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    Abstract
To judge the overall direction of a shoal of fish or a crowd of people, observers must integrate motion signals across space and time. The limits on our ability to pool motion have largely been established using the motion coherence paradigm, in which observers report the direction of coherently moving dots amid randomly moving noise dots. Poor performance by autistic individuals on this task has widely been interpreted as evidence of disrupted integrative processes. Critically, however, motion coherence thresholds are not necessarily limited only by pooling. They could also be limited by imprecision in estimating the direction of individual elements or by difficulties segregating signal from noise. Here, 33 children with autism 6–13 years of age and 33 age- and ability-matched typical children performed a more robust task reporting mean dot direction both in the presence and the absence of directional variability alongside a standard motion coherence task. Children with autism were just as sensitive to directional differences as typical children when all elements moved in the same direction (no variability). However, remarkably, children with autism were more sensitive to the average direction in the presence of directional variability, providing the first evidence of enhanced motion integration in autism. Despite this improved averaging ability, children with autism performed comparably to typical children in the motion coherence task, suggesting that their motion coherence thresholds may be limited by reduced segregation of signal from noise. Although potentially advantageous under some conditions, increased integration may lead to feelings of “sensory overload” in children with autism.

	autism
	developmental disorders
	motion perception


Introduction

Visual motion processing is essential for navigating within a dynamic world and contributes to a range of basic visual functions, including scene segmentation, depth perception, and object identification. Atypicalities in motion processing could therefore have a profound impact on how an individual perceives and interacts with the world. A large literature suggests that motion processing is atypical in autism, a neurodevelopmental condition most well known for its effects on social communication. Reduced sensitivity to motion information in autism has been reported in tasks such as coherent motion (Milne et al., 2002; Pellicano et al., 2005) and biological motion perception (Blake et al., 2003; Annaz et al., 2010, 2012), whereas in other tasks, individuals with autism perform similarly to typical individuals (Bertone et al., 2003; Pellicano et al., 2005; Manning et al., 2013). Intriguingly, there are also some reports of increased sensitivity to motion information in autism (Chen et al., 2012; Foss-Feig et al., 2013).

A framework often applied to explain this complex pattern of performance is the distinction between local and global processing (Frith and Happé, 1994; Mottron et al., 2006). Local motion processing (e.g., detecting the direction of individual elements) relies on early visual areas such as V1 (Hubel and Wiesel, 1962). In contrast, global motion processing requires pooling information across space and time and depends on higher areas of the motion-processing hierarchy, such as MT/V5 that integrates input from motion-selective neurons in V1 (Newsome et al., 1985). Elevated thresholds in autistic individuals are often reported in tasks purportedly requiring extensive integration, such as the motion coherence task, in which participants report the direction of coherently moving dots among randomly moving dots (Newsome and Paré, 1988). However, elevated motion coherence thresholds do not necessarily arise from reduced integration (Dakin and Frith, 2005) but could also arise from imprecision in estimating the direction of individual dots (Barlow and Tripathy, 1997) or difficulties segregating signal from noise (Dakin et al., 2005; Tibber et al., 2014). Indeed, poor estimation of local directions could be a consequence of increased internal noise in autism (Simmons et al., 2009; but see Davis and Plaisted-Grant, 2015, for an account proposing reduced noise in autism).

Here, we used an informative direction integration task that required children to report the mean direction of dots both in the presence and absence of directional variability. Unlike in motion coherence tasks, this task does not require observers to segregate signal from noise because all dots are signal dots, with directions sampled from Gaussian distributions (Dakin et al., 2005). In addition, we modeled performance in the no-variability and high-variability conditions using an equivalent noise approach (Dakin et al., 2005; Manning et al., 2014; Fig. 1) in an attempt to quantify the extent to which local noise and/or global averaging contribute to direction integration in children with autism. For comparison with previous studies, participants also performed a standard motion coherence task. We hypothesized that children with autism would show elevated thresholds in both tasks and that this would be related to reduced averaging in conjunction with atypical levels of internal noise.
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Figure 1. Equivalent noise analysis. The equivalent noise function relating direction discrimination thresholds to SD of dot directions (i.e., external noise; Dakin et al., 2005). From this function, two independent limits on direction integration performance can be derived: internal noise, which maps onto the precision with which individual motion directions are estimated, and sampling, which is the effective number of local motion directions that are globally pooled (or averaged). Direction discrimination thresholds are limited by external noise and internal noise in an additive manner. When small amounts of external noise are added to the stimulus, thresholds do not change. However, when the level of external noise exceeds the level of internal noise, thresholds increase. Participants with higher levels of internal noise will require more external noise to be added until thresholds increase (lower dotted line). Performance is also affected by how many samples are averaged to compute the mean direction. When fewer samples are averaged, the equivalent noise function is shifted vertically upward (upper dotted line). For each participant, an equivalent noise function was constrained using the basic direction threshold in the no-variability condition and the maximum level of variability that could be tolerated for discriminating a coarse (±45°) signal in the high-variability condition (Manning et al., 2014; Tibber et al., 2014, 2015; shown as gray circles).






Materials and Methods




Participants.

Participants included 33 children with autism (three females) between 6 and 13 years of age and 33 typically developing children (10 females) individually matched in age, verbal IQ, and nonverbal IQ, as measured by the Weschler Abbreviated Scales of Intelligence (Wechsler, 1999, 2011; see Table 1 for scores). All children with autism had received an independent clinical diagnosis of autism or Asperger syndrome according to ICD-10 criteria (World Health Organization, 1993). Parents completed the Social Communication Questionnaire (SCQ)–Lifetime Version (Rutter et al., 2003) and children with autism were administered the Autism Diagnostic Observation Schedule (ADOS) by a researcher trained for research-reliability purposes (ADOS-G or ADOS-2; Lord et al., 1999, 2012) using the revised algorithm (Gotham et al., 2007, 2008). All participants in the autism group met criteria for an autism spectrum disorder on one or both of these measures (Manning et al., 2013). The majority of children with autism met criteria on both measures, with only two children with autism scoring below the cutoff for autism on the SCQ (<15) and seven scoring below the cutoff on the ADOS. All typical children scored below the cutoff for autism on the SCQ. All children had normal or corrected-to-normal visual acuity, defined as a binocular acuity of 6/9 or better for children aged 8 years and under [because acuity is still maturing at this age (Bradley and Freeman, 1982; Adams and Courage, 2002)] and 6/6 or better for older children.
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Table 1. Participant characteristics




The procedure was performed in agreement with the principles of the Declaration of Helsinki and was approved by the Institute's Faculty Research Ethics Committee. Parents gave their informed consent and children verbally assented. The experimental tasks were presented in two separate sessions of ∼25 min including breaks, with each session comprising of one direction integration task and one motion coherence task. The order of presentation of conditions was counterbalanced between participants. During the experimental tasks, participants were seated in a dimly illuminated room with a chin rest at a distance of 51 cm from the monitor. Participants were instructed to maintain central fixation throughout stimulus presentation and the experimenter monitored this throughout, providing regular reminders.




Stimuli.

Stimuli were presented on a Dell Precision M4600 laptop (1366 × 768 pixels; 60 Hz) using MATLAB and elements of the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007). A yellow-bordered circular aperture (15° diameter) and an anchor-shaped fixation point (0.57° × 0.57°) were presented centrally on a gray screen (Fig. 2A). Two smaller yellow-bordered circular apertures (diameter 6.12°) were presented to the left and right of the aperture and contained red and green images, respectively, that served as reference points. Stimuli were unlimited lifetime random dot patterns moving for 400 ms within the central aperture. Each stimulus consisted of 100 white dots (diameter 0.44°). Dot positions were updated every 3 frames with displacements of 0.075° in the slow (1.5°/s) and 0.3° in the fast (6°/s) condition.




Procedure.

Children completed a direction integration task with two interleaved conditions (no-variability, high-variability) and a motion coherence task in slow (1.5°/s) and fast (6°/s) speed conditions (because motion processing atypicalities in autism may depend on stimulus speed; Manning et al., 2013). In the direction integration task, dot directions were randomly sampled from a wrapped normal distribution with a specified mean and SD. In the no-variability condition, the SD of dot directions was 0° and the mean direction of dots was varied from vertical to find the finest direction discrimination possible in the absence of stimulus variability. In the high-variability condition, the mean direction of dots was fixed at ±45° from vertical and the SD of dot directions was varied to find the maximum level of variability that could be tolerated while successfully identifying the signal direction. In the motion coherence task, a proportion of dots moved in a coherent direction (±90° from vertical) while the remaining dots moved in random directions.

The tasks were presented within the context of child-friendly games in which they had to determine whether the shoal of “fish” swam to the red (left) or green (right) reef or rocks (Manning et al., 2014). To aid motivation, children were told that they were competing against cartoon characters. Each “game” contained three “levels”: (1) a combined demonstration and criterion phase, (2) a practice phase, and (3) a threshold estimation phase. In all levels in both tasks, direction (left or right of vertical) was randomized on each trial. Children marked their progress throughout the session with a record card and a stamp.




Demonstration and criterion phase.

Participants were presented with an animated introduction to the game on the computer. The experimenter then explained each task to participants within the context of four demonstration trials. Next, participants were presented with up to 20 criterion trials. In the direction integration task, no-variability stimuli were presented with a direction ±45° from vertical. In the motion coherence task, dots moved with 100% coherence ±90° from vertical. All participants reached a criterion of four consecutive correct responses within 20 trials. Children responded either verbally or by pointing, with the experimenter relaying the response to the computer. Visual and verbal feedback and encouragement were provided.




Practice phase.

Eight practice trials were presented in a fixed order for each task with increasing difficulty. In the direction integration task, four no-variability stimuli and four high-variability stimuli were presented in alternating order. Participants received feedback as before, but there was no criterion for proceeding to the next phase.




Threshold estimation phase.

The QUEST adaptive staircase method (Watson and Pelli, 1983) was used to estimate thresholds. In the direction integration task, two staircases (75 trials each) were interleaved for the no-variability and high-variability conditions. In the no-variability condition, the QUEST function tracked the basic direction offset threshold (84% correct) in the absence of variability. In the high-variability condition, the mean direction of motion was set to ±45° and QUEST tracked the maximum level of variability that could be tolerated while correctly discriminating the mean direction 84% of the time. An additional 15 catch trials were interleaved randomly, presenting stimuli identical to those used in the criterion phase. This yielded a total of 165 trials for each speed condition.

In the motion coherence task, a single QUEST staircase of 75 trials tracked the minimum coherence level required for accurate (84% correct) direction discrimination. As in the direction integration task, there were an additional 15 catch trials that presented stimuli used in the criterion phase. This resulted in 90 trials in total for each speed condition.

Trials were divided into four blocks of equal length for each condition of each task. When the end of a block was reached, participants were given a break where they were shown a simulated graph of the “points” that they and their “opponent” (“Scuba Sam” or the “shark”) had attained. These points were randomly jittered around a fixed set of values with the stipulation that participants always received slightly more points than their opponent, which helped to maintain participants' motivation throughout the task (see also Manning et al., 2014).




Fixation analysis.

To investigate whether any group differences in motion processing could be attributed to the ability to maintain fixation, we collected fixation data for a subset of 23 children with autism and 22 typical children using a Tobii Technology X2-30 eye tracker. The raw fixation data were (x, y) coordinates sampled during stimulus presentation in each trial of the threshold estimation phase for left and right eye positions relative to the screen's active display area. The data were initially filtered according to a validity code from 0 (signifying the eye was definitely found) to 4 (signifying the eye was not found). All samples with validity codes of 2 or higher were discarded (Tobii Technology Manual, 2013). The (x, y) coordinates were then averaged across the left and right eye for analysis. A measure of fixation stability was derived by pooling the SDs of fixation locations in x and y dimensions. The SDs were then log-transformed to minimize the effects of skewness and kurtosis.




Equivalent noise analysis.

To supplement the main psychophysical results (Fig. 2), we used equivalent noise analysis to estimate the extent to which local and/or global factors contribute to direction integration in children with autism. Equivalent noise analysis allows two independent limits on direction integration performance to be derived: internal noise, which maps onto the precision with which individual motion directions are estimated, and sampling, which is the effective number of local dot directions that are globally pooled (or averaged). The equivalent noise model describes changes in direction discrimination threshold as a function of directional variability, or external noise (Fig. 1) as follows:
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 where σobs2 is the observer's threshold, σint2 is additive internal noise, σext2 is the external noise added to the stimulus, and nsamp is the effective number of dots used to calculate the mean direction of the stimulus. Equivalent noise analysis typically requires thousands of trials, which is impractical when testing children and clinical groups. However, the no-variability and high-variability conditions used here capture two highly informative points on the equivalent noise function with orthogonal confidence intervals that can be used to constrain the fit of the equivalent noise function (Manning et al., 2014; Tibber et al., 2014, 2015). Monte Carlo simulations of a model observer's performance across a range of internal noise and sampling levels showed that sampling (nsamp) can be estimated by transforming the maximum tolerable level of noise (MTN) in the high-variability condition as follows:
[image: Embedded Image]
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 The level of internal noise can then be computed by rearranging Equation 1 and setting external noise to zero (σext2 = 0) as follows:
[image: Embedded Image]
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 Note that all noise and sampling estimates quoted are necessarily effective values since we cannot know the observers' underlying strategy for performing the task. For further details of the equivalent noise analysis with children and atypical populations, we refer the reader to Tibber et al. (2014) and Manning et al. (2014).




Data screening and transformation.

All participants performed significantly above chance in the catch trials, indicating that they understood the task requirements and were attentive. There was no effect of group on the proportion of incorrect responses to catch trials (F(1,64) = 1.74, p = 0.19) and no interactions between group and speed condition (F(1,64) = 0.05, p = 0.83) or task (F(1,64) = 0.07, p = 0.79), so responses to catch trials were not included in the main analysis. One child with autism obtained a motion coherence threshold above one in the slow condition, indicating an inability to perform the task, and was therefore removed from the motion coherence analysis.

All threshold measures and internal noise and sampling estimates were log-transformed to minimize the effects of skewness and kurtosis and then screened for potential outliers, defined as data points lying >±3 SDs from the group mean threshold for each speed condition. Three outliers were identified: one belonging to a child with autism in the fast no-variability condition, one belonging to a typical child in the slow high-variability condition, and one corresponding to the sampling estimate from a typical child in the fast condition. Removing these outliers did not change the pattern of the results, so we retained these points to maintain statistical power but replaced the outlying scores with values corresponding to ±2.5 SDs from the group mean (Tabachnick and Fidell, 2007).









Results


Discrimination thresholds

Figure 2, B–D, shows mean thresholds for children with autism and typical children in the no-variability and high-variability conditions of the direction integration task and the motion coherence task. Mixed-design ANOVAs were conducted on these thresholds with speed condition as a within-participants factor and group as a between-participants factor. Consistent with previous research (Ellemberg et al., 2004; Narasimhan and Giaschi, 2012; Manning et al., 2013), we found that children were generally more sensitive to direction information for fast stimuli (6°/s) than slow stimuli (1.5°/s) for all three thresholds (no-variability condition: F(1,64) = 104.15, p < 0.001, ηp2 = 0.62, Fig. 2B; high-variability condition: F(1,64) = 18.99, p < 0.001, ηp2 = 0.23, Fig. 2C; motion coherence: F(1,63) = 68.05, p < 0.001, ηp2 = 0.52, Fig. 2D). In the absence of stimulus variability, children with autism were as precise at judging dot direction as typical children (F(1,64) = 0.69, p = 0.41; Fig. 2B) and this was not dependent on speed condition (F(1,64) = 0.03, p = 0.86). However, children with autism could tolerate significantly more directional variability when making a coarse direction discrimination than typical children (F(1,64) = 17.26, p < 0.001, ηp2 = 0.21; Fig. 2C). The effect of group did not interact with the speed condition (F(1,64) = 0.73, p = 0.40). In addition, the groups did not differ in their motion coherence thresholds (F(1,63) = 0.24, p = 0.63; Fig. 2D) and this did not depend on speed condition (F(1,63) = 0.05, p = 0.83).
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Figure 2. Schematic representation of stimuli and results for children with autism and typically developing (TD) children. A, Schematic representation of display presented in the direction integration (top) and motion coherence (bottom) tasks. The anchor-shaped fixation point, central yellow aperture and red (left) and green (right) “reefs” or “rocks” remained on the screen throughout the trial. B, Mean direction discrimination thresholds [±95% confidence interval (CI)] in the absence of stimulus variability (no-variability condition) for children with autism (dark bars) and typical children (TD; light bars) in slow (1.5°/s) and fast (6°/s) conditions. Inset is a representation of an example stimulus where dot directions are drawn from a distribution with M = +8° and SD = 0°. Arrows are presented for illustrative purposes only. C, The mean level of variability (±95% CI) that children with autism and typical children could tolerate for discriminating a coarse (±45°) mean signal (high-variability condition). A representation of an example stimulus in which dot directions are drawn from a distribution with M = +45° and SD = 20° is shown (inset). D, Mean proportion of coherent dots (±95% CI) moving ±90° required for accurate direction discrimination. A representation of an example stimulus is provided (inset) in which 40% of the dots move coherently +90° and the remainder move in random directions. The signal dots are highlighted in red here, but all dots were white in the task.







Fixation analysis

Next, we investigated whether group differences in motion processing could be attributed to differences in the ability to maintain fixation. A mixed-design ANOVA was conducted on fixation SDs with task condition and speed condition as within-participants factors, and group as a between-participants factor. Overall, there was no difference in fixation SDs between children with autism and typical children (F(1,43) = 3.68, p = 0.06). There was, however, a group by task interaction (F(2,42) = 3.88, p = 0.03, ηp2 = 0.16). The SDs of fixation locations for children with autism were significantly greater than for typical children (i.e., reduced fixation stability) in the motion coherence task (F(1,43) = 7.82, p = 0.008, ηp2 = 0.15), but not in the no-variability and high-variability conditions (ps ≥ 0.16; Fig. 3). Nevertheless, there was no relationship between children's fixation stability and any threshold measure in either group (ps ≥ 0.26; Table 2).
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Figure 3. Fixation SDs. Fixation SDs during stimulus presentation in the no-variability (top) and high-variability (middle) conditions of the direction integration task and the motion coherence task (bottom), in which higher values reflect less stable fixations. There was a main effect of task (F(2,42) = 4.96, p = 0.01, ηp2 = 0.19), with significantly lower fixation SDs in the motion coherence task than in either condition of the direction integration task (ps ≤ 0.01). There was no overall difference in fixation SDs between the children with autism and typically developing (TD) children (F(1,43) = 3.68, p = 0.06), but there was a significant interaction between task and group (F(2,42) = 3.88, p = 0.03, ηp2 = 0.16). Post hoc analysis revealed that the groups differed only in the motion coherence task (F(1,43) = 7.82, p = 0.008, ηp2 = 0.15). The main effect of speed and all other interactions were not significant (ps ≥ 0.44).
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Table 2. Correlations between fixation SD and threshold performance in slow (1.5°/s) and fast (6°/s) speed conditions







Equivalent noise analysis

Finally, the no-variability and high-variability thresholds were modeled with an equivalent noise approach in an attempt to determine whether local and/or global processing limits direction integration performance in our groups (Fig. 1). ANOVAs were conducted on internal noise and sampling estimates, with speed condition as a within-participants factor and group as a between-participants factor. Overall, higher levels of internal noise (F(1,64) = 20.18, p < 0.001, ηp2 = 0.24) and lower levels of sampling (F(1,64) = 18.18, p < 0.001, ηp2 = 0.22) were found in the slow condition than in the fast condition. Our results further show that, under the assumptions of equivalent noise analysis, children with autism effectively sample over more local motion signals than typical children (F(1,64) = 14.37, p < 0.001, ηp2 = 0.18; Fig. 4B), but have typical levels of internal noise (F(1,64) = 2.23, p = 0.14; Fig. 4A). Critically, increased sampling should lead to reduced thresholds at all levels of variability, which is inconsistent with our finding that children with autism perform comparably to typical children in the no-variability condition (Fig. 2B). We consider possible reasons for this discrepancy in the Discussion section.
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Figure 4. Results of equivalent noise analysis. Mean levels of internal noise (A) and the effective number of samples averaged (±95% CI) (B) for children with autism and typically developing (TD) children under the equivalent noise framework.








Discussion

We asked children with autism and age- and ability-matched typical children to judge the mean direction of dots in the presence and absence of directional variability alongside a standard motion coherence task. Children with autism were just as sensitive to direction information as typical children when there was no stimulus variability and showed comparable motion coherence thresholds. Our most unexpected result, however, was that children with autism could tolerate significantly more variability than typical children when judging the mean direction of dots. Our results provide the first evidence of superior direction integration in autism. Our findings allow us to hone in and inform future research on the mechanisms underlying motion perception in autism, by revealing specific enhancements in averaging processes (e.g., those in MT/V5) rather than in low-level visual areas (e.g., those in V1).

Interestingly, the fact that increased integration of direction information failed to go hand-in-hand with increased sensitivity to coherent motion information in autism further highlights that motion coherence thresholds are not a pure measure of integration. In the direction integration tasks, all dots are “signal” dots and therefore the optimal strategy is to average as many dots as possible. In the motion coherence task, however, signal dots are interspersed with “noise” dots and, arguably, an optimal strategy is to segregate the signal dots from noise dots to perform the task. It is therefore possible that children with autism do not show the expected benefits of their increased integration ability because they are less able, or less inclined, to use segregation strategies compared with typical children. Indeed, the competing demands of integration and segregation have been recognized previously (Braddick, 1993; Watamaniuk et al., 2003) and have been proposed to involve distinct neural mechanisms (McDonald et al., 2014). Reduced segregation could result from weaker feedback connections from higher-order areas (Raudies and Neumann, 2010).

Although inconsistent with previous conceptualizations of local and global processing in autism (Frith and Happé, 1994; Mottron et al., 2006), our finding of increased integration is potentially consistent with electrophysiological evidence of larger extrastriate population receptive fields in those with autism (Schwarzkopf et al., 2014). A pattern of increased integration and reduced segregation could potentially be understood within a Bayesian framework because children with autism may not use accumulated knowledge about what is relevant and irrelevant in the world to filter out certain information as a consequence of attenuated priors (Pellicano and Burr, 2012). Our results also fit with a cognitive account of increased perceptual capacity in autism (Remington et al., 2009, 2012). This account can explain enhanced performance in visual tasks while also explaining greater distractibility due to increased processing of distracters in individuals with autism. Noise dots, which could be conceptualized as distracters, may be processed more extensively by children with autism than typical children, which may explain why children with autism do not benefit from an increased perceptual capacity in the motion coherence task.

Our results complement two existing studies reporting enhanced motion processing in autism. Chen et al. (2012) reported enhanced speed discrimination specifically when stimuli were separated by a long interstimulus interval and Foss-Feig et al. (2013) reported that individuals with autism required shorter stimulus durations than typical individuals to accurately report the direction of briefly presented high-contrast gratings. Although ours is the first study to demonstrate explicitly enhanced motion integration in individuals with autism, it is notable that the tasks of Chen et al. (2012) and Foss-Feig et al. (2013) similarly required no segregation of signal from noise. It is possible therefore that segregation of signal from noise is a limiting factor for individuals with autism across a range of motion processing tasks.

Our findings of comparable motion coherence thresholds in children with autism and typical children contradict previous findings of elevated motion coherence thresholds in autism (Milne et al., 2002; Pellicano et al., 2005; Manning et al., 2013). Indeed, not all studies have shown elevated motion coherence thresholds in individuals with autism, with many studies showing no differences between groups (Del Viva et al., 2006; Jones et al., 2011). Such discrepant results may arise from a range of differences in participant characteristics and stimulus parameters. For example, elevated motion coherence thresholds have previously been reported for specific stimulus durations (Davis et al., 2006; Robertson et al., 2012, 2014), viewing conditions (Ronconi et al., 2012), and stimulus speeds (Manning et al., 2013). Furthermore, it is possible that elevated motion coherence thresholds are not consistently found in individuals with autism because increased integration and reduced segregation abilities may in some cases cancel each other out.

A secondary aim of our study was to quantify the extent to which internal noise and/or global sampling limits direction integration performance in children with and without autism using the equivalent noise framework. Our results suggest that children with autism have typical levels of internal noise, but can sample over more dots to make their judgments than typical children. Increased sampling should confer an advantage at all levels of directional variability (Dakin et al., 2005). However, in this study, children with autism performed similarly to typical children in the no-variability condition, which limits the conclusions that can be drawn from the equivalent noise analysis. Here, we used a method of equivalent noise analysis that has been adapted successfully for use with children and clinical groups (Manning et al., 2014; Tibber et al., 2014, 2015). Although further insight may be gained from sampling additional points along the equivalent noise function, we note the challenges of presenting lengthy testing sessions to children with and without autism. Nevertheless, the analysis reported here highlights possible interpretations of our results, which should inform future research into the mechanisms underlying enhanced direction integration in children with autism.

It is possible that children with autism might not use the same averaging strategy in the no-variability condition that leads to benefits in the high-variability condition (Allard and Cavanagh, 2012). A similar pattern of equivalent noise function, with specific enhancements at high but not low levels of external noise, has been demonstrated using other related paradigms (Lu and Dosher, 1998; Dosher and Lu, 2000). For example, attention can facilitate orientation discrimination performance in the presence of irrelevant contrast noise by allowing the observer to effectively exclude external noise and focus their perceptual analysis on the orientation signal (termed perceptual template retuning; Lu and Dosher, 1998; Dosher and Lu, 2000). However, unlike in previous work, here, we imposed external noise on the relevant stimulus dimension (i.e., direction), so there is no noise to exclude as such. However, it is possible that a similar mechanism of perceptual template retuning may explain why the thresholds of children with autism are less influenced by external noise. In this paradigm, optimal performance constitutes averaging all information. Children with autism may be able to focus on informative characteristics of the stimulus more effectively (and thus more optimally) compared with typical children, who may be integrating over an inappropriately narrow range of directions.

Another possibility is that group differences arise from differences in feature-tracking strategies (Cavanagh, 1992; Lu and Sperling, 1996, 2001) given that both of our stimulus speeds fall within the limit for attentive tracking (Verstraten et al., 2000). A feature-tracking strategy would potentially be detrimental under conditions of high directional variability. If children with autism rely to a lesser extent on such a strategy, then they may show enhanced performance specifically in the presence of directional variability. This account remains speculative, however, and requires validation with stimuli specifically designed to probe the third-order or attentional motion system.

In sum, there is extensive evidence showing that individuals with autism process motion information differently from typical individuals (for review, see Simmons et al., 2009). To date, this has widely been attributed to reduced integration of motion information (Frith and Happé, 1994; Pellicano et al., 2005; Annaz et al., 2010; Robertson et al., 2012; Manning et al., 2013). Our results challenge this common assumption and reveal that children with autism in fact show enhanced integration of direction information. The relatively large sample size and the rigorous psychophysical methods warrant confidence in our results. The reliance on motion coherence paradigms has only served to obscure our understanding of visual processing in autism (and other developmental conditions; Sperling et al., 2006). Atypical motion processing could have serious effects on the everyday lives of individuals with autism. Enhanced integration of motion information might well confer advantages in certain circumstances, but could also pose significant challenges. Indeed, increased pooling of motion information, perhaps in combination with—or as a result of—fewer internal constraints on perception (Pellicano and Burr, 2012), might be one cause of the often-reported “sensory overload” in those with autism (Kirby et al., 2015).
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  Solomon (2015) claims that our finding of increased motion 
integration in children with autism is reliant on the equivalent noise 
model, and further suggests that the results of this analysis reflect a 
greater disregard of task instructions by the typically developing 
children compared to the children with autism. We wish to make two points 
here. First, we argue that sampling values below 1 do not necessarily 
indicate a failure to follow instructions. Second, and perhaps most 
importantly, we point out that our conclusion of increased integration is 
based on the difference between the thresholds of children with autism and
typically developing children, and is thus not reliant on the assumptions 
of equivalent noise analysis. Furthermore, we show that our threshold data
is inconsistent with Solomon's suggestion that children ignored the 
instructions on some trials. 


  As Solomon points out, the equivalent noise analysis yielded low 
estimates of sampling in some children - in line with previous studies of 
adult (Tibber et al., 2014) and child observers (Manning et al., 2014). 
Non-integer sample sizes were modelled as a mixture of integer sample 
sizes (i.e., to model a sample of 3.25 we used n=3 on 75% of the simulated
trials and n=4 on the remaining 25% or trials). If the simulated sample 
size was less than one, then a zero-sample size would be used (i.e. a 
random response would be made on that trial). However, we were careful in 
the paper to emphasise that equivalent noise analysis does not yield the 
number of samples averaged, but the equivalent number of samples averaged.
Solomon's comment is based on the strict (and we believe erroneous) 
interpretation of our findings that a sub-unity sample size must have 
arisen from a failure to follow an instruction to average. What it 
actually indicates is an effective failure: participants sometimes behaved
as though they averaged poorly or even did not average. This might sound 
like semantics but it is important; a sample size less than 1 does not 
indicate that participants were not attempting to average. There are other
factors that can affect estimated sample size (e.g., attentional load 
decreases effective sample size; Dakin et al, 2009) and it is certainly 
not the case that we can single out a failure of our typical children to 
follow instructions as the explanation for the increased sampling estimate
in the children with autism. 


  Regardless of the interpretation of the equivalent noise modelling, 
the integration advantage of children with autism is evident from their 
thresholds. We measured three direction discrimination thresholds in 
children with and without autism: direction discrimination in the absence 
of directional variability, direction discrimination in the presence of 
directional variability, and coherent motion perception. The children with
autism showed a selective enhancement when they were required to judge the
average direction of dots amidst varying levels of directional 
variability. Relative to typical children, the children with autism could 
compute the average direction over a greater range of directional 
variability (see Figure 2C). This is a clear enhancement in a direction 
integration task that is independent of the assumptions of equivalent 
noise analysis. While Solomon claims that children may have disregarded 
the instructions on some trials, it is unclear how a disregard of the 
instructions would selectively affect this threshold and not those 
obtained in the other two tasks - particularly when the same instructions 
were provided in all tasks (i.e., to judge the overall direction of the 
"shoal of fish"). Indeed, if children really did disregard the task 
instructions in some trials, we would expect them to have performed poorly
in the catch trials, and for the QUEST functions not to have converged on 
a threshold. 


  The equivalent noise modelling was provided as a supplementary 
analysis in an attempt to further understand the performance of children 
with autism and typically developing children in our tasks. We noted in 
our discussion that future research is needed to fully understand the 
results of the equivalent noise analysis. Yet, even without this further 
research, we have demonstrated enhanced performance in a test of visual 
integration in children with autism. 
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  The conclusion of this study, namely that children with autism have 
"enhanced integration of motion information," is based entirely upon 
estimates of effective sample size, derived from fits of an approximation 
to the equivalent-noise model for direction classification. That 
approximation, in turn, is based on Monte Carlo simulations with what were
necessarily integer values for the effective sample size. Non-integral 
estimates may represent a mixture of trials with both greater and lesser 
effective sample sizes. The many estimates less than 1 reported by Manning
et al (see their Figure 4B) therefore suggest some trials in which the 
effective sample size was zero. 


  With an effective sample size of zero, direction classification is 
necessarily at chance levels, which is exactly the level of performance 
that would be obtained by a subject responding randomly; i.e. without any 
regard for the task instructions. Therefore, I am forced to conclude that 
some observers sometimes completely disregarded the instructions in the 
experiment described by Manning et al. This complete disregard may have 
had nothing to do with visual processing. Whatever caused this disregard; 
it may have been more prevalent amongst typically developing children. 
Therefore, I consider it premature to conclude that the vision of children
with autism is "enhanced" in any way, relative to that of typically 
developing children.
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