V4 projects mainly to the inferotemporal cortex (IT) (Ungerleider, Galkin, Desimone, & 

Gattass, 2008). IT contains cells that have large receptive fields (Gross, Rocha-Miranda, & 
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Bender, 1972) and are tuned for important complex shapes such as faces (Leopold, Bondar, 

& Giese, 2006). When presented with objects with some features partially removed, 

activation of IT is reduced, suggesting these cells are most responsive to complete objects 

(Tsunoda, Yamane, Nishizaki, & Tanifuji, 2001). Some authors have suggested that these 

cells serve as a kind of “visual alphabet,” such that they code image features to form 

representations of whole complex shapes (Ungerleider & Bell, 2011).  

Evidence that MT+ is critically involved in global processing of motion information also 

comes from a number of neurological studies. In the dorsal stream, there is an increase in the 

number of cells sensitive to motion direction within 180o of precision progressing through 

the early stages of the hierarchy, V1, V2 (Gegenfurtner, Kiper, & Fenstemaker, 1996) and 

V3 (Felleman & Van Essen, 1987). By intermediate area MT, almost all cells are sensitive to 

the direction of motion with a few degrees precision, and can sum motion over arrays of 

discrete elements (Lagae, Maes, Raiguel, Xiao, & Orban, 1994). MST in monkeys contains 

cells with complex motion properties such as tuning for rotation, expansion and contraction 

(Lagae et al., 1994). Lesions to MT in monkeys result in elevated thresholds on a Global Dot 

Motion task (a version of this task is described in detail below), but have little to no effect on 

contrast threshold for static stimuli (Newsome & Pare, 1988), supporting its specific role in 

motion. A human participant with bilateral damage to MT+/MT also showed motion 

processing deficits for coherent motion of an array of bright squares, making errors in the 

opposite direction to the motion direction of the stimulus due to an inability to perceive the 

direction of motion (Shipp, Jong, Zihl, Frackowiak, & Zeki, 1994).  

Visual search, the task of finding a visual target amongst an array of distractors, is a 

higher level function that requires control of visual attention. Research suggests allocation of 
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visual attention across a wide array of visual tasks is controlled by parietal and frontal 

regions, with links to regions involved in oculomotor processes (Corbetta & Shulman, 1998). 

Parietal regions are recruited during passive and active visual tasks, while frontal regions are 

recruited in active tasks where participants are required to deliberately shift visual attention 

in a particular manner (Corbetta, Miezin, Shulman, & Petersen, 1993).  Searches for a highly 

salient target that does not share features with distractors (known as feature search), differs 

from search for a target that shares features with distractors (known as conjunctive search) in 

that conjunctive search results in greater activity in the posterior parietal cortex (Ashbridge, 

Walsh, & Cowey, 1997; Colby, Duhamel, & Goldberg, 1995).  

 

Autism, the Embedded Figures Test and Visual Search 

 Simmons et al. (2009) present a comprehensive review of the profile of visual 

strengths and weaknesses in autism, and therefore, an extensive review will not be presented 

here. The focus of the current thesis is on the Embedded Figures Test (EFT), and visual 

search performance. This is of particular interest because the EFT, a task in which 

participants are asked to locate simple target shapes (closed contours) within a complex 

pattern as quickly and accurately as possible (Witkin, Oltman, Raskin, & Karp, 1971), is the 

first task on which autistic observers were reported to show an advantage over control groups 

(Shah & Frith, 1983). It is important to note that the smaller simple target shapes have been 

referred to as “local” and the larger complex figure as “global,” however the terms local and 

global refer to different processes within different areas of the literature, and the meaning of 

each is rather vague in the context of the EFT. The features that are described as “local” in 

the context of the EFT are closed contours that could well tap V4 functioning, thus they 
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could be argued to be “global” stimuli using terminology from the visual psychophysics 

literature (Loffler et al., 2003). Therefore, the terms “simple” and “complex” are used to 

describe the target and the whole array in the EFT in this thesis.  

Interest in vision in autism has increased markedly since Shah and Frith (1983) first 

demonstrated that autistic children were more accurate in their responses than IQ matched 

neurotypical children and IQ and chronological age matched children with intellectual 

disability on the children’s version of the EFT. The autistic advantage on the EFT has since 

been replicated in autistic children (Edgin & Pennington, 2005; Pellicano, Gibson, Maybery, 

Durkin, & Badcock, 2005) and adults (de Jonge, Kemner, & van Engeland, 2006; Jolliffe & 

Baron‐Cohen, 1997) on the children’s and adult versions of the EFT respectively, as well as 

in autistic preschool aged children on the Preschool Embedded Figures Test (Morgan, 

Maybery, & Durkin, 2003). Additionally, an advantage on the EFT has been demonstrated in 

relatives of autistic people (de Jonge et al., 2006; Happé, 1996) and in high AQ neurotypical 

individuals relative to low AQ neurotypical individuals (Almeida, Dickinson, Maybery, 

Badcock, & Badcock, 2010a, 2010b, 2013, 2014; Grinter, Maybery, et al., 2009; Grinter, 

Van Beek, Maybery, & Badcock, 2009; Russell-Smith, Maybery, & Bayliss, 2010), lending 

support to the notion of a broad phenotype. Researchers initially interpreted this finding as 

reflecting “weak central coherence,” arguing that the autistic advantage on this task might be 

due to impaired processing of the larger complex figure (Frith, 1989; Frith & Happé, 1994; 

Happé, 1996; Happé & Frith, 2006). It was later argued, however, that the findings might be 

better accounted for by “enhanced perceptual functioning” in autism, referring to apparent 

superior and overdeveloped processing of the constituent features of the stimulus and a bias 

towards these features rather than a deficit in processing the gestalt (Mottron & Burack, 
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2001; Mottron, Dawson, Soulières, Hubert, & Burack, 2006). An alternative account was 

proposed by Plaisted (2001), who argued that many of the perceptual abnormalities shown by 

autistic individuals can be explained by reduced generalization; autistic individuals may be 

poorer at categorizing stimuli as similar. As a result of a reduced tendency to mentally group 

items as similar, autistic people might be expected to show an enhanced ability to 

discriminate between similar stimuli relative to controls. She suggested that such enhanced 

discrimination could be due to enhanced lateral inhibition between neurons in perceptual 

systems. It is argued that this would impact on the development of cortical maps, resulting in 

maps that are more detailed, consistent with the often-reported attention to detail shown by 

autistic people. Further evidence for an enhanced item discrimination account is that there are 

indeed findings of enhanced discrimination of similar items by autistic observers compared 

to controls (O'Riordan & Plaisted, 2001; Plaisted, O'Riordan, & Baron-Cohen, 1998a). 

Church et al. (2015) found that some, but not all, autistic participants demonstrate reduced 

generalization, and furthermore, on a generalization task, these observers benefit more from 

training with a single category exemplar than training with a range of stimulus examples, 

while autistic participants who did not demonstrate impaired generalization showed the 

opposite effect. Collectively, these results suggest learning plasticity may be broadly reduced 

in autism.  

It should be noted that not all studies have replicated findings of superior EFT 

performance in autism; some work has demonstrated equivalent, rather than superior, 

performance relative to neurotypical controls (Brian & Bryson, 1996; Kaland, Mortensen, & 

Smith, 2007; Ozonoff, Pennington, & Rogers, 1991; Ropar & Mitchell, 2001; Schlooz et al., 

2006; Dillen, Steyaert, Op de Beeck, & Boets, 2015). Schlooz et al. (2006) suggest that 
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replication failures may in part be due to the fact that the Children’s Embedded Figures Test 

is a relatively easy task, and ceiling effects may occur, especially when individuals with 

intellectual ability in the normal range are assessed. This could result in a lack of group 

differences due to both groups performing at ceiling. Schlooz and Hulstijn (2014) 

demonstrated in a later study that a sample of autistic children and adolescents outperformed 

similar aged controls on the adult version of the EFT, but not the children’s version of the 

EFT, supporting the hypothesis that greater task difficulty is required to yield reliable group 

differences. In a thorough literature review, Simmons et al. (2009) concluded that although 

the literature is variable, overall, findings seem to favour an advantage for autistic observers 

over neurotypical controls matched for age or cognitive ability. Additionally, a systematic 

review concluded that autistic people are faster on the EFT relative to controls and other 

clinical groups, although differences in accuracy are less reliable (Horlin, Black, Falkmer, & 

Falkmer, 2016) which we suggest may in part be due to ceiling effects. A meta-analysis also 

confirmed superior EFT performance in autistic individuals relative to neurotypical controls 

(Muth, Hönekopp, & Falter, 2014).  

An autistic advantage is also shown on visual search tasks, which involve searching for a 

target stimulus amongst an array of discrete distractors (though note that this only seems to 

be the case when autistic participants are given explicit instruction about the type of target 

they are searching for; see Van Der Hallen et al., 2016). The EFT can be thought of as a type 

of visual search task given that it also involves searching for a simple target shape within a 

complex gestalt. Both autistic children (Jarrold, Gilchrist, & Bender, 2005; O'Riordan, 

Plaisted, Driver, & Baron-Cohen, 2001) and adults (O’Riordan, 2004) have been found to 

outperform neurotypical individuals on both feature search tasks (for which the target differs 
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from distractors based on a single feature, e.g. different letters as stimuli) and conjunctive 

search tasks (for which targets are distinguished by a combination of features but share a 

single feature with distractors, e.g. same colour but different letter) which employ letters as 

stimuli. Additionally, autistic observers are less affected by increasing target similarity than 

neurotypical controls (O'Riordan & Plaisted, 2001; O’Riordan, 2004; Shirama, Kato & 

Kashino, 2016). Some previous work has demonstrated a statistically significant group 

difference only on conjunctive and not feature search tasks, however even in that study, there 

was a trend towards superior performance for autistic observers compared to neurotypical 

controls (Plaisted, O'Riordan, & Baron-Cohen, 1998b). This is likely to be due to the fact that 

as with the children’s and adult versions of the EFT, conjunctive search tasks tend to be more 

difficult and hence allow for more variability.  

 

A New Approach to Visual Search: The Radial Frequency (RF) Search Task   

A limitation to employing the EFT to explore vision in autism, and arguably also a 

limitation of other search tasks such as those employed by O'Riordan et al. (2001) and 

O’Riordan (2004), is that the stimuli in these tasks are often not well controlled in the 

manner in which they tap low-level perceptual processes, and their psychophysical properties 

are not well understood. Almeida et al. (2010a) developed the Radial Frequency (RF) search 

task as means of assessing ability to detect closed contours within a complex array without 

these limitations. This task employs RF patterns as stimuli, which are created by sinusoidally 

modulating the radius of a circle as one moves around its circumference. The frequency of 

the sinusoid determines the number of curved corners on the resulting pattern, with a 

frequency of three (an RF3) resulting in a triangle-like shape, a frequency of four (an RF4) 
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resulting in a square-like shape, and so on. RF patterns are known to be processed globally 

(i.e. contour information is integrated around the shape, likely in area V4) up to a frequency 

of 10, and are processed locally beyond this point (Bell et al., 2007; Bell, Dickinson, & 

Badcock, 2008; Bell, Hancock, & Peirce, 2010; Field et al., 1993; Jeffrey, Wang, & Birch, 

2002; Loffler et al., 2003; Tan, Bowden, Dickinson, & Badcock, 2015; Tan, Dickinson, & 

Badcock, 2013, 2016a, 2016b) 

The RF search task, therefore, has the advantage of using stimuli where the perceptual 

and physiological processes are well understood at both local and global levels, and their 

local curvature features are easily controllable (Bell et al., 2007; Loffler et al., 2003). RF 

patterns also have the advantage of being able to be combined to form the outlines of more 

complex, closed-contour natural shapes such as faces and fruits (Wilson & Wilkinson, 2002; 

Wilson, Wilkinson, Lin, & Castillo, 2000).  

Visual search tasks differ from the EFT in that the EFT contains overlap between 

contours and additional segmentation cues, however these features have been demonstrated 

to be non-critical for high AQ observers to show a search advantage over low AQ observers, 

as they show an advantage regardless of whether these features are present or not (Almeida et 

al., 2010a, 2010b).  Additionally, high AQ individuals consistently show a search advantage 

irrespective of whether stimuli target local or global processing abilities (Almeida et al., 

2013). Almeida et al. (2013) argued that rather than reflecting differences in local and global 

processing, the autistic and high AQ search advantage may in fact reflect superior item 

discrimination in these groups, consistent with the hypothesis suggested by Plaisted (2001).  

Not all studies have replicated findings of superior visual search in high AQ groups, 

however, and the usefulness of assessing visual search performance in subclinical groups 
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with high levels of autistic traits has recently been questioned. Gregory and Plaisted-Grant 

(2016) failed to find a visual search advantage for high AQ over low AQ individuals, and on 

this basis, they argued that high AQ individuals do not necessarily possess the autistic 

endophenotype. They argue that previous work that has shown a visual search advantage for 

high AQ over low AQ individuals is likely only due to inclusion of a small number of 

undiagnosed cases of autism in the high AQ group. Before further work can be undertaken, it 

is important to determine whether high AQ individuals consistently show an advantage on 

visual search tasks such as the EFT, and if so, whether this could be due to undiagnosed 

cases of autism in the high AQ group.  

The reason for the search advantage autistic and high AQ people show is unclear, though 

it does not appear to be due to a more systematic search strategy; in fact, they may be less 

sensitive to the statistical properties of visual tasks (Pellicano et al., 2011). Pellicano and 

Burr (2012) suggested that autistic people have reduced priors relative to neurotypical 

controls, leading to disadvantages on tasks where strong priors are helpful and advantages on 

tasks where strong priors impede performance. 

The aim of the present thesis is to investigate several possible factors that might 

contribute to autistic and high AQ search performance on visual search tasks, each of which 

will now be reviewed.  

 

Internal Noise 

 It is widely accepted that perception depends on both neural signal and neural noise, 

with neural noise referring to random neuronal firing that is unrelated to the presence of the 
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stimulus (Barlow, 1957; Levi, Klein, & Chen, 2007). There are suggestions in the literature 

that autistic people’s pattern of atypical perception may be at least in part related to altered 

levels of neural noise. 

Initially, it was suggested that, compared to controls, autistic people may have 

increased levels of neural noise in the visual system on the basis of more variable neural 

responses during visual tasks as measured by EEG (Milne, 2011) and fMRI (Dinstein et al., 

2012). However, neither of these studies measured internal noise directly. Vilidaite, Yu, and 

Baker (2017) measured internal noise behaviourally using the N-pass method (Burgess & 

Colborne, 1988). This method involves having observers view identical stimuli 2 or more 

times, and examines how consistent responses are across trials. Any variation in responses 

must be due to internal noise, as stimulus signal and any external noise associated with it will 

be identical across trials (if the study design ensures this is the case). This method can also be 

used to partition any noise differences into additive and multiplicative noise; additive noise 

refers to random variation that is not signal dependent, while the amplitude of multiplicative 

noise is proportional to the amplitude or contrast of the input, or at least the magnitude of the 

response to the input. Because multiplicative noise is proportional to external input level, 

using stimuli with little to no external noise and weak signal provides an estimate of additive 

noise, while differences between thresholds for stimuli with no external noise and stimuli 

with a high level of external noise can indicate a change in multiplicative internal noise 

(Wagner, Manahilov, Loffler, Gordon, & Dutton, 2010; Webster, Edwin Dickinson, Battista, 

McKendrick, & Badcock, 2011). 

 Vilidaite et al. (2017) employed tasks assessing contrast perception, facial expression 

and number summation tasks. They found that global internal noise estimates across all tasks 
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correlated with scores on the AQ, providing support for the notion that this feature of autism 

extends to the broad phenotype. Intuitively, elevated internal noise might be expected to 

negatively affect performance, and of course the superior performance autistic people show 

on some tasks also needs to be accounted for by any parsimonious model. Simmons et al. 

(2009) note that it is possible for increased internal noise to facilitate superior information 

processing at times. The visual system cannot distinguish between neural signal and noise, 

and therefore, at times, an optimal amount of neural noise might provide the necessary 

additional signal to reach a correct decision criterion. This property of  neural noise has been 

referred to as stochastic facilitation (McDonnell & Ward, 2011). 

More recently, it has been suggested that autistic patterns of performance on visual 

tasks could in fact be explained by reduced, rather than elevated, levels of internal noise in 

the visual system (Davis & Plaisted-Grant, 2014; Greenaway, Davis, & Plaisted-Grant, 

2013). Greenaway et al. (2013) examined magnocellular function in autism by employing the 

steady/pulsed pedestal procedure (Pokorny & Smith, 1997). This task is based on findings 

that M-cells are very sensitive to luminance changes, but quickly saturate, while this is not 

true of P-cells. The task involves viewing a quadrant of four squares (“pedestal”) and 

indicating which square has higher luminance on each trial. There are two main conditions: 

the pulsed pedestal condition, in which the observer adapts to the background only and all 

four squares appear simultaneously which saturates the M-system response (and therefore 

taps parvocellular function), and the steady pedestal condition, in which the observer adapts 

to the static pedestal before stimulus presentation, desensitizing the P-cell system (and 

therefore taps magnocellular function) (Pokorny & Smith, 1997). The authors found that 

autistic children were impaired on the steady pedestal but not the pulsed pedestal. These 
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findings support those of Grinter, Maybery, et al. (2009), who found that high and low AQ 

groups showed equivalent performance on the pulsed pedestal task. This would typically be 

interpreted as supporting a magnocellular deficit, however the authors argued it could in 

principle be explained by reduced levels of internal noise in the visual system. Stochastic 

resonance is thought to primarily operate where very low levels of external (i.e. stimulus 

driven) noise are present, and therefore Greenaway et al. (2013) argued that high levels of 

internal noise would be expected to produce better performance on the steady pedestal 

compared to the pulsed pedestal, the opposite pattern of results to what the data show. 

However, this argument rests on the proposition that the pulsed pedestal task involves adding 

external noise. The pulsed pedestal task affects all stimulus squares equally to saturate the M-

neuron response, but it does not add any relative variability to the stimulus elements, so one 

could argue that this does not constitute external noise for the P system and hence the pulsed 

pedestal is still a weak signal task.  

Davis and Plaisted-Grant (2014) further developed a reduced internal noise 

hypothesis, suggesting that reduced noise could theoretically provide a parsimonious 

explanation for visual performance in autism. While the authors acknowledge that no single 

factor is likely to account for all aspects of autism (Happé, Ronald, & Plomin, 2006), they 

argue that such a model can be a useful starting framework for research. They argue that 

reduced internal noise can in fact account for impairments on some visual tasks as well as 

strengths on others; when stimuli have very low levels of external noise, such as visual acuity 

tests and contrast sensitivity functions, stochastic facilitation may operate in neurotypical 

participants due to their higher levels of internal noise, negating what would otherwise be an 

advantage for autistic individuals. For stimuli with higher levels of external noise, they argue 
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that stochastic resonance may reach equivalence between groups, leading to an advantage for 

autistic observers due to superior perceptual mechanisms. The authors argued that this view 

would be consistent with the superior visual search and EFT performance in autism, as these 

tasks require discerning between the target stimulus and surrounding shape information, a 

process which high levels of neural noise would be expected to degrade. It is important to 

note, however, that both EEG and fMRI (as used in the studies described above) have coarse 

spatial resolution and average signals across large areas, which may not be particularly 

informative given the majority of neural noise is thought to be small-scale (Gregory & 

Plaisted-Grant, 2016).  

What both of these models fail to account for is the fact that internal noise can vary 

between tasks, as different visual tasks target different processes and areas within the visual 

system. This is demonstrated by the fact that studies have directly measured internal noise 

using the N-pass method and have yielded different patterns of results for different tasks. For 

example, Webster et al. (2011) assessed internal noise using the N-pass method on three 

tasks: global dot motion, spiral global motion and global form (using Glass patterns) in 

migraineurs and neurotypical controls. Although internal noise estimates did not differ 

between groups, level of internal noise varied across the three tasks. Webster, Dickinson, 

Battista, McKendrick, and Badcock (2012) found that migrainers did have increased levels of 

multiplicative noise on a contrast detection task, and increased additive noise on a global 

form task. It is important to remember that different visual tasks primarily target different 

cortical areas, e.g. global motion tasks are thought to primarily target area V5, while the 

contrast detection task employed by Webster et al. (2012) is thought to primarily target area 

V1, so it is unsurprising that the level of internal noise might differ between cortical areas. 
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Even tasks that tap functioning in the same cortical area may show different patterns of 

results; Webster et al.’s (2012) results suggested that the V1 mechanisms that processed 

contrast detection, but not orientation, were altered in migraineurs. As such, it is important to 

investigate internal noise in autism and the broad phenotype using tasks that tap a range of 

visual areas. Additionally, it is beneficial to vary external noise so that whether any 

difference in internal noise is additive or multiplicative becomes apparent.  

 

Simple Reaction Time  

Brock, Xu, and Brooks (2011) reported enhanced visual search for a high AQ group 

compared to a low AQ group, however their findings suggested the search advantage may be 

due to faster speed of processing rather than enhanced item discrimination, as they did not 

find a group difference in item discrimination thresholds. This is an argument that has also 

been made for clinically diagnosable autism. Autistic and neurotypical groups did not differ 

in terms of their increase in response time as more items were added to a visual search array, 

however they did differ in the height of the intercept, indicating a difference in simple 

reaction time (Joseph, Keehn, Connolly, Wolfe, & Horowitz, 2009).  If simple reaction time 

differed between autistic and neurotypical controls, it would be expected that autistic and 

high AQ people would show an advantage on very simple reaction time tasks without a 

search component. This might only be true at low spatial frequencies; high AQ people have 

been shown to be slower than low AQ people on the RF search task when stimuli have 

contours defined by high spatial frequency luminance variation (Mighall, 2015).  
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Contour Integration  

There is some indication that high AQ individuals may show enhanced integration of 

contour information around closed shapes, which may partially explain their search 

advantage. Almeida et al. (2014) found that high AQ individuals had equivalent thresholds to 

low AQ individuals for detection of sinusoidal modulation of the radius of RF3 patterns, 

however the improvement in threshold as more cycles were added to the RF pattern was 

greater in the high AQ group than the low AQ group, directly demonstrating more efficient 

contour integration in the high AQ group. Strength of contour integration was found to be 

positively correlated with both reaction times on the EFT and search ability on the RF search 

task. This suggests individuals showing the characteristic enhanced search performance were 

also showing stronger global pooling of contour information. Perhaps a stronger ability to 

pool information around the contour of a simple shape may lead to an enhanced ability to 

quickly detect that shape among an array of distractors. Given this, strong contour integration 

by high AQ individuals may partially explain their enhanced performance on the EFT and the 

RF Search Task. 

However, findings of enhanced contour integration by high AQ observers are in contrast 

with previous findings regarding detection of RF patterns by autistic children; autistic 

children aged 8-16 have been found to have higher thresholds for detecting fully modulated 

RF3 patterns than typically developing children,  but equivalent thresholds for detecting fully 

modulated RF24 patterns (Grinter et al., 2010). As RF3 patterns are known to show 

integration of contour information, and RF24 patterns are known to be detected by their local 

features with additional features only improving performance by the amount predicted by 



24 
 

probability summation, it was suggested that this may be due to poorer contour integration by 

the autistic participants.  

While results obtained by Almeida et al. (2014) and Grinter et al. (2010) seem initially 

contradictory, there are several important differences between the studies than may explain 

the different findings. Firstly, it is important to note that only Almeida et al. (2014) directly 

measured contour integration of RF patterns by testing with patterns containing each of the 

possible number of cycles of modulation, while Grinter et al. (2010) only measured detection 

thresholds for fully modulated patterns. Had contour integration been directly measured in 

the later, it is possible that autistic children may have shown stronger contour integration, i.e. 

more rapid improvement in threshold as extra modulation cycles were added, than 

neurotypical children. 

Secondly, it is important to note that the groups differed in clinical diagnostic status. 

Although there is good evidence for the idea of the broad autism phenotype, it remains 

plausible that those at the most extreme end of the spectrum of autistic traits could differ 

from those with subclinical levels of autistic traits. As such, it is possible that while autistic 

individuals show higher detection thresholds for RF3 patterns, individuals with milder, sub-

clinical levels of these traits may show equivalent thresholds to those with low levels of 

autistic-like traits.  

Thirdly, participants in these two studies differed considerably in age. Participants in 

Grinter et al’s (2010) study were children and adolescents aged 8-16 (M = 11.88, SD = 2.54), 

while those in Almeida et al. (2014) were young adults (M age = 22.4, SD  =5.73). 

There is evidence to suggest that there may be developmental change in global 

processing of RF patterns with age. Wang, Morale, Cousins, and Birch (2009) examined 
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detection thresholds for RF patterns for 236 typically developing participants aged 0.25 – 78 

years. They concluded that thresholds did not reach adult levels until 21 years of age on 

average, however they employed different radial frequencies for observers of different ages. 

Children younger than 2 years of age were presented with an RF6 pattern, while older 

children and adults responded to an RF8 pattern. This use of differing stimuli may have 

impacted on results, as thresholds are lower for higher frequency RF patterns (Dickinson, 

McGinty, Webster, & Badcock, 2012; Hess, Wang, & Dakin, 1999; Loffler et al., 2003; 

Rajeev, Tan, Liyana, & Metha, 2015; Wilkinson et al., 1998). When comparing the local 

orientations in RF patterns and circles at a particular amplitude, the differences vary with RF 

number, being greater for RF8 than RF6. The size of the local orientation difference seems to 

be a critical cue for threshold detection of deformation (Dickinson et al., 2012) meaning 

observers obtain lower thresholds for RF8 patterns than RF6 patterns.  The use of a lower 

frequency pattern for younger observers may therefore have impacted on the developmental 

curve obtained by Wang et al. (2009). Perreault, Habak, Lepore, and Bertone (2013)  tested 

observers who fell into three different age groups: children (7-12 years), adolescents (13-17 

years) and adults (18-26 years). Observers were required to detect an RF3 and an RF5, which 

are known to be globally processed frequencies (Bell et al., 2010; Cribb, Badcock, Maybery, 

& Badcock, 2016; Dickinson, Cribb, Riddell, & Badcock, 2015; Dickinson et al., 2012; 

Loffler et al., 2003; Wilkinson et al., 1998), and an RF10, which is believed to be processed 

only locally (Hess et al., 1999) though some research has suggested global pooling may 

extend this far (Loffler et al., 2003). For luminance defined contours, Perreault et al. (2013) 

reported that adolescents and adults were more sensitive to changes of the shape in RF3 

patterns than children, while the groups did not differ in their sensitivity for the RF10 pattern. 
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On this basis, the authors suggested that sensitivity to local curvature information is adult-

like in primary school aged children, while global contour integration is still developing, 

however note that given global processing may extend up to a frequency of 10, this is not 

necessarily the case. Furthermore, the lowest amplitudes of modulation tested for the RF10 

were close to threshold level, and therefore, ceiling effects may have been present in the data.  

A limitation of both studies is that neither directly measured contour integration, and 

therefore data from these studies cannot differentiate between aspects of performance driven 

by detection of the local contour features and those reflecting the ability to pool this 

information around the contour. Changes in sensitivity to local curvature features, contour 

integration, or both could be driving the developmental change in thresholds, and this 

warrants more direct investigation. 

Whether the decrease in threshold is driven by change in local or global contour detection 

processes, the participants of Grinter et al. (2010) would likely not yet have reached adult 

levels of sensitivity to RF patterns, while participants of Almeida et al. (2014) would have 

reached or be close to reaching adult levels of sensitivity to RF patterns. It is therefore 

important to clarify whether local, global, or both local and global processes involved in 

closed contour detection change with age, as this would have implications for interpreting 

clinical data. If the change primarily occurs in contour integration rather than sensitivity to 

local curvature features, perhaps individuals with high levels of autistic-like traits do have 

impaired global processing of RF patterns as children, but improve at a different rate to their 

peers with low levels of autistic-like traits, such that they “catch up” by adulthood. If the 

change primarily occurs in sensitivity to local curvature features, it may be the case that only 
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those that fall at the extreme end of the autism spectrum (i.e. meet clinical diagnostic criteria) 

have poorer sensitivity to local curvature.  

 

Target Frequency  

 One feature of search tasks that may impact on the search process is the frequency 

with which target present trials occur (Wolfe et al., 2007). Historically, the majority of figure 

disembedding and visual search tasks employed in research either have had a target on either 

100% of trials (e.g. the EFT) or on 50% of trials (e.g. Almeida et al., 2010a, 2010b, 2013, 

2014). Wolfe et al. (2007), however, raised concerns that some jobs require visual search in 

circumstances where targets are much rarer than 50%, for example in medical imaging and 

airport baggage security, and so it is important to understand how this factor impacts on 

performance. In a series of experiments, the authors demonstrated that search performance 

differs between high (50% of trials) and low (1-2% of trials) target frequency conditions; 

when targets are infrequent, observers tended to make more errors, and tended to be faster to 

indicate that a target was absent (Wolfe, Horowitz, & Kenner, 2005; Wolfe et al., 2007). This 

effect is very robust, and is not negated by enhancing the payoff for correct responses, having 

two observers work together to spot targets, encouraging observers to respond more slowly 

with corrective feedback when they respond too fast, artificially increasing target frequency 

(by having four targets with varied frequency), having multiple targets present on individual 

trials, or by “bursts” of high target frequency (Wolfe et al., 2007). Furthermore, this appears 

to be due to a shift in criterion and not a change in sensitivity to the stimuli when analysed in 

signal detection theory terms; observers appear to be more willing to indicate a target is 

present when targets are more frequent. Wolfe et al. (2007) demonstrated that the prevalence 
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effect can be negated by interspersing long periods of low prevalence trials without feedback 

with short “bursts” of high prevalence trials with feedback. This resulted in no difference in 

criterion between high and low target frequencies as well as negating the elevated error rate 

at low frequencies.  

 The effects of target frequency on search performance are of course a result of the 

observer learning from their experiences on previous task trials, biasing their responses 

towards the most statistically probable outcome (e.g. they are faster to say targets are absent 

when targets are occurring infrequently, as from prior experience, it can be expected that a 

target is unlikely to be present). However, Pellicano and Burr (2012) argue that autistic 

people’s perception may be less biased by their prior experiences than that of neurotypical 

people. They based this argument on the fact that many perceptual strengths shown by 

autistic people (e.g. reduced sensitivity to optical illusions, greater accuracy copying 

impossible figures) are on tasks where relying on probability based on prior experience 

would be expected to impede performance. Conversely, on tasks where relying on probability 

based on prior experience should improve performance (e.g. cast shadows providing shape 

information), autistic people show deficits. A reduced reliance on probability from past 

experience may therefore account for many aspects of autistic perception. Given this, we 

thought it plausible that autistic and high AQ groups might be expected to be less affected by 

changes in target occurrence on visual search tasks than their respective control groups.  

In the current thesis, we were therefore interested to examine whether autistic and 

high AQ individuals might be less impacted by changes in target frequency than comparison 

groups. This would indicate an interesting difference in sensitivity to local environmental 
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statistics. Additionally, if this were the case, it would have implications for employment 

opportunities for these individuals.   

 

Thesis Overview: Aims of the Current Body of Work 

 Visual search tasks are tasks that require observers to detect a target amongst 

distractor items, typically by indicating whether or not a target is present as quickly and 

accurately as possible. The current thesis examined a number of factors that might plausibly 

impact on visual search performance in autism and the broad phenotype. We employed the 

RF search task due to its advantages over traditional visual search tasks, namely that it uses 

stimuli that have well understood psychophysical properties. 

Chapter Two presents a meta-analysis that was undertaken due to the recent work that 

has challenged the use of subclinical individuals who score relatively highly on the AQ to 

examine autistic-like visual performance. Gregory and Plaisted-Grant (2016) failed to 

replicate findings of superior visual search in autism. The authors recruited 96 adult 

participants and found no correlation between their AQ scores and visual search 

performance, nor did they find a significant difference in performance when comparing the 

upper and lower 15% of scorers on the AQ (N = 24). It is however common for some 

replication failures to occur in autism research; this is clear when reading through the review 

of vision research in autism by Simmons et al. (2009), and is to be expected given the 

heterogeneity of autism as well as the difficulty of recruiting large samples of participants. It 

is worth noting that any body of research will yield Type 2 errors at times unless statistical 

power is perfect, which is highly unlikely. We undertook a meta-analysis of performance on 

the EFT in high and low AQ groups to determine whether there was an overall effect in 
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favour of a high AQ advantage on the task. Although the RF search task has advantages over 

the EFT, we focused on the EFT in the meta-analysis because it has been the most widely 

employed task to demonstrate a search advantage in high AQ groups, and to our knowledge, 

no groups outside our lab have employed the RF search task at this stage.  

In the study reported in Chapter Three, we examine the possibility that levels of 

internal noise could differ between high and low AQ groups on an RF detection task 

(believed to tap area V4 processing) and a global dot motion task (believed to tap area V5 

processing). We estimated internal noise directly using the “gold standard” triple-pass 

method. This was important for informing the stimuli we employed in visual search tasks 

later in the thesis.  

In the study reported in Chapter Four, we examined the typical development of 

contour integration in a relatively large sample of neurotypical observers across a wide range 

of ages. As discussed above, neither of the previous studies that have assessed developmental 

change in sensitivity to RF patterns have directly measured the strength of contour 

integration (Perreault et al., 2013; Wang et al., 2009), and hence change in sensitivity could 

be due to change in contour integration, sensitivity to local curvature features, or both of 

these. Understanding the course of typical development of contour integration provides an 

important comparison for clinical groups and will lend insight into whether this process is 

still undergoing developmental change in adolescence and early adulthood. Additionally, 

understanding whether global and local processing of closed contours develop separately 

provided important theoretical grounding for later clinical work.  

In the studies reported in Chapter Five, we examined two factors that could account 

for differences in search performance between AQ groups as discussed above: simple 
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reaction time and strength of contour integration. Additionally, we manipulated target 

frequency to determine whether high and low AQ groups would be differently affected by 

changes in target frequency; we employed three target frequency conditions, 20% target 

present trials (20% condition), 50% target present trials (50% condition) and 80% target 

present trials (80% condition). Finally, we assessed thresholds on a global dot motion task, as 

this is a task on which high AQ observers have been found to be impaired (Grinter, Maybery, 

et al., 2009) and we were interested in whether AQ group membership could be predicted 

from performance on a range of tasks on which these groups have been found to differ.  

In the study reported in Chapter Six, we repeated the battery of tests from Chapter 

Five in a group of autistic individuals and neurotypical controls who were close in both age 

and IQ to the autistic participants.  

Chapter Seven provides a general discussion of the content and contribution of the 

thesis, the implications of the findings and directions for future research. Overall, the thesis 

suggests that there are some differences in perceptual performance between subclinical 

individuals with a relatively high level of autistic traits and clinically diagnosed individuals, 

and that although there is evidence of a broad phenotype, some features of autistic visual 

performance only emerge at the most extreme (clinically diagnosable) end of the spectrum.  
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Chapter Two: Embedded Figures Test Performance in the Broader Autism Phenotype:  

A Meta-Analysis 

This chapter has been published as follows:  

Cribb, S. J., Olaithe, M., Di Lorenzo, R., Dunlop, P. D., & Maybery, M. T. (2016). 

Embedded Figures Test Performance in the Broader Autism Phenotype: A Meta-

analysis. Journal of Autism and Developmental Disorders, 46(9), 2924-2939, doi: 

10.1007/s10803-016-2832-3 

  The chapter is presented here largely unchanged from the published version, with the 

exception of formatting changes in order to make it consistent with the rest of the thesis.  
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Abstract 

People with autism show superior performance to controls on the Embedded Figures Test 

(EFT). However, studies examining the relationship between autistic-like traits and EFT 

performance in neurotypical individuals have yielded inconsistent findings. To examine the 

inconsistency, a meta-analysis was conducted of studies that a) compared high and low 

Autism-Spectrum Quotient (AQ) groups, and b) treated AQ as a continuous variable. 

Outcomes are consistent with superior visual search forming part of the broader autism 

phenotype, but in existing literature, this is evident only when comparing extreme groups. 

Reanalysis of data from previous studies suggests findings are unlikely to be driven by a small 

number of high scorers. Monte Carlo simulations are used to illustrate the effect of 

methodological differences on results.  

Keywords: autism-spectrum quotient; broader autism phenotype; embedded figures test; visual 

perception 
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Embedded Figures Test Performance in the Broader Autism Phenotype:  

A Meta-Analysis 

Autism is now widely regarded to be a spectrum condition. Under the DSM-IV 

(American Psychiatric Association, 2000), individuals who were given a diagnosis of 

Autistic Disorder tended to sit at the severe end of the spectrum, while those given diagnoses 

of Asperger’s Disorder or Pervasive Developmental Disorder – Not Otherwise Specified sat 

somewhere  lower on the spectrum. The DSM-5 (American Psychiatric Association, 2013b) 

contains only a single diagnostic category - Autism Spectrum Disorder (ASD) – however, a 

severity rating of mild, moderate or severe is assigned to each diagnosed individual to reflect 

the variability of the condition.  

While there is consensus in the literature that ASD can vary considerably in severity, 

some authors suggest that autism is best conceptualised as a continuous, dimensional 

construct, while others suggest it is best conceptualised as a categorical construct. Those in 

favour of a dimensional construct have suggested the autism spectrum does not end with 

clinical diagnoses – that instead, autistic-like traits are distributed on a spectrum that extends 

into the neurotypical population (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 

2001a; Constantino & Todd, 2003; Ruzich et al., 2015; Skuse et al., 2009; Wheelwright et 

al., 2010b). According to this line of thinking, there is no discrete boundary between clinical 

ASD and typical development. This would suggest there are individuals in the general 

population who are considered to be neurotypical, but who have relatively high levels of 

autistic-like traits compared to the majority of the neurotypical population. This has been 

termed the “broader autism phenotype” (Piven, Palmer, Jacobi, Childress, & Arndt, 1997b).  
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In support of the dimensional hypothesis, family members of people with ASD show higher 

levels of autistic-like traits than comparison groups drawn from families  without  a history 

of ASD (Bailey et al., 1995; Bishop et al., 2004; Constantino & Todd, 2003; Lainhart et al., 

2002; Piven et al., 1997b). Additionally, autistic-like traits below the threshold for clinical 

diagnosis also appear to be heritable (Constantino & Todd, 2005). Further evidence for a 

continuum comes from neuroanatomy; high levels of autistic-like traits in the subclinical 

population have been found to be associated with decreased white matter volume in the 

posterior temporal sulcus (von dem Hagen et al., 2011) as well as less activation in this 

region during face-to-face conversation (Suda et al., 2011). This region is associated with 

processing of socially important stimuli (Allison, Puce, & McCarthy, 2000) and is atypical in 

structure in those with an ASD diagnosis (Boddaert et al., 2004). Cortical thickness is also 

related to the level of autistic-like traits in both neurotypical individuals and individuals with 

a diagnosis of ASD (Gebauer, Foster, Vuust, & Hyde, 2015). Additionally, there is evidence 

that autistic-like traits, measured by parent-report or self-report questionnaires, exist not only 

in relatives of those with ASD, but are also continuously distributed throughout the general 

population in children (Skuse et al., 2009) and adults (Baron-Cohen et al., 2001a; Ruzich et 

al., 2015).  

Conversely, authors in favour of conceptualising autism as a categorical construct 

refer to statistical analyses that suggest ASD may be qualitatively distinct from typical 

development in some ways (Frazier et al., 2010; Frazier et al., 2012). Frazier and colleagues 

(2010) used taxometric and latent variable models to examine whether or not factors from the 

Social Communication Questionnaire and the Social Responsiveness Questionnaire relate to 

one another in a way that is meaningful and consistent with a diagnosis of ASD. The authors 
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found that, using these questionnaires, children could be categorised accurately as children 

with ASD or neurotypical children, and used this to argue there may be some traits of autism 

that are only evident in a clinically diagnosable population and that can be used to reliably 

distinguish these individuals from those who do not meet clinical criteria.  

One characteristic of autism that may exist on a continuum within the general 

population is performance on visual tasks. There is good evidence that people with ASD 

show superior performance to neurotypical people on some visual tasks, in particular, 1) 

tasks that require searching for an embedded target shape, including the adult, child and 

preschool versions of the Embedded Figures Test (EFT) (Jarrold et al., 2005; Jolliffe & 

Baron-Cohen, 1997; Morgan et al., 2003; Shah & Frith, 1983), 2) other visual search tasks 

that involve looking for a target amongst distractors (Jarrold et al., 2005; O'Riordan, 2004; 

O'Riordan et al., 2001; K. Plaisted, M. O'Riordan, & S. Baron-Cohen, 1998) and 3) the Block 

Design subtest of the Wechsler intelligence scales (Lockyer & Rutter, 1970; Shah & Frith, 

1993; Venter, Lord, & Schopler, 1992). Not all studies have replicated these findings 

(Manjaly et al., 2007; White & Saldaña, 2011), however, a recent meta-analysis 

demonstrated that people with ASD reliably show superior performance relative to controls 

on Block Design and the various versions of the EFT, as well as a bias towards processing 

the smaller “local” letters on the Navon figures task (A. Muth, J. Hönekopp, & C. Falter, 

2014a)1.   

While it is now well established that this atypical pattern of visual performance is 

present in ASD, findings have been inconsistent as to whether or not it is present in the 

broader autism phenotype. Much of the research examining visual processing in the broader 

autism phenotype has used the Autism-Spectrum Quotient (AQ), a self-report questionnaire 
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designed to measure autistic-like traits in the general population (Baron-Cohen et al., 2001a). 

On this scale, a higher AQ score indicates a greater prominence of autistic-like traits.  

There are two major methodological approaches to examining relationships between 

AQ scores and other variables of interest (e.g., performance on visual tasks) in the general 

population: studies that screen a large number of people and select relatively high (“high 

AQ”) and relatively low (“low AQ”) scorers and compare these two groups on other 

measures (“quantile AQ studies”), and studies that recruit participants without pre-screening 

and look for a correlation between AQ score and other variables of interest (“continuous AQ 

studies”). Evidence that autism may be dimensional includes finding similar patterns of 

difference when comparing groups selected to differ in their AQ scores as when comparing 

ASD and neurotypical samples. In particular, neurotypical individuals who score high on the 

AQ have been reported to show faster and/or more accurate performance to those who score 

low on the AQ, for a range of visual tasks including the EFT (Almeida et al., 2010a, 2010b; 

Almeida et al., 2013; Almeida et al., 2014; Grinter, Maybery, et al., 2009a; Grinter, Van 

Beek, et al., 2009; Russell-Smith et al., 2010), other visual search tasks (Almeida et al., 

2010a, 2010b; Almeida et al., 2013; Almeida et al., 2014), a Navon figure task (Sutherland & 

Crewther, 2010), and the Wechsler Block Design subscale (Stewart, Watson, Allcock, & 

Yaqoob, 2009). Additionally, high-AQ  individuals have shown poorer performance than 

low-AQ individuals on Glass-pattern and global-dot-motion tasks (Grinter, Maybery, et al., 

2009a), consistent with evidence of similar deficits in ASD samples (e.g. Milne et al., 2002; 

Pellicano et al., 2005; Spencer & O'Brien, 2006). It is however important to note that 

findings in this area have also been inconsistent in the clinical ASD literature, with some 

studies finding intact performance on coherent form tasks  (Koldewyn, Whitney, & Rivera, 
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2010; Milne et al., 2006b) and coherent motion tasks (Del Viva, Igliozzi, Tancredi, & 

Brizzolara, 2006; Milne et al., 2006b; Saygin, Cook, & Blakemore, 2010; Vandenbroucke, 

Scholte, van Engeland, Lamme, & Kemner, 2008).  

However, there are findings inconsistent with the idea that the pattern of strengths and 

weaknesses in visual processing shown in ASD exist in neurotypical individuals with high 

levels of autistic-like traits as has been argued under a dimensional hypothesis. This raises 

the question of whether visual performance differences may in fact be better characterised as 

a categorical feature of the clinically diagnosed condition. A number of studies have found 

no significant relationship between AQ scores and EFT performance in neurotypical 

individuals (Carroll & Chiew, 2006; Carton & Smith, 2014; Kunihira, Senju, Dairoku, 

Wakabayashi, & Hasegawa, 2006; Valla et al., 2010). Similarly, a study using two visual 

search tasks found no relationship between AQ score and performance on either of the tasks 

(Gregory & Plaisted-Grant, 2013). This contrasts with other studies that have found superior 

visual search performance in high AQ individuals compared to low AQ individuals (Almeida 

et al., 2010a, 2010b; Almeida et al., 2013; Brock, Xu, & Brooks, 2011b; Milne, Dunn, 

Freeth, & Rosas-Martinez, 2013) and differs from an advantage commonly reported for 

individuals with ASD compared to neurotypical controls (O'Riordan et al., 2001; K. Plaisted 

et al., 1998).  

One possible explanation for these differences in outcome may lie in the different 

methodologies used across studies. Importantly, the majority of the studies that failed to find 

a relationship between AQ and EFT performance (Carroll & Chiew, 2006; Carton & Smith, 

2014; Valla et al., 2010) used a continuous AQ design. It is possible that continuous-AQ and 

quantile-AQ studies differ in their ability to detect an effect. In other fields, comparing 
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extreme groups has been found to provide a more powerful design than examining 

continuous scores on a critical measure. The former method requires a smaller N to detect an 

effect (though this method has some limitations; see Preacher, Rucker, MacCallum, & 

Nicewander, 2005). It could therefore be the case that autistic-like performance on the EFT 

does exist dimensionally in the general population, but that some studies have failed to 

demonstrate an AQ-EFT relationship because they have lacked the statistical power to detect 

it. However, the difference in outcome for the two methodologies might alternatively reflect 

the possibility that atypical visual processing associated with autism exists categorically 

rather than dimensionally. Gregory and Plaisted-Grant (2013) argue that quantile studies that 

do find a difference between high and low AQ groups may do so because of a small number 

of individuals in the high AQ group who would warrant an ASD diagnosis or who have a 

family history of ASD. This is a possibility since some previous studies have contained 

individuals scoring above 32 on the AQ, and most have contained individuals scoring above 

26, each of which has been suggested as a cut-off for clinical screening, with the latter being 

more sensitive and the former more specific (Baron-Cohen et al., 2001a; Woodbury-Smith, 

Robinson, Wheelwright, & Baron-Cohen, 2005).  

These issues and differences in outcomes across the field raise the questions of 1) 

whether superior EFT performance reliably characterises the broader autism phenotype, 2) 

whether methodological differences between quantile and continuous AQ studies impact on 

results, and 3) whether group differences found in quantile studies could be driven by a small 

number of individuals who might represent undiagnosed cases of ASD. It is important to 

determine whether or not the literature overall suggests that the pattern of visual performance 

seen in ASD is amongst those that exist dimensionally within the general population. This is 
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in part because studies examining the broader autism phenotype in neurotypical individuals 

have some methodological advantages over studies that compare individuals with ASD to 

neurotypical controls. There is greater ease of matching neurotypical groups, such as high- 

and low-AQ groups, to one another on IQ, a variable which correlates with performance on 

visual search tasks (Diascro & Brody, 1993). Additionally, it is likely there are systematic 

differences between groups of individuals with ASD and neurotypical controls other than 

level of autistic-like traits – for instance, use of some form of medication is common in 

people with ASD (Oswald & Sonenklar, 2007). It is also typically easier to recruit samples of 

neurotypical individuals selected to differ in levels of autistic-like traits than it is to recruit 

samples of individuals with ASD and appropriate controls. If a relationship is found between 

level of autistic-like traits and visual search capability within the general population, this 

could facilitate research into the processes underpinning this visual processing advantage, 

which would be easier to conduct with samples drawn from the general population. 

Alternatively, if this visual characteristic is shown to be restricted to clinical ASD, this would 

also be important, as it may assist in identifying features that accompany the functional 

impairments that warrant a clinical diagnosis.   

In addressing these issues, we first used meta-analysis to examine whether autistic-

like performance on the adult form of the Embedded Figures Test (EFT) is consistently 

demonstrated in AQ studies using continuous and quantile designs, and to examine whether 

methodological differences contribute to supporting or refuting a null hypothesis. Second, 

using data made available to us by the authors of four quantile studies (Almeida et al., 2010a, 

2010b; Almeida et al., 2013; Almeida et al., 2014), we examine whether removing 

individuals who score above a cut-off for clinical screening purposes from the high AQ 
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group alters the pattern of results. Though the AQ is intended to be a descriptive measure of 

autistic traits, and was not designed to be a diagnostic tool, it has been used as a screening 

tool by some authors for research purposes (Woodbury-Smith et al., 2005). Cut-off scores of 

either 32 and above (Baron-Cohen et al., 2001a) or 26 and above (Woodbury-Smith et al., 

2005) have been suggested as cut-off scores that will include the majority of individuals who 

meet clinical criteria for ASD. We therefore decided to examine whether, when individuals 

who score above such a clinical screening cut-off are removed, we still find significant 

differences between high and low AQ groups. Third, we conducted Monte Carlo simulations 

to compare the power of quantile and continuous studies to detect a relationship between two 

variables in a population.  

Method 

Description of Measures Used in Papers Meta-Analysed 

Embedded Figures Test (EFT; Witkin et al., 1971). The search for studies investigating 

the relationship between AQ scores and EFT performance (see below) yielded studies that used 

only the adult version of the EFT. This original version of the EFT requires an individual to 

identify a simple shape within a complex figure, across 12 test trials. The time taken to 

correctly locate the target and number of errors (misidentifying the location of the target) are 

recorded.   

Autism-Spectrum Quotient (AQ; Baron-Cohen et al., 2001). The AQ is a 50 item self-

report questionnaire used to determine the level of autistic-like traits in the general population. 

Participants rate their level of agreement with 50 statements on a 4-point scale (“strongly 

disagree,” “slightly disagree,” “slightly agree,” or “strongly agree”). The questionnaire is 

scored with 1 point given for an “autism-like” response and 0 points given for a “non-autism-
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like” response. Scores range from 0 to 50, with higher scores indicating more autistic-like 

traits.   

 

Search Strategy 

Data for this meta-analysis consisted of empirical articles published in peer-reviewed 

journals. A flow chart of the search methodology employed is displayed in Figure 1. 
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Figure 1. Flow chart of search, retrieval and inclusion process. 

Search terms: 
(autism OR autistic OR Asperger OR autism quotient) AND (Embedded Figures Test OR local bias OR hidden 

figures OR disembedding OR visual perception OR enhanced perceptual functioning OR weak central 

coherence) 

 

Data Analysis:  
Calculated effect sizes 
Calculated statistical heterogeneity 
Publication bias 

Full text copies retrieved for 
evaluation (n = 96) using quality 
assessment criteria  

 

Studies excluded (n = 84) 

Reasons: 

1. Paper was not in an appropriate format (e.g. 

review article) 

2. The article was not in English 

3. Participants were not in target population 

4. Paper did not use AQ 

5. Did not assess EFT  

6. Test used was inadequately described 

7. Data were presented in such a way that effect 

sizes could not be calculated 

8. A special population was used (e.g. autistic 

like traits in schizophrenia) 

9. Data were published elsewhere 

Titles and abstracts screened (n = 
1697) 

 
Abstracts excluded (n = 1601) 
Reasons: 
1. Paper did not examine autistic-like traits 
2. Paper did not use AQ 
3. Paper did not examine the EFT 
4. The article was not in English 
5. Paper was not in an appropriate format (e.g. 

review article)  
 

Extracted descriptive data  

 (n = 12: author/s, publication status, 
year of publication, study design, 
sample size, participant details) 

 

Electronic Databases searched (Keyword and MeSH explode): Ovid Medline-R / PsychInfo / Embase 
(n = 1033), PubMed (n = 742) 
 
N = 1697 
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Electronic databases were searched for published articles (Ovid Medline R, PsychInfo, 

Embase and PubMed), and hand-searching of reference lists of included articles was also 

conducted. The terms ‘autism’ OR ‘autistic’, OR ‘Asperger’, OR ‘autism quotient’ were 

combined with ‘Embedded Figures Test’, OR ‘local bias’, OR ‘hidden figures’, OR 

‘disembedding’, OR ‘visual perception’, OR ‘enhanced perceptual functioning’, OR ‘weak 

central coherence’. The terms chosen were based on past recent reviews (e.g., Horlin et al. 

2014), knowledge of the literature, and papers returned from initial search attempts. 

  

Quality Assessment  

Three authors (MO, RDL, SC) reviewed the downloaded articles according to the 

selection criteria. Two authors (MO, SC) completed data entry and calculation of demographic 

details. In the event of a disagreement about inclusion, the authors discussed the article and 

made a joint decision.  

 

Study Categorization 

As discussed in the introduction, some studies have employed designs that involve 

screening a large number of participants using the AQ and selecting high and low quantiles. 

This yields two groups of neurotypical individuals who are markedly different in terms of their 

level of autistic-like traits. This is similar to the design of most clinical autism studies, in which 

ASD and control groups are compared to one another. Other studies have examined AQ scores 

as a continuous variable, and investigated whether they correlate with the variable(s) of 

interest. The selected studies (N = 12) were categorised according to whether AQ data were 



71 
 

analysed a) as continuous data (n = 3), or b) as a comparison of extreme scorers (n = 9), herein 

referred to as quantile studies.  

 

Data Extraction and Analysis 

Descriptive data extracted from the final set of articles included publication details 

(title, whether published or not, journal and the year of publication), study design, sample size, 

participant demographic details when available (age, gender, IQ), details of the AQ 

(continuous or discrete categories) and whether error data as well as reaction time data were 

reported for the EFT. Inferential data extracted to examine the relationships of interest included 

means, standard deviations, correlation coefficients, and sample size.   

 

Data Processing 

The program Comprehensive Meta-Analysis version 2.2.064 (Borenstein, Hedges, 

Higgins, & Rothstein, 2005) was used to synthesize data, calculate effect sizes, and to create 

forest and funnel plots.  

Results 

Description of Studies 

The samples of all 12 studies contributed 672 individuals (275 male); 272 with 

continuous AQ data, and 400 individuals classified into discrete high and low AQ groups 

(see Table 1 for descriptive details on how studies were sampled for high and low AQ 

scorers).  
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Table 1. Participant characteristics, dependent variables and mean AQ scores for each study included in the Meta-Analysis.  

Note: all samples from all studies were from University populations; Err = Errors; RT = Reaction times; AQ = Autism Quotient; 

N = Sample size; IQ = Intelligence Quotient; EFT = Embedded Figures task; M = Mean; SD = Standard deviation. 

Author and sample N Gender IQ EFT 

measures 

AQ quantile AQ score M (SD) 

Almeida et al. 

(2010a) 

High AQ = 23 

Low AQ = 27 

High n =  M 6 : F 17 

Low n = M 9 : F 18 

 

High AQ = 115.7 

Low AQ = 117.7 

Err and RT Upper and lower 15% Low = 9.33 (1.49), 

High = 26.91 (2.79) 

Almeida et al. 

(2010b) 

High AQ = 25 

Low AQ = 20 

High n =  M 10 : F 15 

Low n = M 10 : F 10 

 

High AQ = 117.6 

Low AQ = 120.6 

Err and RT Upper and lower 15% 

 

Low = 9.15 (1.53), 

High = 25.60 (2.45) 

Almeida et al. (2013) High AQ = 19 

Low AQ = 25 

High n =  M 4 : F 15 

Low n = M 6 : F 19 

 

High AQ = 117.2 

Low AQ = 112.1 

Err and RT Upper and lower 15% Low = 9.28 (1.84), 

High = 26.79 (4.57) 
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Almeida et al. (2014) High AQ = 15 

Low AQ = 16 

High n =  M 3 : F 12 

Low n = M 3 : F 13 

 

High AQ = 113.8 

Low AQ = 109.5 

Err and RT Upper and lower 15% Low = 8.25 (2.79), 

High = 22.4 (5.73) 

Carroll & Yung. 

(2006) 

Study 1 

 

N = 48 1:1 Not available RT Continuous 

 

Male = 19.08 (6.07), 

Female = 15.13 

(5.56) 

Carton & Smith 

(2014) 

N = 80 1:1 Not available RT Continuous 

 

Male = 18 (4.98), 

Female = 15.95 

(5.45) 

Grinter et al. (2009a) High AQ = 26 

Low AQ = 29 

High n = M 12 : F 14 

Low n = M 9 : F 20 

 

Not available Err and RT Upper and lower 20% 

 

Low = 8.14 (2.26), 

High = 26.15 (3.57) 

Grinter et al. (2009b) 

Study 1 

High AQ = 19 

Low AQ = 20 

High n = M 10 : F 9 

Low n = M 5 : F 15 

 

Not available Err and RT Upper and lower 20% 

 

Low = 8.55 (1.89), 

High = 25.89 (2.92)  
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Grinter et al. (2009b) 

Study 2 

High AQ = 15 

Low AQ = 20 

High n = M 7 : F 8 

Low n = M 8 : F 12 

WAIS verbal raw 

scores: 

High AQ = 26.7 

Low AQ = 24.4 

WAIS 

performance raw 

scores: 

High AQ = 25.5 

Low AQ = 22.1 

 

Err and RT Upper and lower 20% 

 

Low = 10.60 (2.26), 

High = 25.80 (4.16) 

Kunihira et al. (2006) High AQ = 49 

Low AQ = 47 

Total n F = 54 

Total n M = 42 

 

Not available RT Upper and lower 25% 

 

Not available 

Russell-Smith et al. 

(2010) 

High AQ = 20 

Low AQ = 20 

High ratio = M 5 : F 

15 

VIQ       

High AQ = 114.4 

Low AQ = 119.2 

RT High: AQ range 20-

33 

Low: AQ range 6-14 

Low = 8.90 (2.40), 

High = 25.20 (3.17) 
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Low ratio = M 7 : F 

13 

 

PIQ   

 High AQ = 108.3 

Low AQ = 109.1 

 

Valla et al. (2010)  N = 144 F = 79 

M = 65 

Not available RT Continuous Not available 
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Calculation of Effect Sizes 

A random effects model was used as it assumes, and accounts for, differences in 

effect size due to differing sample demographic and testing variables (Rosenthal, 1995). A 

random effects model has less power to detect an effect, but allows for between-study 

variation.  

An effect was calculated for each EFT measure reported for each study. Where the 

studies reported group differences these were calculated using Cohen’s d, where effect sizes 

of d ≥ 0.20 are considered small, d ≥ 0.50 medium, d ≥ 0.80 large and d ≥ 1.00 very large 

(Cohen, 1988) . Where the studies reported continuous data the effect sizes were calculated 

using Pearson’s r values, where effect sizes of r ≥ 0.10 are considered small, r ≥ 0.24 

medium, r ≥ 0.37 large and r ≥ 0.45 very large (Cohen, 1988).  

Most of the AQ quantile studies reported error data as well as reaction time data, 

enabling meta-analysis for each EFT measure, whereas all of the continuous AQ studies 

reported reaction time data only, restricting meta-analysis to this measure. Summary effect 

sizes are displayed in Table 2, and forest plots providing effect sizes for each study and a 

summary statistic are displayed in Figures 2-4. 

A small nonsignificant effect was seen in the examination of continuous AQ data 

(mean r = 0.113), indicating that as AQ changes across an unselected sample, no notable 

changes in EFT reaction time are seen (See Table 2, Figure 2). In contrast, a medium effect 

was seen in the examination of AQ quantiles for EFT error data (mean d = 0.759) (See Table 

2, Figure 3) and a large effect was seen in the examination of AQ quantiles for EFT reaction 

time data (mean d = 0.973) (See Table 2, Figure 4), indicating that significant differences are 
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seen in EFT performance when high and low AQ scorers are compared.  For each EFT 

variable, high AQ scorers outperformed low AQ scorers. 
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Table 2. Mean effect sizes for studies included in the meta-analysis for a) correlations between Embedded Figures Test 

performance and Autism-spectrum Quotient (AQ) scores (for continuous AQ studies) and b) differences in EFT scores between 

individuals selected for high and low levels of autistic traits (for quantile AQ studies)  

 

Note: Effect sizes of d ≥ 0.20 (or r ≥ 0.10) are considered small, d ≥ 0.50 (or r ≥ 0.24) medium, d ≥ 0.80 (r ≥ 0.37) large and d ≥ 

1.00 (r ≥ 0.45) very large. CI = Confidence Interval; L = Lower CI; U = Upper  

 

Domain             Effect Size Statistics Homogeneity Statistics 

 N Effect 95% CI Z p Q (df) p Tau I2 

   Lower Upper       

a) Continuous AQ                                                                                                                                                                                                                                                                      

EFT RT (r) 3 0.113 -0.029 0.250 1.560 0.119 0.101(2) 0.951 <0.001 <0.001 

b) Quantile AQ                                                                                                                                                                                                                                                                      

EFT Errors (d) 7 0.778 0.526 0.993 6.373 <0.001 2.2496(6) 0.891 <0.001 <0.001 

EFT RT (d) 9 0.972 0.673 1.272 6.366 <0.001 15.590(8) 0.049 0.319 48.684 
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Figure 2. Forrest plot of effect sizes for correlations between Embedded Figures Test RT and Autism-spectrum Quotient (AQ) 

score

 

Figure 3. Forrest plot of effect sizes for error data for the Embedded Figures Task in comparing individuals selected for high and 

low levels of autistic traits on the Autism-spectrum Quotient (AQ). 
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Figure 4. Forrest plot of effect sizes for reaction time data for the Embedded Figures Task in comparing individuals selected for 

high and low levels of autistic traits on the Autism-spectrum Quotient (AQ). 
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Heterogeneity 

Heterogeneity was examined with Forest plots, Cochrane’s Q, Tau and I2 statistics 

(see Table 2). Significant heterogeneity (as demonstrated by a significant Q statistic, and by 

large variation between Cohen’s d in the Forest plot) indicates large differences between 

studies (Borenstein, Hedges, Higgins, & Rothstein, 2009). The Tau and I2 statistics provide 

an estimate of the proportion of variance in effect sizes underlying the different studies. 

In the examination of continuous data, heterogeneity was non-significant. 

Heterogeneity for discrete high and low AQ quantiles was non-significant for error data, and 

significant for reaction time data, Q(7) = 15.538, p = 0.030.  

As significant heterogeneity was noted for reaction time data, I2 and Tau were 

examined. I2 indicates the percent of the effect size that can be attributed to variation in study 

outcomes between studies. An I2 of 54.948, as exhibited in the reaction time data, indicates 

that up to 55% of the variation across studies is due to study differences, rather than chance. 

As there is large between-study variation, the use of a random effects model is most 

appropriate, and these data are reported in Table 2.  

 

Risk of Publication Bias 

Publication bias was inspected using Funnel plots, and Egger’s test for asymmetry 

(Egger, Smith, Schneider, & Minder, 1997). There is evidence to suggest that studies with a 

large sample and/or a significant result are more likely to be published (Borenstein et al., 

2009).  
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Egger’s test was non-significant for the correlation studies (intercept -0.05; 95% CI:  

-8.45 to 8.35; p = .49), and for the quantile studies examining error data (intercept 3.27; 95% 

CI: -4.21 to 10.75; p = .15). However, there was publication bias for quantile studies 

examining reaction time data (intercept 9.33; 95% CI: 2.61 to 16.04; p = .01). As publication 

bias was indicated in these reaction time studies, Rosenthal’s Fail-safe N was examined for 

the number of studies required to achieve a non-significant effect, and Duval and Tweedie’s 

Trim and Fill procedure used to determine an unbiased estimate of the effect size. The 

number of studies with no effect required to reach an over-all non-significant effect size was 

144. Furthermore, an unbiased estimate of the effect size reduced the d value from 0.982 to 

0.735. These results suggest that publication bias may be inflating the d value, but that there 

were still significant AQ group differences in EFT reaction times that would require a large 

number of null studies to void.  

 

Reanalysis of Data from Quantile Studies 

To determine whether differences found in quantile studies are potentially due to a 

small number of undiagnosed individuals in the high AQ group, we reanalysed data from 

four previous quantile studies provided by Almeida et al. (2010a, 2010b, 2013, 2014). Across 

these four studies, 170 participants were tested in total, 88 low AQ (< 11) and 82 high AQ (> 

22). We pooled the data across the four studies and examined the differences in mean 

reaction time and number of errors on the EFT between high and low AQ participants a) 

simply when the original data were pooled, b) when participants who scored ≥ 32 (n = 6) 

were removed and c) when participants who scored ≥ 26 (n = 43) were removed from 

analysis. Descriptive statistics are presented in Table 3.  
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Table 3. Descriptive statistics for speed, accuracy and full-scale IQ as calculated by the 

Wechsler Abbreviated Scale of Intelligence for pooled high and low AQ samples from 

previous studies with a) all data included, b) removing those who scored equal to or above 

the clinical screening cut-off of 32, and c) removing those who scored equal to or above the 

more conservative clinical screening cut-off of 26.  

 

 

Using the pooled data across the four studies, the high AQ group were faster (t(168) = 

7.85, p < .0001, d = 1.21) and made fewer errors (t(168) = 4.50, p < .0001, d = .69) than the 

low AQ group. With the 6 participants who scored ≥32 on the AQ excluded, the high AQ 

group remained significantly faster (t(162) = 7.46, p < .0001, d = 1.17) and made fewer 

errors (t(162) = 4.17, p < .0001, d = .66) than the low AQ group. Finally, even with the 43 

participants who scored ≥26 excluded, the high AQ group remained significantly faster 

 Speed Accuracy WASI FSIQ 

 Low AQ High AQ Low AQ High AQ Low AQ High AQ 

 M SD M SD M SD M SD M SD SD M 

a) Original 

data set 

29.44 12.33 16.45 8.81 5.03 3.89 2.30 2.81 115.3 10.32 116.3 10.14 

b) AQ ≥ 32 

removed 

29.44 12.33 16.66 9.06 5.03 3.89 2.89  2.36 115.3 10.32 116.2 9.81 

c) AQ ≥ 26 

removed  

29.44 12.33 18.31 9.61 5.03 3.89 3.10 2.51 115.3 10.32 117.4 8.37 
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(t(125) = 5.00, p < .0001, d = .89) and made fewer errors (t(125) = 2.84, p = .005, d = .51) 

than the low AQ group.  

 

Monte Carlo Simulation 

To illustrate the relative power of quantile and continuous studies to detect an effect, 

we conducted Monte Carlo simulations in which, for each simulated design, we generated 

10,000 samples from a population where the correlation for a linear relationship between two 

variables was set to either .15, .2, .25 or .3. We then selected cases to create simulations of 

quantile studies where N = 50, continuous studies where N = 50, and continuous studies 

where N = 100. For quantile studies, 25 cases were selected from the upper 15% and 25 cases 

from the lower 15% of the distribution for one of the variables. These two groups were then 

compared as to their scores on the other variable, using a t test. Power was estimated as the 

proportion of significant t tests (alpha = .05) across the 10,000 runs. For continuous studies, 

50 or 100 cases were selected at random from the population, Pearson’s r calculated, and its 

significance tested. Power was estimated as the proportion of significant correlation 

coefficients (alpha = .05) across the 10,000 runs. The simulations suggested that even with a 

much larger N than that of quantile studies, continuous studies are a less powerful 

methodology for detecting an effect in the population (see Figure 5).  
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Figure 5. Proportion of significant t-tests for Monte-Carlo simulations of quantile studies 

where N = 50 (blue), continuous studies where N = 50 (green) and continuous studies where 

N = 100 (red). 

The power of quantile studies to detect an effect is dependent on the cut-points used 

to create the extreme groups, with more extreme groups having more power to detect an 

effect. We performed further Monte Carlo simulations (N = 50, population correlation of r = 

.25) to illustrate this point, again estimating power as the proportion of significant t-tests. 

Figure 6 demonstrates the drop in power for quantile designs as the cut-points change from 

15% to 50%. The last data point in Figure 6 shows that a continuous design has roughly the 
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same power to detect an effect as performing a median split on one variable and comparing 

the two halves of the distribution with a t-test.   

 

Figure 6. Power to detect a relationship for quantile designs taking different cut-offs for 

extreme groups and for a continuous AQ design (for N = 50 and a population correlation of r 

= .25). 

 

Discussion 

The present paper examined whether degree of autistic-like traits (as measured by the 

AQ) in neurotypical people is reliably related to performance on the adult EFT, whether 

methodological approach in terms of quantile versus continuous AQ design impacts on 

results, and whether extreme high scorers who could represent undiagnosed cases of ASD 
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could be driving group differences in studies that do find an effect. The findings of our meta-

analysis suggest that individuals who score highly on the AQ consistently exhibit superior 

performance (shorter reaction times and fewer errors) on the EFT relative to individuals who 

score low on the AQ. However, this outcome is apparent only in studies maximising the 

difference in level of autistic-like traits by selecting high and low AQ groups. Studies 

examining continuous AQ data demonstrated no reliable relationship between AQ and EFT 

scores. 

The novelty of the present study is the examination of the expression of visual 

processing differences in the broader autism phenotype. Past meta-analysis has demonstrated 

that individuals with autism consistently demonstrate a visual processing advantage on the 

EFT (Muth et al., 2014a). The findings in the present paper provide evidence that this 

advantage is also held by individuals who report high levels of mild autistic-like traits but 

would be unlikely to meet clinical criteria for ASD.  

 

Studies Examining High and Low AQ Groups 

A reliable relationship between AQ and performance on the EFT is found when high 

and low groups are compared. This is in line with research suggesting that autistic-like traits 

are continuously distributed in the general population (Baron-Cohen et al., 2001a; 

Constantino & Todd, 2003; Skuse et al., 2009; Wheelwright et al., 2010b). Furthermore, this 

outcome of the meta-analysis for quantile studies suggests that at least some characteristics 

of the cognitive profile of autism (atypical performance on visual tasks) are present in 

individuals who report high levels of autistic-like traits but fall below the threshold for 



87 
 

clinical diagnosis. Thus the idea that there is not a discrete boundary between ASD and 

typical development is supported, at least for this particular form of visual processing.  

 

Studies Examining AQ as a Continuous Variable 

Studies examining AQ as a continuous variable did not demonstrate a reliable 

relationship between AQ and EFT scores. One possible explanation for this is that treating 

AQ as a continuous variable provides a less statistically powerful design than comparing 

very high and very low scorers. Autism studies typically compare a group of people with an 

ASD diagnosis to neurotypical controls; groups that would be expected to differ considerably 

in their levels of autistic traits. However, by sampling in an unselected manner from a 

neurotypical population, studies employing a continuous AQ design will necessarily sample 

relatively few high and low scorers. Thus the continuous AQ study design is likely to restrict 

variance in autistic-like traits, and therefore limit the likelihood of identifying a relationship 

between AQ and EFT measures, when compared to AQ quantile studies or studies employing 

ASD and typically developing groups.  

Results of the Monte Carlo simulation suggest that even with an N double the size of 

a typical AQ quantile study, a continuous study has less power to detect the presence of a 

linear relationship. Although some continuous AQ studies had nearly double the typical 

sample size of a quantile AQ study, it is possible they may still have lacked the statistical 

power needed to detect an effect using a continuous AQ design. This is consistent with 

previous work showing that comparing extreme groups generally has more power to detect 

an effect than taking a continuous measure of the variable of interest (Preacher et al., 2005). 

Studies that compare extreme groups, such as quantile studies, are useful for detecting the 
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presence and direction of a relationship in a population. They have enhanced sensitivity to 

detecting a relationship with a smaller N, often making them more cost-effective and less 

time-consuming. Preacher et al. (2005) suggested such a methodology is appropriate in cases 

where researchers have limited resources and want to maximise the chances of detecting an 

effect if one exists. Quantile designs may therefore be an efficient way to explore potential 

differences in perception and cognition for the broader autism spectrum. However, there are 

also limitations to methodologies that compare extreme groups on a distribution, including 

quantile studies (Preacher et al., 2005). Of particular relevance here, they give an estimate of 

standardised effect size that may be an overestimate of the effect size in the general 

population. Thus, where we have presented effect sizes here for quantile studies, they should 

be interpreted with caution. Additionally, quantile studies cannot answer questions about the 

shape of the distribution and the characteristics of those who score in the middle of a 

distribution (unless of course more than two AQ bands are sampled). It therefore remains an 

important step to examine the complete relationship between AQ level and EFT or other 

visual-task performance using a continuous design. It should be noted, however, that this 

may require considerably larger samples than those typically used in quantile studies to 

ensure adequate power.  

 

Significance for Understanding Autism and the Broader Phenotype 

Overall, the results of this meta-analysis suggest that the advantage on the EFT shown 

by individuals with ASD is also shown by neurotypical individuals with high levels of 

autistic-like traits. This lends support to authors who have suggested that enhanced 

perceptual processing is a characteristic of the broader autism phenotype that extents into the 
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neurotypical population (Almeida et al., 2010a, 2010b; Almeida et al., 2013; Almeida et al., 

2014; Grinter, Maybery, et al., 2009a). Recent research suggests that enhanced perceptual 

processing in the broader autism phenotype may extend beyond visual processing to auditory 

processing as well (Stewart, Griffiths, & Grube, 2015).  

It is important to consider here the argument made by Gregory and Plaisted-Grant 

(2013), who suggested that differences found between high and low AQ groups are likely to 

be due to a small number of undiagnosed cases of ASD or to relatives of individuals with 

ASD. Our results suggest this is unlikely, as even when using the less stringent clinical 

screening cut-off of 26, which would be likely to exclude any undiagnosed cases of ASD, we 

still find that high AQ individuals outperform low AQ individuals on the EFT. The data we 

present here therefore makes a compelling case that autism-like visual performance exists on 

a continuum within the general neurotypical population. Our meta-analysis suggests that 

using a quantile design in which high and low AQ groups are compared is a more powerful 

methodology than adopting a continuous AQ design as did Gregory and Plaisted-Grant 

(2013). Although Gregory and Plaisted-Grant also conducted an extreme-ends analysis in 

which they compared the highest and lowest scoring 15% of their sample and still did not 

find an effect of AQ on visual-search performance, this yielded sample sizes close to the 

smallest of those in the published literature in this area (Almeida et al., 2014), and may have 

lacked sufficient statistical power to detect a difference. It is noteworthy that the series of 

quantile studies reported by Almeida and her colleagues (2010a, 2010b, 2013, 2014) 

consistently showed an advantage for high AQ groups compared to low AQ groups on 

several variants of a visual-search task.  
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More broadly, the present findings are consistent with a growing body of literature 

that suggests an atypical pattern of sensory processing in ASD (see Simmons et al., 2009 for 

a review). Atypical sensory behaviour (e.g. hyper or hyposensitivity to particular sensory 

stimuli) is now considered to be a core feature of ASD  (American Psychiatric Association, 

2013b), as over 90% of people with ASD show some degree of atypical sensory behaviour 

(Leekam, Nieto, Libby , Wing, & Gould, 2007; Scott D Tomchek & Winnie Dunn, 2007).  

For a sample of adults drawn from the general population, Robertson and Simmons (2013) 

reported a strong association between the reported frequency of atypical sensory processing 

for various modalities (e.g., visual, auditory, vestibular) and level of autistic-like traits 

assessed with the AQ. With the present study linking high levels of autistic-like traits to 

superior visual search on the EFT, it would be informative to investigate relationships 

between visual search capability and hyper or hypo sensory sensitivity.      

Findings in favour of autistic-like traits in a subset of the general population have 

implications for understanding the nature of ASD as a spectrum disorder. It has been reported 

that the number of symptoms shown by people with autism tend to abate across development 

(Seltzer, 2004) as do sensory symptoms after the age of 9 (Ben-Sasson et al., 2008) and a 

small number of individuals may even show symptom abatement to the point that they no 

longer meet diagnostic criteria for ASD (Seltzer, 2004). However, given the presence of 

autistic-like traits in individuals who do not meet clinical criteria for ASD, it is possible that 

individuals who no longer meet criteria still present with a broader autism phenotype, 

maintaining the perceptual (and other) strengths and weaknesses that are characteristic of 

autism. More specific to the present study, understanding perceptual strengths associated 

with autism may have practical implications for helping individuals with ASD make the most 
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of those strengths. For example, previous research has shown that people with autism have a 

greater capacity to understand physical causality than controls (Zeki et al., 1991b), which is 

consistent with the relatives of people with autism favouring technical professions such as 

engineering (Baron-Cohen et al., 1998; Baron-Cohen, Wheelwright, Stott, Bolton, & 

Goodyer, 1997), physics and mathematics (Baron-Cohen et al., 1998). Individuals with high 

levels of autistic-like traits are also more numerous in these fields (Baron-Cohen et al., 

2001a). The particular advantage in visual processing demonstrated for high autistic-trait 

individuals in this study, and for individuals with ASD in the Muth et al. (2014) meta-

analysis, would indicate potential for greater proficiency in jobs that involve visually locating 

targets, such as in medical imaging or airport security. 

 

Limitations and Directions for Future Research  

The present meta-analyses demonstrated some publication bias and heterogeneity. 

This may be attributable to small sample sizes, and a small number of studies. As such the 

present paper utilised random effect sizes to account for study variability, and examined a 

conservative estimate of effect size. These investigations demonstrated a reduction, but not 

disappearance of the group differences. However, the presence of these biases, and the fact 

that the study included a small number of studies with relatively homogenous university 

samples, indicates that generalisability of these findings may be limited. Studies of wider, 

population-based samples are required to see if visual processing differences between high 

and low AQ groups hold in the general population.  

Additionally, this study was limited to examining performance on the adult EFT, and 

did not include a broader array of visual processing tasks. The EFT is widely used in the 
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ASD literature and has been of interest in research on the broader autism phenotype, hence 

its selection in the present study. However, to establish whether general visual processing 

differences are reliably found within the broader autism phenotype, a wider range of 

population ages, and different visual tasks should be examined.  

Our preliminary search for published studies investigating the relationship between EFT 

performance and autistic-like traits located studies that employed the AQ rather than 

alternative measures such as the Broad Autism Phenotype Questionnaire (BAPQ; Hurst, 

Nelson-Gray, Mitchell & Kwapil, 2007), Subthreshold Autism Trait Questionnaire (SATQ; 

Kanne, Wang & Christ, 2012) or versions of the Social Responsiveness Scale (SRS; 

Constantino & Cruber, 2012; Constantino & Todd 2003).  This is probably because the AQ  

is the oldest self-report measure of autistic-like traits (Baron-Cohen et al., 2001a), having 

been used frequently across diverse fields and been translated, normed and validated for 

numerous populations (Ruzich et al., 2015). Because our meta-analysis was restricted to 

studies that employed the AQ, further investigation of visual search performance with 

reference to the broader autism phenotype would benefit from an extension to alternative 

measures of autistic-like traits. In particular, because the BAPQ, SATQ and SRS scales have 

better measurement properties that the AQ (Ingersoll, Hopwood, Wainer, & Donnellan, 

2011)  these alternative scales may provide more power for detecting relationships in 

continuous designs.  

Finally, the studies included in the meta-analysis presented here varied in the sex ratio 

of their samples, with some studies having the same or relatively similar numbers of males 

and females (Almeida et al., 2010b; Carroll & Chiew, 2006; Carton & Smith, 2014; Grinter, 

Van Beek, et al., 2009 study 1), and others having more females than males (Almeida et al., 
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2010a; Almeida et al., 2013; Almeida et al., 2014; Grinter, Maybery, et al., 2009a; Grinter, 

Van Beek, et al., 2009 study 2; Kunihira et al., 2006; Russell-Smith et al., 2010; Valla et al., 

2010). Though some previous research has found typically developing men to outperform 

women on the EFT (Bush & Coward, 1974; Goldstein & Chance, 1965; Hughes, 1978; H. A. 

Witkin, 1950), other studies have failed to replicate this sex difference  (Bieri, 1960; Connor, 

Serbin, & Schackman, 1977), while still others found women to outperform men on the EFT 

(Immergluck & Mearini, 1969). Meta-analysis of typically developing individuals has found 

no reliable sex difference on the EFT overall (Voyer, Voyer, & Bryden, 1995). Even if a sex 

difference were present, it would be expected that provided high and low AQ groups did not 

differ in their ratio of males to females, results should not be affected. Sex ratios are similar 

between high and low groups for most studies in the meta-analysis, perhaps with the 

exception of Grinter, Maybery, et al. (2009a) Study 1, however, they included sex in their 

EFT analyses and showed it did not enter into any significant effects. Therefore, while no 

large-scale study has examined whether there is an interaction between sex and autistic traits 

on EFT performance, it is unlikely sex differences impacted on the outcomes of our meta-

analyses. 

 

Conclusions 

Individuals who score highly on the AQ exhibit superior performance on the EFT than 

individuals who score low on the AQ. Differences found between high and low AQ groups 

are unlikely to be driven by a small number of undiagnosed cases of ASD given that high AQ 

individuals still demonstrate superior EFT performance to low AQ individuals when 

individuals scoring above a clinical screening cut-off are removed from analysis. However, 
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in existing research, evidence of an AQ-EFT relationship is apparent only in quantile studies 

comparing high and low AQ groups. When studies examine AQ as a continuous variable, 

previous studies do not show a reliable relationship with EFT performance. This suggests 

that in order to examine differences in visual processing related to autistic-like traits using 

relatively small samples, group differences in trait levels must be maximised, as they are 

when examining individuals with ASD and neurotypical individuals. A considerably larger 

sample size is likely to be needed to demonstrate a relationship using a continuous AQ 

design. Such a study would be valuable in characterising the nature of the relationship 

between AQ score and EFT performance across the entire AQ range.   
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Abstract 

Some previous research has suggested that altered visual perception in autism and the broad 

phenotype may be due to differing levels of internal noise. Specifically, some authors have 

suggested internal noise is higher in autism and the broad phenotype whilst others have 

suggested it is lower. However, internal noise can vary across visual tasks, as they tap 

different visual processes and cortical regions. Here, we directly assess internal noise using a 

three-pass method for a global motion task, thought to engage areas V5 and V3a, and a 

Radial Frequency (RF) detection task, thought to engage area V4. Participants were 

neurotypical individuals with either relatively high or relatively low levels of autistic-like 

traits as measured by the Autism-spectrum Quotient (AQ). Results on these psychophysical 

tasks suggest that neurotypical individuals with relatively high levels of autistic traits have 

lower levels of multiplicative internal noise on the RF detection task, as well as lower 

thresholds on the RF detection task when external noise was added. Lower levels of internal 

noise might be one reason for superior visual search performance by individuals with high 

levels of autistic traits, and might allow for enhanced discrimination between similar items in 

a search array.   
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Evidence for Reduced Internal Noise in the Broad Autism Phenotype 

It is now widely recognised that unusual sensory behaviours and/or altered sensory 

processing (including close visual inspection of objects, poorly modulated gaze and eye 

contact, sniffing, licking, biting, hypersensitivity or hyposensitivity to light, sound and touch) 

are a frequent feature of autism. In fact, these features were noted in the earliest description 

of autism (Kanner, 1967). The high rates of occurrence of unusual sensory behaviours led to 

their inclusion in the DSM-5 diagnostic criteria for Autism Spectrum Disorder (American 

Psychiatric Association, 2013).  

Autistic-like traits are believed to lie on a continuum within the typically developing 

population (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001). These traits 

have most often been measured using the Autism-spectrum Quotient (AQ), a 50-item self-

report measure assessing autistic-like traits (Baron-Cohen et al., 2001). It is useful to 

understand this broad spectrum because clinically diagnosable autism does not appear to be 

well-captured by a categorical model.  Rather, it appears to fall at the extreme end of the 

continuum of autistic-like traits (Baron-Cohen et al., 2001; Constantino & Todd, 2003; 

Ronald, Happé, & Plomin, 2005). In addition to the social-communication autistic features 

measured by the AQ, many of the cognitive features of autism, including atypical patterns of 

visual perception (Dakin & Frith, 2005; Simmons et al., 2009) have been replicated in non-

clinical groups (Almeida, Dickinson, Maybery, Badcock, & Badcock, 2010a, 2010b, 2013, 

2014; Grinter, Maybery, et al., 2009; Grinter, Van Beek, Maybery, & Badcock, 2009). For 

example, both autistic individuals (Happé, 1996; Morgan, Maybery, & Durkin, 2003; 

Mottron & Burack, 2001; Pellicano, Gibson, Maybery, Durkin, & Badcock, 2005; Pellicano, 

Maybery, Durkin, & Maley, 2006; Schlooz & Hulstijn, 2014; Shah & Frith, 1983) and 
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neurotypical individuals scoring highly on the AQ (Almeida et al., 2010a, 2010b, 2013, 

2014; Cribb, Olaithe, Di Lorenzo, Dunlop, & Maybery, 2016; Grinter, Maybery, et al., 2009; 

Grinter, Van Beek, et al., 2009; Russell-Smith, Maybery, & Bayliss, 2010) are faster and 

mostly more accurate on the Embedded Figures Test (EFT) than comparison groups. This 

advantage is also the case on the Radial Frequency Search Task (RFST) (Almeida et al., 

2010a, 2010b, 2013, 2014) for neurotypical individuals who score highly on the AQ. 

Conversely, both autistic individuals (Milne et al., 2002; Pellicano et al., 2005) and TD 

individuals who score highly on the AQ (Grinter, Maybery, et al., 2009) show elevated 

thresholds (i.e. a deficit) on Global Dot Motion (GDM) tasks.  

While findings of autistic individuals having visual talents on some tasks, and deficits 

on others, may initially appear contradictory, it is important to consider the different visual 

mechanisms that are likely to underlie performance on these tasks. The human cortical visual 

system is characterised by two parallel, interconnected streams: the ventral stream, which is 

primarily involved in coding shape properties, and the dorsal stream, which has a primary 

role in coding motion information (Braddick et al., 2001; Braddick, O’Brien, Wattam-Bell, 

Atkinson, & Turner, 2000; Klaver et al., 2008; Mishkin, Ungerleider, & Macko, 1983). Both 

streams operate in a hierarchical manner, with stages of processing performing increasingly 

complex analysis as hierarchical level increases (Felleman & Van Essen, 1991; Lennie, 1998; 

Van Essen, Anderson, & Felleman, 1992). Area V1 contains cells with small receptive fields 

that detect local features of visual information, and are particularly sensitive to orientation of 

line fragments (Hubel & Wiesel, 1968). There is collinear facilitation at this stage that can 

account for integration of information along straight lines (Kapadia, Ito, Gilbert, & 

Westheimer, 1995; Loffler, 2008). Furthermore, in area V2, cells are sensitive to depth order 
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and to the overall Gestault of contour fragments, playing an important role in whole object 

recognition (Qiu & von der Heydt, 2005). Real world objects, however, contain curvatures 

and corners, and extend over many early-stage receptive fields. Therefore, a mechanism that 

integrates information across early stage receptive fields is necessary to allow processing of 

curvatures and binding of information around closed contours. This permits processing of 

whole shapes (Loffler, 2008). This process of contour integration is thought to first occur in 

area V4 in the ventral stream (Gallant, Connor, Rakshit, Lewis, & Van Essen, 1996; Gallant, 

Shoup, & Mazer, 2000). Similarly, integration of local motion signals to perceive global 

motion is thought to occur in area V5 and V3a in the dorsal stream (Schenk & Zihl, 1997). 

These different kinds of processing can be investigated using different psychophysical tasks. 

The belief that area V4 is involved in global contour integration comes from a 

number of lines of convergent evidence for its involvement in processing whole shapes. For 

example, an fMRI study demonstrated increased blood flow to V4 when observers were 

presented with whole objects rather than highly fragmented versions of the same images, 

while V1 responded equally to scrambled and non-scrambled images (Grill-Spector et al., 

1998). This highlights the distinction between the relatively local processing in V1 compared 

to the global processing in V4.  Another fMRI study showed increased blood flow to V4 

when observers were presented with concentric and radial gratings, patterns which both 

require reference to the entire stimulus rather than just a segment, thus involving global 

processing (Wilson, Wilkinson, Lin, & Castillo, 2000). V4 is involved in an intermediate 

stage of shape processing; information coded by V4 neurons is believed to be pooled in later 

stages of the ventral stream such as the inferotemporal cortex (IT) to form representations of 

more complex whole shapes (Brincat & Connor, 2004, 2006) . These later stages of visual 
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processing contain cells selective for specific stimuli such as faces (Hasselmo, Rolls, & 

Baylis, 1989; Ungerleider & Bell, 2011).  

Processing in V4 has been investigated using stimuli called Radial Frequency (RF) 

patterns (Loffler, Wilson, & Wilkinson, 2003; Wilkinson, Wilson, & Habak, 1998). RF 

patterns are closed contour shapes created by deforming a circle through sinusoidal 

modulation of the radius as a function of polar angle (see Figure 1). Portions of RF patterns 

can be modulated for any given number of cycles of fixed wavelength up to that required to 

modulate a full circle (2 π radians) (see Figure 2A). The amplitude of the sine wave used to 

modulate the radius determines the amount of deformation from circular, with larger 

amplitudes resulting in larger curvatures on the pattern (see Figure 2B). Lesions to V4 result 

in elevated thresholds for detecting global form in these patterns, but local processing 

remains intact (Gallant et al., 2000), demonstrating that RF patterns can be used to measure 

processing in this region. 
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Figure 1. Formation of an RF5 pattern. Black lines show A) the sinusoidal function used to 

modulate the radius, and B) the resulting pattern with polar coordinates. Red lines show the 

radius and the pattern of a circle for comparison. 

 

Figure 2. A) An RF5 pattern with one through to five cycles of modulation from left to right. 

B) An unmodulated circle followed by fully modulated RF5 patterns at modulation 

amplitudes of .012, .025, .05 and .1. 

As more cycles are added (see Figure 2A), the number of local cues that differ from 

circular increases. Given this, thresholds for detection would be expected to decrease as 
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cycles are added even if detection were performed on the basis of single local orientation 

differences. To account for this improvement in performance, previous researchers have 

calculated a probability summation estimate of the decrease in threshold that would be 

expected as cycles are added if detection were being performed using local shape differences 

because of probability summation (Loffler et al., 2003). If the obtained decrease in threshold 

is significantly steeper than the probability summation prediction, the pattern is believed to 

be globally processed. High AQ adults and low AQ adults have similar average thresholds 

for detection of RF3 patterns, but high AQ observers have shown a significantly steeper 

integration slope mapping the improvement of thresholds as more cycles are added, 

indicative of more efficient pooling of visual features around the contour of the pattern 

(Almeida et al., 2014) 

Processing in key motion areas V5 and V3a (Brieber et al., 2010) has been 

investigated using Global Dot Motion (GDM) tasks (Newsome & Pare, 1988). The visual 

system is believed to process these stimuli by detecting the local motion signals of individual 

dots in cortical area V1 and integrating them across space in cortical area V5 to give a 

percept of global motion (Ball & Sekuler, 1980; Bogfjellmo, Bex, & Falkenberg, 2014; 

Edwards & Badcock, 1994; Hill, 2004). When low spatial frequencies are removed from 

these stimuli, global motion perception is unimpaired, suggesting this cannot be the result of 

motion detectors with coarse spatial scale receptive fields (Smith, Snowden, & Milne, 1994). 

In addition, damage to MT in rhesus monkeys (thought to be equivalent to part of human V5) 

results in elevation of thresholds on this task, supporting the suggestion that GDM stimuli are 

likely to tap V5 processing (Morrone et al., 2000; Newsome & Pare, 1988).  An fMRI study 

using human observers also lends support to this suggestion, showing activation of the 
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homologous region in the human brain when observers viewed GDM stimuli (Morrone et al., 

2000). Brieber et al. (2010) found that in neurotypical observers, increased activity in 

response to high level coherent motion (40%, 60% or 80%, which can be expected to be 

suprathreshold for most individuals) compared to that with random motion also occurred in 

the superior parietal cortex (cortical area V3a), however this was not the case for autistic 

observers, who showed no significant difference in V3a activity between coherent and 

random motion. This implies there is a difference in the neural areas that autistic and non-

autistic individuals recruit to complete the task.  

Stimuli for GDM tasks are fields of moving dots with starting points scattered 

randomly, usually presented throughout a circular aperture. These stimuli are comprised of 

signal, the proportion of dots moving in a common direction yielding global motion, and 

noise, the remainder of the dots moving in random, non-coherent directions. Several 

variations of these tasks exist in the literature, all of which involve participants being asked 

to make a judgement about the direction or speed of the global motion of the field of dots 

(e.g. Edwards & Badcock, 1994; Kuwayama, 2011; Scase, Braddick, & Raymond, 1996; 

Watamaniuk & Sekuler, 1992). These tasks sometimes use a single interval procedure where 

participants are shown one field of dots and are required to indicate the direction of the 

coherent motion (e.g. Ball & Sekuler, 1980; Milne et al., 2002). Other times they employ a 

two-interval forced-choice (2IFC) procedure where one interval contains the target motion 

direction and the other is composed entirely of random motion, and participants are asked to 

indicate which set contains the coherent motion (Badcock & Khuu, 2001; Tsermentseli, 

O’Brien, & Spencer, 2008; Webster, Edwin Dickinson, Battista, McKendrick, & Badcock, 
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2011). The proportion of dots that need to be moving coherently for the participant to reliably 

make a correct response is taken as their global motion threshold. 

Some studies find evidence that relative to neurotypical controls, autistic people show 

impaired processing of global motion (Milne et al., 2002; Pellicano et al., 2005). This finding 

has been replicated in high AQ relative to low AQ individuals (Grinter, Maybery, et al., 

2009); though inconsistency in findings has also been obtained, with some previous work 

having reported equivalent (Milne et al., 2006) or even superior (Manning, Tibber, Charman, 

Dakin, & Pellicano, 2015) performance on this task in clinical groups. However, Manning et 

al. (2015) employed unlimited-lifetime dots, meaning that the same dots carried the motion 

signal on every frame. This theoretically would allow observers to complete the task by 

either tracking the local motion of individual dots rather than requiring them to average the 

direction of motion over the entire stimulus or by noting the presence of numerous streaking 

lines with the same orientation. In contrast to this, Milne et al. (2002) employed dots that had 

a lifetime of four animation frames, while Milne et al. (2006) employed dots that had a 

lifetime of three animation frames. Pellicano et al. (2005) and Grinter, Maybery, et al. (2009) 

randomly selected the dots carrying the motion signal on every frame, meaning observers 

were unable to complete the task by tracking the trajectories of individual dots. Therefore, it 

seems to be the case that the easier it is to track individual dots, the better autistic observers 

perform on global motion tasks, although further research directly addressing the issue would 

be needed to confirm this.  

In contrast to the deficit in global motion perception, the literature demonstrates that 

autistic and high AQ people show intact or superior integration of closed contours (Almeida 

et al., 2010a; Grinter et al., 2010) and superior performance on figure disembedding and 
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visual search tasks (Almeida et al., 2010a, 2010b, 2013, 2014; Happé & Frith, 2006) relative 

to appropriate control groups. While it is unlikely that any single cognitive or neural 

mechanism can explain autism given the apparent diversity of this diagnosis (Davis & 

Plaisted-Grant, 2014; Happé, Ronald, & Plomin, 2006), differences in internal noise may 

provide at least a partial explanation for some features of autism and the broader phenotype, 

including visual abnormalities. It is widely accepted that visual perception is limited by both 

sensitivity to neural signal and noise in the visual system (Barlow, 1957; Levi, Klein, & 

Chen, 2007). This neural noise is known as internal or endogenous noise, and refers to the 

proportion of neuronal firing that is unrelated to the presence of signal (Barlow, 1956). 

Additive internal noise is random neuronal firing that is uncorrelated with external stimuli, 

while multiplicative noise is proportional to the intensity of external stimuli (Lu & Dosher, 

1999).  

Internal noise has conventionally been measured behaviourally using the n-pass 

method (Burgess & Colborne, 1988), which is a method that involves taking a measure of 

participants’ response inconsistency, which for brevity we will refer to as noise for the 

duration of this paper. This method involves presenting observers with a set of identical 

stimuli a number of times (typically 2 or 3) and calculating their response consistency across 

runs. Any variation in observer response to identical stimuli is assumed to reflect internal 

noise. Because multiplicative noise is proportional to external input level (Lu & Dosher, 

1999), using stimuli with little to no external noise and weak signal provides an estimate of 

additive noise. On the other hand, differences between thresholds for stimuli with no external 

noise and stimuli with a high level of external noise can indicate a change in multiplicative 
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internal noise (Wagner, Manahilov, Loffler, Gordon, & Dutton, 2010; Webster et al., 2011), 

which would produce larger differences with higher noise levels. 

There is evidence to suggest that autistic people have diffuse differences in 

neurological connectivity resulting from abnormal brain development (Geschwind & Levitt, 

2007) which might be expected to impact on neurological noise. Several authors have 

suggested that autistic individuals may show increased levels of internal noise compared to 

neurotypical controls on sensory tasks (Dinstein et al., 2012; Milne, 2011; Sanchez-Marin & 

Padilla-Medina, 2008). For example, Sanchez-Marin and Padilla-Medina (2008) found that a 

group of autistic children performed significantly more poorly than neurotypical children at 

detecting a bright bar embedded in Gaussian noise across a range of signal-to-noise ratios, 

and suggested that this could reflect increased internal noise. It is important to note, however, 

that their groups were not matched for cognitive ability, and the majority of the autistic 

sample attended special education, suggesting that they may have had intellectual disability. 

This discrepancy could have impacted on the results (Simmons et al., 2009). In an EEG 

study, autistic individuals showed greater visual-evoked response variability (i.e. variability 

in EEG signal) than typically developing individuals in response to passively viewing Gabor 

patches at 68% contrast and at spatial frequencies of 0.5, 2, 4 and 8 cycles per degree (Milne, 

2011). An fMRI study supported these results, finding neural responses were equivalent in 

average size across groups, but were more variable in autistic than neurotypical individuals in 

response to visual, auditory and somatosensory tasks (Dinstein et al., 2012). The visual task 

employed in this study required participants to passively view a test stimulus and an adaptor 

stimulus, both of which were fields of white dots moving radially. The test stimulus either 

moved in the same or the opposite direction to the adaptor stimulus. This task bears 
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resemblance to a GDM task, and would likely tap dorsal stream processing, although the 

paper does not specify whether the dots were limited lifetime or not. Both (Milne, 2011) and 

Dinstein et al. (2012) suggested that their findings of more variable neural responses may 

reflect increased levels of internal noise in autistic individuals. 

Additionally, Davis and Plaisted-Grant (2014) argue that findings of more variable 

neural responses on EEG and fMRI (Dinstein et al., 2012; Milne, 2011) could in fact be 

explained by reduced internal noise in autism (Ermentrout, Galán, & Urban, 2008). Davis 

and Plaisted-Grant (2014) claim neural noise arises within small-scale neural networks and 

would not necessarily be reflected on EEG or fMRI given their relatively coarse spatial 

resolution, and as such, they may not be appropriate tools for measuring internal noise. 

Variability within small-scale responses (i.e. high levels of internal noise), the claim, would 

be expected to stabilize the large-scale variability that is detected by the course spatial 

resolution of EEG and fMRI, meaning that a more variable EEG or fMRI might be due to 

less noise within small-scale networks. It is however important to note that the impact of 

internal noise on an EEG or fMRI reading would depend on whether the distribution of noise 

is symmetrical, i.e. whether it is equally likely to facilitate performance as it is to degrade 

performance. If we assume that the small-scale networks in question have normal 

distributions of noise and variance, then averaging the signal across a number of these 

networks would be expected lead to more, not less, variability within EEG or fMRI signal. 

Therefore, we would argue that these course measurements are likely to be appropriate 

estimates of noise within smaller-scale networks.  

Furthermore, Vilidaite, Yu, and Baker (2017), using contrast perception (using 

horizontal sinusoidal low spatial frequency gratings), facial expression recognition and 
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number summation tasks, found that global internal noise estimates across the three tasks 

positivelpoy correlated with scores on the AQ, which they argue provides support for the 

notion that this feature of autism extends to the broad phenotype.  

 If autistic and high AQ individuals have higher levels of internal noise than 

neurotypical individuals in response to visual stimuli, it might seem intuitive that they would 

show poorer performance across visual tasks. However, Simmons et al. (2009) proposed that 

increased internal noise can result in enhanced, not degraded, information processing at 

times. The visual system is of course unable to distinguish between neural signal and noise, 

and as such, there are times where an optimal amount of neural noise might provide the 

necessary additional signal to reach a correct decision criterion. This property of  neural 

noise has been referred to as stochastic facilitation or stochastic resonance (Kundu & Sarkar, 

2015; McDonnell & Ward, 2011). However, if stochastic resonance is equally likely to result 

in pushing detectability below threshold and pushing detectability above threshold, then this 

should not result in an overall improvement in performance. Averaging performance across 

many trials should mean that trials on which noise results in poorer performance should 

balance out trials on which stochastic facilitation occurs. A model of more noise therefore is 

difficult to reconcile with superior task performance. Of course, it is currently unknown 

whether stochastic resonance is equally likely to work in both directions, although previous 

work suggests that it can either facilitate or impair performance (Kundu & Sarkar, 2015).   

An alternative hypothesis is that autistic individuals may in fact have decreased levels 

of internal noise compared to their neurotypical peers (Davis & Plaisted-Grant, 2015; 

Greenaway, Davis, & Plaisted-Grant, 2013). Two tasks (steady pedestal and pulsed pedestal) 

can be employed to distinguish between the magnocellular and parvocellular pre-cortical  
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pathway function (Pokorny, 2011; Pokorny & Smith, 1997). Each task has an identical test 

stimulus arrangement of four squares in which the observer is required to indicate which 

square differs in luminance from the other three. However, in the pulsed pedestal paradigm, 

the four square arrangement is present only during the trial period, whilst in the steady 

pedestal paradigm, the four squares are presented at equal luminance during the adaptation 

phase, and the luminance of the target square is suddenly altered in the test phase. The 

rationale for these two tasks is that the magnocellular pathway is most responsive to rapid 

changes in contrast, whilst the parvocellular pathway is most responsive to steady contrast 

levels (Kaplan & Shapley, 1986). As such, the steady pedestal task adapts the parvocellular 

pathway leaving only the magnocellular pathway functioning, while the reverse is true for the 

pulsed pedestal task. Greenaway et al. (2013) employed these tasks and demonstrated that 

autistic participants have elevated thresholds on the steady pedestal task but not on the pulsed 

pedestal task. Greenaway et al. (2013) argue that while this pattern of results has traditionally 

been interpreted as a selective magnocellular deficit, this account cannot parsimoniously 

explain the full visual profile of autism, as autistic participants show deficits on some tasks 

that have traditionally been considered measures of parvocellular functioning, such as a 

deficit in contrast detection in gradual onset static Gaussian patches, but not moving 

Gaussian patches (Davis, Bockbrader, Murphy, Hetrick, & O’Donnell, 2006). Greenaway et 

al. (2013) argued that this overall pattern of results might be explained by reduced levels of 

internal noise, as hyporeactivity would result in reduced activation in V1 cells that respond to 

orientation and other shape information, rendering these cells less responsive to low contrast 

stimuli.   
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Davis and Plaisted-Grant (2014) further developed the theory of reduced internal 

noise, stating that autistic observer’s variable performance on visual tasks – sometimes 

poorer than controls, sometimes equivalent and sometimes better – might be dependent on 

the level of external noise present in the stimulus. In the case of stimuli with very low levels 

of external noise, such as visual acuity and contrast sensitivity tests, stochastic facilitation 

may operate in neurotypical participants due to higher levels of internal noise, negating what 

would otherwise be an advantage for autistic individuals. However, for stimuli with higher 

levels of external noise, they argue that stochastic resonance may reach equivalence between 

groups, leading to an advantage for autistic observers (see also Kundu & Sarkar, 2015).  

What neither of these theories takes into account is that the level of internal noise can 

vary across tasks. Webster et al. (2011) directly measured levels of internal noise on global 

dot motion, spiral global motion and global form (Glass pattern) tasks in migraineurs and 

controls. They found that although internal noise estimates did not differ between groups, 

they varied across the three tasks. In a further study, Webster, Dickinson, Battista, 

McKendrick, and Badcock (2012) found that migraineurs did have increased levels of 

multiplicative noise on a contrast detection task, and increased additive noise on a global 

form task. It is important to remember that different visual tasks primarily target different 

cortical areas, e.g. global motion tasks are thought to primarily target dorsal stream areas 

such as V5, while the contrast detection task employed by Webster et al. (2012) is thought to 

primarily target area V1, so it is unsurprising that the level of internal noise might differ 

between cortical areas. Even tasks that tap functioning in the same cortical area may show 

different patterns of results; Webster et al.’s (2012) results suggested that the V1 mechanisms 

that processed contrast detection, but not orientation, were altered in migraineurs.  
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In the current study, we directly measured levels of internal noise in the broad autism 

phenotype employing the n-pass method on two tasks: a global dot motion task, a task which 

by its nature contains some external noise, on which high AQ and autistic individuals have 

previously been found to perform more poorly than comparison groups (Grinter, Maybery, et 

al., 2009; Pellicano et al., 2005), although not consistently – see Manning et al. (2015), and 

an RF modulation detection task, on which high AQ individuals have previously been found 

to perform at equivalent detection levels to low AQ individuals at very low levels of external 

noise, although high AQ individuals showed superior contour integration to low AQ 

individuals (Almeida et al., 2014). Our aim was to determine whether high and low AQ 

groups differ in their level of internal noise on these tasks. We employed two forms of the RF 

modulation detection task: one with no added external noise, and one with a high level of 

added external noise (through random displacement of contour elements), allowing us to 

tease apart whether any advantage found for either group is likely to be due to a difference in 

additive or multiplicative noise.  

Method 

Observers 

Seven hundred and seventy-five students enrolled in a first year psychology unit 

voluntarily completed screening on the AQ. Ethics approval was obtained from the 

University of Western Australia Human Research Ethics Office. Of these students, those 

scoring in the lower (< 11) and upper (> 23) 15% of the distribution of scores (following 

Almeida, 2010a) were invited to participate in the study for course credit. Thirty Low AQ 

and 27 High AQ volunteers participated in the study. Prior to commencing the experiment, 

participants read an information sheet and gave informed consent.  One low AQ observer 
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was removed from analysis due to having poor visual acuity (9.6/6; > 3SD below the mean 

for all participants), leaving a total sample of 56. All other observers had normal or 

corrected-to-normal LogMAR visual acuity. Descriptive statistics for participant 

demographics are presented in Table 1.  

Table 1. Descriptive Statistics for Participants 

 AQ Score M:F Age 

 M (95% CI) Range  M (95% CI) Range 

High AQ 26.67 (25.39-27.94) 24-33 9:20 20 (17.99-22.01) 17-43 

Low AQ 8.66     (7.57-9.73) 2-11 10:17 21.28 (18.44-24.12) 17-46 

 

Groups did not differ significantly in general intelligence, assessed with Wechsler 

Adult Intelligence Scale – Fourth Edition (WAIS-IV) subscales (Vocabulary: t(54) = .6, p = 

.55,  Matrices: t(54) = 1.45, p  = .15), gender (t(54) = .47, p = .64), or age (t (54) = .74, p = 

.46). Note that WAIS-IV scores reported here are standard scores, which have a mean of 10 

and a standard deviation of 2. WAIS-IV scores are reported in Table 2.  

Table 2. WAIS-IV Standard Scores for Participants 

 

 Matrix Reasoning Vocabulary 

 M (95% CI) Range M (95% CI) Range 

High AQ 11.11 (10.13-12.09) 4-16 12.41 (11.18-13.63) 5-17 

Low AQ 10.24 (9.31-10.89) 6-14 11.93 (10.84-12.96) 6-16 
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Apparatus 

Visual acuity was assessed by LogMAR. All experimental stimuli were drawn using 

custom software in MatLab 7.0.4 (Mathworks, Natick, MA, USA). Stimuli were stored in the 

frame store of a Cambridge Research Systems VSG 2/3 graphics card housed in a PC with a 

Pentium processor. Stimuli were presented on a Sony Trinitron G520 monitor with a screen 

resolution of 1024 x 768 pixels (34° 08’ x 25° 36’) with a frame rate of 100Hz, a mean 

luminance of 45 cd/m2, a maximum luminance of 90 cd/m2, and a Weber contrast of 1. A 

chin rest was used to maintain a viewing distance of 65cm, at which distance one pixel 

subtended 2’ of visual angle.  

The Autism Quotient (AQ) (Baron-Cohen et al., 2001), a 50-item self-report measure, 

was used to measure autistic-like traits. Scores range from 0-50, with a higher score being 

indicative of more autistic-like traits.  

 

Stimuli  

For both psychophysical tasks, we ensured stimuli were identical across the three 

runs. 

 

Global Dot Motion (GDM) Task 

 This task was identical to that used by Webster et al. (2011). Stimuli for the GDM 

task consisted of sets of 100 dots with a diameter of 8.6 arc min. Dots were white (75 cd/m2) 

on a black background (0.5 cd/m2). Dots were placed randomly, and then given apparent 
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motion using 8 frames each shown for 50ms.  Dots were randomly allocated as signal or 

noise dots on each frame transition in order to prevent participants from tracking the local 

motion of individual dots. Stimuli for the repeated runs were identical in these assignments.  

The method of constant stimuli (MOCS) was chosen to control stimulus presentation, 

meaning GDM stimuli were displayed at 7 coherence levels, with each coherence level 

displayed 20 times (using different image sets), giving a total of 140 trials. A two-interval 

forced-choice (2IFC) procedure was employed, meaning that each trial consisted of a pair of 

stimuli, presented one after the other.  One of these stimuli had all dots moving in 

randomised directions, while the other had a given percentage conforming to a coherent 

motion direction (always rightwards) and the remainder moving in random directions (not 

permitted to be within 10° of the target direction). The noise dots moved the same distance as 

the signal dots, maintaining speed while randomising direction on each frame. Observers 

were asked to indicate using a button box which of the two stimuli, first or second, contained 

the most dots moving to the right.  

 

Radial Frequency (RF) Pattern Task  

All stimuli for this task were RF3 patterns with three cycles of modulation. The 

radius of an RF pattern (R) at a given polar angle relative to the X axis (θ) is given by the 

formula:  

  

𝑅(𝜃) = 𝑅𝑜(1 + 𝐴𝑠𝑖𝑛(𝜔𝜃 + 𝜑))         (1) 
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Where Ro is the mean radius of the pattern and the radius of the base circle, A is the 

amplitude of the sine wave, ω is the radial frequency of the pattern, and φ is used to 

randomise the phase of the modulation, which changes the apparent orientation of the 

pattern. A spatial jitter was applied to the midpoint of the pattern to prevent distance from the 

edge of the monitor from being used as an alternative cue to shape changes. The RF patterns 

were composed of 36 Gabor patches placed at equal intervals along the contour defined using 

Equation 1.  

Each Gabor patch’s radial position was specified by the equation:

         
   

2 2

2
,   .cos 2 ( ) cos )  exp ( )

2

x xmid y ymid
L x y c f y ymid sin x xmid  



  
      (2)   

Where L(x,y) is the luminance profile across the x and y coordinates, c is the contrast 

of the pattern, f is the spatial frequency of the carrier grating (3.75 cycles per degree in this 

experiment), x and y are the horizontal and vertical dimensions of the pattern respectively in 

degrees of visual angle, θ is the angle of the pattern, σ is the standard deviation of the 

Gaussian envelope, and x-mid and y-mid are the midpoints of the patch.  

The Gabor patch’s orientation was also adjusted to be appropriate for a segment of 

the contour at the radial position following (Dickinson, Harman, Tan, Almeida, & Badcock, 

2012) using the equation: 

α(θ)  =  arctan (
3Acos(3θ+φ)

R(θ)/Ro
)      (3)  

Where R(θ) is derived using Equation 1 above.  

For RF patterns with added noise, Gabor patch contour elements were randomly 

displaced from the RF contour by a maximum of ±8 pixels (16’ of visual angle). The noise 
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positions were drawn at random from a uniform distribution. This noise was added by 

displacing contour elements along radial lines from the centre of the RF passing through the 

centre of the Gabor. The jitter did not alter the orientation of the Gabor patches. RF3 patterns 

were displayed at 9 amplitude levels, and each amplitude level was displayed 20 times, 

giving a total of 180 trials. The 2IFC/MOCS procedure is such that each trial consists of a 

pair of stimuli with each presented for 160ms, separated by a 500ms inter-stimulus interval.  

One of these stimuli is an unmodulated circle and the other is an RF3 pattern. Observers were 

asked to indicate, using a button box, which of the two stimuli, first or second, was the RF3 

pattern. Participants completed two conditions using RF3 patterns; one with standard RF3 

patterns and the other with RF3 patterns with external noise added to the contour.  

 

Procedure 

 Visual acuity was assessed first, then vocabulary and matrix reasoning subtests of the 

WAIS-IV were completed.  

 Following this, the GDM and RF tasks were conducted in a darkened room to 

minimise interference with luminance from other light sources. Participants were given 50 

practice trials per condition before beginning the test blocks. The three visual tasks (GDM, 

RF patterns with and without visual noise) were completed in randomised order by each 

participant. Participants completed three runs of each of the three tasks. Within each task, 

each of the three runs contained the same set of stimuli. Stimuli were randomly interleaved 

within runs of testing, however each stimulus always appeared in the same interval across the 

three runs. Breaks were taken at appropriate times between runs as required. Total testing 

time was approximately 2 hours, depending on response times.  



130 
 

Data Analysis 

 Data analysis methodology was consistent across the global dot motion task and the 

RF detection task with and without added external noise. Data representing proportion 

correct as a function of signal level for each participant were described separately using non-

linear regression by fitting with a Quick function (Quick, 1974; Wilson, 1980): 

𝑝(𝐴) = 1 − 2(−(1+(
𝐴

∆
)

𝑄
))

                                         (4) 

Where A is the amplitude of the deformation, ∆ is the 75% correct threshold, and Q controls 

the slope of the psychometric function. Participants for whom the r2 value of the non-linear 

regression was below 0.6 were not included in data analysis, following previous authors 

(Grinter et al., 2010), as this suggests that the psychometric function is not well described for 

that observer. 

  

Data Screening and Cleaning 

Group data for high and low AQ observers was screened for normality separately. A 

series of D’Agostino-Pearson omnibus normality tests were conducted for each task. Where 

data were non-normally distributed, a base-2 logarithm was used to transform the data. 

Where this failed to correct the distribution, non-parametric tests were employed. Data were 

screened for outliers using criteria following Motulsky and Brown (2006) with the parameter 

q, a value that controls the “false discovery rate” (not to be confused with Q in Equation 4), 

set to the recommended level of 1%. This means researchers can expect fewer than 1% 

statistically significant outliers to be false positives. 
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Results 

For the tasks in this study, psychometric functions should range from approximately 

chance (50% correct) to near perfect performance (close to 100% correct). There was no 

statistically significant difference in terms of the minimum or maximum performance level 

on psychometric function between high and low AQ observers for the GDM task, RF task 

with added noise or RF task without noise.  

For the GDM task, 17 high AQ and 18 low AQ participants met the goodness-of-fit 

criterion (including all those whose r2 was above .5, giving Ns of 21 and 26, did not change 

the pattern of results, so those with r2 above .6 are reported here). For the RF detection task 

with no added external noise, 26 high AQ and 29 low AQ participants met this criterion, and 

for the RF detection task with added external noise, 24 high AQ and 29 low AQ participants 

met the criterion.  

Three out of the 6 data sets were non-normally distributed. Taking the base-2 

logarithm corrected the distribution for two of these three data sets. The data set that 

remained non-normally distributed was the high AQ data for the RF detection task with 

added external noise, and therefore a Mann-Whitney U-test was employed to compare data in 

this condition.  

Two thresholds (one high and one low AQ participant) from the RF detection task 

with added noise were identified as outliers and removed from data analysis.  

The thresholds for each observer in each group on each task are presented in Figure 5. 

A Mann-Whitney U-test revealed that thresholds did not significantly differ between groups 

on the GDM task (upper plot: t(32) = 1.11, p = 0.28) or the RF detection task without noise 
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(lower plot: t(50) = 0.37, p = 0.71). However, for the RF detection task with added noise 

(middle plot), the high AQ group (median threshold = .015) had significantly lower 

thresholds than the low AQ group (median threshold = .017), U = 184, p = .005, d = .66, 

indicating superior performance by high AQ observers on this task. Data are presented in 

Figure 3.  
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Figure 3. Thresholds for high and low AQ groups on the GDM task and the RF Detection 

Task with and without external noise. 
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Noise estimates have traditionally been calculated by performing bivariate 

correlations between each possible pairing of the n runs completed by the participant, taking 

the mean of these n correlations, and subtracting this value from 1 (Lu & Dosher, 1999; 

Wagner et al., 2010; Webster et al., 2012; Webster et al., 2011). Here we examined the 

number of consistent responses for each stimulus. The method of scoring in the current study 

is likely to be a much more sensitive measure of response consistency. For instance, three 

trial runs could provide similar accuracy scores for an individual, but the individual could 

have been highly inconsistent within each run in responding to identical stimuli. An extreme 

example of this would be when a participant responds randomly, which may mean similar 

accuracy rates (50%) across runs, whereas within-run consistency would be at chance. This 

method means that a higher value is indicative of more consistent responses and therefore 

less internal noise. Only observers whose psychometric functions had adequate goodness-of-

fit in the analyses of detection thresholds were included in the internal noise analysis, as a 

reasonable r2 value ensures observers were attending to the task.  

Noise estimates for all tasks were normally distributed for both groups. One low AQ 

participant’s noise estimate for the RF detection task with external noise was identified as an 

outlier and therefore excluded from the analysis. There was no significant difference between 

groups in the GDM task, (t(33) = 0.44, p = .67), or the RF task without external noise (t(49) 

= .34, p = .74), but there was a small significant advantage for high AQ observers in that they 

showed more consistent responses on the RF task with external noise than the low AQ group, 

t(49) = 2.13, p = .04. Data are presented in Figure 4.  
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Figure 4. Estimates of internal noise for high and low AQ groups on the RF detection task 

with and without added external noise and the GDM task. Note that higher values indicate a 

greater proportion of consistent responses i.e. less internal noise.  
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Discussion 

 This study aimed to examine whether levels of internal noise differed between 

typically developing individuals with high levels of autistic-like traits and typically 

developing individuals with low levels of autistic-like traits on two psychophysical tasks: a 

global dot motion task and an RF detection task. Additionally, the study aimed to tease apart 

differences in additive and multiplicative noise by including both a very low and very high 

external noise version of the RF detection task.  

 The results of the current study showed that the high AQ group exhibited more 

consistent responses on the RF detection task with a high level of external noise than the low 

AQ group, which suggests that individuals with more autistic traits have less internal noise. 

However, the groups did not differ in the consistency of their responses or their thresholds on 

the RF detection task without added external noise. As the groups differ on the RF detection 

task with a high level of external noise, but not on the task without added external noise, this 

suggests that the groups differ in multiplicative, not additive, internal noise (Loffler, 2008; 

Wagner et al., 2010; Webster et al., 2012; Webster et al., 2011). Consistent with this finding, 

the high AQ group also showed lower thresholds (i.e. superior performance) than the low AQ 

group on the RF detection task with added external noise, however the groups did not differ 

in threshold on the RF detection task without added external noise. As elevated internal noise 

would generally be expected to impair performance on form detection tasks, it is intuitive 

that the task on which the high AQ group showed reduced internal noise is also the one 

where they show superior performance. There were no group differences in either 

consistency of responses or thresholds on the GDM task, thought to tap areas V5 and V3a.  
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Collectively, results of the current study suggest that high AQ individuals have lower, 

not higher, levels of multiplicative internal noise on a simple form detection task that is 

thought to primarily target area V4. Our findings are consistent with Davis and Plaisted-

Grant’s (2014) account of reduced internal noise in autism, as they predict that groups will be 

equivalent in very low noise conditions, but that an advantage for autistic participants will 

become evident at higher noise levels due to more equivalent stochastic facilitation between 

groups (though note this account only works for multiplicative noise, where noise levels are 

very high). 

Conversely, results of the current study may seem inconsistent with findings of 

Vilidaite et al. (2017), as well as those of Milne (2011) and Dinstein et al. (2012), given they 

argue for increased, not reduced, noise in high AQ and autistic individuals respectively. 

However, they employed different tasks to the ones in the current study, and as mentioned 

earlier, multiplicative noise can of course differ across different visual tasks given it is 

dependent on the properties of the stimulus (Dickinson, McGinty, Webster, & Badcock, 

2012; Webster et al., 2011).   

The fact that high and low AQ groups did not differ in either threshold or level of 

internal noise on the GDM task employed in the current study warrants discussion, as this is 

inconsistent with previous literature (Grinter, Maybery, et al., 2009; Pellicano et al., 2005). 

Davis and Plaisted-Grant (2014) argued that two opposing mechanisms can explain findings 

of equivalent or even superior dot motion thresholds in autism; while autistic people show 

enhanced local motion perception, this is at the expense of a reduced ability to globally 

integrate motion due to enhanced stimulus discrimination. They argue that, at times, 

enhanced local sensitivity may counteract poor global pooling depending on the stimulus 
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properties. The current study is the first paper to our knowledge, however, that has 

demonstrated a finding of equivalent GDM thresholds for high and low AQ observers. 

Grinter, Maybery, et al. (2009) reported higher motion coherence thresholds in high AQ, 

compared to low AQ, observers.  

The GDM task in the current study was similar to GDM tasks employed by Pellicano 

et al. (2005), though somewhat different from that employed by Grinter, Maybery, et al. 

(2009) which presented concentric, rather than translational, motion. These stimulus 

characteristics are likely to be important, since neurotypical observers show differing 

sensitivity to centripetal/centrifugal motion and translational motion  (Edwards & Badcock, 

1993). A number of studies demonstrate that the processes required for different types of 

motion can vary, and therefore the cortical regions involved could well also differ (Badcock 

& Khuu, 2001; Duffy & Wurtz, 1991; Morrone, Burr, & Vaina, 1995; Morrone et al., 2000). 

Given noise estimates vary across tasks, this is one possible explanation for the discrepancy 

between findings of the current study and those of Grinter, Maybery, et al. (2009). Pellicano 

et al. (2005) employed a translational motion task like the current study, although Pellicano 

et al. (2005) had a direction of motion that was up or down, and as such, required direction 

discrimination as opposed to the coherence detection used in the current study. However, 

there is no particular reason to expect that different directions of translational motion would 

recruit different neural mechanisms. The possibility of different patterns of results depending 

on a) whether motion is centrifugal or translational and b) whether the task requires direction 

discrimination or coherence detection warrants further investigation.  

As Pellicano et al. (2005) assessed clinically diagnosed autistic children rather than 

neurotypical high AQ adults, the discrepancy could be due to differences in performance 
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between individuals who meet clinical criteria for autism and those with subclinical autistic 

traits. Another possibility is that developmental trajectories may differ between groups, as 

Pellicano et al. (2005) had participants who were children, while individuals in the current 

study were adults. 

 A limitation of the current study is the large number of participants for whom 

adequate fit to GDM data could not be achieved, which reduced the sample size for this task. 

The reason for the high number of poor fits may be that this task was more difficult for 

participants than the RF detection tasks, and perhaps a wider range of coherence levels would 

remedy this in future studies. It may be the case that this left us with insufficient power to 

detect a group difference on this task, as has been found in previous studies. However, if 

anything, our data trend in the direction of the high AQ group having a lower mean threshold 

rather than a higher one, therefore more power would be unlikely to produce the expected 

outcome.   

Reduced, rather than elevated, levels of internal noise on form perception tasks in the 

broad phenotype are consistent with reports of enhanced performance on figure 

disembedding (Happé & Frith, 2006) and visual search tasks (O'Riordan, Plaisted, Driver, & 

Baron-Cohen, 2001) in autism, and superior visual search by high AQ individuals on tasks 

that employ RF3 patterns as target stimuli (Almeida et al., 2010a, 2010b, 2013, 2014). 

Reduced internal noise on such tasks would allow for superior target discrimination and 

reduced crowding effects of neighbouring items (Davis & Plaisted-Grant, 2014). It is 

important to note, however, that reduced noise is unlikely to be the only factor underlying 

superior visual search. Faster overall reaction times (Joseph, Keehn, Connolly, Wolfe, & 

Horowitz, 2009) and superior integration of curvature information around closed contours 



140 
 

(Almeida et al., 2014) are both possible mechanisms that could contribute to the search 

advantage (Davis & Plaisted-Grant, 2014). It is important that future research considers the 

possibility of multiple perceptual processes underpinning the visual talents and deficits 

shown in autism and the broader phenotype. 
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Chapter Four: Dissociation of Local and Global Contributions to Detection of Shape 

with Age 

This chapter has been published as follows:  

Cribb, S. J., Badcock, J. C., Maybery, M. T., & Badcock, D. R. (2016). Dissociation 

of local and global contributions to detection of shape with age. Journal of Experimental 

Psychology: Human Perception and Performance, 42(11), 1761-1769, doi: 

10.1037/xhp0000257 

 The chapter is presented here largely unchanged from the published version, with the 

exception of formatting changes in order to make it consistent with the rest of the thesis.  
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Abstract  

Radial Frequency (RF) patterns are a useful stimulus for assessing sensitivity to changes in 

shape. With these patterns it is possible to separate sensitivity to local curvature information 

from the ability to globally integrate information around the contour. Previous work has 

demonstrated that young, school-aged children are less sensitive to deformation in RF 

patterns than adults. However, since the efficiency of contour integration was not assessed 

age-related differences in performance could arise from either changes in the strength of 

global pooling of information, the sensitivity to local curvature information, or both. In this 

study, psychophysical methods were used to reassess changes in sensitivity to RF patterns, 

separating changes in sensitivity to local curvature information from changes in contour 

integration strength. Typically developing observers (aged 6-24, N = 104) were tested using a 

2-alternative forced-choice discrimination task with either one, two or three cycles of 

sinusoidal modulation in a pattern of fixed RF. Thresholds were lower for older observers but 

the rate of change, as more modulation cycles were added, was approximately constant. The 

results indicate this is due to changes in local curvature sensitivity and not to the strength of 

contour integration. 

Keywords: visual development; shape processing; radial frequency patterns; global 

integration; local sensitivity 
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Dissociation of Local and Global Contributions to Detection of Shape with Age 

Perception of the shape of contours is necessary to break a complex visual scene 

down into discrete objects, an ability that is required for most tasks that involve vision. 

Observers are highly sensitive to subtle changes in the shape of contours even when those 

paths are composed of separated Gabor patches embedded in noise (Field, Hayes, & Hess, 

1993) , though they are often more sensitive to closed than incomplete contours  (Kovacs & 

Julesz, 1993).  

While contour detection may seem a simple process, it requires input from a number 

of different mechanisms. Though some of the relevant visual processes such as visual acuity 

(Dobson & Teller, 1978) mature in the first year of life, other functions critical to contour 

detection have been found to continue to develop into adolescence and early adulthood. For 

example,  the ability to integrate such contour elements across space is poorer in children 

than adults (Kovács, 2000; Kovacs, Kozma, Feher, & Benedek, 1999) as is integration of a 

target contour with its context (Kaldy & Kovacs, 2003). In adult observers, when collinearity 

of contour elements is high, proximity of spaced contour elements is unimportant for contour 

integration,  however proximity of contour elements is important for contour integration 

when collinearity is low; For children, however, spatial proximity of contour elements limits 

the extent of contour integration regardless of collinearity (Hadad, Maurer, & Lewis, 2010b). 

Thus the early stages of processing elements of a contour are driven by the manner in which 

the contour is displayed, and performance can vary depending on the developmental maturity 

of the required processes. For example, sensitivity to luminance-defined contours has been 

shown to reach adult levels at age 9, while sensitivity to subjective contours did not reach 

adult levels until age 12 (Hadad, Maurer, & Lewis, 2010a). These variations may be used, in 
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turn, to help separate the sub-processes underpinning shape perception. Following the early 

processes which detect the properties of the local contour elements, such as position, contrast 

polarity, orientation, width, comes a second stage which globally pools curvature features 

around shapes (Loffler, 2015; Wilson & Wilkinson, 2014). This property of contour 

processing has been proposed following a range of studies on adult expert psychophysical 

observers but may also be dissociable through differential changes with age   (Perreault, 

Habak, Lepore, & Bertone, 2013; Wang, Morale, Cousins, & Birch, 2009). Radial Frequency 

(RF) patterns (Wilkinson, Wilson, & Habak, 1998) are a stimulus class that has been 

employed to measure the ability to integrate curvature information around contours. Two 

metrics of performance can be derived from their use: sensitivity to local curvature 

information, and ability to integrate this information together to form a global percept of 

shape (Almeida, Dickinson, Maybery, Badcock, & Badcock, 2014). Previous studies 

(Perreault et al., 2013; Wang et al., 2009) have found children are less sensitive to shape 

changes in RF patterns than adults, however, these studies did not differentiate between 

aspects of performance driven by detection of the local contour features and those reflecting 

the ability to pool this information around the contour. In the present study, we ask whether 

these two stages of processing are separable by monitoring how both change with 

chronological age. This knowledge will help localise the level of the visual system most 

likely to be responsible for the previously reported changes in shape sensitivity with age. 

We now present the current view of the critical stages of shape processing. The 

human visual system processes shape in the ventral stream. The traditional view suggests that 

the ventral stream is organised in a hierarchical manner with increasingly complex analysis 

occurring as the level of this hierarchy increases (Felleman & Van Essen, 1991; Wilson & 
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Wilkinson, 2015), beginning in area V1 and terminating in the inferotemporal cortex. 

However, more recent work (for a review, see Kravitz, Saleem, Baker, Ungerleider, & 

Mishkin, 2013) suggests the ventral stream is actually a complex network made up of 

multiple feedforward and feedback projections to at least 6 cortical and subcortical regions 

with distinct functions. The earliest stages of the ventral network process information across 

small areas of space and are sensitive to local contour information such as the orientation of 

line fragments (Hubel & Wiesel, 1968). At this early level, there is some limited pooling of 

information across receptive fields (Field et al., 1993; Gilbert, Das, Ito, Kapadia, & 

Westheimer, 1996; Polat & Sagi, 1994), however, it is insufficient to account for perception 

of whole shape contours (Loffler, 2008, 2015). In order to account for this kind of visual 

performance, the visual system must contain a mechanism that integrates local orientation 

and curvature information around shape contours. Such integration of local orientation 

information around shape contours is believed to occur at an intermediate stage of the ventral 

network , area V4 in monkeys (Pasupathy & Connor, 1999) and a functionally homologous 

area in humans (Bowden, Dickinson, Fox, & Badcock, 2015; Gallant, Shoup, & Mazer, 

2000; Wilkinson et al., 2000). The process of integrating information around contours has 

been referred to as global processing in many papers in the literature. Given the term “global 

processing” is used to refer to a number of distinct processes in different areas of the 

literature (e.g. perception of whole complex images in the Embedded Figures Test literature 

(Happé & Frith, 2006) or the detection of the large letters in Navon Figures (Navon, 1977), 

here, we use the term “global contour integration” for clarity to indicate that we are referring 

to a particular property of visual form processing.  
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RF  patterns have been used to demonstrate global integration of contour information 

(Loffler, Wilson, & Wilkinson, 2003; Wilkinson et al., 1998). These patterns are created by 

sinusoidally deforming the radius of a circle, resulting in smooth bumps on the contour 

(Figure 1a). The number of repetitions of the sinusoidal modulator required to fill 360o, its 

frequency, determines the shape of the pattern. For example, a pattern with a frequency of 3 

(RF3) when fully deformed has three bumps and appears similar to a triangle in shape when 

the modulation amplitude is appropriate; an RF4 can appear similar to a square, RF5 a 

pentagon and so on (see Figure 1b).  

 

Figure 1. a) From top to bottom, the equation used to create an RF pattern, an unmodulated 

circle and its polar plot, and an RF3 and an RF5 with their corresponding polar plots. b) 

Different frequencies of RF patterns (frequency is specified in the centre of each pattern), all 
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with modulation amplitudes (A) of 0.05. c) RF3 patterns at different amplitudes, from left to 

right: an unmodulated circle (amplitude = 0), amplitudes of .01, .03, .05, .07. d) From left to 

right, an RF 3 pattern with one, two and three cycles of modulation at an amplitude of .1. The 

value of rmean increases in the lower panels on the right to show the size change that results. 

 The amplitude (A in Eq 1 and Figure 1a) of the sinusoid determines the amount by 

which the contour of the circle is deformed (i.e. how pronounced the bumps on the contour 

are), with larger amplitudes leading to a pattern that is easier to discriminate from circular 

(see Figure 1c). An observer’s sensitivity to an RF pattern has typically been obtained by 

determining the amplitude needed to reliably discriminate the pattern from an unmodulated 

circle (shown in Figure 1c, far left).  

RF patterns can be constructed with any number of cycles of a fixed wavelength of 

the sinusoid up to the number required to deform the entire contour of the pattern (see Figure 

1d). It can be seen in Figure 1d that patterns with more cycles of deformation contain more 

local curvature information differing from that found in the circle. This means that if 

observers were using local features alone to make a shape judgement, they would have a 

greater chance of making a correct judgement as more cycles are added. In order to account 

for this, previous studies have calculated a probability summation estimate of the 

improvement that would be expected from using local cues alone to make a shape judgement 

as cycles are added to an RF pattern. In previous studies the conventional method employed 

for estimating probability summation has been to take the reciprocal of the average slope of 

the psychometric function (-1/Q, where Q is an estimate of psychometric function slope.) 

following Quick (1974), Loffler et al. (2003) and Bell and Badcock (2008). If the obtained 

improvement in detection of deformation significantly exceeds that predicted by probability 
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summation, the shape is shown to be processed globally. RF patterns with frequencies 

between 3 and 8-10 have been shown to be processed globally using this metric, while 

frequencies outside of this range are processed locally (Bell, Badcock, Wilson, & Wilkinson, 

2007; Bell, Dickinson, & Badcock, 2008; Hess, Wang, & Dakin, 1999; Jeffrey, Wang, & 

Birch, 2002; Loffler et al., 2003; Tan, Dickinson, & Badcock, 2013; Wilson & Wilkinson, 

1998). Those with frequencies exceeding ~8 that do not show global processing have results 

matching the estimate of probability summation (Loffler et al., 2003). Recently, it has been 

argued that probability summation would be better estimated using a derivation based on 

signal detection theory (Baldwin, Schmidtmann, Kingdom, & Hess, 2016; Kingdom, 

Baldwin, & Schmidtmann, 2015). The current study will provide both estimates to determine 

whether the conclusion of global processing at low RFs is still warranted.   

Two studies have investigated how sensitivity to fully modulated RF patterns 

improves across development but neither have dissociated local contour processing stages 

from global integration stages of shape processing. Both of these studies reported that 

primary school aged children (aged 7-12) are less sensitive to deformation in complete RF 

patterns than adults (Perreault et al., 2013; Wang et al., 2009), suggesting that one or more 

visual processes involved in detection of these patterns is still maturing within this age range. 

Wang et al. (2009) tested a total of 236 observers aged 0.25-78 years, concluding that 

thresholds did not reach the adult mean until age 21, but that some children had sensitivity in 

the adult range by age 7.  That thresholds asymptote at the age of 21 suggests that some 

visual processes underlying sensitivity to RF patterns may continue to develop into early 

adulthood. It is important to note that in Wang et al’s (2009) study, children younger than 2 

years of age responded to an RF6 pattern, while older children and adults responded to an 
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RF8 pattern. This use of differing stimuli may have impacted on results, as thresholds have 

been shown to vary with RF number, being lower for higher RF patterns (Dickinson, 

McGinty, Webster, & Badcock, 2012; Hess et al., 1999; Rajeev, Tan, Liyana, & Metha, 

2015; Wilkinson et al., 1998). When comparing the local orientations in RF patterns and 

circles at a particular amplitude, the differences vary with RF number, being greater for RF8 

than RF6. The size of the local orientation difference seems to be a critical cue for threshold 

detection of deformation (Dickinson et al., 2012) meaning observers obtain lower thresholds 

for RF8 patterns than RF6 patterns.  The use of a lower frequency pattern for younger 

observers may therefore have impacted on the developmental curve obtained by Wang et al. 

(2009). 

Perreault et al. (2013) tested observers who fell into three different age groups: 

children (7-12 years), adolescents (13-17 years) and adults (18-26 years). Observers were 

required to detect an RF3 and an RF5, which are known to be globally processed frequencies 

(Bell & Badcock, 2008; Jeffrey et al., 2002; Loffler et al., 2003; Tan et al., 2013), and an 

RF10, which is believed to be processed only locally  though some research has suggested 

global pooling may extend this far (Loffler et al., 2003). The authors reported that 

adolescents and adults were more sensitive to the shape in RF3 pattern than children, while 

the groups did not differ in their sensitivity to the RF10 pattern. On this basis, the authors 

suggested that sensitivity to local curvature information is adult-like in primary school aged 

children, while global contour integration is still developing.  

These previous studies have not measured sensitivity to RF patterns of fixed 

frequency but with different numbers of cycles, meaning they have not fit an integration 

slope to examine the extent of global pooling of contour information. The changes reported 



165 
 

could be due to changes in effectiveness of global contour integration, changes in sensitivity 

to local curvature information or changes in both of these factors across this age range. In the 

present study, the aim  is to first determine whether patterns are globally integrated, 

comparing the previously used  probability summation estimates with those based on signal 

detection theory, arising from more recent considerations. The study will then directly test 

whether the change in sensitivity to RF patterns across development is due to an 

improvement in local contour sensitivity or global contour integration, or both. A significant 

relationship between age and steepness of integration slope would indicate that global 

contour integration is still developing in children. A significant relationship between 

thresholds for detection of RF patterns and age, in the absence of a relationship between 

global contour integration and age, would suggest that it is sensitivity to local curvature 

information that is still developing. A significant relationship between age and both 

sensitivity to local curvature information and steepness of integration slope would suggest 

both of these factors are still developing in this age band.  

 

Method 

Observers 

Ethics approval for this project was obtained from the University of Western 

Australia (UWA) Human Research Ethics Committee. All observers, including children, 

gave signed informed consent. For participants younger than 17 years old, parents or 

guardians were encouraged to discuss possible participation with their child first and also 

gave signed informed consent for their child to take part in the study. 
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Observers were recruited through one of the following sources at UWA: Children’s 

Activity Program, enrolment in an undergraduate psychology unit, the School of Psychology 

Community Research Participation Pool or the Guild Volunteering website. One hundred and 

four observers, aged 6-24 years, with normal or corrected-to-normal visual acuity (6/6 acuity 

as assessed by Snellen chart) participated voluntarily in the study. The average IQ of this 

sample, assessed using the Wechsler Abbreviated Scale of Intelligence – Second Edition 

(WASI-II) (Pearson Assessment, 2011), (M = 109.8, SD = 12.88), was slightly above that of 

the published norms.  

 

Apparatus 

 Stimuli were created using custom software written in MatLab 7.9.0. Stimulus 

presentation was controlled using the PsyPad application software (Turpin, Lawson, & 

McKendrick, 2014) and stimuli were displayed on an Apple iPad Air with a resolution of 

2048 x 1536 pixels, a maximum contrast of 90%, a mean background luminance of 81.83 

cd/m2 (CIE1931 2o chromaticity coordinates: x = 0.314, y = 0.333), a maximum luminance 

of 340.27 cd/m2 and a frame rate of 60 Hz.  

 

Stimuli 

Stimuli were RF3 patterns. A frequency of 3 was chosen for two main reasons. 

Firstly, an RF3 results in a steeper integration slope than RF patterns of higher frequencies 

(Loffler et al., 2003) thus allowing more room for individual variation in the range indicating 

global processing. Secondly, fewer thresholds need to be measured for a complete integration 
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function when only 3 cycles of modulation fully modulate the shape and so the testing load 

on participants is reduced. 

The radius of an RF pattern (R) at a given angle (θ) is given by the formula: 

     meanR θ R   1 Asin ωθ φ          (1) 

In this formula, Rmean is the mean radius of the pattern (1.5ο of visual angle), ω is the 

radial frequency (i.e. the frequency of the sine wave used to modulate the pattern, which was 

always 3 for this study), φ is used to control the rotation (or phase) of the pattern which was 

randomised so the position of the lobes of the pattern was varied from trial to trial, and A is 

the amplitude of the modulation which was varied to estimate threshold. The mean radius 

was chosen following previous work from our research group (Grinter, Maybery, Pellicano, 

Badcock, & Badcock, 2010). Sensitivity to RF patterns has been shown to be size invariant 

within this range, (Wilkinson et al., 1998) so it is unlikely to have impacted on results.  

We developed RF3 patterns with one, two and three cycles of modulation (see Figure 

1d). A fully modulated RF3 pattern contains three cycles in 360o (2π radians). For patterns 

with fewer than three cycles of modulation, the transition between the modulated and circular 

parts of the pattern was smoothed using a profile matching the first derivative of a Gaussian 

(D1), following earlier authors (Dickinson et al., 2012; Loffler et al., 2003), to prevent the 

transition from serving as a distinctive local cue. RF patterns had a luminance profile defined 

by a Gaussian function with a full width at half maximum contrast of 5.62’ of visual angle.  

Each of the three stimuli was tested at nine amplitudes (see Figure 2), presented in 

random order using Method of Constant Stimuli, with 15 trials per amplitude completed by 

each observer, such that each observer completed 15 x 9 x 3 trials in total throughout the 
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experiment. The three stimuli were presented in three separate blocks (one block for each 

number of cycles) that were completed in counterbalanced order across participants. 

Amplitudes were chosen to cover the full psychometric function based on the results of prior 

studies which used similar stimuli and on the results of pilot testing a range of amplitudes on 

children, adolescents and adults.  
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Figure 2. Amplitudes tested for observers of different chronological ages for one, two and 

three cycles of modulation. The mean threshold obtained for observers tested on this range of 

amplitudes appears to the right of each range of amplitudes with 95% CIs.   

 

Procedure 

A two-spatial-alternative forced-choice procedure was used in which two patterns, 

one deformed from circular and one a circle, were presented simultaneously side by side on 

the screen. Stimuli had a mean radius of 1.5o and a centre-to-centre separation of 3.75o 

following Grinter et al. (2010). Each trial was presented for 500ms.  



169 
 

Observers viewed stimuli in a seated position in a darkened room from a distance of 

34.5cm such that each pixel subtended one minute of visual angle. Where testing was 

conducted in the lab, viewing distance was maintained using a chin rest. For 12 participants 

who completed testing at their homes, viewing distance was measured using a tape measure, 

and participants were instructed to maintain viewing at that distance and not to move closer 

or further away from the screen. The experimenter remained in the room throughout testing 

in order to ensure these instructions were followed. However, should any minor variation 

have occurred (e.g. if observers adjusted their posture during a trial), we do not expect that 

this would have impacted substantially on results given thresholds for detection of RF 

patterns are robust to size variation (Bell et al., 2008; Wilkinson et al., 1998).  

Observers were informed that they would see two shapes on the screen and instructed 

to indicate the one that looked as though it was “squashed” or deformed. For younger 

observers, the task was presented in the form of a game in which the deformed circles were 

meteors that they had to stop by spotting them. To ensure that observers (younger observers 

in particular) understood the requirements of the task, they were shown an example of a 

suprathreshold stimulus and asked to indicate which of the two shapes they would choose. 

All observers responded correctly to this question.  

Observers made responses by pressing ‘buttons’ (highlighted squares) on the touch 

screen of the iPad that read “first” (on the left hand side) and “second” (on the right hand 

side) below each of the two stimuli. When unsure of which shape was deformed from 

circular, participants were encouraged to take their best guess. Each participant then 

completed a brief practice run of the task. Testing took approximately 15-20 minutes 
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depending on response times. Participants took short breaks at appropriate times between 

blocks of testing if needed.  

 

Data Analysis 

Raw data were transformed to a percentage of correct responses for each condition. A 

Quick function (Quick, 1974; Wilson, 1980) was fitted using non-linear regression to each 

observer’s data for each of the three stimulus conditions using the formula: 

  
1

1 2

Q
A

p A

                (2) 

Where 𝑝(A) is the proportion of correct responses at a given amplitude of 

modulation, and the formula gives Δ, the 75% correct threshold for stimulus detection, and 

Q, the slope of the psychometric function. Psychometric functions that could not be fit with a 

Quick function were not included in the analyses, as this suggests the psychometric function 

is not well described for these observers. Eighty-eight values for one cycle, 86 values for two 

cycles and 93 values for 3 cycles met criteria for inclusion.  

After fitting the psychometric data for one, two and three cycles for each observer 

with Equation 2 to obtain 75% correct thresholds (Δ), for those observers who had acceptable 

goodness-of-fit for all three numbers of cycles (71 observers), the inverse relationship 

between number of cycles and threshold was fitted with a power function to obtain an 

estimate of the efficiency of global contour integration, following Loffler et al. (2003), using 

the formula: 

 Y kX b   (3) 
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Where Y is the 75% correct threshold, k is a sensitivity scaler estimating the 

threshold for a single cycle of modulation on the contour, X is the number of cycles, and b is 

the slope of the contour integration function. Response functions were fitted using nonlinear 

regression using Prism5 (GraphPad Software, San Diego California USA, 

www.graphpad.com), to yield best fit estimates for both k and b.  

The recent work of Kingdom et al. (2015) and Baldwin et al. (2016) , suggests the 

conventional method of calculating probability summation, given by setting b in Equation 3 

to -1/Q,  should be rejected, because it is based on high threshold theory. They propose 

instead a method for estimating the expected change in thresholds as the number of cycles 

increase based on signal detection theory. Following their work, we have also estimated 

thresholds using their methods which are outlined in Kingdom and Prins (2016), using the 

Palamedes toolbox for Matlab (http://www.palamedestoolbox.org/). The data representing 

percent correct performance were converted to d’ (using the Palamaedes function 

PAL_SDT_2AFC_PCtoDP) to determine psychomteric function parameters which were then 

used to estimate the thresholds that would arise from probability summation amongst 

channels with those properties (using PAL_SDT_PS_PCtoSL) on the assumption that 

observers monitored 120 channels (1 per degree of rotation of the pattern before repetition). 

Since our patterns had random rotations for each presentation, and thresholds are both 

rotationally invariant (Bell & Badcock, 2008) and the feature that is detected at the first stage 

of processing is the point of maximum difference in orientation from a circle, which is very 

local (Dickinson et al., 2012), it is reasonable to assume a large number of channels may 

need to be monitored. Integration slopes were fit to the thresholds for comparison with the 

data collected from participants. Simulations showed that these slope estimates decrease with 

http://www.palamedestoolbox.org/
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increasing assumed channel numbers but asymptote with numbers between 50 to 80. We can 

also confirm that with channel number estimates of 3 (1 sample per cycle of the RF3), after 

outlier removal, the slope estimates for probability summation are still significantly lower 

than obtained from the data. 

 

 Results  

Three metrics of performance are central to our research question: Δ, the amplitude 

corresponding to 75% correct threshold for a given number of cycles of modulation of the RF 

pattern, Q, the slope of the psychometric function for a given number of cycles used to 

estimate probability summation (either -1/Q or the estimate based on signal detection theory), 

and b, the integration slope indicating how thresholds change as more cycles are added to the 

RF pattern.  

A D’Agostino and Pearson omnibus normality test was conducted to test for 

violations of normality for 75% correct thresholds for one, two and three cycles of 

modulation and for integration slope data. Threshold data were not normally distributed for 

one cycle (K2 = 51.80, p < .0001), two cycles (K2 = 23.54, p < .0001) or three cycles (K2 = 

48.71, p < .0001). However, normalising the data by taking the base-10 logarithmic 

transform did not change the outcome of any statistical test, so analyses using the raw data 

are reported. Integration slope data were normally distributed (K2 = 3.626, p = .163).  The 

estimates of Q for Equation 2 were screened for outliers. Eighteen threshold values (5 for 1 

Cycle, 9 for 2 cycles, 4 for 3 cycles, for participants across a range of ages) were identified as 

outliers, suggesting the psychometric function was not well described for these individuals.  
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Figure 3 plots the thresholds obtained as a function of age separately for the one, two 

and three cycle patterns. In order to determine whether performance changes with age the 

individual thresholds were fit with a power function across age (Motulsky & Brown, 2006) 

(see Figure 3). Five outliers were removed from the 1 Cycle condition, 4 outliers were 

removed from the 2 Cycle condition and 4 outliers were removed from the 3 Cycle condition. 

The statistics we report here were calculated using the cleaned data with both Q estimate 

outliers and threshold outliers removed; however, subsequent verification including the 

outliers did not change the outcome of any statistical test. 

The slope of the power function describing the improvement in threshold 

performance across age was significantly different from zero for RF patterns with one (F( 

1,86)= 33.62, p < .0001), two (F(1,89) = 24.35, p < .0001) and three (F(1,95) = 23.28, p < 

.0001) (see Figure 3) cycles of modulation1.  

In order to determine whether the integration slope values describing the 

improvement in threshold as more cycles of modulation were added varied as a function of 

age of the participants a power function was fitted, using automatic outlier elimination 

(Motulsky & Brown, 2006). Graphpad Prism software used an F-Test to determine whether 

the slope of this function significantly differed from zero (Graphpad Software Inc). No 

outliers were removed. The index (or slope) of that function  did not significantly differ from 

zero, F(1,81) = 1.02, p = .32) as the slopes did not change with age (see Figure 4 which 

clearly indicates that while the curves change in vertical location with age it does not change 

in slope.).  

Descriptive statistics are presented in Table 1.  
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Table 1. Descriptive statistics for thresholds and integration slopes 

 Mean 95% CI Lower 95% CI Upper 

1 Cycle Threshold .032 .028 

 

.035 

 

2 Cycles Threshold .020 .018 

 

.022 

 

3 Cycles Threshold .014 .012 

 

.015 

 

Integration across cycles -.777 -.839 

 

-.715 

 

 

Average Q values were 2.19 for 1 cycle (95% CI 1.85 – 2.55), 2.40 for 2 cycles (95% 

CI 2.0 – 2.79) and 2.63 for 3 cycles (95% CI 2.30 – 2.96) of modulation, yielding probability 

summation predictions (-1/Q) of -0.46, if based on the performance with only one cycle-see 

Figure 5c, or, -0.41, if based on the average of all three Q values, as is common (Loffler et 

al., 2003). An F-test demonstrated that the average slope of the integration function (M = -

0.78 , 95% CI = -0.71 to -0.84) was significantly steeper than this prediction, F (1, 81) = 

7.63, p = .0071, thus demonstrating that on average, participants were globally integrating 

information around the shape contour rather than relying on local contour information to 

make shape judgements. The same outcome was obtained when comparing the probability 
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summation estimates obtained using the method based on signal detection theory. The mean 

slope was -0.882 (95% CI -0.77 to -0.89, see Figure 5b)2.  

Together, these data suggest younger observers were less sensitive to RF3 patterns 

with any given number of cycles of modulation. However, there was no significant 

relationship between age and steepness of integration slope, suggesting global contour 

integration is adult-like in primary school aged children (see Figure 4). The relationship 

between age and threshold is shown in the bar graphs in Figure 3 where participants are split 

up into age bands 6-8 (N = 13), 8-10 (N = 25), 10-12 (N = 14), 14-16 (N = 10), 16-18 (N = 

14), 18-20 (N = 23), and 20-24 (N = 5). Note the final band covers 4 years rather than 2 

because of small N in the oldest category. The 18 threshold values that were excluded as 

outliers from earlier data analysis are not included in these graphs.   
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Figure 3. Bar graphs showing means and 95% CIs for thresholds for each number of cycles 

and integration slope by age band.  
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Figure 4. Power function slopes plotted by age band to show the relationship between age, 

threshold and strength of global integration. Note that the lines systematically change in 

height, indicating greater sensitivity to the pattern at all numbers of cycles, but do not 

systematically change in slope.   
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Figure 5. The individual integration slope estimates are plotted to show a) the estimates 

obtained from the participant’s data, the probability summation estimates obtained using the 

signal detection theory based procedure (b) or those obtained using -1/Q (c). 
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Given threshold data are non-normally distributed, a series of Spearman correlations 

were performed to determine whether there was any relationship between IQ and thresholds 

for 1, 2 or 3 cycles of modulation, as these are robust to non-normally-distributed data.  IQ 

was not related to threshold for one cycle of modulation (r = .09, p = .40), 2 cycles of 

modulation (r = -.1, p = .36) nor 3 cycles of modulation (r = -0.07, p = .49. A Pearson’s 

correlation also demonstrated that IQ was not related to integration slope (r = -.2 p = .09).  

 

Discussion 

The aims of the study were first to determine whether contour information is globally 

integrated with RF patterns, as has previously been assumed, but recently thrown into doubt 

with concern being raised about a common test for global processing. Secondly this study 

aimed to to determine whether changes in sensitivity to RF patterns as a function of age are 

due to improvements in sensitivity to local curvature information or to increased efficiency 

of integration of that information around contours, or both of these processes. The data 

indicate that all participants showed improvements in threshold as more cycles of 

deformation were added and the improvements were larger than those predicted by 

probability summation (using either method for this calculation), indicating global contour 

integration is occurring and that it occurs at all ages. The data suggest sensitivity to 

deformation in globally processed RF patterns improves from primary school age to early 

adulthood for samples whose cognitive ability is in the normal range, consistent with data 

reported by Wang et al. (2009) and Perreault et al. (2013). However, these changes in 

sensitivity to RF patterns across development cannot be accounted for by increased 

effectiveness of global contour integration, as our data suggests there is no improvement in 
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the steepness of integration slopes across this period of development. This shows that the 

benefit obtained from adding more cycles of modulation to an RF pattern is no greater for 

adults than it is for children, that is, their ability to integrate information around the contours 

is equivalent.  

The improvement in sensitivity to these patterns across development must therefore 

be accounted for by some other factor. Our method allows the dissociation of sensitivity to 

local contour deformations from the integration of that information and the results lead to the 

suggestion that sensitivity to the local features of the RF contour such as curvature 

information is, instead, improving as a function of age. This is contrary to the conclusions of 

Perreault et al. (2013), whose data suggested global processing was not yet mature in 

primary-school aged children but that sensitivity to local contour information was mature in 

this age group. The authors reached this conclusion on the basis that children were less 

sensitive to a fully-modulated RF3 (a globally processed frequency) than adults, but groups 

were equally sensitive to a fully-modulated RF10 (a locally processed frequency). However, 

the thresholds reported for each of these groups for the RF10 pattern were approximately at 

the lowest (and therefore most difficult to detect) amplitude tested (.001) and thus suggestive 

of a ceiling effect. It is possible that if lower amplitudes had been included in testing, 

children may not have had equivalent thresholds to adults. In future research, it would be 

important to investigate whether, by including some lower amplitude RF10 patterns, a 

difference could be found in sensitivity to these patterns between children and adults.  

Change in thresholds in the current study cannot be explained by changes in 

sensitivity to spatial frequency information. A Gaussian luminance profile was chosen 

because it was expected that its included low spatial frequency range would be better 
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detected at all ages than the fourth-derivative of a Gaussian luminance profile centred on a 

higher spatial frequency (Bradley & Freeman, 1982; Ellemberg, Lewis, Hong Liu, & Maurer, 

1999) which is more frequently used in RF pattern studies. Here, we were interested in 

dissociating local and global contributions to shape perception as age varied and did not want 

this to be confounded by change in sensitivity to the range of the contained spatial frequency 

information. 

Cognitive factors that show some improvement through childhood and adolescence 

such as memory (Gathercole, 1998) and attention (Trick & Enns, 1998) might have an impact 

on thresholds for detection of RF patterns on a time-limited forced-choice task such as this. 

However, we believe that the side-by-side stimulus presentation method we used in this study 

following Grinter et al. (2009) should minimise the impact of these cognitive factors on 

performance. 

A limitation of this study is that we did not have any participants between the ages of 

12 and 14 years. We feel it is unlikely that the general pattern of results would be changed 

with the addition of this age band to the sample, as there seems to be a smooth change in 

threshold with age in our data.   

There are practical implications of this work for the study of Autism Spectrum 

Disorder (ASD) and the broader autism phenotype. Children and adolescents with a 

diagnosis of ASD have been found to show reduced sensitivity to continuous contour RF3 

patterns but equivalent sensitivity to RF10 patterns compared to typically developing 

controls (Grinter et al., 2010; Perreault, Habak, Lepore, Mottron, & Bertone, 2015). 

However, research examining neurotypical adults with high levels of autism-like traits 

indicates that these individuals show equivalent detection thresholds but superior global 
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contour integration for RF3 patterns than those low in autism-like traits (Almeida et al., 

2014). This difference between studies may reflect either an improvement in sensitivity to 

local contour information across development or a difference in sensitivity to local curvature 

information between individuals with ASD and neurotypical individuals with high levels of 

autism-like traits. As the current study suggests sensitivity to local contour information does 

appear to continue developing throughout late childhood and adolescence, it is plausible that 

individuals with a clinical diagnosis of ASD may have higher thresholds for detection of RF3 

patterns as children but improve to a point where they are equivalent to their typically 

developing peers in adulthood. We are currently conducting work investigating this 

possibility.  

In summary, we present here data suggesting that the local and global contributions to shape 

perception may be dissociated and that changes in sensitivity to RF patterns across 

development are due to improvements in sensitivity to local curvature information and not 

global contour integration. This finding has implications for higher-order shape processing as 

well as for changes in sensitivity to information across development in ASD. 
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Footnotes 

1Visual inspection suggested younger participants may have had more variable thresholds, so 

the coefficient of variation was calculated for each age band to examine this. No systematic 

difference in the coefficient of variation was seen between age bands.  

2.  Kingdom and Prins (2016) note that for probability summation, when modelled using 

signal detection theory, the estimate of Q, the slope of the psychometric function, should 

decrease as extra signals, or cycles in our case,  are added to the RF pattern. A one-way 

repeated-measures ANOVA (including participants for whom thresholds for each number of 

cycles were available) suggests that there is no relationship between Q value and number of 

cycles of modulation (F (1.95, 163.8) = 2.18, p = .12), which is also inconsistent with the 

view that the data can be accounted for by probability summation. 
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Chapter Five: Impact of Simple Reaction Time, Contour Integration and Target 

Frequency on Visual Search in the Broader Autism Phenotype 

 

Abstract 

The Radial Frequency Search Task (RFST) has been employed to examine superior search 

performance by neurotypical individuals with high levels of autistic-like traits (high AQ), 

while motion coherence thresholds have been shown to be poorer in high AQ individuals in 

some studies. In the current study, we reassessed these two tasks and examined two possible 

mechanisms for superior search performance: simple onset reaction time (measured by 

assessing reaction time to the onset of Gabour patches) and superior contour integration 

(measured with an RF integration task). Additionally, we manipulated the probability that a 

target would appear in any given trial of the RFST, since, in the general population, when 

targets are less frequent, search performance is poorer. Given high AQ individuals show an 

advantage on search tasks, we were interested to know whether they would be less affected 

by a change in target probability. High AQ observers did not differ from low AQ observers 

in terms of their basic reaction time, contour integration, motion coherence thresholds or 

search performance at any target frequency. A follow-up experiment suggested the lack of 

significant results was not due to the absence of auditory feedback present in previous 

studies, nor was it due to use of an iPad to display stimuli and record responses. Reasons for 

outcomes that differ from previous research are considered.   
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Impact of Simple Reaction Time, Contour Integration and Target Frequency on Visual 

Search in the Broader Autism Phenotype 

Autism is now widely regarded as falling on a spectrum, in that individuals given this 

diagnosis vary considerably in the extent to which they exhibit autistic traits. This variability 

is reflected in the DSM-5 diagnostic criteria for Autism Spectrum Disorder (ASD), which 

replaces the previously discrete DSM-IV diagnostic categories of Autistic Disorder, 

Asperger’s Disorder and Pervasive Developmental Disorder – Not Otherwise Specified 

(American Psychiatric Association, 2013). Some researchers have suggested that the autism 

spectrum extends well into the general population, and that clinically diagnosed individuals 

represent the uppermost end of the spectrum (Baron-Cohen, Wheelwright, Skinner, Martin, 

& Clubley, 2001; Constantino & Todd, 2003; Ronald, Happé, & Plomin, 2005). Therefore, 

many neurotypical individuals also exhibit a relatively high level of autistic traits, but to a 

milder degree than is required to meet criteria for clinical diagnosis, sometimes referred to as 

the Broad Autism Phenotype (BAP [Constantino & Todd, 2003]). Consistent with this 

notion, previous research has suggested that subclinical autistic like traits and ASD are 

etiologically linked (Lundström et al., 2012).   

Autistic traits in neurotypical individuals have most often been measured using the 

Autism Spectrum Quotient (AQ), a 50-item self-report questionnaire designed for use with 

individuals with IQ scores in the normal range (Baron-Cohen et al., 2001). This scale is able 

to reliably measure moderately low to moderately high levels of autistic traits in a 

neurotypical population (Murray, Booth, McKenzie, & Kuenssberg, 2016). In support of the 

notion of a broad phenotype, neurotypical individuals who possess relatively high levels of 

autistic traits (high AQ individuals) have often been found to show a similar pattern of results 
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to autistic individuals on experimental tasks. In particular, visual tasks have received 

considerable research interest given autistic individuals sometimes show superior 

performance to controls on these tasks, particularly when a focus on the details of a stimulus 

is an advantage (Happé & Frith, 2006; Mottron, Dawson, Soulières, Hubert, & Burack, 

2006). This was first observed on the Embedded Figures Test (EFT), a task in which 

participants are asked to identify a closed contour within a more complex gestalt (Happé & 

Frith, 2006; Shah & Frith, 1983) and was later replicated in other visual search tasks 

(O'Riordan, Plaisted, Driver, & Baron-Cohen, 2001; O’Riordan, 2004). Both of these 

findings have been replicated in a subclinical population, with high AQ individuals 

frequently showing faster reaction times and equal or greater accuracy than low AQ 

individuals on the EFT and the Radial Frequency search task (RFST)  (Almeida, Dickinson, 

Maybery, Badcock, & Badcock, 2010a, 2010b, 2013, 2014; Grinter, Maybery, et al., 2009; 

Grinter, Van Beek, Maybery, & Badcock, 2009). 

The RFST is a search task in which Radial Frequency (RF) patterns are employed as 

stimuli. RF patterns are closed contours that are sinusoidally deformed from circular, with 

the number of cycles of modulation corresponding to the number of protruding corners on the 

resulting pattern at low modulation amplitudes (Wilkinson, Wilson, & Habak, 1998). These 

patterns have been employed to demonstrate that the visual system globally pools together 

curvature features around a contour to allow perception of the pattern as a whole (Loffler, 

Wilson, & Wilkinson, 2003). The advantage of employing these patterns as stimuli is that 

they are mathematically well controlled and the visual process involved in encoding them is 

reasonably well understood, which is not always true for other visual search tasks (Almeida 

et al., 2010a).  
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The RFST requires observers to indicate whether or not a target RF pattern (usually 

triangular, i.e. with an RF of 3) is present amongst an array of distractor RF patterns (usually 

square, i.e. with an RF of 4) as quickly and as accurately as possible. The data are then fit 

with a function that describes the increase in reaction time as a greater number of distractors 

are added. This yields two metrics of performance: the slope of the function, indicating the 

increase in RT per additional item, and the intercept, indicating the RT at either N = 1 or 

where the function meets the y-axis, depending on the type of function fit to the data.  

The reason for the advantage that high AQ and autistic participants show on search 

tasks is currently unclear, though it is likely that the properties of the specific search task are 

important. A possible mechanism for superior visual search may be enhanced target 

discrimination, as autistic observers show less reduction in speed than controls when the search 

task is conjunctive and targets therefore need to be discriminated from distractors that share 

one or more features with them (O’Riordan, 2004). One possible underlying sensory function 

that could explain this pattern of performance is that high AQ and autistic observers may be 

more efficient at contour integration; there is evidence to suggest that high AQ individuals 

show enhanced integration of information around closed contours, and that integration 

efficiency correlates positively with visual search performance (Almeida et al., 2014). In 

contrast, Pellicano, Gibson, Maybery, Durkin, and Badcock (2005) found that performance on 

a Global Dot Motion (GDM) task was inversely related to performance on the EFT. Grinter, 

Maybery, et al. (2009) found a similar pattern of results in a subclinical population, with high 

AQ observers demonstrating higher GDM and Glass pattern thresholds, but superior EFT 

performance. A GDM task requires participants to indicate the signal direction of a field of 

dots in which a given percentage move in a coherent direction and the remainder move in 
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random directions, requiring integration of global motion. A Glass pattern task contains stimuli 

that are static fields of dots arranged to contain coherent structure. Together, these findings 

suggest that autistic and high AQ observers are superior at global contour integration but 

poorer at global motion integration and global form integration for structure and texture; there 

is a global form advantage, but it appears to be specific to contour integration.  In line with the 

idea that they do indeed show superior global form integration, autistic individuals appear to 

derive their search advantage not from a different search strategy, but from enhanced 

perception of image features (Joseph, Keehn, Connolly, Wolfe, & Horowitz, 2009). Joseph et 

al. (2009) found equivalent steepness of search slopes when plotting performance as a function 

of the number of distractors in the display between autistic and neurotypical groups, but lower 

intercepts for autistic participants, suggesting that autistic and high AQ individuals may show 

faster basic reaction times than comparison groups. Differences in reaction times may however 

depend on the spatial frequency content of the target’s luminance profile. For example, 

evidence suggests that high AQ individuals only show a search advantage when targets are low 

spatial frequency stimuli, whilst their performance is slower when stimuli are high spatial 

frequency (Mighall, 2015). As M-cells respond preferentially to lower spatial frequencies, this 

observation seems inconsistent with the magnocellular deficit previously reported in high AQ 

individuals (Sutherland & Crewther, 2010). However, the patterns used as targets by Mighall 

(2015) were high contrast, and therefore would presumably have also driven the P-system quite 

well.  

The majority of experimental visual search tasks have a high proportion of target present 

trials, typically 100% (e.g. the EFT) or 50% (as in many visual search tasks including 

previous uses of the RFST). However, these experimental tasks differ from real world visual 
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search scenarios in terms of the probability of target occurrence. In real life there are a 

number of situations which require searching for rare targets, for example in certain 

occupations such as medical imaging or airport security. As such, it is of interest to study the 

effect of target frequency on visual search performance in order to lend insight into these 

practical applications.  

Previous work has demonstrated that when targets are infrequent, participants make more 

errors and are faster to make responses indicating that the target is absent (including both true 

negatives and misses) but this is due to a criterion shift rather than a sensitivity change 

(Wolfe et al., 2007). In contrast, Pellicano and Burr (2012) proposed a Bayesian model in 

which autistic people have a reduced tendency to base their perceptual interpretations of the 

world on prior experience relative to neurotypical controls. Expectations based on prior 

experience, or “priors”, are developed rapidly and can occur within the course of 

experimental tasks (Falconbridge & Badcock, 2006). Pellicano and Burr (2012) argued that 

autistic people have “hypopriors” based on the fact that several studies find that on tasks 

where holding strong priors should impede performance, autistic people outperform 

neurotypical controls. For example, Happé (1996) found that autistic children showed 

reduced susceptibility to visual illusions compared to neurotypical controls and children with 

learning disabilities. Mottron, Belleville, and Ménard (1999) found that autistic children 

outperformed age-matched controls at copying impossible figures. Similarly, Ropar and 

Mitchell (2001) found that autistic children exaggerated circularity less when copying a 

shape they were told was circular than controls. Conversely, on tasks where priors are 

advantageous, autistic people perform more poorly. For example, Becchio, Mari, and 

Castiello (2010) found that autistic children were worse than neurotypical controls at 
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recognizing familiar objects from their cast shadows. If autistic people do have hypopriors 

and see the world more closely to how it really is, autistic and high AQ groups might be 

expected to be less impacted by changes in target occurrence than their respective control 

groups. That is to say, their performance might be less likely to show such a criterion shift 

than comparison groups.  

Drawing on this literature, the current study had a number of aims. Firstly, we aimed to 

directly measure reaction time to a range of spatial frequencies to determine whether simple 

reaction time differed between high and low AQ groups. We chose to use sinusoidal gratings 

to do this rather than RF patterns to measure simple reaction time in the current study, as we 

were interested in the speed of processing in the early stages of the visual cortex, not the later 

intermediate stages involved in global shape processing. Secondly, we aimed to determine 

whether high AQ observers would be less impaired by changes in the frequency of target 

present trials on the RFST. Finally, we aimed to determine whether the characteristic 

performance differences that high and low AQ individuals show on visual tasks could be 

used to predict group membership. To address these aims, we conducted a contour 

integration task and the RFST to replicate the procedure of Almeida et al. (2014), as well as a 

global dot motion task (in which poor global grouping results in poorer performance) 

following Pellicano et al. (2005) and Grinter, Maybery, et al. (2009), all within the same 

group of observers. A measure of global motion sensitivity is useful to include because a) it 

is a task on which differences between high and low AQ groups are typically found, and so 

gives a baseline indication of whether the appropriate observers have been recruited, and b) 

because it is interesting to have a measure of dorsal as well as ventral stream integration.  
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Study 1 

Methods 

Observers 

Ethics approval for this study was obtained from the University of Western Australia 

Human Research Ethics Office. All observers gave signed informed consent before taking 

part in the study. Observers were recruited through enrolment in an undergraduate 

psychology unit at the University of Western Australia. Seven hundred and eighty two 

volunteers completed the AQ. Of these volunteers, the highest ( >20) and lowest (<12) 

scoring 15% of participants were invited to take part in the study. Note that although these 

cut-offs differed from those used in previous chapters (in which low AQ observers scored 

<11 and high AQ observers scored >23), removing observers who scored 11 and observers 

who scored 21 or 22 did not alter the pattern of results. Forty-nine observers (25 high AQ and 

24 low AQ) with normal or corrected-to-normal visual acuity (assessed by LogMAR chart) 

took part in the study. No observers had previously been diagnosed with an autism spectrum 

disorder. Observers took part either for course credit or were reimbursed $10 per hour of 

testing to cover any travel costs and compensate for their time. Demographic data are 

presented in Table 1. WASI-II scores are presented in Table 2.  
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Table 1. Demographic details for high and low AQ observers.  High and low AQ groups did 

not differ significantly on any demographic variable presented in this table aside from the 

obvious exception of AQ score. 

 M:F Age in years AQ Visual Acuity 

  M (95% CI) Range M (95% CI) Range M (95% CI) Range 

High AQ 8:17 19.08 

(18.54-

19.62) 

17-22 27.08 

(25.11-

29.05) 

20-41 -0.07 (-0.04 

- -0.10) 

-0.2 – 

0.04 

Low AQ 8:16 18.71 

(18.06-

19.36) 

17-24 8.73 (6.99-

9.43) 

2-12 -0.11 (-0.07 

- -0.14) 

-0.22 – 

0.02 
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Table 2. WASI-II scores for high and low AQ observers. Values are T-scores. High and low 

AQ groups did not differ significantly on any WASI-II measure.  

 FSIQ Matrix Reasoning Vocabulary 

 M (95% 

CI) 

Range M (95% CI) Range M (95% CI) Range 

High AQ 104.5 82 – 137  51.4 (50.55 - 

55.78)  

44 – 68  53.68 (50.82 – 

56.53) 

40 – 77  

Low AQ 108.1 91 – 127  53.17 (48.28 

- 54.52)    

42 – 68  56.21 (52.92 – 

59.5) 

40 – 77  

 

Apparatus 

All stimuli were created using custom software written in MatLab 7.9.0. Stimulus 

presentation was controlled using the PsyPad platform (Turpin, Lawson, & McKendrick, 

2014) which records reaction times accurate to within 10 micro seconds. Stimuli were 

presented on an Apple iPad Air with a resolution of 2048 x 1536 pixels (29.79 x 23.14 

degrees of visual angle at a viewing distance of 34.5cm), a maximum contrast of 90% for all 

stimuli, a mean background luminance of 81.83 cd/m2 (CIE1931 2o chromaticity coordinates: 

x = 0.314, y = 0.333), a maximum luminance capability of 155.477 cd/m2 and a frame rate of 

60 Hz during the experiment (measured with a photodiode and digital oscilloscope).  
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Stimuli 

Simple Reaction Time Task 

Stimuli for the simple reaction time task had a luminance profile defined by a 

sinusoid producing variation around a mid-grey background (81.83 cd/m2). A Gaussian 

envelope with a standard deviation of approximately 14.4 degrees was used to smooth the 

edges of the sinusoidal pattern and to ensure the spatial frequency of the patch was restricted 

to a small range of values centred on the sinusoid’s spatial frequency (Papoulis, 1962). 

Stimuli were created at spatial frequencies of 0.5, 1, 2, 4, 8 and 16 cycles per degree. 

Stimulus onset was abrupt but randomly varied with a mean onset delay of 0.75 seconds and 

a range of 0.5 – 1 seconds following the previous trial. Stimuli remained on the screen until 

participants made a response.  Participants completed 2 blocks of testing, each of which 

contained 30 trials for each of the 6 spatial frequencies, with the 180 trials presented in 

random order. An example stimulus is shown in Figure 1.  

 

Figure 1. An example of a sinusoidal grating in a Gaussian envelope like those used in the 

simple reaction time task.  
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Participants were instructed to respond as quickly as possible by tapping a touch-

screen button labelled “present” as soon as each stimulus appeared on the screen.  

 

RF integration task  

 RF integration tasks provide a method for assessing the ability to integrate 

information around closed contours. These shapes are created by applying sinusoidal 

modulation for a given number of cycles to a circular pattern. The wavelength of the 

modulation cycles varies the frequency of the pattern and the number of cycles of modulation 

required to fully modulate the circle (see Figure 2).  

 

Figure 2. Fully modulated RF patterns at an amplitude of 0.1 and a range of frequencies as 

follows: A) RF2, B) RF3, C) RF4, D) RF5, E) RF10 and F) RF16.  

Note that an RF3 approximately resembles a triangle, an RF4 approximately resembles 

a square, and so on. RF Patterns can be partially modulated for any number of cycles up to that 

required to modulate the entire contour (see Figure 3). The amplitude of the sine wave used to 

modulate the radius of the pattern determines the amount of deviation from a smooth circle 

(see Figure 4).   
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Figure 3. An RF3 pattern with an amplitude of 0.1 with A) 1 cycle of modulation, B) 2 cycles 

of modulation and C) 3 cycles of modulation (i.e. fully modulated). 

 

Figure 4. An RF3 pattern with amplitudes of A) 0.025, B) 0.05 C) 0.1. Note that larger 

amplitudes result in larger curvatures.  

 In an RF integration task, the participant’s task is to discriminate the RF pattern from 

an unmodulated circle, with the dependent variable being the amplitude of modulation required 

for reliable detection of the pattern. Two metrics of performance are gained from the RF 

integration task: sensitivity to local contour features, and the rate of improvement as more 

cycles of a particular wavelength are added to the stimulus, taken as a measure of global 

contour integration (Cribb, Badcock, Maybery, & Badcock, 2016; Dickinson, McGinty, 

Webster, & Badcock, 2012; R. J. Green, Dickinson, & Badcock, 2018a, 2018b; Loffler et al., 

2003). Some degree of improvement would be expected from chance alone as more cycles are 

added even if purely local processing was occurring, as stimuli with more cycles of modulation 

show a greater difference to the unmodulated circular reference image. To account for this, a 

probability summation estimation is calculated, and if the actual improvement in performance 
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exceeds this prediction, participants can be said to be globally integrating information around 

the shape contour.  

This version of the RF integration task was conducted as reported in our previous 

work (Cribb, Badcock, et al., 2016). Stimuli were RF3 patterns (a triangular shape). A 

frequency of 3 was chosen for two main reasons. Firstly, an RF3 results in greater 

improvement with each new cycle of modulation (i.e. a steeper integration slope) than RF 

patterns of higher frequencies (Loffler et al., 2003) thus allowing more room for individual 

variation in the range indicating global processing. Secondly, fewer thresholds need to be 

measured for a complete integration function when only 3 cycles of modulation fully 

modulate the shape and so the testing load on participants is reduced. 

 

The radius of an RF pattern (R) at a given angle (θ) is given by the formula: 

     meanR θ R   1 Asin ωθ φ          (1) 

In this formula, Rmean is the mean radius of the pattern (1.5ο of visual angle), ω is the 

radial frequency (i.e. the frequency of the sine wave used to modulate the pattern, which was 

always 3 for this study), φ is used to control the rotation (or phase) of the pattern which was 

randomised so the position of the lobes of the pattern was varied from trial to trial (although 

their separation remained constant), and A is the amplitude of the modulation which was 

varied to estimate threshold. The mean radius was chosen following previous work from our 

research group (Grinter, Maybery, Pellicano, Badcock, & Badcock, 2010). Sensitivity to RF 

patterns when amplitude is expressed as a proportion of the mean radius has been shown to 



206 
 

be size invariant within this range (Wilkinson et al., 1998), so this choice is unlikely to have 

impacted significantly on results.  

For patterns with fewer than three cycles of modulation, the transition between the 

modulated and circular parts of the pattern was smoothed using a profile matching the first 

derivative of a Gaussian (D1), following earlier authors (Dickinson, Cribb, Riddell, & 

Badcock, 2015; Dickinson et al., 2012; Loffler et al., 2003), to prevent the transition from 

serving as a distinctive local cue. RF patterns had a luminance profile defined by a Gaussian 

function with a full width at half maximum contrast of 5.62’ of visual angle.  

RF3 patterns with one, two and three cycles of deformation were each tested at nine 

amplitudes of modulation (A), presented in random order using Method of Constant Stimuli, 

with 15 trials per amplitude completed by each observer, such that each observer completed 

15 x 9 x 3 trials in total throughout the experiment. The three stimuli were presented in three 

separate blocks (one block for each number of cycles) that were completed in 

counterbalanced order across participants. Amplitudes were chosen to cover the full 

psychometric function based on the results of prior studies which used similar stimuli, and on 

the results of pilot testing a range of amplitudes in adolescents and adults.  

Raw data were transformed to a proportion of correct responses for each condition. A 

Quick function (Quick, 1974; Wilson, 1980) was fitted, using non-linear regression, to each 

observer’s data for each of the three stimulus conditions using the formula: 

  
1

1 2

Q
A

p A

                (2) 

Where 𝑝(A) is the proportion of correct responses at a given amplitude (A) of 

modulation, and the formula gives Δ, the 75% correct threshold for stimulus detection, and 
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Q, the slope of the psychometric function. The average Q values were 3.30 (95% CI 2.41 – 

3.66), 2.50 (95% CI 1.88 – 3.13) and 2.72 (95% CI 2.24 – 3.20) for one, two and three cycles 

of modulation respectively (these did not significantly differ for any pairing).  

After fitting Equation 2 to the psychometric data for one, two and three cycles, 75% 

correct thresholds (Δ) were extracted. For those observers who had acceptable goodness-of-

fit [r2 > .6, following Grinter et al. (2010)] for all three numbers of cycles (71 observers), the 

inverse relationship between number of cycles and threshold was fitted with a power function 

to obtain an estimate of the efficiency of global contour integration (i.e. the integration 

slope), following Loffler et al. (2003) , using the formula: 

 Y kX b   (3) 

Where Y is the 75% correct threshold, k is a sensitivity scaler estimating the 

threshold for a single cycle of modulation on the contour, X is the number of cycles, and the 

equation gives b, an estimate of the slope of the contour integration function. Response 

functions were fitted using nonlinear regression using Prism5 (GraphPad Software, San 

Diego California USA, www.graphpad.com), to yield best fit estimates for both k and b.  

Historically, a probability summation estimate has most often been derived by calculating -

1/Q, where Q is the average Q value obtained using Equation 2. More recently, however, it 

has been argued that probability summation would be better estimated using a derivation 

based on signal detection theory (Baldwin & Schmidtmann, 2015; Baldwin, Schmidtmann, & 

Hess, 2015). The current study will provide both estimates; the traditional method for 

comparison with previous studies, and the signal detection method to provide the best 

estimate (Cribb, Badcock, et al., 2016; R. J. Green, Dickinson, & Badcock, 2017). 

Probability summation slope estimates are then compared to the slope of the psychometric 
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function to determine whether the observers are, on average, processing the stimulus as a 

whole rather than relying on local features. 

 

RF Search Task (RFST)  

 The RFST was based on that developed by Almeida et al. (2010a). RF patterns were 

created using the same methods as described for the RF integration task. Unlike the RF 

integration task, the modulation amplitude (A in Equation 1) was 1/(1 + ω2), where ω is the 

frequency of the pattern, i.e. the number of cycles required to fill 360°. This resulted in RF 

patterns with flat sides and curved vertices. RF patterns in the search task were smaller than 

in the integration task, and had a base radius of 30 minutes of visual angle as in Almeida et 

al. (2010a, 2010b, 2013, 2014).  

RF patterns were randomly allocated to locations on a 10 x 10 grid (23.14 x 23.14 

degrees of visual angle) and offset both horizontally and vertically by random values 

between -12 and +12 minutes of visual angle. As with the RF integration task, RF patterns 

had a radial luminance profile defined by a Gaussian function and were presented on the 

same mid-grey background (81.83 cd/m2). The target was always an RF3 pattern (a triangle 

shape) and distractors were always RF4 patterns (a square shape). The set size refers to the 

total number of items in the array including the target, if present, and distractors. Five 

different set sizes were employed: 2, 4, 8, 16 and 32. An example of a target present trial is 

shown in Figure 5.  
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Figure 5. Example stimulus from the RF search task.  

 

Within each condition, target present and target absent trials were presented in a 

randomised order. Each participant completed three different target frequency conditions: 

one with 8 target present trials and 32 target absent trials at each set size (20% target 

present), one with 20 present and 20 absent trials at each set size (50% target present), and 

one with 32 present trials and 8 absent trials at each set size (80% target present).  

Participants completed these 3 conditions in a randomly interleaved order.  

Participants were instructed to indicate whether the target was present or not as 

quickly and accurately as possible. Responses were made using touch-screen buttons at the 

bottom of the iPad screen labelled “yes” and “no”. The “yes” button was always to the left. 

Stimuli remained on the screen until participants made a response. Trials were separated by a 

500ms interstimulus interval. The responding hand always started in the same position at the 

bottom of the iPad close to where the response buttons appeared.  
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Global Dot Motion Task 

 A 2D translational global dot motion task was employed using 100 white dots (340 

cd/m2) that each had a diameter of approximately 0.18 degrees of visual angle. Stimuli were 

presented on a grey background (81.83 cd/m2) and could cover a circular region with a 

diameter of approximately 11.56 degrees of visual angle. Stimuli had a proportion of signal 

dots moving in a coherent direction (either left or right) and the remainder of the dots (noise) 

moving in randomized directions (not permitted to be within 10° of the target direction) but 

with the same speed as the signal dots. An 8 frame motion sequence with a frame duration of 

100ms was used, with the dots carrying the signal being selected on each frame transition, 

such that at low signal levels, dots were unlikely to carry signal on consecutive frame 

transitions. Fifty percent of trials contained coherent motion to the left and the remaining 

50% of trials contained coherent motion to the right. The Method of Constant Stimuli was 

used to estimate thresholds; stimuli were presented in random order at 9 different levels of 

coherence. The participant’s task was to indicate whether, on a given trial, the signal of the 

field of dots appeared to move to the left or to the right. Each participants’ data were fit with 

a Quick function (Equation 2 as described for the RF integration task) (Quick, 1974) to 

obtain an estimate of their 75% correct threshold.  An example frame from the GDM task is 

shown in Figure 6.  
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Figure 6. An example frame from the GDM task in the current study.  

 

Procedure 

Testing was completed at the University of Western Australia in the Human Vision 

Laboratory. Participants completed testing seated in a darkened room. Breaks were taken 

between blocks of testing as needed. The order of task completion was pseudorandomised 

(using a random number generator) between participants. The experimenter remained in the 

room throughout testing in order to ensure the instructions were followed. Viewing distance 

was maintained using a chin rest. However, should any minor variation have occurred (e.g. if 

observers adjusted their posture during a trial), we do not expect that this would have 

impacted substantially on results given threshold amplitudes for detection of modulation in 

RF patterns are robust to size variation (Bell, Dickinson, & Badcock, 2008; Wilkinson et al., 

1998). 
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Data Screening and Cleaning Procedure 

Group data for high and low AQ observers were screened for normality separately. A 

series of D’Agostino-Pearson omnibus normality tests were conducted for each condition of 

each task. Where normality was improved when transformed by taking the base-2 logarithm, 

transformed data were analysed. Where data were non-normally distributed even after 

transformation, nonparametric tests were employed.  

Data for high and low AQ observers were screened separately for outliers using the 

ROUT method (Motulsky & Brown, 2006) with q (note that this is different from Q in 

Equation 2), a value that controls the “false discovery rate,” set to the recommended level of 

1%. This means the researcher can expect fewer than 1% statistically significant outliers to 

be false positives. 

 

Results 

Simple Reaction Time Task  

For the simple reaction time task, each participant’s data for each spatial frequency 

were transformed using a base-2 logarithm and then screened for outliers (with an outlier 

being defined as a value that falls > 3 standard deviations from the mean for that participant). 

Outliers were removed from analysis, mean reaction times were then calculated for each 

spatial frequency and these numbers will be presented using milliseconds as units for ease of 

interpretation.   

Data for the 16 cycles per degree condition for the low AQ group and all data for the 

high AQ group were non-normally distributed. Taking the base-2 logarithm of the data 
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corrected this for all data sets aside from the 16 cycles per degree condition for both high and 

low AQ groups, and therefore log transformed data were analysed. The reaction times for one 

low AQ participant and two high AQ participants in the 16 cycles per degree condition were 

identified as outliers (all three of whom had RTs that were slower than the mean) and were 

excluded from the analysis. The mean number of trials that were removed as outliers was 1.3, 

or 2.17% (the maximum for any observer was 7/60).  

A 6 x 2 mixed design ANOVA with reaction time as the dependent variable, spatial 

frequency as the within-subjects factor and AQ group as the between-subjects factor  

revealed a significant main effect of spatial frequency, F(5,220) = 102.48, p < .001, np
2 = .70, 

reflecting slower reaction times for higher spatial frequencies (see Figure 7), as was expected 

(Breitmeyer, 1975; Gish, Shulman, Sheehy, & Leibowitz, 1986; Saleh & Bonnet, 1998; 

Vassilev, Mihaylova, & Bonnet, 2002). There was no significant main effect of AQ group, 

F(1, 44) = 2.27, p = .14. There was a significant interaction between spatial frequency and 

AQ group, F(5,220) = 4.07, p = .001.   

A series of post-hoc t-tests were conducted to explore the interaction between spatial 

frequency and AQ group. A Bonferroni correction was applied for multiple comparisons, and 

hence an alpha level of 0.008 (0.05/6) was used.  The high and low AQ groups did not differ 

significantly at any spatial frequency (all p’s > .03); however, a trend towards faster reaction 

times for the high AQ group at the highest spatial frequency was observed, which is likely to 

have produced the significant interaction.  
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Figure 7. Mean reaction times for high and low AQ groups at each spatial frequency tested. 

The Y-axis is log2. Error bars are 95% confidence intervals.  

 

RF Integration Task 

For the RF integration task, the index of the Power Function (b) derived using 

Equation 3 gives an estimate of the increased sensitivity to the RF pattern as more cycles of 

modulation are added. This value is referred to as an integration slope. Integration slope 

estimates, Quick probability summation estimates and probability summation estimates from 

signal detection theory based on 120 channels (1 per degree of rotation of the pattern before 

repetition) were screened for normality separately for high and low AQ observers. Data were 

non-normally distributed for three out of the six data sets. Taking the base-2 logarithm of the 

absolute values resolved this for one data set and improved the distribution for the other two, 

and therefore log-transformed data were analysed. Three values were identified as outliers – 

the integration slope for one high AQ observer, and two probability summation estimates 



215 
 

under SDT, one for a high AQ observer and one for a low AQ observer, and these values 

were removed from analysis. 

Both the low AQ (t(21) = 5.40, p < .001, r2 = .56) and high AQ (t(20) = 2.38, p = .03, 

r2 = .23) groups showed significantly steeper integration slopes than -1/Q probability 

summation estimates. Modelling probability summation under SDT did not change the 

interpretation of the results of the analysis (see Figure 8).  
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Figure 8. Integration slopes and probability summation estimates using both the traditional -

1/Q method and the SDT method for high and low AQ observers. Error bars are 95% 

confidence intervals.  
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 We conducted a mixed model ANOVA with number of cycles of modulation as the 

within-subjects variable, AQ group as the between-subjects variable, and threshold as the 

dependent variable. Mauchly’s test of sphericity was significant, and therefore, a 

Greenhouse-Geisser correction was applied to the data. The analysis revealed a main effect 

of number of cycles of modulation on threshold, F(1.53, 62.81) = 168.17, p < .001, np
2 = .80, 

indicating lower thresholds with more cycles of modulation, as is typical (see Figure 9). 

There was no main effect of AQ group, F(1,41) = .24, p = .63, np
2 = .01 , and no significant 

interaction between AQ group and number of cycles of modulation, F(1.53, 62.81) = 1.13, p 

= .33, np
2 = .03.  
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Figure 9. Detection thresholds for one, two and three cycles of modulation for high and low 

AQ participants.  
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Radial Frequency Search Task (RFST) 

Accuracy analysis 

Given participants could potentially trade off speed for accuracy, it is important to 

examine whether accuracy is consistent across groups. Accuracy was calculated as the 

proportion of trials for which participants made a correct response for each condition.  

Accuracy on the RFST tends to have ceiling effects, and indeed, all data were non-

normally distributed. Taking the base-2 logarithm of the data failed to correct the skew, and 

therefore, use of a non-parametric test was appropriate. Accuracy data for high and low AQ 

groups were compared using a series of Kruskall Wallis tests, for each target frequency 

condition, each target present/absent condition and each set size. The results of all tests was 

non-significant (p > .05), indicating no difference in accuracy between groups for any set size 

for any condition. Mean accuracy ranged from 86.25% correct to 99.67% correct depending 

on experimental condition. Accuracy tended to be poorest for larger set sizes than for smaller 

ones, and poorer for target present conditions than corresponding target absent conditions, 

except for when targets occurrence was frequent (80%) when participants made more errors 

on target absent than target present trials.  Mean accuracy for each condition is presented in 

Table 3.   
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Table 3. Percentage of correct responses for each RFST condition.  

 20% Target Present 50% Target Present 80% Target Present 

Set Size Present Absent Present Absent Present Absent 

2 92.45 98.96 95.83 97.19 98.92 87.24 

4 94.79 99.41 98.02 97.29 98.96 94.01 

8 92.45 99.67 97.50 98.44 98.11 95.83 

16 94.79 98.96 93.13 98.44 97.20 94.53 

32 86.46 99.22 86.25 98.75 87.04 95.25 

 

Reaction time analyses 

Only reaction times for trials with correct responses were included in the analysis. 

Data for target present and target absent trials were analyzed separately, as is typical 

(Almeida et al., 2010a, 2010b, 2013, 2014; Dickinson, Haley, Bowden, & Badcock, 2018). 

Each observer’s median reaction time was calculated for each condition for each set size 

(Dickinson et al., 2018). Median reaction time data for each condition were fit with a linear 

regression. Two metrics of performance were of interest. The first of these is the intercept of 

the linear regression with the Y-axis, which represents an estimate of reaction time at Set 

Size (SS) = 0, which likely represents a process or processes common to all conditions (e.g. 

orienting to the stimulus display and initiating a response). The second metric of performance 

of interest is the slope of the linear regression, which represents the increase in reaction time 

as more items are added to the search array.  
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For search intercepts, data were non-normally distributed for one data set, while for 

search slopes, data were non-normally distributed for 6 data sets. Data were transformed by 

taking the base-2 logarithm of the raw data. This did not correct the skew for the non-

normally distributed search intercept data set, however it corrected the skew for 4 of the non-

normally distributed search slope data sets, so log transformed data were analysed. No values 

were identified as outliers and therefore all data were retained. Search slope and intercept 

data are presented in Figure 10. 
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Figure 10. Slopes and intercepts of linear functions fit to median reaction time data for high 

and low AQ participants for each of the 6 search conditions. Note that the left y-axis is log2. 

On the x-axis, 20 denotes the 20% target present condition, 50 denotes the 50% target present 

condition, and 80 denotes the 80% target present condition. Error bars are 95% confidence 

intervals. 
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A series of four 3 x 2 mixed ANOVAs were conducted (separate analyses for search 

slope and intercept as the dependent variable) with target probability (i.e. 20%, 50% or 80% 

target present trials) as the within-subjects variable and AQ group as the between-subjects 

variable. Results are presented in Table 4.  

 

Table 4. ANOVA results for Radial Frequency Search Task with proportion of target present 

trials as the within-subjects variable and AQ group as the between-subjects variable 

ANOVA results - Target present search slopes  

Effect F df p np
2  

Target frequency 29.17 (2,94) <.001 .38 

AQ group .24 (1,47) .26 .005 

Target frequency x AQ 

group 

.59 (2,94) .56 .01 

Post-hoc t-tests for main effect of target frequency on target present search slopes  

Analysis t df p r2 Direction 

20% targets vs 50% targets 1.29 (48) .20 .03 NA 

50% targets vs 80% targets 10.06 (48) <.001 .68 50% (M =11.28, SD = 

6.65) sig shallower than 

80% (M = 18.22, SD = 

7.28) 
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20% targets vs 80% targets  5.01 (48) <.001 .34 20% (M =12.58, SD =7.63) 

sig shallower than 80% (M 

= 18.22, SD = 7.28) 

ANOVA – Target absent search slopes  

Effect F df p np
2  

Target frequency 2.31 (2,94) .11 .05 

AQ group .47 (1,47) .50 .01 

Target frequency x AQ 

group 

.27 (2,94) .77 .006 

ANOVA results - Target present search intercepts  

Effect F df p np
2  

Target frequency 29.55 (2,94) <.001 .39 

AQ group .05 (1,47) .82 .001 

Target frequency x AQ 

group 

.50 (2,94) .61 .01 

Post-hoc t-tests for main effect of target frequency on target present search intercepts  

Analysis t df p r2 Direction 

20% targets vs 50% targets 2.30 (48) .03 .10 20% (M = 766.6, SD = 

133.7) higher intercepts 
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than 50% (M = 731.1, SD = 

93.41)  

50% targets vs 80% targets 6.12 (48) <.001 .44 50% higher intercept than 

80% (M = 656.1, SD = 

82.75).  

20% targets vs 80% targets  6.38 (48) <.001 .46 20% higher intercepts than 

80% 

ANOVA results - Target absent search intercepts 

Effect F df p np
2  

Target frequency 113.3

5 

(2,94) <.001 .71 

AQ group .32 (1,47) .58 .007 

Target frequency x AQ 

group 

1.08 (2,94) .35 .02 

Post-hoc t-tests for main effect of target frequency on target absent search intercepts 

Analysis t df p r2 Direction 

20% targets vs 50% targets 7.89 (48) <.001 .56 20% intercept (M = 610.4, 

SD = 101.4) lower than 

50% intercept (M = 708.1, 

SD = 139.00) 
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50% targets vs 80% targets 7.84 (48) <.001 .56 50% intercept lower than 

80% intercept (M = 855.9, 

SD = 128.7)  

20% targets vs 80% targets  13.86 (48) <.001 .80 20% intercept lower than 

80% intercept  

 

Overall, there was no effect of AQ group on search performance in this series of 

analyses. There was an effect of target probability in that for target present trials only, the 

highest target probability condition had steeper search slopes, reflecting less efficient search 

processes. There were also main effects of target frequency on both target present and target 

absent search intercepts. Post-hoc comparisons for the main effect of target frequency 

revealed that for target present trials, when targets were more frequent, participants showed 

faster responses. Target absent trials showed the opposite pattern of results, as expected.  

We calculated the decision criterion for each target probability condition for each 

observer following Wolfe et al. (2007). Values for decision criteria were normally distributed 

and no values were identified as outliers.  A 3x2 mixed ANOVA revealed a significant main 

effect of target probability, F(2,94) = 18.72, p <.001, np2 = .29, but there was no significant 

main effect of AQ group, F(1,47) = 2.01, p = .16, nor a significant interaction between target 

frequency and AQ group, F(2,94) = .23, p = .80.  

A series of follow-up t-tests revealed that the 20% condition (M =1.95, SD =.33) had 

a significantly higher criterion than the 50% condition (M =1.85, SD = .31), t(48) = 2.72, p = 

.009, d’ = .14. The 50% condition had a significantly higher criterion than the 80% condition 
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(M = 1.71, SD = .34), t(48) = 3.39, p = .001, d’ = .2. As would be expected given these 

results, the 20% condition also had a higher criterion than the 80% condition, t(48) = 6.07, p 

< .001, d’ = .34. Collectively, these results indicate that when targets were more frequent, 

observers were more willing to indicate a target was present.  

Global Dot Motion Task  

Global dot motion thresholds were normally distributed for both high and low AQ 

participants. No values were identified as outliers and therefore all data were retained. 

There was no significant difference between thresholds for high AQ (M = 8.06, SD = 

1.36) and low AQ (M = 7.72, SD = 1.33) participants, t(47) = .89, p = .38 (see Figure 11).  

L o w  AQ      H ig h  AQ      

0

5

1 0

1 5

T
h

r
e

s
h

o
ld

 (
%

  
C

o
h

e
r
e

n
c

e
)

 

Figure 11. 75% correct thresholds for high and low AQ participants on the global dot motion 

task.  

GDM thresholds did not significantly correlate with RFST slope or intercept for any 

condition, all ps > .06. Given the expected pattern of results was not obtained on these tasks, 

with no group differences evident, the planned analysis to predict group membership to 

address the second aim of the study was not conducted. 
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Study 2 

The fact that we did not find the typical search advantage for high AQ participants 

complicates the interpretation of our findings. After comparison of the current study to 

previous studies that have examined performance of high and low AQ groups on the RFST, 

we found that our methodology differed in two ways. Firstly, we did not provide auditory 

feedback on response accuracy as previous studies have done (Almeida et al., 2010a, 2010b, 

2013, 2014). This was because, at the time of data collection, the PsyPad application did not 

have the capacity to provide such feedback. It is possible that the absence of such feedback 

might impact on task performance, as feedback may encourage observers to minimize errors 

and focus on accuracy over speed. If high and low AQ groups respond differently to 

feedback, this could explain the lack of a high AQ advantage found in the previous study.  

Secondly, we recorded responses on a touch screen rather than using a button press. 

Participants had to lift their finger entirely off the touch screen after each response, while 

with a keyboard or button box, it is common for participants to keep their fingers resting on 

the response buttons and simply press them down when they wish to make a response. This 

means that a larger motor response is required to respond using the touch screen. While we 

did not expect this to be significant, it is plausible that groups could differ in terms of their 

motor response given widespread findings of motor abnormalities in autism (Gowen & 

Hamilton, 2013) including slower fine motor responses (Freitag, Kleser, Schneider, & von 

Gontard, 2007; D. Green et al., 2002). To address the possibility of the touch screen altering 

the pattern of results in the current chapter, in a follow-up study we employed a button press 

method the same as previous work from our lab (Almeida et al., 2010a, 2010b, 2013, 2014) 

to assess whether response method impacts on results.  
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To investigate whether the lack of provision of auditory feedback might have 

impacted on our results, the additional testing also sought to determine whether provision of 

auditory feedback alters the pattern of results on a visual search task when comparing high 

and low AQ participants.  

 

Methods 

Design 

This study employed a correlational rather than an extreme-groups design, and 

therefore, observers were not selected for AQ scores. Observers were randomly allocated to 

either receive corrective auditory feedback or to receive no auditory feedback.  

 

Observers  

Two-hundred-and-sixty-seven participants aged 18-55 (M = 21.52, SD = 6.29) took 

part in the study. All participants completed the AQ (M = 16.18, SD = 5.94, which is quite 

consistent with the descriptive statistics of Baron-Cohen et al.’s [2001] original study on the 

development of the AQ). The lower limit for acceptable accuracy on the RFST was set to 

75%; 257 observers met this criterion for the target present condition and 256 of the same 

observers met it for the target absent condition. 
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Stimuli  

 Stimuli were arrays of RF patterns as described in Experiment 1, with set sizes of 1, 

2, 4, 8, 16 and 32. Stimuli were the same size as in the previous study. Testing was not 

undertaken in a darkened room and therefore luminance and contrast may have differed, 

however while this may have affected the absolute speed of responses, we do not expect that 

this would have greatly impacted on the pattern of results since all participants completed all 

conditions. Previous work demonstrates that autistic observers do not differ from 

neurotypical controls in terms of their contrast sensitivity at low spatial frequencies (Jemel, 

Mimeault, Saint-Amour, Hosein, & Mottron, 2010) and therefore, we can reasonably expect 

that this would not impact on between-group differences in a subclinical sample. Fifty 

percent of trials were target present and the remaining 50% were target absent. Participants 

completed 3 blocks of testing, each of which contained 20 trials at each set size.  

 

Procedure 

Participants were randomly assigned to either a feedback (N = 92) or no feedback (N 

= 165) condition. Participants completed testing on a PC and pressed keys on a keyboard to 

give their responses. Those in the feedback condition heard a high pitched beep for a correct 

response and a low pitched beep for an incorrect response. Data screening and cleaning were 

performed as for Experiment 1, with the exception that high and low groups were not 

screened separately for outliers given the continuous nature of the data.  
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Results 

Accuracy 

 All observers were included in the accuracy analysis with the exception of one 

observer who performed below chance, indicating that they were unlikely to be adequately 

engaged with the task. Accuracy data were non-normally distributed, as is common on the 

RFST because accuracy tends to be close to ceiling. Taking the base-2 logarithm failed to 

correct the skew, therefore nonparametric analyses were employed. A series of Spearman’s 

correlations indicated that accuracy did not significantly correlate with AQ for any set size 

for either the target present or target absent condition (p > .05).  

 

Reaction Time 

Median reaction time data for each observer were fit with a linear regression to obtain 

a search slope and intercept as in Experiment 1. All four sets were non-normally distributed, 

and so data were transformed by taking the base-2 logarithm. This failed to completely 

correct the skew, but did improve the distribution, and therefore log transformed data were 

analyzed.  

Three values were identified as single variable outliers: the target present and target 

absent intercepts for one high AQ observer, and the target absent slope for one low AQ 

observer. These values were therefore not included in the analysis. For each of the four 

planned regressions, multivariate outliers were assessed for by calculating the Mahlanobis 

distance. A small number of outliers in each condition (max = 6) were identified in this way, 
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however removing them did not change the pattern of results, therefore data with them 

included is presented here.   

A series of four linear regression analyses were conducted for slopes and intercepts 

for the target present and absent data; Search slope and intercept data were considered 

separately as these are differing metrics of performance, and target present and target absent 

data were analysed separately due to the fact that previous work suggests that these data tend 

to have different distributions. For the target present search slopes, the regression model 

explained 4.1% of the variance (R2 = .041, F(2,255) = 5.36, p = .005). Feedback condition 

significantly predicted target present search slope (B = -.27, p = .002), reflecting shallower 

slopes for observers who received corrective feedback than for those who did not (t(254) = 

2.98, p = .003, d = .26). AQ did not significantly predict search slope (B = .01, p = .18). The 

target absent search slope data showed the same pattern of results; the model explained 11% 

of the variance (R2 = .11, F(2,254) = 15.32, p < .001), feedback condition significantly 

predicted target absent search slope (B = -.6, p < .001), reflecting shallower slopes for 

observers who received corrective feedback than for those who did not (t(252) = 5.54, p < 

.001, d = .54). AQ did not significantly predict search slope (B = -.001, p = .88). Data are 

displayed in Figure 12.  
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Figure 12. The relationship between AQ score and search slope for A) the target present 

condition with corrective feedback, B) the target absent condition with feedback, C) the 

target present condition without feedback and D) the target absent condition without 

feedback.  

 

For the target present search intercepts, the model explained 0.5% of the variance and 

was nonsignificant (R2 = .005, F(2,254) = .62, p = .54). The target absent search intercepts 



233 
 

showed the same pattern of results; the regression model explained .07% of the variance and 

was nonsignificant (R2 = .007, F(2,253) = .007, p = .99).  

 

Discussion 

The current study had three aims. Firstly, we aimed to directly measure reaction time to a 

range of spatial frequencies to determine whether basic reaction time differed between AQ 

groups. Secondly, we aimed to determine whether high and low AQ groups would be 

differently impacted by changes in target probability of occurrence on the RFST, specifically 

whether high AQ individuals would be less affected by low target frequency. Finally, we 

aimed to determine whether the characteristic performance high and low AQ individuals 

show on visual tasks could be used to predict group membership. In Study 2, we explored 

whether auditory feedback might differentially impact high and low AQ groups such that a 

lack of feedback might be expected to eliminate differences in search performance.  

For the simple reaction time task, there was no significant difference between AQ groups 

at any spatial frequency tested after adjustment for multiple comparisons. If anything, the 

data seems to trend towards faster reaction times for high AQ observers at the highest spatial 

frequency tested (16 cycles per degree). This trend may initially seem to contradict the 

results of Mighall (2015). She found that high AQ observers were faster than low AQ 

observers when RF patterns in the RFST had a low spatial frequency luminance profile. In 

contrast to this, high AQ observers were slower than low AQ observers when RF patterns 

had a luminance profile defined by the fourth derivative of a Gaussian, which restricted the 

patterns to higher spatial frequencies. However, the spatial frequency at which the largest 

group difference is found in the current study (16 cycles per degree) was not the same as that 
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reported by Mighall (2015), i.e. 11 cycles per degree. It remains possible that patterns of 

results might differ between AQ groups at these different spatial frequencies, although it is 

not clear why this would be the case, and it does seem unlikely. 

Our failure to find the usual search advantage for high AQ participants in both 

experiments, and failure to replicate enhanced contour integration and higher global dot 

motion thresholds, complicates the interpretation of the present results. As mentioned above, 

given the expected pattern of results was not obtained on these tasks and indeed the lack of 

group differences, the planned analysis to predict group membership in the second aim of the 

study was not conducted. 

It is possible the failure to replicate previous findings of superior search performance by 

high AQ participants may be due to sampling error. Work from our research group conducted 

in parallel with this study (Cribb, Olaithe, Di Lorenzo, Dunlop, & Maybery, 2016) has 

demonstrated that there are differences in the statistical power of studies that compare high 

and low AQ groups (quantile designs) and studies that use samples unselected for AQ score, 

with a considerably larger sample being required for the latter study design than the former. 

In that study, we conducted Monte Carlo simulations to illustrate the likelihood of obtaining 

a significant result where a small, significant correlation exists between two variables. Most 

studies that compare high and low AQ groups on the embedded figures test had sample sizes 

similar to that in Experiment 1 of the current study, and therefore we had reason to believe 

we had sufficient statistical power to detect an effect. As Monte Carlo simulations will show, 

however, it is the nature of random sampling that on some occasions, the groups selected will 

not differ even where a population difference exists and where the sample size is large 

enough to be adequately powered in most cases. Our findings suggested that a considerably 
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larger sample is likely to be needed to obtain significant results in a continuous AQ design 

than a quantile design (Cribb, Olaithe, et al., 2016), and therefore we recruited a large sample 

for Experiment 2 in the current study. Perhaps this sample was not large enough, however 

there is no trend in the data to indicate that there is a relationship present that additional 

power is needed to detect. A more likely explanation which we discussed as a possibility in 

our previous work (Cribb, Olaithe, et al., 2016) is that the relationship between level of 

autistic traits and visual search ability may not be linear. Indeed, Pellicano et al. (2005) found 

that in autistic children, performance on a Global Dot Motion task and the Embedded Figures 

Test were significantly negatively correlated, i.e. those children who showed greater global 

motion coherence impairment also showed greater figure disembedding ability, while 

Grinter, Maybery, et al. (2009) found a significant negative correlation between EFT RTs 

and Glass pattern thresholds. No such correlation was found in the neurotypical observers in 

the study. These results collectively suggest that there is a perceptual phenotype 

characterized by this combination of strength and deficit. While we feel it is well established 

that individuals with subclinical levels of autistic traits show autistic-like performance on 

perceptual tasks (e.g. Cribb, Olaithe, et al., 2016), it may be the case that the relationship is 

nonlinear such that the search advantage only emerges at the higher end of the subclinical 

range. This is one argument for performing extreme groups analyses, however we did carry 

out a comparison of high and low AQ participants in Study 2 to determine whether this 

changed the pattern of results, and – again - the groups did not differ in their search 

performance. Whether the relationship between AQ and search performance is non-linear 

certainly warrants further investigation, and can likely only be achieved with a large sample 

that is not selected for AQ score.  
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The current sample of high and low AQ observers had an above-average IQ, which 

theoretically could lead to ceiling effects and/or reduced variability. However, we believe 

this is unlikely to be the case, as previous work that did demonstrate a search advantage for 

high AQ observers on the RFST also consisted of samples with above average IQ scores 

(Almeida et al., 2010a, 2010b, 2013, 2014). Similarly, one might speculate that observers 

could be more engaged with the iPad as opposed to a standard computer monitor set-up, 

leading to ceiling performances. This seems unlikely given the stimuli presented were based 

on those used in previous studies, and there was still some variation in accuracy, however it 

is a possibility that may warrant future investigation.  

Although there was no relationship between AQ and differences in criterion as a function 

of target frequency, there may of course be differences in the magnitude of certain effects 

between clinical and nonclinical groups, and therefore this is not necessarily inconsistent 

with the account proposed by Pellicano and Burr (2012). The effect may be smaller in a 

subclinical sample, and could perhaps be demonstrated in a larger nonclinical sample or in a 

clinical sample. Findings from the target frequency manipulation were relatively consistent 

with Wolfe et al. (2007). The less frequent targets led to faster participants’ responses for 

target absent trials. Additionally, when targets were more frequent, observers were more 

willing to indicate a target was present, and when targets were less frequent, they were less 

willing to indicate a target was present, consistent with Wolfe et al.’s (2007) suggestion that 

a shift in criterion occurs at low target frequencies that could explain elevated error rates. The 

exception to this is that in the current study, there was no difference found in accuracy 

between target conditions. Although this task employed different stimuli to those employed 

by Wolfe et al. (2007), there is no reason to expect this should necessarily impact on the 
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target frequency effect. However, the lowest target frequency in the current study was 20% 

target present trials, while in Wolfe et al.’s (2007) study, target frequencies of 1-2% were 

employed as low target frequencies. It may be the case that a 20% target present trial 

condition is not low enough in frequency to drive up miss errors. It would be interesting for 

future work to determine the frequency at which target accuracy begins to decline. 

It is interesting that for the target present trials, target frequency had an impact on the 

steepness of search slopes, while this was not the case for the target absent trials. Participants 

showed a tendency to spend more time searching per item when there was a high frequency 

of targets. Bearing in mind that search slopes are only fitted to correct responses as is typical, 

this may reflect a speed/accuracy trade-off whereby participants slow down to ensure a target 

is not missed when they know that targets arise frequently.  

Provision of auditory feedback did not differently impact on high and low AQ groups, 

and hence cannot account for the failure to replicate findings of superior visual search in high 

AQ groups. Additionally, Experiment 2 involved recording responses from a keyboard and 

not a touch screen, and therefore the failure to find a search advantage for the high AQ group 

is unlikely to be due to the difference in response style.  

Although not a primary aim of the current study, our data here adds to a growing body of 

studies that replicate the finding that closed contours are processed globally and that the 

visual system integrates local curvature information (Almeida et al., 2014; Dickinson et al., 

2015; Loffler et al., 2003; Tan, Bowden, Dickinson, & Badcock, 2015; Tan, Dickinson, & 

Badcock, 2013, 2016a, 2016b). Additionally, it shows that this is the case when probability 

summation is modelled under SDT following arguments that the traditional method of 



238 
 

modelling probability summation is not appropriate (Baldwin & Schmidtmann, 2015; 

Baldwin et al., 2015).  

It is important to note that it is plausible that patterns of performance may differ between 

high AQ, subclinical individuals and the individuals at the highest end of the autism 

spectrum who meet clinical diagnostic criteria. Indeed, where novel hypotheses are tested 

employing a high AQ group, it is important to replicate the findings of the work in a 

clinically diagnosed population rather than assume the pattern of results will necessarily be 

the same (Gregory & Plaisted-Grant, 2016). Therefore it would be interesting for future 

research to examine basic reaction times and the effect of target frequency manipulations in 

visual search in clinically diagnosed autistic people.  
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Abstract  

Autistic people typically outperform neurotypical controls on visual search tasks. In the 

current study, we assessed two possible mechanisms that might underlie superior search 

performance: simple reaction time and ability to integrate information around closed 

contours. We employed the Radial Frequency (RF) search task, which uses stimuli deformed 

from circular by sinusoidal modulation. We also manipulated the frequency of target 

presence, as neurotypical observers perform more poorly on search tasks when targets are 

infrequent, and we were interested to determine whether autistic people would be less 

affected by such a change in frequency. We find the surprising result that autistic observers 

are slower on a measure of simple reaction time and less sensitive to deformation of 

segments of closed contours but show equivalent strength of integration of curvature 

information relative to controls. Despite this, autistic observers showed equivalent search 

performance to controls when targets were present on 20% or 80% of trials. Neurotypical 

observers showed an advantage when targets were present on 50% of trials but only for trials 

where observers were required to switch responses from present to absent or vice versa, 

which may relate to executive functioning difficulties in autistic participants.  
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Visual Search and Related Visual Functions in a Population of Clinically Diagnosed 

Autistic Young People 

Autism is now widely believed to fall on a spectrum, with clinically diagnosed 

individuals possessing autistic traits to greater or lesser degrees. This is reflected in the most 

recent edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), in 

which formerly discrete diagnostic categories of Autistic Disorder, Asperger’s Disorder and 

Pervasive Developmental Disorder – Not Otherwise Specified have been collapsed into a 

single diagnostic category, Autism Spectrum Disorder (American Psychiatric Association, 

2013). Further, the autism spectrum is argued to extend beyond those who meet clinical 

diagnostic criteria; there is evidence to suggest that the spectrum of autistic traits extends into 

the general population, with all individuals possessing autistic traits to greater or lesser 

degrees (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001). In line with this, 

many of the cognitive and behavioural characteristics of autistic people have been replicated 

(though often to a lesser degree) in samples of individuals with relatively high but subclinical 

levels of autistic traits, and these individuals are said to possess what is referred to as the 

broad autism phenotype (Wheelwright, Auyeung, Allison, & Baron-Cohen, 2010).  

There is considerable evidence that autistic people differ from neurotypical people in 

terms of their visual processing, showing relative strengths on some visual tasks and 

weaknesses on others (Simmons et al., 2009). In general, on tasks where observers are asked 

to identify a local feature within a global image, autistic people tend to outperform controls 

(Happé & Frith, 2006; Shah & Frith, 1983), while on tasks that require processing the global 

gestalt, autistic people tend to show impairment (Pellicano, Gibson, Maybery, Durkin, & 

Badcock, 2005). The Embedded Figures Test (EFT), a task in which participants are asked to 



251 
 

identify a smaller “local” figure within a larger gestalt, is the first task on which this 

advantage was shown (Shah & Frith, 1983). Since this study was published, this advantage 

has been replicated in other kinds of visual search tasks, with both autistic children 

(O'Riordan, Plaisted, Driver, & Baron-Cohen, 2001; Plaisted, O'Riordan, & Baron-Cohen, 

1998) and adults (Gonzalez, Martin, Minshew, & Behrmann, 2013; O’Riordan, 2004) 

showing faster reaction times and either greater or equal accuracy compared to neurotypical 

controls.  

Visual search ability has also been investigated in the broad autism phenotype using the 

Radial Frequency (RF) search task (Almeida, Dickinson, Maybery, Badcock, & Badcock, 

2010a, 2010b, 2013, 2014). This version of a search task uses Radial Frequency (RF) 

patterns as stimuli, which are created by modulating the radius of a circle using a sinusoid. At 

low modulation amplitudes, the number of cycles of modulation determines the number of 

convex curvatures on the complete pattern. The frequency of the sinusoid determines how 

many cycles are needed to cover 360 degrees. As such, an RF2 resembles an oval, an RF3 

resembles a triangle, an RF4 resembles a square, and so on. Figure 1 shows an example of 

the RF search task with a target RF3 and distractor RF4s.  

 

Figure 1. Example stimulus from the RF search task.  
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The advantage of using these patterns as stimuli is that their psychophysical properties 

are well understood, unlike those of some more traditional search tasks such as the 

Embedded Figures Test (Almeida et al., 2010a). On the RF search task, participants with 

high levels of mild autistic traits assessed using the Autism Spectrum Quotient (AQ; Baron-

Cohen et al., 2001) show faster reaction times and greater or equal accuracy compared to 

participants with low levels of these traits (Almeida et al., 2010a, 2010b, 2013, 2014). The 

RF search task has yet to be investigated in a sample of individuals with clinically diagnosed 

autism.  

There are benefits to testing hypotheses relating to autism in the broad phenotype; for 

example, this approach avoids difficulties with IQ matching often inherent in testing clinical 

autistic populations. This is particularly important for reaction time tasks, as measures of 

intelligence are significantly correlated with measures of reaction time (Sheppard & Vernon, 

2008) which may be due to faster nerve conduction velocity in those with higher IQ (Vernon 

& Mori, 1992), necessitating controlling for IQ. Subclinical participants are also often an 

easier population to recruit, and the fact that a broad phenotype exists is interesting in itself. 

However, clinical and subclinical populations may show different patterns of results, 

therefore it is important that any novel hypotheses regarding autism are examined in a 

clinical sample (Gregory & Plaisted-Grant, 2016). Indeed, many individuals who obtain high 

AQ scores will never meet clinical diagnostic criteria, implying that there are differences 

between these groups which are highly informative. Differences may exist in the way 

individuals with high AQ scores process information relative to autistic individuals, i.e. those 

at the highest end of the autism spectrum, and these differences may be informative in terms 

of better understanding both clinical autism and the broad phenotype.  



253 
 

The reason for the search advantage shown by autistic and high AQ individuals is 

unclear and appears to be somewhat dependent on the properties of the specific search task. 

Some previous work has suggested the advantage is due to superior target discrimination, as 

autistic observers show less reduction in speed than controls when the search task is 

conjunctive; that is, when the target shares one or more characteristics with the distractors, 

such as shape or colour (O’Riordan, 2004). Other work suggests the advantage does not relate 

to more efficient search, but rather a difference in basic visual processing; Joseph, Keehn, 

Connolly, Wolfe, and Horowitz (2009) found equivalent steepness of search slopes between 

groups, but lower intercepts for autistic participants, suggesting that autistic participants’ faster 

reaction times may be due to non-search related factors. Some authors have suggested this is 

due to faster speed of processing in autistic and high AQ individuals, leading to faster simple 

reaction times (Brock, Xu, & Brooks, 2011; Scheuffgen, HappeÉ, Anderson, & Frith, 2000). 

In contrast to claims of faster basic reaction time as a possible mechanism for the 

autistic search advantage, some previous research suggests autistic children actually perform 

more poorly on the core Wechsler Intelligence Scale for Children –Third and Fourth Edition 

(WISC-III and WISC-IV) processing speed subtests (Symbol Search and Coding), both of 

which are timed graphomotor tasks, than neurotypical controls (Mayes & Calhoun, 2007; 

Oliveras-Rentas, Kenworthy, Roberson, Martin, & Wallace, 2012). It is possible that either 

slower motor speed, slower neurological speed, or a combination of both could explain the 

observed difference in response times. Furthermore, Lazar, Miles, Babb, and Donaldson 

(2014) demonstrated white matter differences in young autistic adults which are consistent 

with reduced processing speed. Therefore it is difficult to draw a clear conclusion regarding 

processing speed in autism. One possible explanation for this is that processing speed might 
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depend on the spatial frequency of the stimuli; there is evidence to suggest that high AQ 

individuals are faster on search tasks when targets are composed of low spatial frequency 

components, and they are in fact slower when stimuli are high spatial frequency (Mighall, 

2015) although we have failed to replicate this difference in a non-clinical sample. The WISC 

processing speed tasks were not designed with any attempt to control spatial frequency content 

of the stimuli, and indeed, most visual search tasks also make no effort to control for this. As 

such, an investigation of simple reaction time to a range of spatial frequencies in autism may 

be beneficial.  

Another possible mechanism that may underlie superior search is that autistic and high 

AQ individuals may be more efficient at contour integration (also referred to as global contour 

processing). There is evidence to suggest high AQ individuals show enhanced integration of 

information around closed contours, and that integration efficiency correlates with visual 

search performance (Almeida et al., 2014). Previous work has shown that autistic children are 

less sensitive to RF3 patterns than neurotypical controls, but equally sensitive to locally 

processed RF10 patterns (Grinter et al., 2010). This is not the case for high AQ adults, whose 

sensitivity to RF3 patterns (i.e. the amount of curvature required to reliably discriminate the 

RF pattern from an unmodulated circle) is equal to that of low AQ adults, but their contour 

integration (i.e. the improvement in sensitivity as more cycles of modulation are added) is 

stronger (Almeida et al., 2014). There are two possible explanations for this discrepancy. 

Firstly, as Grinter et al. (2010) tested children, it is possible that there is developmental change 

in sensitivity to RF patterns. It may be the case that autistic adults no longer show reduced 

sensitivity to RF patterns. Additionally, as Grinter et al. (2010) did not directly assess contour 

integration, measuring only sensitivity to the fully modulated RF3 patterns, it is possible that 
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autistic children may still show enhanced contour integration despite reduced sensitivity to 

local curvature features. Our previous work on neurotypical observers shows that the strength 

of contour integration is adult-like in children as young as 6, however, sensitivity to local 

curvature information matures considerably between childhood and early adulthood (Cribb, 

Badcock, Maybery, & Badcock, 2016). Given this, it seems plausible that autistic children may 

be delayed in developing sensitivity to local curvature information. An alternative explanation 

is that, as discussed above, there may be times that those at the highest end of the autism 

spectrum (i.e. clinically diagnosed autistic individuals) show differences in their performance 

on certain tasks to high AQ (but not clinically diagnosed) individuals. Reduced sensitivity to 

local curvature features may only emerge at the highest end of the spectrum. These two 

possibilities are not mutually exclusive. Our previous work highlights the fact that contour 

integration and sensitivity to local curvature information are dissociable processes (Cribb et 

al., 2016) and could therefore show different patterns of results.  

Another factor known to impact on search performance is the frequency of target 

presence; neurotypical observers make more errors when targets are rare (1-2% target present 

trials) than when they are common (50% target present trials) (Rich et al., 2008; Van Wert, 

Horowitz, & Wolfe, 2009; Wolfe et al., 2007). This is important because in research, targets 

are nearly always present on either 50% or 100% of trials. In contrast to this, some jobs 

require detection of targets that occur very infrequently, such as in airport baggage security 

and medical imaging. Observers are also faster to respond to target absent trials at low target 

prevalence, however their reaction times for correct target present trials (hits) is remarkably 

slower than at high prevalence (Rich et al., 2008). This occurs even when search tasks are 

very simple, however, the reason for the errors differs according to the complexity of the 
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task; in more complex search tasks, misses seem to result from ending the search prematurely 

due to observers feeling under pressure to respond quickly, while in simpler tasks, they 

appear to result from something more like a motor error or an error of anticipation, reflected 

in faster responses for more common trial types in this kind of search (Rich et al., 2008).  

There is reason to believe, however, that this pattern of results dependent on target 

frequency might not hold true for autistic observers. Pellicano and Burr (2012) proposed an 

account of autistic perception whereby autistic people are thought to base their perceptions of 

the world less heavily on prior experiences than neurotypical observers. Under certain 

circumstances, where “priors” are disadvantageous, this would be expected to produce an 

advantage for autistic observers. This is supported by the fact that they show reduced 

susceptibility to optical illusions (Happé, 1996) and are better at copying impossible figures 

(Mottron, Belleville, & Ménard, 1999) than controls. Conversely, tasks where priors are an 

advantage are more difficult for autistic people, such as using cast shadows to help recognize 

objects (Becchio, Mari, & Castiello, 2010). Furthermore, Pellicano and Burr (2012) argue 

that such a reduced reliance on priors could result in a greater reliance on “bottom up” 

incoming sensory information. This would be consistent with the often reported detail 

focused processing style shown by autistic people, as well as with a tendency to experience 

hypersensitivity or hyposensitivity to sensory stimuli due to a lack of ability to predict 

incoming stimuli. Given this, it is possible that autistic people may not show the same 

impairment on low frequency visual search tasks as neurotypical observers.  

We were interested in whether, for a simple visual search task - the RF search task - 

participants would show faster target-absent (including true positives and miss errors) 

response times and more miss errors for lower target frequencies as found in previous work 
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(Wolfe et al., 2007). This task has the advantage that unlike more frequently used search 

tasks such as the Embedded Figures Test, the stimuli can be precisely controlled, can be 

randomly regenerated for every trial, and have psychophysical properties that are well 

understood. We were also interested in whether the frequency of target presence might 

differently impact on search performance in autism. If the drop off in search accuracy as a 

function of target frequency is due to a criterion shift rather than a change in sensitivity 

(Wolfe et al., 2007), and autistic people are more efficient searchers (i.e. able to take in more 

information in less time) (O'Riordan et al., 2001; O’Riordan, 2004), they might be less likely 

to end their search prematurely and therefore make fewer errors. In the context of signal 

detection theory, the criterion refers to the amount of signal that needs to be present in the 

stimulus for the observer to make a decision as to whether the target is present or absent.  

In the current study, we had three aims. Firstly, we aimed to examine two possible 

reasons for the search advantage; faster reaction times to basic stimuli than neurotypical 

controls, particularly at low spatial frequencies, and enhanced contour integration. Our 

second aim was to determine whether manipulating the frequency of occurrence of the 

targets would differently affect neurotypical and autistic participants. Finally, our third aim 

was to compare performance on visual search with that on a global dot motion task, since 

autistic participants typically exhibit impaired performance on the latter (Milne et al., 2002).    
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Methods 

Observers 

Ethics approval was obtained from the University of Western Australia Human 

Research Ethics Office. Observers were adolescents and young adults who had participated 

in previous studies at the University of Western Australia and had consented to be contacted 

about future studies with the understanding that they were under no obligation to take part in 

these studies.  Eighteen autistic young people and 20 neurotypical controls took part in the 

study. All observers had normal or corrected-to-normal visual acuity (assessed by Snellen 

chart). All autistic participants were diagnosed with an autism spectrum disorder in early 

childhood. Observers were assessed on the ADOS-2 by a trained examiner and met criteria 

for autism (N =10) or autism spectrum disorder (N = 8) at the time of the current study. All 

participants and their parents gave written, informed consent to take part in the study. The 

Wechsler Abbreviated Scale of Intelligence – Second Edition (WASI-II) was used to derive 

full scale IQ (FSIQ) and perceptual reasoning index (PRI) estimates. Participants were 

required to have an FSIQ and a PRI > 70 to take part in the study. Demographic details are 

presented in Table 1.  
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Table 1. Demographic details for autistic and neurotypical observers.  

 M:F Age FSIQ PRI 

  M (95% 

CI) 

Range M (95% CI) Range M (95% 

CI) 

Range 

Autistic 16:2 17.73 

(17.12 – 

18.56 ) 

16 - 21 102.61 

(96.00 – 

109.22) 

80 – 

130 

105.33 

(98.34 – 

112.32) 

87 – 133 

Neurotypical 18:2 16.50 

(16.00 – 

17.01) 

14 - 18 105.5 

(100.12 – 

110.88) 

78 – 

121 

106.2 

(99.44 – 

112.96) 

73 – 126 

 

 

Apparatus 

All stimuli were created using custom software written in MatLab 7.9.0. Stimulus 

presentation was controlled using the PsyPad platform (Turpin, Lawson, & McKendrick, 

2014). Stimuli were presented on an Apple iPad Air with a resolution of 2048 x 1536 pixels 

(32.02 x 24.37 degrees of visual angle), a mean luminance of 81.83 cd/m2 (CIE1931 2o 

chromaticity coordinates: x = 0.314, y = 0.333), a maximum luminance of 155.48 cd/m2 and 

a frame rate of 60 Hz. 
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Stimuli  

Simple Reaction Time Task 

Stimuli for the simple reaction time task had a luminance profile defined by 

sinusoidal variation in luminance and were displayed on the mid-grey background specified 

above. The sinusoidal gratings were created using the formula:  

𝐿(𝑋, 𝑌) =  𝐿𝑚𝑒𝑎𝑛(1 + 𝐶exp (−1/2𝜎2)(X-mid) 2+(𝑌 − 𝑚𝑖𝑑) 2𝑐𝑜𝑠(𝑠𝑓((𝑋 − 𝑚𝑖𝑑)𝑐𝑜𝑠(𝜃) +

(𝑌 − 𝑚𝑖𝑑)𝑠𝑖𝑛(𝜃)))        (1) 

Where C is the contrast, Lmean is the space averaged luminance, X and Y are the 

image coordinates, sf gives the size of the grating bars to yield the appropriate spatial 

frequency, mid is the midpoint of the grating, σ is the standard deviation of the Gaussian 

envelope (approximately 14.4 degrees) and θ gives the orientation of the grating. Stimuli 

were tested at a range of spatial frequencies (0.5, 1, 2, 4, 8 and 16 cycles per degree; see 

Figure 2 for an example stimulus) and all gratings were vertical.  

 

Figure 2. An example of a sinusoidal grating in a Gaussian envelope like those used in the 

simple reaction time task.  
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There was a variable time delay before onset with a mean delay of 0.75 seconds and a 

range of 0.5 – 1 seconds following the previous trial. Stimuli remained on the screen until 

participants made a response.  Participants completed 2 blocks of testing, each of which 

contained 30 trials for each spatial frequency, with order of trials randomized.  

Participants were instructed to respond as quickly as possible by tapping a touch-

screen button labelled “present” as soon as each stimulus appeared on the screen.  

 

RF Integration Task  

This task was conducted as reported in our previous work (Cribb et al., 2016). Stimuli 

were RF3 patterns. A frequency of 3 was chosen for two main reasons. Firstly, an RF3 

results in a steeper integration slope than RF patterns of higher frequencies (Loffler, Wilson, 

& Wilkinson, 2003)  thus allowing more room for individual variation in the range indicating 

global processing (i.e. exceeding probability summation estimations). Secondly, fewer 

thresholds need to be measured for a complete integration function when only 3 cycles of 

modulation fully modulate the shape (1 per cycle) and so the testing load on participants is 

reduced. 

The radius of an RF pattern (R) at a given angle (θ) is given by the formula: 

     meanR θ R   1 Asin ωθ φ          (2) 

In this formula, Rmean is the mean radius of the pattern (1.5ο of visual angle), ω is the 

radial frequency (i.e. the number of cycles required to complete 360 degrees, which was 

always 3 for this study), φ is used to control the rotation (or phase) of the pattern which was 

randomised so the position of the lobes of the pattern was varied from trial to trial (360 



262 
 

possible phases were created), and A is the amplitude of the modulation which was varied to 

estimate threshold. The mean radius was chosen to be comparable to previous work from our 

research group (Grinter et al., 2010). Sensitivity to RF patterns has been shown to be 

approximately size invariant with values in this range, (Wilkinson, Wilson, & Habak, 1998) 

so this choice is unlikely to have impacted on results.  

We developed RF3 patterns with one, two and three cycles of modulation (see Figure 

1d). A fully modulated RF3 pattern contains three cycles in 360o (2π radians). For patterns 

with fewer than three cycles of modulation, the transition between the modulated and circular 

parts of the pattern was smoothed using a profile matching the first derivative of a Gaussian 

(D1), following earlier authors (Dickinson, McGinty, Webster, & Badcock, 2012; Loffler et 

al., 2003), to prevent the transition from serving as a distinctive local cue. RF patterns had a 

luminance profile defined by a Gaussian function with a full width at half maximum contrast 

of 5.62’ of visual angle.  

Each of the three stimuli was tested at nine amplitudes, presented in random order 

using the Method of Constant Stimuli, with 15 trials per amplitude completed by each 

observer, such that each observer completed 15 x 9 x 3 trials in total throughout the 

experiment. The three stimuli were presented in three separate blocks  that were completed in 

counterbalanced order across participants.  

Raw data were transformed to a proportion of correct responses for each condition. A 

Quick function (Quick, 1974; Wilson, 1980) was fitted using non-linear regression to each 

observer’s data for each of the three stimulus conditions using the formula: 

  
1

1 2

Q
A

p A

                (3) 
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Where 𝑝(A) is the proportion of correct responses at a given amplitude of 

modulation, and the formula gives Δ, the 75% correct threshold for stimulus detection, and 

Q, the slope of the psychometric function. The average r2 value for the Quick functions was 

.83 for 1 cycle of modulation, .82 for 2 cycles of modulation and .79 for 3 cycles of 

modulation, indicating adequate curve fits. Where an adequate fit (i.e. r2 > .6 as per previous 

research [Grinter et al. 2009]) could not be achieved with Equation 3, thresholds were 

estimated by drawing a straight line between the two nearest stimulus levels to determine 

where the observer’s performance approximated 75% correct. After exclusion of all data for 

three observers, ten thresholds (out of 3 x 35 = 105 thresholds overall) were estimated this 

way.  

After fitting the psychometric data for one, two and three cycles for each observer 

with Equation 3 to obtain 75% correct thresholds (Δ), the relationship between number of 

cycles and threshold was fitted with a power function to obtain an estimate of the efficiency 

of global contour integration, following Loffler et al. (2003) , using the formula: 

 Y kX b   (4) 

where Y is the 75% correct threshold, k is a sensitivity scaler estimating the threshold for a 

single cycle of modulation on the contour, X is the number of cycles, and the equation gives 

b, the slope of the change in thresholds as a function of number of cycles, as an estimate of 

the slope of the contour integration function. Response functions were fitted using nonlinear 

regression using Prism5 (GraphPad Software, San Diego California USA, 

www.graphpad.com), to yield best fit estimates for both k and b.  

 We provide here two methods for estimating probability summation; the traditional 

method (-1/Q, where Q is the average of the Q values obtained using Equation 3) for 
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comparison with previous studies, as well as an estimate using a derivation based on signal 

detection theory (Baldwin & Schmidtmann, 2015; Baldwin, Schmidtmann, & Hess, 2015) as 

this is argued to provide the best estimate. Our estimates are based on the assumption that 

observers monitored 120 channels (1 per degree of rotation of the pattern before repetition) 

as explained in Cribb et al. (2016). 

 

RF Search Task 

 The RF search task was based on that developed by Almeida et al. (2010a). The target 

was always an RF3 pattern and distractors were always RF4 patterns. RF patterns were 

created using Equation 2 as described for the RF integration task above. Unlike the RF 

integration task, the modulation amplitude (A in Equation 2) was 1/(1 + ω2), where ω is the 

frequency of the pattern, i.e. the number of cycles in 360° (3 or 4 in this task). This resulted 

in RF patterns with flat sides and curved vertices.  

RF patterns were randomly allocated to locations on a 10 x 10 grid and offset both 

horizontally and vertically by random values between -12 and 12 minutes of visual angle. As 

with the RF integration task, RF patterns had a luminance profile defined by a Gaussian 

function and were presented on a mid-grey background. RF patterns had a base radius of 30 

minutes of visual angle. With the chosen amplitudes the patterns are matched in luminous 

energy ensuring shape differences must drive target detection. Set size refers to the number 

of items in a visual search array. Five different set sizes were employed: 2, 4, 8, 16 and 32.  

Each participant completed three different target frequency conditions: one with 8 

target present trials and 32 target absent trials at each set size (20% target present), one with 
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20 target present and 20 target absent trials at each set size (50% target present), and one with 

32 target present trials and 8 target absent trials at each set size (80% target present).  Within 

each condition, target present and target absent trials were presented in a randomised order, 

and the order of condition completion was counterbalanced across participants.  

Participants were instructed to indicate whether the target was present or not as 

quickly and accurately as possible. Responses were made using touch-screen buttons at the 

bottom of the iPad screen labelled “yes” and “no”. The “yes” button was always to the left. 

Stimuli remained on the screen until participants made a response. Trials were separated by a 

500ms interstimulus interval.  

 

 

Global dot motion task 

 A translational global dot motion task was employed using bright dots (340 cd/m2) on 

a mid-grey background (81.83 cd/m2). Stimuli had a given proportion of signal dots moving 

in a coherent direction (either left or right) and the remainder (noise dots) moving in 

randomised directions (not permitted to be within 10° of the target direction).  An 8 frame 

motion sequence with a frame duration of 100ms was used, with the dots carrying the signal 

being selected on each frame, such that at low signal levels, dots were unlikely to carry signal 

on consecutive frame transitions. This method minimizes the utility of tracking local motion 

of individual dots. Half of the trials contained coherent motion moving to the left and half 

contained coherent motion moving to the right. The Method of Constant Stimuli was used to 

estimate thresholds; stimuli were presented in random order at 9 different levels of 
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coherence. Each participants’ data was fit with a Quick function (Equation 3) to obtain an 

estimate of their 75% correct threshold.  An example frame from the GDM task is shown in 

Figure 3.  

 

Figure 3. An example frame from the GDM task in the current study.  

Procedure 

Testing was either completed at the University of Western Australia or in 

participants’ homes, depending on what was most convenient to the family. Participants 

completed testing seated in a darkened room. Breaks were taken between blocks of testing as 

needed. The order of task completion was randomised between participants. Participants 

viewed the iPad from a distance of 34.5cm such that each pixel subtended approximately one 

minute of visual angle.  

 

Data Screening and Cleaning Procedure 

Group data for autistic and neurotypical observers were screened for normality 

separately. A series of D’Agostino-Pearson omnibus normality tests were conducted for each 
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condition of each task. Where normality was improved when transformed by taking the base-

2 logarithm, transformed data were analysed. Where data were non-normally distributed even 

after transformation, nonparametric tests were employed.  

Data for autistic and neurotypical participants were screened separately for outliers 

using the ROUT method (Motulsky & Brown, 2006) with q, a value that controls the “false 

discovery rate,” set to the recommended level of 1%. This means the researcher can expect 

fewer than 1% statistically significant outliers to be false positives. 

 

 

Results 

Simple Reaction Time Task 

Data for the reaction time task for two neurotypical participants was lost due to a 

computer error, giving sample sizes of 18 neurotypical and 18 autistic participants for this 

task. Each participant’s data for each spatial frequency was transformed using a base-2 

logarithm and then screened for outliers (with an outlier being defined as a value that falls > 

3 standard deviations from the mean for that participant). Outliers were removed from 

analysis, mean reaction times were then calculated for each spatial frequency and those 

means were transformed back to milliseconds for graphical representation.  

One data set was non-normally distributed (the 16 cycles per degree condition for 

autistic participants), however taking any simple transformation of the data failed to correct 

the distribution and therefore, the raw reaction time data was analysed. One reaction time 



268 
 

value for one autistic participant in the 16 cycles per degree condition was identified as an 

outlier and was therefore excluded from the analysis.  

A 6x2 mixed ANOVA was conducted with spatial frequency as the within-subjects 

variable and diagnostic status (i.e. autistic or neurotypical) as the between-subjects variable. 

There was a significant main effect of spatial frequency on reaction time, F(5,160) = 8.52, p 

<.001, np
2 = .21, reflecting increasing reaction time as spatial frequency increases, as is 

typical  (Breitmeyer, 1975; Gish, Shulman, Sheehy, & Leibowitz, 1986; Saleh & Bonnet, 

1998; Vassilev, Mihaylova, & Bonnet, 2002), see Figure 4. There was also a significant main 

effect of diagnostic status, F(1,32) = 4.29, p = .05, np
2 = .12, reflecting slower reaction times 

for autistic participants on average. There was no significant interaction between spatial 

frequency and diagnostic status, F(1,35) = .45, p = .80.  

 

Figure 4. Mean reaction times for the simple reaction time task for each spatial frequency 

tested for autistic and neurotypical participants. Error bars are 95% confidence intervals.   
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RF Search Task  

Accuracy analysis 

Given participants could trade off speed for accuracy, it is important to examine 

whether accuracy is consistent across groups. As accuracy on the RF search task tends to be 

relatively high across participants, accuracy data tend to have ceiling effects. A series of 

Kruskall Wallis tests, for each target frequency condition, each target condition and each set 

size indicated that there was no difference in accuracy between groups for any set size for 

any condition (all ps > .05). Mean accuracy data for each condition are presented in Table 2.  

 

Table 2. Percentage of correct responses for each RFST condition.  

 20% Target Present 50% Target Present 80% Target Present 

Set Size Present Absent Present Absent Present Absent 

2 94.08 99.42 97.89 97.37 98.77 92.76 

4 97.37 99.59 98.82 98.55 98.68 96.05 

8 96.38 99.51 97.76 99.08 97.62 98.68 

16 94.74 98.77 95.13 99.74 96.46 98.03 

32 84.21 99.01 88.16 98.68 87.66 98.032 
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Reaction time analyses  

For the RF search task, the median reaction time for correct responses was calculated 

for each participant for each set size. Reaction times were calculated separately for each of 

the three target frequency conditions (i.e. 20% target present, 50% target present and 80% 

target present). Reaction times were also calculated separately for target-present and target-

absent trials. Median reaction time data were then fit with a linear regression as a function of 

set size.  

Two metrics of performance relating to reaction time were of interest: the slope and 

intercept of the linear regression that was fit to the median reaction times as a function of set 

size, for each participant. Search intercept represents a basic speed of processing measure, 

while search slope is indicative of the additional time required to process each item in the 

search array as set size increases. For each participant, a search intercept and slope was 

calculated separately for target present and absent data for each of the three target 

frequencies (giving 12 data sets for each of the two groups). Data were non-normally 

distributed for 5 out of the 24 data sets. No simple transformation corrected the distribution. 

Visual inspection of the data suggests a skew towards shallower search slopes. However, the 

target present data for neurotypical observers for the 50% condition which is normally 

distributed shows the same general pattern of results, and so this does not significantly 

change interpretation of the data.  No values were identified as outliers and therefore all data 

were retained. Search slope and intercept data are presented in Figure 5.  
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Figure 5. Slopes and intercepts of linear functions fit to median reaction time data for autistic 

and neurotypical participants for each of the 6 search conditions. On the x-axis, 20 denotes 

the 20% target present condition, 50 denotes the 50% target present condition, and 80 

denotes the 80% target present condition. Error bars are 95% confidence intervals. Horizontal 

bars are means. 
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A series of four 3x2 mixed ANOVAs were conducted with target frequency (i.e. 20%, 

50% or 80% target present trials) as the within-subjects variable and diagnostic status (i.e. 

autistic vs neurotypical) as the between-subjects variable. with target frequency (i.e. 20%, 

50% or 80% target present trials) as the within-subjects variable and diagnostic status (i.e. 

autistic vs neurotypical) as the between-subjects variable Separate ANOVAs were conducted 

for search slope and intercept data. Target present and target absent data were also analysed 

separately as target absent responses tend to be slower and more variable than target present 

responses, potentially reflecting different underlying processes (Dickinson, Haley, Bowden, 

& Badcock, 2018). Results for the ANOVAs and associated follow-up t-tests are presented in 

Table 3 below. 

Table 3. ANOVAs on target present and target absent search slope data with target 

frequency (i.e. 20%, 50% or 80% target present trials) as the within-subjects variable and 

diagnostic status (i.e. autistic vs neurotypical) as the between-subjects variable, and 

associated follow-up t-tests.  

ANOVA results - Target present search slopes  

Effect F df p np
2  

Target frequency 19.72 (2,72) <.001 .35 

Diagnostic status 1.76 (1,36) 0.19 .05 

Target frequency x 

diagnostic status 

3.96 (2,72) 0.02 .10 

Post-hoc t-tests for main effect of target frequency 
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Anaylsis t df p r2 Direction 

20% targets vs 50% targets 0.66 37 0.51 0.01 NA 

50% targets vs 80% targets 6.40 37 <.001 0.43 80% steeper than 50% 

20% targets vs 80% targets  5.35 37 <.001 0.44 80% steeper than 20% 

Post-hoc t-tests for significant target frequency x diagnostic status interaction  

Anaylsis t df p r2 Direction 

NT vs Autistic – 20% 

targets 

0.06 36 0.95 0.0001 NA 

NT vs Autistic – 50% 

targets 

2.27 36 0.03 0.12 Autistic group have 

steeper slopes 

NT vs Autistic – 80% 

targets  

0.66 36 0.51 0.01 NA 

ANOVA – Target absent search slopes  

Effect F df p np
2  

Target frequency 3.57 (2,72) 0.03 0.09 

Diagnostic status 1.78 (1,36) 0.19 0.05 

Target frequency x 

diagnostic status 

7.36 (1,72) 0.001 0.17 

Post-hoc t-test for significant main effect of target frequency  
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Analysis t df p r2 Direction 

20% targets vs 50% targets 2.19 37 0.04 0.12 20% steeper than 50% 

50% targets vs 80% targets 2.45 37 0.02 0.14 80% steeper than 50% 

20% targets vs 80% targets  0.16 37 0.90 0.0007 NA 

Post-hoc t-tests for significant target frequency x diagnostic status interaction 

Anaylsis t df p r2 Direction 

NT vs Autistic – 20% 

targets 

0.66 36 0.52 0.01 NA 

NT vs Autistic – 50% 

targets 

2.48 36 0.02 0.15 Autistic group have 

steeper slopes 

NT vs Autistic – 80% 

targets  

0.53 36 0.60 0.008 NA 

 

For both target present and target absent conditions, autistic observers had 

significantly steeper search slopes than neurotypical observers in the 50% target condition 

only. This is evident in Figure 6.  
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Figure 6. The interactions between diagnostic status and target frequency for target present 

and target absent trials. Error bars are 95% confidence intervals.  

 

ANOVAs and associated follow-up t-tests for search intercept data for target present 

and absent conditions are presented in Table 4 below.  

 

Table 4. ANOVAs on target present and target absent search intercept data with target 

frequency (i.e. 20%, 50% or 80% target present trials) as the within-subjects variable and 

diagnostic status (i.e. autistic vs neurotypical) as the between-subjects variable, and 

associated follow-up t-tests. 

ANOVA results - Target present search intercepts 

Effect F df p np
2  

Target frequency 10.47 (2,72) <.001 .23 
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Diagnostic status 2.52 (1,36) .12 .07 

Target frequency x 

diagnostic status 

.32 (2,72) .73 .009 

Post-hoc t-test for significant main effect of target frequency 

Analysis t df p r2 Direction 

20% targets vs 50% targets 1.74 38 .09 .08 NA 

50% targets vs 80% targets 2.98 38 .005 .19 50% significantly higher 

than 80%  

20% targets vs 80% targets  4.49 38 <.001 .35 20% significantly higher 

than 80% 

ANOVA results - Target absent search intercepts 

Effect F df p np
2  

Target frequency 41.62 (2,72) <.001 .54 

Diagnostic status 1.61 (1,36) .21 .04 

Target frequency x 

diagnostic status 

.70 (2,72) .50 .02 

Post-hoc t-test for significant main effect of target frequency 

Analysis t df p r2 Direction 

20% targets vs 50% targets 4.52 38 <.001 .36 50% significantly higher 

than 20% 
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50% targets vs 80% targets 5.46 38 <.001 .45 80% significantly higher 

than 50% 

20% targets vs 80% targets  7.85 38 <.001 .62 80% significantly higher 

than 20%  

 

 Collectively, the data suggest that having more target present trials within a block of 

testing resulted in slower reaction times for the target absent trials in that block. 

 We calculated the decision criteria for each target frequency condition for each 

observer following Wolfe et al. (2007). Values for decision criteria were normally distributed 

and no values were identified as outliers.  A 3x2 mixed ANOVA revealed that there was a 

significant main effect of target frequency, F(2,72) = 8.03, p = .001, np
2 = .18. There was no 

significant interaction between target frequency and diagnostic status, F(2,72) = .16, p = .86, 

and no main effect of diagnostic status, F(1, 1,36) = 1.29, p = .26. Follow-up t-tests are 

presented in Table 5.  

 

Table 5. Follow-up t-tests for the main effect of target frequency on decision criterion.  

Analysis t df p r2 Direction 

20% targets vs 50% targets .16 37 .84  NA 

50% targets vs 80% targets 3.6 37 <.001  Lower criterion for 80% 

20% targets vs 80% targets  3.67 37 <.001  Lower criterion for 80% 
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Overall, the data suggest that when targets were high frequency, observers were more 

willing to indicate that a target was present.  

 

Search Congruency Analysis  

 For the neurotypical participants, in both the target present and the target absent 

conditions, search slopes appeared to be steeper for the high and low target frequency 

conditions than for the 50% target present condition. What the high and low target frequencies 

have in common is that in both conditions, participants are more often making the same 

response from trial to trial, while in the 50% target frequency condition, this happens less. 

Given this unexpected finding, we were interested to examine whether, for a given trial of the 

RF search task, the response participants made on the previous trial might influence their 

response on the current trial.  

For each participant for each target frequency condition, we analyzed trials for which 

the correct answer was different from that of the immediately preceding trial (i.e. the trials 

were incongruent) and trials for which the correct answer was the same as that of the 

immediately preceding trial (i.e. the trials were congruent). As in the main analysis, metrics of 

performance that were of interest were response accuracy, search slope and search intercept.  

 

Accuracy Analysis  

Data were analysed using a series of Kruskall Wallis tests for each target frequency 

condition. As in previous analyses, target present and target absent data were analysed 
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separately. The results of all tests were non-significant (p > .05), indicating no difference in 

accuracy as a function of congruent/incongruent trial transition.  

 

Reaction Time Analyses 

As in the main analysis, data for target present and absent trials were analysed 

separately. Data for congruent and incongruent trials were also analysed separately, in part for 

ease of interpretation and in part due to a post-hoc power analysis demonstrating that we have 

insufficient statistical power to detect a small significant effect for a post-hoc four-way 

ANOVA. As this was a post-hoc analysis and not planned, we did not anticipate having to 

conduct such an analysis a priori. Where there were sufficient data, median reaction times for 

correct responses were calculated for each set size and fit with a linear regression. However, 

as presentation order was random, the 20% target present condition and 80% target present 

condition had few incongruent trials for some participants, and sometimes no incongruent trials 

for particular set sizes.  

Reaction time data were non-normally distributed for 7 out of the 24 data sets. Taking 

the base-2 logarithm of the data corrected the skew for all but two of these, and as such, the 

log transformed data were analysed. There was no more than one outlier in any condition; 

outliers were removed from the analysis. Results of the ANOVAs are presented in Table 6.  
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Table 6. ANOVA results for search slopes and intercepts for congruent and incongruent data  

ANOVA results - Target present incongruent slopes 

Effect F df p np
2  

Target frequency 12.24 (2,66) <.001 .27 

Diagnostic status 1.25 (1,33) .27 .04 

Target frequency x 

diagnostic status 

3.92 (2,66) .03 .11 

ANOVA results - Target absent incongruent slopes 

Effect F df p np
2  

Target frequency 3.14 (2,72)  .05 .08 

Diagnostic status 1.6 (1,36) .22 .04 

Target frequency x 

diagnostic status 

6.64 (2,72) .002 .16 

ANOVA results - Target present congruent slopes 

Effect F df p np
2  

Target frequency 5.11 (2,62) .009 .42 

Diagnostic status 3.88 (1,31) .06 .11 

Target frequency x 

diagnostic status 

1.02 (2,62) .37 .03 
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ANOVA results - Target absent congruent slopes 

Effect F df p np
2  

Target frequency 2.27 (2,70) .11 .06 

Diagnostic status 6.33 (1,35) .02 .15 

Target frequency x 

diagnostic status 

2.67 (2,70) .08 .07 

 

For the search slope analyses, for both the target present and target absent 

incongruent trials conditions, the significant interactions between diagnostic status and target 

frequency reflected neurotypical participants’ shallower search slopes in the 50% condition 

as identified in the main analysis. However, this significant interaction disappeared when 

targets were congruent, suggesting that neurotypical observers no longer outperformed 

autistic observers in the 50% condition when observers did not have to switch responses. 

Unexpectedly, there was a small but significant main effect of diagnostic status in the 

target absent congruent condition, with neurotypical observers (M = 40.99, SD = 31.4) 

having shallower search slopes overall than autistic observers (M = 54.86, SD = 33.76).  

Results for search slopes are displayed in Figure 7.  
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Figure 7. Search slopes for congruent and incongruent trials for autistic and neurotypical 

participants. Note that the Y-axis is log2. On the X-axis, 20 denotes 20% target occurrence, 

50 denotes 50% target occurrence, and 80 denotes 80% target occurrence. Error bars are 95% 

confidence intervals, horizontal bars are means.   
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We calculated the decision criteria for congruent and incongruent trials for each 

observer to determine whether these might differ. Three data sets were non-normally 

distributed, however no simple transformation improved the distribution, so raw data were 

analysed. Nine values in the congruent 80% targets condition were identified as outliers, 

however removing these values did not change the pattern of results, and as such, they were 

retained. 

A 2x3x2 mixed ANOVA was conducted with diagnostic status as the between-

subjects variable and target frequency condition and congruency condition (i.e. congruent or 

incongruent) as within-subjects variables. Note that we did not initially intend to run a 3-way 

ANOVA and are underpowered to do so, however we present the results here for interest, but 

they should be interpreted with some caution. Results are presented in Table 7.  

 

Table 7. Results of the mixed ANOVA examining the effect of congruency condition on 

decision criterion.  

ANOVA results - Target absent search intercepts 

Effect F df p np
2  

Target frequency 88.76 (2,72) <.002 .71 

Congruency condition  10.34 (1,36) .003 .22 

Diagnostic status 1.3 (1,36) .26 .02 

Target frequency x 

congruency condition  

631.34 (2,72) <.001 .95 
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Target frequency x 

diagnostic status 

.1 (2,72) .91 .003  

Congruency condition x 

diagnostic status 

.77 (1,36) .39 .02  

Target frequency x 

congruency condition x 

diagnostic status  

.11 (2,72) .89 .003  

Post-hoc t-test for significant interaction between target frequency and congruency condition  

Analysis t df p r2 Direction 

20% Targets Condition 20.98 37 <.001 .92 Lower criterion for 

congruent than 

incongruent 

50% Targets Condition 1 37 .33 .03 NA 

80%  Targets Condition  37.6 37 <.001 .97 Lower criterion for 

incongruent than 

congruent 

 

The significant main effect of target frequency reflects the lower criterion for the 80% 

targets condition than the 20% or 50% targets conditions revealed in earlier analyses. The 

significant main effect of congruency condition reflects lower criterion values for 

incongruent trials (M = 1.09, SD = .5) than for congruent trials (M = 1.15, SD = .28), i.e. 
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participants were more willing to indicate that a target was present on incongruent trials than 

on congruent trials. The follow-up t-tests for the significant interaction revealed that in the 

20% condition, the criterion was lower for congruent than incongruent trials, but in the 80% 

condition, this pattern of results was reversed. Collectively, these results seem to suggest that 

observers have a bias towards giving the opposite response to the one they gave on the 

previous trial (see Figure 8).   
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Figure 8. Individual criterion values for congruent and incongruent trials in each target 

frequency condition. A larger criterion indicates a greater bias towards responding that the 

target is absent. Error bars are 95% confidence intervals and horizontal lines are means.  

 

Search Task Accounting for Reaction Time 

 It was of interest that autistic observers had slower simple reaction times but did not 

differ significantly from neurotypical participants in terms of their base speed on the search 
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task (i.e. search intercept). This suggests that while they have a slower basic reaction time, 

they do not have a slower decision process. Given this, we recalculated search slopes and 

intercepts with each observer’s mean reaction time to the lowest spatial frequency (0.5) on 

the simple reaction time task subtracted. The lowest frequency was used because the search 

task employed here used a luminance profile defined by a Gaussian and the targets were 

therefore of predominately low spatial frequency.  

 As for the original RF search task analyses, analyses were performed on the base-2 

logarithm of the data. Two values were identified as outliers and were removed from 

analysis. A series of mixed 3x2 ANOVAs were conducted as for the main analysis of the raw 

search data. For all search and intercept data, the same pattern of results was present as in the 

main analysis.   

 

RF Integration Task 

For the RF intergration task, the index value (b) derived using Equation 4 gives an 

estimate of the increased sensitivity to the RF pattern as more cycles of modulation are 

added. This value is referred to as an integration slope.  

Following previous research, participants for whom the r2 value for Equation 4 was 

below .6 were removed from the analysis, as this suggests that their data is not well 

characterized by the fitted function. One neurotypical participant and one autistic participant 

were excluded from analysis for this reason. One further neurotypical participant was not 

included in the analysis due to being unable to complete the task to an adequate level (i.e. 

they did not reach 75% correct and thus a function could not be adequately fitted to their 
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data). Both integration slope and -1/Q probability summation data were normally distributed. 

SDT probability summation slope estimates were non-normally distributed for autistic 

observers and normally distributed for neurotypical observers. Taking the base-2 logarithm 

of the data corrected the distribution for the SD probability summation estimates for autistic 

observers, however it resulted in a non-normal distribution for their integration slopes, and as 

such, a non-parametric test was used for the analysis comparing these values. One -1/Q 

probability slope estimate was identified as an outlier and therefore removed from analysis. 

 Both neurotypical observers, t(17) = 5.17, p < .001, r2 = .61, and autistic observers, 

t(16) = 6.55, p < .001, r2 = .73, had significantly steeper integration slopes than probability 

summation estimates, indicating that on average, observers were processing the stimuli 

globally. Using the signal detection theory (SDT) model for estimating probability 

summation did not change the pattern of results. There was no significant difference in the 

steepness of integration slopes for neurotypical and autistic observers, t(34) = 1.38, p = .18, 

indicating no difference in the efficiency of their ability to pool information around the 

contour (see Figure 9).  
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Figure 9. Integration slopes for individual observers, as well as probability summation 

estimates for those observers estimated using the traditional -1/Q method and the Signal 

Detection Theory method. Error bars are 95% confidence intervals, horizontal bars are 

means. 

 A 3x2 mixed ANOVA was conducted to determine whether autistic and neurotypical 

participants differed in terms of their detection thresholds for RF3 patterns. There was a 

significant main effect of number of cycles, F(2, 72) = 50.83, p < .001, np
2 = .59, reflecting 

the global integration demonstrated in the previous analysis. Additionally, there was a 

significant main effect of diagnostic status, F(1, 36) = 4.21, p = .05, np
2 = .11, reflecting 

higher detection thresholds for autistic than neurotypical observers (see Figure 6). There was 
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no significant interaction between number of cycles and diagnostic status, F(2,72) = 1.79, p = 

.18, reflecting the groups’ equivalent strength of contour integration as shown in the previous 

analysis. Results are displayed in Figure 10.  
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Figure 10. Detection thresholds for RF 3 patterns with 1, 2 and 3 cycles of modulation for 

autistic and neurotypical participants. Error bars are 95% confidence intervals, horizontal 

bars are means. 

 

Global Dot Motion Task 

On average, the r2 value for the Quick function fit was .75, indicating adequate curve 

fits overall. One neurotypical and two autistic observers were unable to complete the dot 

motion task successfully (i.e. did not reach 75% correct) and hence their data could not be fit 

with a function and was not included in the analysis. For a further three typically developing 
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observers, the r2 values for the Quick functions were below .6, indicating that the 

psychometric functions were not well described. They were therefore excluded from the 

analysis, giving a final sample of 16 neurotypical and 16 autistic observers. Data were 

normally distributed, and thus the raw data were used in the main analysis.  

No values were identified as outliers and therefore all data were retained.  Autistic 

observers (M = 17.96, SD = 7.96) had significantly higher global dot motion thresholds than 

neurotypical observers (M = 13.2, SD = 4.24), t(30) = 2.11, p = .04, r2 = .13, see Figure 11.  

 

Figure 11. Individual coherence thresholds (percentages) for the global dot motion task for 

neurotypical and autistic observers. Error bars are 95% confidence intervals and horizontal 

bars are means.  

 

Discussion  

In the current study, we had three aims. Firstly, we aimed to examine two factors that 

may underlie superior visual search by autistic individuals; faster basic reaction times to low 

spatial frequency stimuli, and superior contour integration. Secondly, we aimed to examine 
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whether autistic individuals would be less affected by low target frequency in visual search 

than neurotypical controls.  Finally, we planned to examine whether autistic participants’ 

characteristic pattern of performance on a task on which they show an advantage (a visual 

search task) and a task on which they show impairment (a global dot motion task) could be 

used to predict their diagnostic status. 

Results suggest that autistic participants do not have faster onset reaction times to 

simple grating stimuli than controls. On the contrary, they had slower reaction times than 

neurotypical participants across a range of spatial frequencies, and so a fast basic reaction 

time cannot be expected to lead to an advantage on search tasks. This is more consistent with 

work that suggests autistic observers show slowed processing speed (Mayes & Calhoun, 

2004; Oliveras-Rentas et al., 2012) than work that suggests they derive their search 

advantage from faster simple reaction times (Joseph et al., 2009).  Given evidence suggesting 

high AQ participants may be slower to process high spatial frequency information than  low 

AQ participants (Mighall, 2015), the autistic participants in this study might have been 

expected to show slower reaction times than controls only at high spatial frequencies. 

However, the group difference in response speed was shown to be consistent across the 

spatial frequencies that were tested. Differences in stimulus properties may explain 

differences between the findings of the current study and that of (Mighall, 2015). The 

background luminance in the current study (81.83 cd/m2) was considerably brighter than that 

employed by Mighall (2015) (34.65 cd/m2). In general, neurotypical people have faster 

simple reaction times to higher luminance stimuli (Lit, Young, & Shaffer, 1971), although 

this has not been systematically investigated in an autistic population to our knowledge.  
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Interpretation of our results is complicated by the fact that autistic participants did not 

show an advantage on the visual search task. This remained true even after accounting for 

autistic participants’ slower basic reaction times. Therefore, we did not carry out the analysis 

to examine whether their performance on this task and the global dot motion task could be 

used to predict their diagnostic status. It is interesting to note, however, that autistic 

participants did show higher global dot motion thresholds (i.e. poorer task performance) than 

neurotypical controls, and this is in line with previous research (Grinter et al., 2009; Milne et 

al., 2002; Pellicano et al., 2005). It is of note that this study is the first to investigate 

performance on the RF search task in a sample of clinically diagnosed individuals, and thus, 

it is possible that some property of the stimuli used in this particular task negates the usual 

search advantage. One possibility is that autistic observer’s reduced sensitivity to the local 

curvature features of RF3 patterns, used here as the targets in the visual search task, might 

reduce their search efficiency. Here, we replicate findings of autistic children showing 

reduced sensitivity to RF3 patterns as reported by Grinter et al. (2010) in a sample of autistic 

adults. Our results suggest that the discrepancy between the findings of Grinter et al. (2010) 

and Almeida et al. (2014) is best explained as a difference in performance between high AQ 

and clinically diagnosed autistic individuals rather than as developmental change. This 

reduced sensitivity appears to only emerge at the highest end of the autism spectrum, and 

does not affect high AQ individuals, who have relatively high levels of autistic traits, but do 

not meet criteria for clinical diagnosis.  

An interesting and unexpected finding is that for the 50% condition, in both the target 

present and the target absent conditions, neurotypical participants showed shallower search 

slopes than autistic participants, while the groups did not differ in either of the other 
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conditions. When we analysed trials for which the previous trial required the same response 

as the current trial (congruent trials) and compared them to trials for which this was not the 

case (incongruent trials), we found interactions between diagnostic status and target 

frequency that showed neurotypical participants only showed a search advantage when trials 

were incongruent. When only congruent trials in the 50% condition were considered, autistic 

and neurotypical participants did not differ from one another. A possible interpretation of this 

is that autistic participants are slower to switch responses than neurotypical participants. Both 

the 20% and the 80% conditions are predominantly made up of congruent trials, and this may 

explain why these two conditions are not affected. The same neurological system is thought 

to underlie response switching and inhibition (Kenner et al., 2010), which is an executive 

function . Much previous research suggests autistic people perform more poorly than 

neurotypical controls on tasks assessing executive functioning (Hill, 2004), and some 

literature suggests they are poorer at inhibiting prepotent motor responses in terms of 

saccadic eye movements (Agam, Joseph, Barton, & Manoach, 2010). It seems plausible that 

autistic participants being slower to switch responses than neurotypical controls in the current 

study could be due to slowed motor or cognitive response switching (Loose, Kaufmann, 

Tucha, Auer, & Lange, 2006). Furthermore, the finding is in line with recent work suggesting 

that autistic observers are more conservative than controls in their responses (Pirrone, 

Dickinson, Gomez, Stafford, & Milne, 2017).  

Unexpectedly, neurotypical observers showed a small but significant advantage in 

terms of having shallower search slopes for target absent congruent trials overall than autistic 

observers. It is unclear to us what this finding means at this stage or how it might fit into the 
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theoretical model. However, it is a weak effect, and would need to be replicated before firm 

conclusions could be drawn about it. 

It is important to note that participants did not show reduced accuracy in the 20% 

condition compared to the 50% and 80% conditions. Wolfe et al. (2007) employed low target 

frequency conditions in the range of 1-2%, and so it may be the case that the elevated rate of 

miss errors they observed only occurs at very low frequencies. It may be interesting in future 

to explore how infrequent targets need to be before participants begin to make an elevated 

rate of errors, as this has implications for occupations where locating rare targets is important 

(e.g. baggage security and medical imaging).   

The major impact of the target frequency manipulation was in fact on the intercepts 

and steepness of the search slopes rather than on response accuracy, and was in the high 

target frequency condition. Results suggested that for the target present condition, greater 

time is spent per item when there is a high (80%) proportion of target present trials (i.e. 

search slopes are steeper). Analysis of search intercept data suggests that for both target 

present and absent trials, having a high number of target present trials within a block of 

testing resulted in faster reaction times. This is in line with calculation of observers’ decision 

criterions, which suggested that when targets were high frequency, observers were more 

willing to indicate that a target was present. For search slopes in the target absent condition, 

however, interpretation is less straight forward. The data show that greater time is spent per 

item when targets were either low or high frequency than when target present and target 

absent trials were equally frequent, i.e. when frequent switching of responses was not 

required. This might indicate a tendency to spend more time searching for a target when 

targets are either very frequent or very infrequent. 
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It is an interesting finding that congruent and incongruent trials showed opposite 

patterns of results in terms of decision criteria; where observers are required to switch 

responses (i.e. incongruent trials), observers are increasingly willing to indicate a target is 

present the more prevalent targets are within the testing block, while where observers are 

required to stick with the same response as on the previous trial (congruent trials), observers 

are increasingly less willing to indicate a target is present the more prevalent targets are 

within the testing block. One possible explanation for this pattern of results is that observers 

show a bias towards giving a different response to the one they gave on the previous trial. 

This would be an interesting possibility to investigate more systematically in future basic 

psychophysics work.   

Given the failure to find a search advantage on this version of the RF search task 

could be due to reduced sensitivity to RF3 patterns, it would be interesting for future research 

to explore performance of autistic participants on versions of the RF search task that use RF 

patterns of higher modulation frequencies. Additional investigation into the way in which 

autistic observers process local curvature information would need to underpin such a visual 

search study.   
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Chapter Seven: General Discussion 

Central aim of this thesis 

The central aim of this thesis was to investigate mechanisms underpinning visual 

search in autism and the broader phenotype, and to investigate possible similarities and 

differences between these different positions on the autism spectrum. Autism is now widely 

recognized to fall on a spectrum in terms of the extent to which individuals possess autistic 

traits, and many researchers now argue that this spectrum extends well into the subclinical 

population (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001; Constantino & 

Todd, 2003; Lundström et al., 2012; Ronald, Happé, & Plomin, 2005). The broad phenotype 

is of interest because increasing our understanding of these subclinical traits may further our 

understanding of autism as a dimensional, rather than a categorical, construct. Additionally, 

including subclinical individuals in research has a number of advantages, including greater 

ease of IQ matching and easier recruitment of participants.  

Visual performance in autism is of interest in part because in addition to showing 

deficits on some visual tasks, autistic individuals show superior performance to comparison 

groups on other visual tasks. It is unusual for a clinical group to outperform neurotypical 

controls, and understanding such strengths may lend understanding to supports and jobs that 

are likely to be suited to the clinical group. A particular area of visual performance that has 

gained interest in autism research is Embedded Figures Test (EFT) performance, as it was 

perhaps one of the first tasks on which autistic people were demonstrated to outperform 

neurotypical controls (de Jonge, Kemner, & van Engeland, 2006; Edgin & Pennington, 2005; 

Happé & Frith, 2006; Jolliffe & Baron‐Cohen, 1997; Morgan, Maybery, & Durkin, 2003; 

Shah & Frith, 1983). Neurotypical individuals with relatively high levels of autistic traits also 
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show an advantage on this task (Almeida, Dickinson, Maybery, Badcock, & Badcock, 2010a, 

2010b, 2013, 2014; Cribb, Olaithe, Di Lorenzo, Dunlop, & Maybery, 2016; Grinter, 

Maybery, et al., 2009; Grinter, Van Beek, Maybery, & Badcock, 2009). The EFT has 

limitations for understanding perception, however, as the local and global aspects of the 

stimuli are poorly controlled and the psychophysical and physiological properties underlying 

the performance are not well understood. Additionally, all versions of the EFT are limited in 

that they are not repeatable, as the answer to each item is easily recalled. Almeida et al. 

(2010a) developed the Radial Frequency (RF) search task as an alternative tool to the EFT to 

explore perceptual strengths in autism and the broad phenotype without these limitations. In a 

series of experiments, the authors demonstrated that high Autism Spectrum Quotient (AQ) 

individuals show superior performance on the RF search task (RFST) to low AQ individuals 

regardless of whether there is overlap between items, whether there are additional 

segmentation cues (Almeida et al., 2010b), and how many local curvature features the search 

items contained (Almeida et al., 2013).  

This thesis aimed to extend this body of work by exploring some additional factors 

that may impact on visual search performance in autism and the broad phenotype.  

 

Is there a reliable impact of AQ on EFT performance? 

 Given the utility of examining the broad autism phenotype has recently been 

challenged (Gregory & Plaisted-Grant, 2016), it was important to examine whether reliable 

effects of AQ on visual performance are present in the existing literature. One of the most 

widely employed tasks that involves searching for a visual target and has been employed in 

investigating the broader phenotype is the Embedded Figures Test (EFT). Therefore, in 
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Chapter Two, we conducted a meta-analysis of existing studies of EFT performance in the 

broad autism phenotype which employed the Autism Quotient (AQ) to measure autistic-like 

traits in neurotypical observers. Our findings demonstrated that there is a reliable effect of 

AQ on EFT performance, but in existing literature, this is only evident in studies that 

compare high and low AQ groups (quantile studies) and not in studies that use unselected 

samples and so a continuous distribution of AQ scores (continuous studies). We concluded 

that the reason for this is likely to relate to statistical power: continuous designs require 

considerably larger numbers of participants (more than double the sample size) than quantile 

designs in order to yield the same power for detecting an effect, as illustrated in the Monte 

Carlo simulations in Chapter Two. As a result, where sample sizes were relatively smaller, 

we employed quantile designs throughout the thesis, while we employed a continuous design 

where we had a larger sample in study two of Chapter Five.  

 

Do high and low AQ observers differ in levels of internal noise for closed contours and 

global motion?  

 One possible factor that might explain differing performance on visual tasks in autism 

is differing levels of internal noise, which is defined as neuronal firing unrelated to the task 

which the individual is currently attempting to complete. Some authors have suggested that 

autistic people (Dinstein et al., 2012; Milne, 2011) and high AQ people (Vilidaite, Yu, & 

Baker, 2017) have higher levels of internal noise than neurotypical controls, while other 

work has suggested that autistic people may in fact have lower levels of internal noise than 

neurotypical controls (Davis & Plaisted-Grant, 2014; Greenaway, Davis, & Plaisted-Grant, 

2013). Both of these models, however, overlook the fact that levels of internal noise have 
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been demonstrated to differ between tasks (Webster, Dickinson, Battista, McKendrick, & 

Badcock, 2012; Webster, Edwin Dickinson, Battista, McKendrick, & Badcock, 2011), which 

presumably reflects differences in levels of neural noise between the neural networks 

involved in processing the stimuli. In Chapter Three, our results suggested that high AQ 

observers have lower levels of multiplicative internal noise than low AQ observers on an RF 

detection task. This finding is consistent with superior performance previously reported on 

the RFST by high AQ observers (Almeida et al., 2010a, 2010b, 2013, 2014), as a low noise 

account would predict superior discrimination of visually similar items (Milne, 2011).  

 

Can faster simple reaction time explain the search advantage in autism and the broad 

phenotype? 

 Some previous work has suggested that autistic individuals may outperform controls 

on visual search tasks due to having a faster simple reaction time rather than a difference in 

search strategy (Joseph, Keehn, Connolly, Wolfe, & Horowitz, 2009). We investigated this 

possibility in a subclinical group in Chapter Five and a group of clinically diagnosed autistic 

people in Chapter Six. In Chapter Five, we demonstrated that high and low AQ individuals 

did not differ in their reaction time across a range of spatial frequencies, including low spatial 

frequencies consistent with those employed on the RFST task; therefore, superior simple 

reaction time cannot explain the search advantage. Enhanced simple reaction time was not 

found in a clinically diagnosed sample of participants either; in fact, in Chapter Six, we 

found that autistic individuals had slower simple reaction times to all the spatial frequencies 

we tested, relative to neurotypical controls. This outcome was contrary to expectations, as 

some previous research has suggested that high AQ people might have slower basic reaction 
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times for high spatial frequencies but not low spatial frequencies (Mighall, 2015), however 

Mighall’s study used a visual search paradigm and therefore did not directly test simple 

reaction time. It is interesting that despite their slower simple reaction time, autistic 

participants were no slower on the visual search task than neurotypical controls in most 

conditions. Overall, faster basic reaction time does not appear to be able to account for the 

autistic and high AQ advantage on visual search tasks.  

 

Can enhanced contour integration explain the search advantage in autism and the 

broad phenotype? 

In order to understand development of sensitivity to RF patterns in clinical groups, it is 

important to understand how these processes develop in a neurotypical population. In 

Chapter Four, we directly assessed RF integration to separate sensitivity into local and 

holistic components. We demonstrated that changes in sensitivity to RF patterns were not, as 

has previously been speculated (Perreault, Habak, Lepore, & Bertone, 2013; Wang, Morale, 

Cousins, & Birch, 2009), due to changes in the strength of contour integration, but are in fact 

due to changes in sensitivity to the local curvature features of the patterns. Contour 

integration was adult-like in neurotypical children as young as six. Given these findings, we 

speculate that while autistic people are often said to be developmentally delayed, it seems 

unlikely that their ability to integrate contour information would still be developing by late 

adolescence/early adulthood. However, direct testing of this hypothesis would be required to 

confirm it.  

 The findings of Chapter Six have implications for differences between the prior work 

of Grinter et al. (2010) and Almeida et al. (2014). Autistic adolescents and adults in our study 
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showed reduced sensitivity to RF3 patterns, consistent with the autistic children assessed by 

Grinter et al. (2010). However, the ability of our participants to integrate information around 

the shape contour was equivalent, not superior, to the performance of neurotypical controls, 

in contrast to findings of Almeida et al. (2014), who found equivalent local thresholds but 

superior contour integration in high AQ relative to low AQ adults. In Chapter Five, we 

replicated findings of equivalent detection thresholds for RF3 patterns at 1, 2 and 3 cycles of 

modulation in high and low AQ adults, although we did not find superior contour integration 

in the high AQ group. One might speculate that this is possibly due to a lack of statistical 

power, however, there was no trend towards a between-groups difference. Collectively, these 

findings suggest that there is a difference in performance between those at the most extreme 

end of the autism spectrum (i.e. clinically diagnosable autistic individuals) and those with 

high but subclinical levels of autistic traits. It is important to consider that Grinter, Maybery, 

et al. (2009) did not find a significant difference between autistic and neurotypical children 

on an RF24 detection task. If the difference between groups was largely due to local 

processing differences, the groups might be expected to also perform more poorly at 

detecting an RF24 pattern, as patterns of this radial frequency are not globally processed 

(Loffler, Wilson, & Wilkinson, 2003). However it is important to note that improvements in 

sensitivity still occur in local processing as more cycles of modulation are added as a result 

of having a greater number of differences from circular present (probability summation). 

Therefore, local processing of an RF3 is a more difficult task than local processing of an 

RF24 because of a smaller number of local features, and a deficit in local processing might 

be expected to be more likely to show up on a more challenging local processing task. 

Overall, superior contour integration might explain the high AQ advantage on visual search 
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tasks, but we find no evidence here that it can explain preserved or superior autistic visual 

search performance. In our data sets discussed in Chapter 5 and Chapter 6, we did not find a 

correlation between integration slope for the RF integration tasks and search slope for the 

various conditions of the RFST. Therefore our data do not provide support for superior 

contour integration underlying superior search performance.  

 

The impact of frequency of targets on autistic and high AQ individuals 

 One of the aims of this thesis was to investigate the impact of changes in target 

frequency on autism and the broad phenotype, but our findings also have implications for 

research investigating basic visual search perforance. In contrast to Wolfe et al. (2007), we 

did not find an elevated rate of miss errors at our low target frequency in either Chapter 5 or 

Chapter 6. This is likely to relate to our methodology. Firstly, Wolfe et al. (2007) employed 

low target present frequencies of 1-2%, while the low target frequency condition in the 

current study was 20%. It might be the case that this is not a low enough frequency to induce 

elevated levels of miss errors. However, we did not use such a low rate here because of the 

extremely large number of trials required to get an adequate data set with 1% target present 

trials, and such a large volume of testing may not be tolerated by a clinical sample. 

Systematic investigation of how rare targets need to become to induce a change in accuracy 

may be of interest in future work. Another methodological factor that might have impacted 

on our results is the choice of task. The RFST is a “pop out” search task rather than a 

conjunctive search task, unlike the tasks employed in prior work (Wolfe, Horowitz, & 

Kenner, 2005; Wolfe et al., 2007), and accuracy tends to approach ceiling (mean accuracy for 
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different conditions ranged between 86.25-99.67% in Chapter 5 and between 84.11-99.74% 

in Chapter 6).  

Based on the argument Pellicano and Burr (2012) proposed that autistic people have 

more accurate perception that is less influenced by (rapidly acquired) priors, we predicted 

that changes in target frequency might have less impact on autistic and high AQ individuals 

than on neurotypical and low AQ controls respectively. However our data do not suggest that 

this is the case. Neurotypical observers showed an advantage over autistic observers when 

trials were equally likely to contain a target and not contain a target (50% target occurrence), 

but only for trials where observers were required to make the opposite response to the one 

they made on the previous trial. While Pellicano and Burr (2012) argue that autistic observers 

do not monitor environmental statistics to the same extent that neurotypical observers do, 

they do acknowledge that there is likely to be some monitoring of environmental statistics 

that is merely reduced, which they term hypopriors. One interpretation of our data is that 

monitoring of recent environmental statistics (i.e. the previous trial) impacts on autistic 

performance on the current trial in that they may be slower to set shift from one response to 

the other than controls.  Future research is warranted to investigate this further.  

 

Implications for research and practice  

Various findings in this thesis highlight the possibility that certain characteristics of 

the broach autism phenotype may only emerge at the more extreme, clinical end of the 

spectrum of autistic traits. Autistic individuals differed from neurotypical, high AQ 

individuals in the current study in a number of ways. Firstly, autistic observers but not high 

AQ observers showed reduced sensitivity to RF3 patterns, a weakness that appears to relate 
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to reduced sensitivity to local curvature features. This observation implies the reduced 

sensitivity might only emerge towards the highest end of the autism spectrum. Secondly, 

autistic observers showed a slower simple reaction time than neurotypical controls, while 

high AQ observers showed equivalent simple reaction times to low AQ observers. This is in 

spite of the fact that autistic observers were as fast as neurotypical controls on visual search 

tasks in most conditions, suggesting a strength on the search task might mitigate their slower 

basic reaction time. Thirdly, on the RFST, changes in target frequency did seem to have 

some impact on autistic observers relative to appropriately matched controls, but this was not 

true of high AQ observers. This is not to say that research on subclinical autistic traits is not 

useful and informative in and of itself. However, it does highlight the importance of 

replicating experiments in both clinical and subclinical groups rather than assuming that what 

holds true for one group will hold true for the other.  

The work within this thesis is largely basic science and does not have direct 

implications for clinical practice. However, it is important for clinicians to understand that 

there are differences (as well as similarities) between clinical and subclinical groups, and that 

the clinical assessment and treatment needs of autistic individuals may not necessarily be 

equivalent to those of high AQ individuals. Furthermore, findings of lower multiplicative 

internal noise in high AQ observers might plausibly suggest these observers are better suited 

to employment roles that require the detection of a target against a noisy background, such as 

baggage security or medical imaging than their low AQ colleagues.  
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Limitations 

 The current body of work failed to replicate the reaction time advantage that high AQ 

observers have often been found to show on the RF search task (Almeida et al., 2010a, 

2010b, 2013, 2014) and other figure disembedding tasks (Grinter, Maybery, et al., 2009; 

Grinter, Van Beek, et al., 2009). It is possible that the work presented in Chapter 5 was not 

sufficiently powered to detect the effect, however both studies had comparable sample sizes 

to previous work that has found an effect of AQ on search performance. Perhaps the null 

findings represent sampling error; even on examining the data, there does not appear to be a 

trend in the expected direction, therefore greater statistical power may not have made a 

difference to results. This is the first body of work to our knowledge to assess RF search 

performance in a group of autistic (clinically diagnosable) observers. While we would have 

expected these individuals to show an advantage on this task - given previous work has 

shown that they perform well on the EFT (Happé & Frith, 2006; Shah & Frith, 1983)  and 

other visual search tasks (Gonzalez, Martin, Minshew, & Behrmann, 2013; Joseph et al., 

2009; O’Riordan, 2004) - they could be said to perform better than expected given their equal 

performance to controls despite a slower basic reaction time. One might speculate that a 

slower simple reaction time should therefore work against autistic observers in other search 

tasks where superior performance has been demonstrated. The extent to which a slower basic 

reaction time might impede performance is likely to depend on the specific properties of the 

search task. An RFST trial is generally considerably faster than an EFT trial, therefore simple 

reaction time may make up a greater proportion of overall response speed on the RFST than 

the EFT. To determine whether this is the case, further research directly investigating this 

would be required.  
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Directions for future research  

The finding of reduced multiplicative noise in high AQ individuals for detecting RF 

patterns is intriguing, and it would be worth examining whether clinically diagnosable 

autistic individuals show this same pattern of results.  

Between-group differences were not found in accuracy on the RFST in this series of 

studies. This may, in part, be due to the fact that performance on this version of the RFST 

tends to be relatively close to ceiling. Therefore, it may be beneficial to use more difficult 

versions of the RFST for future work of this nature, if differences in accuracy are of interest.  

Although we did not find significant effects of target frequency on between-groups 

differences in the current series of studies, as discussed, this may be due to the fact that the 

lowest frequency target occurrence condition in the current study (20% occurrence) was 

more frequent than in previous work (Wolfe et al., 2005; Wolfe et al., 2007). Perhaps 

employing lower target frequencies within a more difficult task may yield group differences, 

but it does greatly extend the number of trials that must be run and introduce the risk of 

fatigue effects contributing to the outcome.  

The finding that autistic observers seemed to show a disadvantage on switching responses 

in Chapter Six is interesting and warrants further investigation. It may be consistent with 

poorer set-shifting abilities, however a direct measure of set-shifting along with response 

switching would be needed to explore this possibility.  

It was also unexpected that we did not replicate findings of elevated global dot motion 

thresholds in subclinical groups (although we did find one in a clinical sample) in the current 

body of work. It is known that performance does differ in neurotypical observers depending 
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on the direction of motion (Edwards & Badcock, 1994). As we employed a different type of 

motion (translational left/right) than Pellicano, Gibson, Maybery, Durkin, and Badcock 

(2005) (up/down) and Grinter, Maybery, et al. (2009) (concentric), it would be worth 

investigating whether the direction of motion impacts on the pattern of results; different 

directions of motion are known to be detected by separate mechanisms (Edwards & Badcock, 

1994).  

 

Final thoughts  

In summary, this thesis has a) established the utility of employing subclinical (high 

AQ) groups as research participants for perceptual tasks, b) established that contour 

integration is adult-like in primary-school aged children, and c) explored various factors that 

might contribute to enhanced visual search performance in clinically diagnosable autism and 

subclinical individuals with relatively high levels of autistic traits. In Chapters Four, Five and 

Six, we examined internal noise, contour integration, simple reaction time and target 

frequency as possible factors that might contribute to search performance. We found 

evidence to suggest that high AQ individuals may show reduced multiplicative internal noise 

when detecting RF patterns, which may contribute to their strong performance in detecting 

these patterns in visual search tasks (and is also consistent with superior disembedding of 

closed contours on the EFT). We did not however replicate findings of enhanced contour 

integration in high AQ groups, nor did we find such a pattern of results in a clinical group. 

Simple reaction time cannot explain a search advantage either; in fact, in Chapter 6, autistic 

observers showed slower simple reaction times than neurotypical controls. Frequency of 
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target occurrence appears to have some impact on autistic observers in that they are slower to 

switch responses than neurotypical controls.  

Our findings are not easily explained by the account suggested by Pellicano and Burr 

(2012) that autistic observers are more accurate in their perception and have weaker priors 

(which, as discussed in Chapters Five and Six, can develop rapidly during experimental 

tasks) than neurotypical controls. Weaker priors would be expected to result in a reduced 

drop in performance when target occurrence is low, however our groups performed equally 

to one another in low target occurrence conditions. Reduced multiplicative noise, however, 

could be consistent with hypopriors in autism, as reduced multiplicative noise is a 

mechanism that could contribute to a more accurate, or stimulus driven, perception of the 

world.  

The aim of this thesis was to explore a number of factors that may contribute to 

search speed in autism. We have conducted a much needed meta-analysis which suggests that 

despite variability within the literature, overall, there is evidence that high AQ, subclinical 

individuals show superior EFT performance to low AQ individuals and are therefore a useful 

group to assess when characterizing the cognitive and behavioural profile of autism. 

However, subclinical individuals will not always show the same pattern of results to 

clinically diagnosable individuals. We have also established that contour integration is adult-

like in primary-school aged children and therefore differences in findings of previous studies 

are likely to represent a difference between clinical and subclinical groups, not a difference 

in developmental trajectory. We have identified multiplicative internal noise as a possible 

contributing factor, while ruling out simple reaction time as a factor that is likely to lead to an 

advantage in visual performance.  
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