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Retinal and cortical mechanisms provide for persistence of visual information across intervals of many hundreds of milliseconds, which supports the integration of partial shape cues. The present experiments displayed unknown shapes in a match recognition task, wherein a target shape was quickly followed by a comparison shape; the task was to specify whether the comparison shape was the same or different from the target. The target and comparison shapes were displayed as sparse dots that marked boundary locations. The first experiment successively displayed the target shape as two complementary subsets and found that the probability of correct match remained above chance with up to 500 ms of subset separation. The second experiment demonstrated masking of the target by a random pattern of dots when the target and mask were displayed simultaneously, but with much less or no masking when the two were separated by 100 ms. The third experiment displayed the target subsets with 200 ms of separation and found that match recognition was disrupted when the random-dot mask was displayed midway between the two subsets. Much less masking of an intact target was produced with that amount of temporal separation, which suggests that mechanisms for integration of shape cues have a special vulnerability to masking. The third experiment also found very little impairment of match recognition when the mask was displayed simultaneous with one of the subsets. We hypothesize that there is embedding of the subset pattern within the mask pattern, but additional display of the other subset effectively disembeds the buried partial shape cues.
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INTRODUCTION

“[T]here is some support for the view that sensory persistence is produced by the activity of coding mechanisms at the level of feature extraction in visual information processing”.

Vincent Di Lollo (1977).

A substantial amount of work has been done to evaluate early stages of shape encoding, with masking and manipulation of neuronal persistence providing some of the most effective research tools. It seems odd, therefore, that we have very little information about the effect of masking on the persistence of stimulus information. Persistence across several 100 ms is thought to mediate working memory, and masking has been used to manipulate the contents of working memory, so it is a reasonable hope that the combined use of both methods would provide useful insights about the nature of working memory.

The research reported below differed from prior research in fundamental ways. First, the targets to be identified were unknown shapes, each seen only once using a match-recognition protocol. A given source shape consisted of a sequence of dots that marked an outer boundary, similar to an outlined figure (see Figure 1). The experiments displayed reduced-density versions of these shapes, meaning that a sparse subset of boundary markers provided the target to be identified. Following display of a given target, a sparsely marked comparison shape was displayed that either matched the target or provided a non-matching shape. Because each target shape was shown only once to a given respondent, all identification was based on short-term memory.
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FIGURE 1. Three examples of source shapes are shown in the upper panels, with the dots of the display board provided as background. The experiments displayed low density patterns that were sampled from source shapes, providing either 12% sets or successive displays of complementary 6% subsets. For ease of discourse, the term “shape” will also be used to describe these patterns. For better visibility, the background dots of the array are not shown in the three lower panels, and dot size has been increased.



Second, the display equipment avoids some of the problems that have bedeviled the study of temporal integration of visual cues, which can also be described as information persistence (Coltheart, 1980). Much of the earlier work has used cathode ray tubes with short-lived phosphors to display the stimuli, so that any persistence could be correctly attributed to the visual system rather than the display itself. A fast phosphor can fall to about 1% residual emission within microseconds, but it can then persist at that level for a second or more. Rayner and Pollatsek (1983) demonstrated that observers could still perceive this weak afterglow, providing a basis for combining successive displays using persistence of the stimulus itself. Jonides et al. (1983) failed to replicate earlier work done in their own lab when the displays were presented with LEDs rather than with phosphor-based images (see also Di Lollo et al., 1997, 2000). The present work avoids these issues by using an LED array to display the shape stimuli. Also, the equipment can display successive dot patterns with microsecond control of timing for pulse duration and interstimulus interval.

Initial experiments provided confirmation that classic information persistence and masking effects would be found with this match-recognition task. Then the influence of masking on temporal integration was evaluated.

The target shape was divided into complementary subsets that were successively displayed, which requires the integration of shape information across an interstimulus interval spanning hundreds of milliseconds. Then the ability of a mask to impair the integration process was examined. The results suggest the possibility of a motion-to-form encoding mechanism as part of working memory, as will be discussed subsequently.

Visibility of a briefly displayed image can be reduced by presentation of a different image, which we describe as visual masking. Generally, one image provides the target, with the task requiring discrimination or recognition, and the mask acts to impair effective performance of the task. The relative timing of target and mask can determine whether visibility is affected. The experimental protocol is designated as forward masking if the mask precedes the target, backward masking if it follows the target, and concurrent (simultaneous) masking if the two are presented at the same moment (Breitmeyer, 2007).

The earliest masking studies used large, spatially uniform increments of luminance (Baxt, 1871; Crawford, 1947; Sperling, 1965). Subsequent work often has used masks that contained image elements, such as shapes, lines, or dots (Rieger et al., 2005). The term pattern masking serves as a general classification of masks that provide these components (Enns and Di Lollo, 2000), irrespective of whether there is temporal separation, i.e., backward, forward, or simultaneous display. Impaired discrimination or recognition of the target has been attributed to inhibitory interactions among neurons that register the image elements (Weisstein et al., 1975; Breitmeyer and Ganz, 1976; Macknik and Livingstone, 1998).

There are subcategories relating to the spatial attributes of pattern masks. For instance, noise masks could be made up of dots or boxes that have little in common with the target image (Kinsbourne and Warrington, 1962). Alternatively, structure masks would be those that bear a strong resemblance to the target, or have lines with common orientations. For example, a pattern composed of lines might be used to mask alphabetical letters. Specific pattern masks can vary with respect to contrast, luminance, or other physical parameters, limited only by the creativity and discretion of the investigator.

Three different mechanisms for masking are often invoked, one being the erasure of stimulus information, another calling for integration (merging) of stimulus information, and the third providing for interruption of perceptual processing. Each may be acting within the retina or in cortex. Persistence of retinal activity in integration masking can cause the target and mask to be perceived as a unitary pattern that precludes recognition or discrimination of the target itself (Eriksen, 1966; Turvey, 1973; Breitmeyer, 1984). This model seems most plausible when one gets maximal disruption of performance with simultaneous display of target and mask, and one perceives the combined image of the target embedded in the mask pattern. It is common to see the masking effect become nil with about 100 ms of target/mask separation in either direction (Enns and Di Lollo, 2000).

Alternatively, pattern masking can occur with substantial temporal separation of target and mask through interruption of information processing (Bachmann and Allik, 1976). Because the mask can act across an extended interval, most attribute the masking to disruption of cortical mechanisms that are required for recognition or discrimination. Alternatively, one might see a U-shaped function wherein there is progressive impairment of performance across an extended range of target/mask separation, followed by recovery of target recognition or discrimination (Bachmann and Allik, 1976; Michaels and Turvey, 1979).

Conditions that produce a delay of target masking have been designated as metacontrast masking. Here the mask consists of an annulus that surrounds the target image, and masking only occurs within a narrow temporal range (Enns and Di Lollo, 2001). When the target and mask are simultaneously displayed, or the interval between them is very short, the target is clearly visible and is seen as lying within the interior of the mask. With very long separations the mask is ineffective at impairing shape processing, and both are visible. At intermediate intervals, perception of the target is impaired, yielding a U-shaped function of accuracy (hit rate) as a function of the separation interval (Enns and Di Lollo, 2001). One explanation for the effect, which can be described as a “two-channel” theory, proposes that image information is transmitted by a fast burst of neuronal activity followed by sustained (tonic) activity that conveys fine details about the stimulus attributes. A metacontrast mask is thought to occur when the fast-acting signals from the mask’s onset interfere with the sustained slower signals of the tonic channel, disrupting the processing information about the earlier target.

The first experiment was a replication of a Greene and Hautus (2018) experiment that examined temporal integration of shape cues for unknown shapes in a match-recognition protocol. The shape cues were provided by sparse dots that marked the outer boundary of a given shape. This is a new experimental approach to the study of shape recognition, so it is appropriate to show that the integration of shape cues over a span of half a second is a reliable finding. This is especially worthwhile given current concerns about reproducibility of results.

The second experiment examined mask interference with the integration of unknown shapes, wherein the mask consisted of a random pattern of dots. The masking stimuli were random dot patterns, which seems especially appropriate for either overwriting the information from sparse markers, or interrupting short-term memory of that information. The experimental results provided evidence for classic disruption of shape recognition when the target and mask were simultaneously displayed, but the mask was relatively ineffective when it was separated from the shape cues by about 100 ms.

The third experiment examined mask interference with temporal integration of the shape cues. Based on findings from Experiment 2, there was an expectation that simultaneous display of the mask with a subset of the shape cues would greatly impair match recognition. Further, there was an expectation that there would be no interference with match recognition where the temporal separation of mask from the shape cues was 100 ms, as was found in Experiment 2. Neither expectation was confirmed, i.e., the results were the opposite of expectation. These findings suggest some new principles for how stimulus information is integrated and stored in working memory, which will be discussed once the experiments have been reported.

MATERIALS AND METHODS

Authorization and Consent of Respondents

This study was carried out in accordance with the recommendations and guidelines of the Psychology Department Subject Pool. The protocol was approved by the USC Institutional Review Board. All respondents gave written informed consent in accordance with the Declaration of Helsinki. A total of 24 undergraduates volunteered and provided data, eight for each of the three experiments reported below.

Source Shapes, Sets, and Subsets

An inventory of 480 unknown shapes provided the source of stimulus patterns that were displayed in each of the three experiments, so hereafter they will be described as “source shapes.” Each source shape consisted of a continuous string of dot locations on a display board (detailed below), forming a shape boundary akin to a silhouette. The number of dots in source shapes ranged from 100 to 269, with the mean being 168 dots. Distance from the centroid to dots ranged from 12.8 to 22.3 dots, mean distance being 16.9 dots. The shapes were constructed to avoid similarity with known shapes and objects, to avoid long-term memory factors and to focus on early sensory encoding. Examples of three of the source shapes are shown in the upper panels of Figure 1.

The three experiments displayed low-density samples drawn from source shapes, which can be designated as “sets” and “subsets.” We can characterize these dot patterns as “shapes,” with the understanding that they are providing various degrees of effective cues relative to the original shapes from which they were derived.

Shape sets were at 12% density and the subsets provided complementary 6% densities. The dots for a given 12% set were chosen by first randomly picking a starting point from among the boundary dots of the source shape, and then proceeding along the boundary, marking every eighth dot to be included for display. The final dot that was chosen at the end of the circuit would commonly leave a span that was shorter than the others. The computer made these selections “on the fly,” meaning that the dots displayed to a given respondent were chosen at random on each trial.

For the experiments that displayed complementary 6% subsets, the 12% set was further divided. Beginning at a randomly chosen starting point, dots were successively numbered. The odd numbered dots were designated as “subset 1” and the even numbered dots were assigned to “subset 2.” The fact that the two subsets can be combined to provide a 12% set is the basis for describing them as being “complementary.”

Mask Stimuli

Experiments 2 and 3 included display of random-dot masks to evaluate the conditions that would impair match recognition of the targets. A 4% dot-density level was chosen to provide approximately the same number of dots in the mask as the mean number of dots among the shapes in the inventory. To be specific, the mean number of dots in the inventory of shapes is 166 (100 at the minimum and 269 maximum), and a 4% random sample from the full LED array provides 164 dots. For trials in which a set or subset with displayed simultaneous with the mask, the random selection of dot locations did not include the locations of set or subset dots. A different random pattern was used on each trial in which a mask was presented.

Figure 2 illustrates how the random-dot pattern is effective at precluding perception of low-density shape samples. The left panel shows a 12% set derived from Shape C of Figure 1. The middle panel shows a 4% mask superimposed on the set. Here the mask dots are shown in gray so that one can still pick out the locations of dots in the 12% set. The right panel shows all the dots in red, this being the stimulus that the respondent would see with simultaneous display of the mask and shape set. It is clear from inspection that the 12% set cannot be discriminated in the presence of the random-dot pattern, which assures that the mask would be effective in impairing match recognition. The 4% random-dot pattern would also mask information from display of complementary 6% subsets, which together would be equivalent to the 12% set.
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FIGURE 2. The left panel illustrates a low-density shape set, i.e., a 12% sample of dots from Shape C in Figure 1. The middle panel shows a 4% random-dot pattern that could mask of the shape set. Here the mask dots are shown in gray so that one can still see the dots of the 12% set (in red). Dot sizes in the set have been enlarged in both panels to provide for better discrimination of the shape set in relation to mask dots. The right panel has colored all dots red, with mask and shape-set dots rendered as the same size. This illustrates the stimulus that would be seen with simultaneous display of the mask and the 12% shape set. One can see that the mask precludes perception of shape boundary markers, and the same would be true for the 6% subsets, which provide only half the number of markers.



Stimulus Displays

Room illumination was dim (10 lux). Shape and mask patterns were displayed as brief flashes on a 64 × 64 array of LEDs mounted on a display board. All dots of a given pattern were displayed as simultaneous ultra-brief flashes. Each flash had a duration of 10 μs and an intensity of 1000 μW/sr. At a viewing distance of 3.5 m, the visual angle of a given dot of the display board was 4.92 arc°, dot to dot spacing was 9.23 arc°, and the total span of the 64 × 64 array (horizontal and vertical) was 9.80 arc°. The shape patterns that were displayed would therefore have overall dimensions that ranged from 2.0 to 3.5 arc°, with the mean being 2.6 arc°.

Basic Task Conditions

The basic task can be described as requiring a match-to-sample judgment, which for convenience can be described as match recognition. When used with unknown shapes, one can assess the encoding and persistence of shape information without the confounding influence of long-term memory (Greene and Hautus, 2017, 2018).

The present work calls for initial display of a “target” set (or subsets), followed by display of a “comparison” set that might or might not be the same shape as the target. On each trial, target and comparison shapes were chosen at random from the inventory. A given shape was shown only once as a target, or only once as a non-matching comparison shape. On half the trials the comparison shape was the same as the target shape, which was designated as “matching,” and on half it was a different shape, designated as “non-matching.” In other words, the task is asking whether the cues provided by the target set or subset are sufficient for recognition of the comparison set.

The order of treatments was chosen at random. The corner in which the target was displayed was chosen at random on each trial in each of the experiments. The comparison set was then displayed in one of the other three corners, again chosen at random. Positioning of a given pattern required placement of at least one dot in the outside boundary of the top or bottom, and one dot on a side edge of the array.

A fixation point consisting of four central dots was provided prior to each trial, and respondents were instructed to keep their eyes centered on this location. Following each display sequence, the respondent voiced a decision of whether the comparison shape was the “same” or “different” from the target shape, and this information was entered by the experimenter into a computer file. Neither the experimenter nor the respondent was informed as to which treatment condition was presented on a given trial, or whether the judgment was correct.

Experimental Treatments

Experiment 1 displayed complementary 6% subsets as targets, with six levels of inter-stimulus interval, specifically: 0, 100, 200, 300, 400, and 500 ms. The comparison shape. either matching or non-matching, was displayed after an additional interval of 250 ms. The display sequence is illustrated in Figure 3. Each subject judged 25 trials for each of these treatment conditions for a total of 300 trials.
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FIGURE 3. On each trial of Experiment 1, a randomly sampled shape provided the complementary subsets as a target. The frames show the displayed subset as colored dots, and include open dots to show which members of the 12% pattern would not be displayed, i.e., they remain dark at that moment. Display of subset 1 was followed by subset 2 at an inter-stimulus interval that varied from 0 to 500 ms. If the shape information from the two displays were completely integrated by the visual system, the resulting image would contain 12% of the boundary markers, as illustrated in the frame shown with broken lines. This amount of shape information would be expected to provide a moderately high level of shape identification. A comparison shape was shown 250 ms after display of the second subset, providing an opportunity for a shape-matching decision.



Experiment 2 examined masking of target-shape information. All targets were displayed with 12% density, this being to demonstrate effectiveness of masking against integrated 6% subsets (in Experiment 3, to follow). A 4% random-dot mask was added to each target-comparison sequence, with display of the mask coming either before, during, or after display of the target set. The mask/target intervals were: −100, −50, 0, +50, +100 ms – the negative values designating display of the mask prior to the target and positive values designating display of the mask after the target. At 0 ms the mask dots were displayed at the same 10 μs moment, so the dots of both patterns were superimposed, as illustrated in Figure 2. The inter-stimulus interval between target shapes and comparison shapes was again 250 ms. Figure 4 illustrates the display timing. Each subject judged 32 trials for each of the five treatment conditions for a total of 320 trials.


[image: image]

FIGURE 4. On each trial a full 12% target shape was flashed, followed 250 ms later by the comparison shape. In addition, a 4% random-dot mask was displayed at times that either preceded, followed, or was simultaneous with the target display. The illustration shows the 4% mask twice to represent the two ends of the range at which it could be displayed. The dashed frame shows a target shape that was unaffected by the mask, though this would not be expected if the mask erased the stimulus information, occluded it, or otherwise interfered with shape processing.



Experiment 3 combined treatments that would require integration of target cues as well as masking of those cues. On each trial, the two 6% subsets were displayed with a temporal separation of 200 ms. A 4% mask was inserted into this sequence to provide the potential for disruption of the integration process. For logging of data and statistical analysis, mask timing was specified relative to the first subset display, i.e., at 0, 50, 100, 150, and 200 ms. However, the mask was expected to produce disruption of performance when simultaneously displayed with either of the subsets, and provide the least influence of judgments at the midpoint between display of the subsets. Therefore, we have re-designated the treatment levels as 0, 50, 100, 50, and 0, providing labels that reflect two symmetrical limbs of mask influence. These display conditions are illustrated in Figure 5.
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FIGURE 5. In Experiment 3 the two complementary subsets were displayed 200 ms apart, with the comparison shape being provided 250 ms after the second subset was shown. A 4% random-dot mask was also provided, either simultaneous with subset 1, simultaneous with subset 2, or at three intervals in between the subset displays. We are designating the midpoint of this range as 100, for this would display the mask 100 ms away from each subset. The goal was to determine whether information from the two subsets would be integrated or if the mask would impair this process. This illustration shows the mask precluding effective integration, i.e., impaired match recognition, in that the dashed frame does not contain a persistent image of the combined subsets. Two additional control conditions were included in the experiment (see text).



Two additional control treatments that did not include a mask stimulus were added to provide measures that aid in interpreting effects. One control treatment displayed just the two subsets, which provided evidence of performance from simple integration of the two sources of shape information. The other control treatment displayed only one of the subsets, this to establish the level of performance if there was masking of information from only one of the subsets. As in each of the earlier experiments, the comparison shape was presented 250 ms after display of second subset. Each of the five mask and two control conditions were displayed to a given subject for 22 trials, for a total of 308 trials.

Bias Correction of Judgments

Responses were evaluated with signal detection analysis that derived an unbiased index of performance. Signal detection theory provides a framework that corrects for response bias. A method developed by Macmillan and Creelman (2005) was adopted, which uses the bias-correcting formula d′ = [image: image](z(H) − z(F)). In this formula, H is the proportion of “same” judgments to matching shapes, F is the proportion of “same” judgments to non-matching shapes, and z(•) is the inverse-normal transform (Green and Swets, 1966/1974) Values of F and H were adjusted for values of 0 or 1 (which would otherwise lead to d′ = ±∞) prior to calculation of d’. We adopted the log-linear correction for this purpose (DeCarlo, 1998). Bias correction requires the combination of response information from both matching and non-matching shapes.

It is more intuitive to express performance as a proportion, which can be done by converting d’ into p(c)max using the formula:

[image: image]

Here the function Φ(•) is the cumulative distribution of the normal distribution. The p(c)max index scales with 0.5 being chance and 1.0 being decisions that are perfectly correct. For convenience, the present discourse will describe this index as “probability of match recognition.”

Statistical Analysis

For each of the experiments, linear mixed-model regression was used to test for omnibus treatment effects. Experiment 1 was a replication of earlier work and there exists a substantial body of literature on masking effects, so we had clear expectations about the influence of treatments for each of the three experiments. This justified the use of planned comparisons to test hypotheses about specific treatment effects. For Experiments 1 the only test of interest was whether the mean at the longest temporal separation would be above chance. For Experiment 2 the question was whether performance would be above chance where the mask and shape subset were displayed simultaneously.

Experiment 3 provided results that were the opposite of what was predicted, so post hoc tests of mean differences were done instead of planned comparisons. Specifically, we tested whether each mean that was observed with simultaneous display of mask and shape subset differed from the control condition that displayed the subsets with no mask being present. We also tested whether masks presented midway between the two shape subsets, i.e., at 100, differed from the one-subset control condition, and whether it differed from chance.

A piece-wise linear regression was calculated to assess the influence of temporal separation of the mask from each subset. Based on the results of Experiment 2, there was an expectation that the mask would block shape information when it was display at the same moment as the subset, and would have little or no effect when it was separated from the subset by 100 ms. Therefore, the plan was to do a separate regression analysis for each leg of the sequence, i.e., from 0 (mask + subset 1) to 100, and then from 100 to 0 (mask + subset 2) – see Figures 5, 8. The regression itself makes no prediction about the direction of effect, so this was still the appropriate analysis even though the results were opposite of what had been expected.

RESULTS

Experiment 1

As shown in Figure 6, the probability of correct matching decisions was quite high (above 0.8) where the two subsets were displayed simultaneously, i.e., with temporal separation of zero. Performance dropped as the interval between the two subsets was increased, which reflects a decline of persistence of shape information from the first subset. Regression across the five treatment levels confirmed that the decline was significant at p < 0.0001 (slope = −0.0005/ms, t7 = −9.37).
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FIGURE 6. The mean probability of match recognition for the respondents of Experiment 1 are plotted for each of the six levels of temporal separation of the two subsets. Judgments were well above the chance level of 0.5 with up to 500 ms of separation.



The probability of match recognition was still well above chance at the longest subset separation interval (500 ms). A planned comparison established that the mean at the 500 ms treatment level was significantly different from chance (t35 = 2.92, one sided p = 0.0031). That level of performance was about the same that found in Experiment 3, where a control condition provided display of a single subset (see below). It is likely, therefore, that by 500 ms all shape information from the first subset had completely evaporated, providing a level of match recognition that could be elicited by the second subset, acting alone.

Experiment 2

The results of Experiment 2 are shown in Figure 7. Linear regression confirmed a significant decline in forward masking between −100 and 0 ms (slope = −0.0032/ms, t23 = −8.74, p < 0.0001). Match recognition was well above chance when the mask preceded the target by 50 ms, and no masking was evident with a temporal separation of 100 ms. Trends were similar when the mask followed the shape set (slope = 0.0020/ms, t23 = 5.46, p < 0.0001), though masking was less complete at the longest interval. These results suggest that greater proximity of mask and target is needed for forward masking to be effective than is required for backward masking. The mean at 0 ms of mask/target separation was not significantly different from chance (t28 = 0.49, unadjusted p = 0.6273). [Where the mean does not differ significantly from chance, an unadjusted comparison is the more conservative statistic].
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FIGURE 7. The 4% mask was ineffective at blocking match recognition when it preceded the 12% target by 100 ms and was only partially effective when it led by 50 ms. Match recognition was at chance levels when the mask and target were displayed at the same instant (designated as 0 ms). Judgments were above chance when the mask followed the target by 50 ms or more.



Experiment 3

For Experiment 3, piece-wise linear regression found a significant decline in match recognition as the mask was temporally separated from each of the shape subsets (see Figure 8). The decline with mask separation from subset 1 (from 0 to 100) was significant at p = 0.0031 (slope = −0.0011/ms, t30 = −3.22), and with separation from subset 2 (from 100 to 0) was significant at p = 0.0205 (slope = 0.0008/ms, t30 = 2.45). Simultaneous display of mask and shape subsets yielded means that were not significantly different from the first control condition (green broken line), wherein the two subsets were displayed without any mask being provided (t42 = −0.52, unadjusted p = 0.6054 and t42 = −1.13, unadjusted p = 0.2632 for subset 1 and subset 2, respectively). The mask at treatment level 100 – midway between the shape subsets – did not differ significantly from the second control condition (red broken line) that assessed match recognition with display of a single subset (t42 = −1.11, unadjusted p = 0.2750).
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FIGURE 8. Mean probability of match recognition judgments are plotted for the masking conditions of Experiment 3. The mask was ineffective at blocking match recognition when it was displayed simultaneous with one of the subsets, i.e., at either 0 position. At ±50 ms of separation from a subset the mask was only partially effective. At 100 of separation, midway between the two target subsets, match recognition was not greater than chance. The green dashed line indicates the level of match recognition from successive display of the two subsets, wherein there was no mask in the display sequence. The red dashed line indicates the level of match recognition when only a single (6%) subset was displayed.



DISCUSSION

Visible persistence is the continued perception of a sensory image, like an afterimage (Coltheart, 1980), and is thought to reflect persistence of neuron activity within the retina. It is quite sensitive to the physical parameters of a stimulus, given that increasing the luminance of a stimulus will cause the period of visible persistence to decline (Dick, 1974). Also, it is quite vulnerable to simultaneous masking or backward masking protocols that have short inter-stimulus intervals (Long, 1980). A bright, spatially uniform flash can readily disrupt processing of image content (Baxt, 1871; Crawford, 1947; Sperling, 1965). It is generally thought that masking of visible persistence occurs within a 100 ms window (Coltheart, 1980; Greene and Visani, 2015), so the simultaneous display of the mask with the 12% target (Experiment 2) would have intruded upon visible persistence of the boundary markers.

In Experiment 2 the 4% random-dot mask likely embedded the 12% targets when the two were presented at the same moment, so the shape could no longer be identified as the same or different from the comparison shape that was subsequently displayed. The random-dot mask was ineffective at blocking match-recognition when it preceded the target shape by 100 ms, and performed slightly better when it followed the target shape. These results are consistent with previous findings (Schultz and Eriksen, 1977).

If the stimulus is sufficiently salient, it can go out from the retina very quickly (VanRullen and Thorpe, 2001). If the separation of pattern and mask is 100 ms or longer, one can be fairly sure the image information has been passed to cortex and any masking disrupts retrieval of information from working memory or long term memory (Kolers, 1962; Turvey, 1973; Enns and Di Lollo, 2000; Vogel et al., 2006).

Information persistence is a longer duration process that mediates encoding of stimulus information (Coltheart, 1980; Greene, 2007). The duration of information persistence grows longer as the duration of stimulus display is increased (Irwin and Yeomans, 1986). Numerous laboratories have reported persistence of visual information for many hundreds of milliseconds (Sperling, 1960; Eriksen and Collins, 1968; Hogben and Di Lollo, 1974; Coltheart, 1980; Chun and Potter, 1995; Ward et al., 1997; Vogel et al., 2006). Some of the evidence was based on what can be called the “temporal integration” paradigm, where stimulus information is divided into complementary subsets and the time required to integrate the information is assessed. Greene and Visani (2015) displayed letters composed of dots that were divided into complementary subsets, as in the present work. There was substantial summation of information from the two displays for 200 ms, after which the hit rate remained above the one-subset level across the treatment range (one second being the longest that was tested). Greene (2016) found that complementary-dot subsets provided for persistence of information for recognition of “thin” letters for upward of 600 ms.

Letters are extremely overlearned and the number of potential alternatives are relatively small, thus it should not be surprising that the choices could remain correct on the basis of minimal information, making it possible to observe an extended duration of persistence. Earlier work had suggested that shape information will decay much faster. Greene (2014) used a temporal integration protocol where the task called for recognition of diverse real-world shapes, e.g., animals, plants, vehicles, tools, furniture. Here the boost provided by the temporal integration condition declined to the one-subset level within 100 ms. For this task the information to be retrieved was extremely open-ended, requiring comparison of shape cues against an indeterminate store of shape memories. Singer and Kreiman (2014) found similar results for integration of image patches where the task called for specifying the category of the objects being shown. Asking to identify the outline of a real-world object may require substantially more information, meaning that even modest decay of the information could preclude effective recognition.

The present work used unknown shapes, each being displayed only once, so decisions were not based on retrieval of information from long-term memory. Match recognition declined as a function of time, following a near-linear trajectory, but remaining well above chance across the 500 ms range that was tested. A prior report from this laboratory found similar results (Greene and Hautus, 2018). We are confident that the temporal integration protocol – the display of complementary subsets – calls for integration of shape information in working memory, and this integration can be provided across intervals of several 100 ms. This finding is critical in interpreting the findings in Experiment 3, which yielded very unexpected results.

Pattern masks, which would include the 4% random-dot mask used here, can work by erasing, embedding, or overwriting the shape information that might otherwise be discriminated or recognized. In Experiment 3 the target pattern was divided into two complementary subsets that were displayed with a 200 ms separation. Displaying the mask in the middle of this interval, with a 100 ms of separation from either subset, yielded performance that was statistically within the chance range. In Experiment 2 the mask was completely ineffective when it followed the 12% target by a 100 ms and was substantially ineffective when it preceded the target by that much. A follow-up experiment using a 6% target found that recognition was at chance levels when the mask preceded the target by 100 ms (unreported data). Therefore, there should have been no impairment of performance in Experiment 3 where the mask was separated from both subsets having 6% density by 100 ms, designated as zero in Figure 8. Yet this condition produced the greatest level of masking, with performance being in the chance range.

Apparently, with 100 ms of separation the mask does not greatly impair fully integrated shape information that is being held in working memory (Experiment 2) but does impair the processing of information that is being integrated, as was the case for the temporal integration required in Experiment 3. We infer that the integration of shape information is a special state that is more vulnerable to masking. As a potentially related matter, Greene and Hautus (2018) found the decline in match recognition across a 500 ms interval was more rapid when two subsets were being integrated than when the dots of the target were displayed one at a time. Apparently having a higher complement of boundary dots available at a given moment can foreclose the integration process, and once completed, the summary is less subject to decay or disruption. This result might be attributed to object substitution masking (Enns and Di Lollo, 1997), wherein the information from the first subset is lost and hence no integration is possible between the first and the second subsets.

Experiment 3 also displayed the mask simultaneously with the 6% patterns of subset 1 or subset 2. This should have completely precluded any use of shape information from the masked subset, given that simultaneous masking of a 12% target produced chance performance (Experiment 2). Instead, masking of subset information was relatively weak, and match recognition was well above chance. These results suggest that the subset pattern becomes embedded in the random dot pattern of the mask, and the other subset is able to disembed the subset pattern from the mask. Apparently this can occur in either direction. So where the mask was superimposed on subset 1, the subsequent encounter with subset 2 accomplished disembedding of the target information. And where subset 1 was displayed alone, it persisted across the 200 ms and was able to disembed the subset 2 pattern from the mask. Figure 9 illustrates this hypothesis.


[image: image]

FIGURE 9. This figure illustrates the disembedding concept where the mask is presented simultaneously with subset 1. The upper panels show the stimulus configurations, providing subset dots as red and the mask dots as gray. The lower panels illustrate the perceptual states that are hypothesized. The first panel on the left shows the first subset as being buried within the mask dots, which prevents the pattern from being perceived. The second panel shows a decreased salience of mask dots due to decay of persistence, so the newly flashed dots of the second subset are conspicuous. The third panel illustrates the second subset disembedding the dots of the first subset, making the full target set available for match recognition. A similar process is assumed for simultaneous presentation of the mask with the second subset.



We previously noted that a mask can impair recognition through erasure, integration (embedding), or disruption of process. We now have evidence that a partial target pattern that is embedded in a noise mask can be disembedded by display of the remaining target information. The process of disembedding a subset from a background might be attributed to feature salience of the subset pattern. But perhaps it is a product of form-based motion processing, which would be consistent with much of the current literature relating to dynamic object perception. Finding that simultaneous masking of a subset did not greatly impair match recognition is consistent with conclusions by McCarthy et al. (2017) that simultaneous events should not be integrated if they do not appear along the same contour. Consequently, when the second subset is presented, it may be interpreted as a rotational or translational continuation of the first subset — irrespective of the mask — and vice versa.

It has been postulated that although an object’s identity is maintained during occlusion, its specific features might not be. The continuity seen across objects that disappear behind a source of occlusion and then re-emerge may have more to do with spatio-temporal continuity than spatial continuity (Erlikhman and Caplovitz, 2017). A case can be made that a temporal integration paradigm with an interleaved mask emulates this same type of occlusion and re-emergence, which would explain the results in terms of similar spatio-temporal continuity.

The disembedding concept that is illustrated is Figure 9 might relate to motion-form cueing. A real-life example might be seen where a dog runs behind a white picket fence. The dog’s features are broken up into subset components (in the slits between the boards), none of which would be recognizable as a dog. But on seeing the complements of each subset as a sequence of cues, the viewer perceives a dog running behind the fence. The processes of disembedding may be akin to this kind of motion cueing.

Interestingly, some reports of brain mechanisms are consistent with the current results. An interaction between the dorsal and ventral visual pathways is thought to underlie form motion interactions, in particular the updating of “no-longer-visible” information (McCarthy et al., 2017). Processing form and motion information calls for activity from a number of brain structures, including V3A, V3B, Kinetic Occipital cortex (KO), Medial Temporal cortex (MT), and the inferior parietal sulcus. This system may provide mechanisms for deriving “structure from motion” (Klaver et al., 2008) “biological motion” (Vaina et al., 2001), processing of motion edges (Vinberg and Grill-Spector, 2008) and contour curvature during rotational motion (Caplovitz and Tse, 2007). Moreover, in an experiment to investigate what information is represented during dynamic occlusion, Erlikhman and Caplovitz (2017) measured BOLD fMRI activity across both early (V1–V3) and higher-level cortical areas while observers viewed various shapes passing behind occluding quadrants. They found that that the information represented in early visual cortex during dynamic occlusion is not shape-specific. Rather, it may correspond to the object’s position, its motion path, or the path of attention. Further analysis found that shape identity could be decoded in higher visual areas such as VO, LO, TO, LOC, PHC, parahippocampal place area, and hMT. We hope our research may aid in understanding the interaction between dorsal and ventral stream pathways that have a role in dynamic form-object processing. Those who do classical psychophysics studies might aim to replicate our results and members of the neuroimaging community might employ a similar masking paradigm to assess fMRI activation.

AUTHOR CONTRIBUTIONS

EG designed the study, provided custom test equipment, experimental apps, and oversaw drafting of the manuscript. AG tested respondents, evaluated the data, did the literature review, and provided various drafts of the manuscript.

FUNDING

This experiments were run using custom applications written by Jack Morrison of Digital Insight. Statistical analysis was performed by Dr. Wei Wang, Harvard Medical School. Funding for this research was provided by the Neuropsychology Foundation and the Quest for Truth Foundation.

REFERENCES

Bachmann, T., and Allik, J. (1976). Integration and interruption in the masking of form by form. Perception 5, 79–97. doi: 10.1068/p050079

Baxt, N. (1871). Ueber die zeit, welche nöthig ist, damit ein gesichtseindruck zum bewusstsein kommt und über die grösse der bewussten wahrnehmung bei einem gesichtseindrucke von gegebener dauer. P. Archiv Für Die Gesammte Physiologie Des Menschen Und Der Thiere. 4, 325–336. doi: 10.1007/bf01612494

Breitmeyer, B. G. (1984). Visual Masking: An Integrative Approach. Oxford: Clarendon Press.

Breitmeyer, B. G. (2007). Visual masking: past accomplishments, present status, future developments. Adv. Cogn. Psychol. 3, 9–20. doi: 10.2478/v10053-008-0010-7

Breitmeyer, B. G., and Ganz, L. (1976). Implications of sustained and transient channels for theories of visual pattern masking, saccadic suppression, and information processing. Psychol. Rev. 83, 1–36. doi: 10.1037//0033-295x.83.1.1

Caplovitz, G. P., and Tse, P. U. (2007). Rotating dotted ellipses: motion perception driven by grouped figural rather than local dot motion signals. Vision Res. 47, 1979–1991. doi: 10.1016/j.visres.2006.12.022

Chun, M., and Potter, M. (1995). A two-stage model for multiple target detection in rapid serial visual presentation. J. Exp. Psych. Hum. Percept. Perform. 21, 109–127. doi: 10.1037/0096-1523.21.1.109

Coltheart, M. (1980). Iconic memory and visible persistence. Percept. Psychophys. 27, 183–228. doi: 10.3758/bf03204258

Crawford, B. H. (1947). Visual adaptation in relation to brief conditioning stimuli. Proc. R. Soc. B Biol. Sci. 134, 283–302. doi: 10.1098/rspb.1947.0015

DeCarlo, L. T. (1998). Signal detection theory and generalized linear models. Psychol. Methods 3, 186–205. doi: 10.1037/1082-989X.3.2.186

Di Lollo, V. (1977). Temporal characteristics of iconic memory. Nature 267, 241–243. doi: 10.1038/267241a0

Di Lollo, V., Enns, J. T., Yantis, S., and Dechief, L. G. (2000). Response latiencies to the onset and offset of visual stimuli. Percept. Psychophys. 62, 218–225. doi: 10.3758/BF03212073

Di Lollo, V., Seiffert, A. E., Burchett, G., Rabeeh, R., and Ruman, T. A. (1997). Phosphor persistence of oscilloscopic displays: a comparison of four phosphors. Spat. Vis. 10, 353–360. doi: 10.1163/156856897X00276

Dick, A. O. (1974). Iconic memory and its relation to perceptual processing and other memory mechanisms. Percept. Psychophys. 16, 575–596. doi: 10.3758/BF03198590

Enns, J. T., and Di Lollo, V. D. (1997). Object substitution: a new form of masking in unattended visual locations. Psych. Sci. 8, 135–139. doi: 10.1111/j.1467-9280.1997.tb00696.x

Enns, J. T., and Di Lollo, V. D. (2000). What’s new in visual masking? Trends. Cogn. Sci. 4, 345–352. doi: 10.1016/s1364-6613(00)01520-5

Enns, J. T., and Di Lollo, V. D. (2001). “An object substitution theory of visual masking,” in From Fragments to Objects Segmentation and Grouping in Vision, eds T. Shipley and P. Kellman (New York, NY: Elsevier), 121–143.

Eriksen, C. W. (1966). Temporal luminance summation effects in backward and forward masking. Percept. Psychophys. 1, 87–92. doi: 10.3758/bf03210033

Eriksen, C. W., and Collins, J. F. (1968). Sensory traces versus the psychological moment in the temporal organization of form. J. Exp. Psych. 77(3 Pt 1), 376–382. doi: 10.1037/h0025931

Erlikhman, G., and Caplovitz, G. P. (2017). Decoding information about dynamically occluded objects in visual cortex. NeuroImage 146, 778–788. doi: 10.1016/j.neuroimage.2016.09.024

Green, D. M., and Swets, J. A. (1966/1974). Signal Detection Theory and Psychophysics. Huntington, NY: Robert E. Krieger Publishing.

Greene, E. (2007). Information persistence in the integration of partial cues for object recognition. Percept. Psychophys. 69, 772–784. doi: 10.3758/BF03193778

Greene, E. (2014). Shape recognition elicited by microsecond flashes is not based on photon quantity. Iperception 5, 87–93. doi: 10.1068/i0639rep

Greene, E. (2016). Information persistence evaluated with low-density dot patterns. Acta Psychol. 170, 215–225. doi: 10.1016/j.actpsy.2016.08.005

Greene, E., and Hautus, M. J. (2017). Demonstrating invariant encoding of shapes using a matching judgment protocol. AIMS Neurosci. 4, 120–147. doi: 10.3934/Neuroscience.2017.3.120

Greene, E., and Hautus, M. J. (2018). Evaluating persistence of shape information using a matching protocol. AIMS Neurosci. 5, 81–96. doi: 10.3934/neuroscience.2018.1.81

Greene, E., and Visani, A. (2015). Recognition of letters displayed as briefly flashed dot patterns. Atten. Percept. Psychophys. 77, 1955–1969. doi: 10.3758/s13414-015-0913-6

Hogben, J. H., and Di Lollo, V. D. (1974). Perceptual integration and perceptual segregation of brief visual stimuli. Vis. Res. 14, 1059–1069. doi: 10.1016/0042-6989(74)90202-8

Irwin, D. E., and Yeomans, J. M. (1986). Sensory registration and informational persistence. J. Exp Psych. Hum. Percept. Perform. 12, 343–360. doi: 10.1037/0096-1523.12.3.343

Jonides, J., Irwin, D. E., and Yantis, S. (1983). Failure to integrate information from successive fixations. Science 222, 188. doi: 10.1126/science.6623072

Kinsbourne, M., and Warrington, E. K. (1962). The effect of an after-coming random pattern on the perception of brief visual stimuli. Q. J. Exp. Psychol. 14, 223–234. doi: 10.1080/17470216208416540

Klaver, P., Lichtensteiger, J., Bucher, K., Dietrich, T., Loenneker, T., and Martin, E. (2008). Dorsal stream development in motion and structure-from-motion perception. NeuroImage 39, 1815–1823. doi: 10.1016/j.neuroimage.2007.11.009

Kolers, P. A. (1962). Intensity and contour effects in visual masking. Vis. Res. 2, 277–294. doi: 10.1016/0042-6989(62)90037-8

Long, G. (1980). Iconic memory: a review and critique of the study of short-term visual storage. Psychol. Bull. 88, 785–820. doi: 10.1037/0033-2909.88.3.785

Macknik, S. L., and Livingstone, M. S. (1998). Neuronal correlates of visibility and invisibility in the primate visual system. Nat. Neurosci. 1, 144–149. doi: 10.1038/393

Macmillan, N. A., and Creelman, C. D. (2005). Detection Theory: A User’ s Guide, 2nd Edn. Mahwah, NJ: Lawrence Erlbaum Associates.

McCarthy, J. D., Erlikhman, G., and Caplovitz, G. P. (2017). The maintenance and updating of representations of no longer visible objects and their parts. Prog. Brain Res. 236, 163–192. doi: 10.1016/bs.pbr.2017.07.010

Michaels, C. F., and Turvey, M. T. (1979). Central sources of visual masking: indexing structures supporting seeing at a single, brief glance. Psychol. Res. 41, 1–61. doi: 10.1007/bf00309423

Rayner, K., and Pollatsek, A. (1983). Is visual information integrated across saccades? Percept. Psychophys. 34, 39–48. doi: 10.3758/BF03205894

Rieger, J. W., Braun, C., Bülthoff, H. H., and Gegenfurtner, K. R. (2005). The dynamics of visual pattern masking in natural scene processing: a magnetoencephalography study. J. Vis. 5, 10. doi: 10.1167/5.3.10

Schultz, D. W., and Eriksen, C. W. (1977). Do noise masks terminate target processing? Mem. Cogn. 5, 90–96. doi: 10.3758/bf0320919

Singer, J. M., and Kreiman, G. (2014). Short temporal asynchrony disrupts visual object recognition. J. Vis. 14:7. doi: 10.1167/14.5.7

Sperling, G. (1960). The information available in brief visual presentations. Psychol. Monogr. 74, 1–29. doi: 10.1037/h0093759

Sperling, G. (1965). Temporal and spatial visual masking by impulse flashes. J. Opt. Soc. Am. 55, 541. doi: 10.1364/josa.55.000541

Turvey, M. T. (1973). On peripheral and central processes in vision: inferences from an information-processing analysis of masking with patterned stimuli. Psychol. Rev. 80, 1–52. doi: 10.1037/h0033872

Vaina, L. M., Solomon, J., Chowdhury, S., Sinha, P., and Belliveau, J. W. (2001). Functional neuroanatomy of biological motion perception in humans. Proc. Natl. Acad. Sci. U.S.A. 98, 11656–11661. doi: 10.1073/pnas.191374198

VanRullen, R., and Thorpe, S. J. (2001). The time course of visual processing: from early perception to decision-making. J. Cogn. Neurosci. 13, 454–461. doi: 10.1162/08989290152001880

Vinberg, J., and Grill-Spector, K. (2008). Representation of shapes, edges, and surfaces across multiple cues in the human visual cortex. J. Neurophysiol. 99, 1380–1393. doi: 10.1152/jn.01223.2007

Vogel, E. K., Luck, S. J., and Woodman, G. F. (2006). The time course of consolidation in visual working memory. J. Exp. Psych. Hum. Percept. Perform. 32, 1436–1451. doi: 10.1037/0096-1523.32.6.1436

Ward, R., Duncan, J., and Shapiro, K. (1997). Effects of similarity, difficulty, and nontarget presentation on the time course of visual attention. Percept. Psychophys. 59, 593–600. doi: 10.3758/bf03211867

Weisstein, N., Ozog, G., and Szoc, R. (1975). A comparison and elaboration of two models of metacontrast. Psychol. Rev. 82, 325–343. doi: 10.1037/0033-295X.82.5.325

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Geoly and Greene. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-13-00178-g007.jpg
Probability of Match Recognition

0.9 -

0.4

Experiment 2

-100

-50 0 +50 +100
Mask / Target Separation (ms)





OPS/images/cross.jpg
3,

i





OPS/images/fnins-13-00178-g006.jpg
Probability of Match Recognition

0.9 1

0.8 4

0.7 4

0.6 4

0.5 -

Experiment 1

0.4

0 100 200 300 400 500
Total Time Target Display (ms)





OPS/images/fnins-13-00178-g005.jpg
Comparison set (10us)

Experiment 3
Y o
) ° °
FoO RN RO RS T - [ ] °
& 1 L@ @
\‘7;\ 1 ! & °
SN Subset2 | Lo o |
S D (10us) !
N
S o
\@é‘ N
™ Q © .
[} e ° ¢
o ® o
o @ o e o
e o e [ ]
o e
[ ] L]
LIRS 4% Mask
(10 ps)
Subset 1

(10 us)





OPS/images/fnins-13-00178-e002.jpg





OPS/images/fnins-13-00178-g004.jpg
Comparison set (10us)

. L]
Experiment 2 w8
O L
Persistent target ° e o
. [ ]
jmage | ° . oo
' ® ol
& ° ol
& 4% Mask | ° @
S i |
Pt (10 us) e o °
N
& x ° L4
AN 2 °
@& <
N \QQ e o
: o © e
L]
* % ° °
[ ] L]
L] L] [ ] L]
L]
e © ° ®
° e Target display
e ° ° (10 ps)
4% Mask

(10 us)





OPS/images/fnins-13-00178-g003.jpg
Comparison set (10us)

. °
Experiment 1 g .
° i ® %
° °
Persistent integrated e .

image '

°
o
o
°
b @ o
°
)
o
°
°
o e ©

Subset 1 display
(10 ps)






OPS/images/fnins-13-00178-g002.jpg





OPS/images/fnins-13-00178-e001.jpg
P Omax = @ (d'/ (2v2))





OPS/images/fnins-13-00178-g001.jpg
6% Subset 2 of Shape A

6% Subset 1 of Shape A

000000000000 00 000000000000000000000000 000000
0000000000000 00 0000000000000 000000000
000000000000 00 00000000000000000000
000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000E O
0000000000000000000000000000000000000000000E O
0000000000000000000000000000000000000000000EO
00000000000000000000000300000000000000000000EO
0000000000000 000000000000000000000000000
0000000000000 000000000000000300000000000
0000000000000 00000000000000 PSR O 000000 @
000000000000 00000 00000 OOOOW@OOO000 (g
0000000000000 00000 00000 000000000
000000000000 00000 00000 0000 00000
0000000000000 00000 00000 0000 00000
00000 R OO0 000000000000 POO000000 @ OO00 00
000000 0000 00000000000 APOO00000000 @000 00
0000000000 0000000eee® © 0000000000 @000 00 @O000000
0000000000000 000 O@O00000000000000000 @000 CO@OO00000
00000 Oeoooo 000@0000000000000000000 @O0 00 00
00000000000 000@0000000000000000 oo”o 00000 @O000000
000000 OO O000 000@00000000000000000000EOE@O00000EIQ0000
0000000 CO@ 0000000000000 0000000COEEOCO0C00O@ELO00
0000000 o 0000000000000000000000000000000000 @O0
0000009 0000080000000000000000 00 o@o0
0000000 oQ 000000000000000000000000 00®20
00000 mn 0@ O000000000000000000000 000
00000 B8®0000000000000000000 0000
00000 Os 00 O00000000000000000 0000
0000000 000MRO0000000000000000 0000
000000000 000 %ooo 000000000000 0000
0000000 000 000000000 000 000
0000000 000 o%o 00000 000 coo®o
0000000 00000@POSO0000000 000 ooo®o
0000000 00 000000 00000 o$r oo@ 9]
0000000 00 000000 00000 c@ &@m
0000000 00 000000 00000 00 o
0000000 00 000000 00000 00
00000009 > 00 ¢ 000000000 0000
0000000 > 00 ¢ 000000000 toooo
0000000 00000000 @BO0000

00000 00000000 00

000 00000000

0000 00000000000

0000Q0 000000000000000

0000000 0000000000

0000000 00000000000 000
0000000 00000000000 000
0000000 00000000000 000
0000000 00000000000 000 000
0000000 00000000000 000 000
0000000 000000000000000000 000
0000000 000000000000000000 000
0000000 000000000000000000 000
0000000 000000000000000000 000
0000000 000000000000000000 000
0000000 000000000000000000 000
0000000 0000000000

0000000 00000000000

0000000 0000000000

0000000 0000000000

0000000 « > 0000000000

0000000 I >O000000000

0000000 0 00

00000000 00 00000000 00

00000000 0000 00000 00

o 000000 00000 )00 ¢

o) 0000000000 CLO000 00«

o 0000000000 CEO000 00«
o 0000000000COO000 00«

o®o 0000000000CEO000 00

o®o 0000000000CO000 00

o 000000000000 00 00

o 0000000000 0000 00

o®o 0000000000 0000 00

o®o 00000000000 000 00

o®o 0000 0000 00

o®o 00 000 00000000000000

o®o o 000 00000000000000

o®o % 000 000000000000 00

o@o o 000 0000000000

o 00 000 0000000,

o®o0 00 000 OB

o®o0o o 000000

o 9) 000 000

o ¢} 000 é

o o) 000

o
° 2
o >
@ o)
w o S
8 X el

o o)

S 5 n

o o

o) 000
(efe] [ LY
00 000 &)
00 000 lorord)
00 000 00000000000 0P
000 00000000000 N
000 00000000000 G
000 o
000 o
000 o
00 000 o
00 000 o
F > 00 m%o
A )00 00
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
000 000 00 00 00
000 000 000 00 000
000000000000 000 0000000000000000000000
000000000000 000 0000000000000000000000
000000000000 000 0000000000000000000000
0000000000000000000 000 0000000000000000000000
000 00 00
000 00 00
000 00 00
00 00
00« > 00
00 00 00 00 00
00 000 00 00 00
00 000 00 00 00
00 000 00 00 00
00 0000 00 00 00
000 0000 00 00 00
000 0000 000 00 000
000 0000 000 000 000
000 0000 000 000 000
0000 Q0000 000 000 0000000
ooooﬁoooo 000 000 0000000
000000000 000 000 0000000
00000000000 000 000 0000000
00 éoooo 000 = °s 0000000
00 0000 00 00 00® @0 00000000
00 0000 [e3e! | ] @@ O @O0 [ele] JeXeXeXoYotele)
00 000 [¢] Jos! JeYeleleYe! Ys) 000 oom“oo 000
00 c, 000 0@ OO O OO0 O 00 @ Q00000
00 0000 0@ 0 0 0 SOe® O 00 e}
00 oXM 0000 O@O00000000000000« 0000080
00 hoooo o} O@OO0O0O0000000000OK 0000 e}
00 0000 %) C@O00000 00 9]
00 §oooo [elefe] | ! Joleleleje! YeleleXeYele] 00 o
00 0000 00 0@, 0000000000000000 00 o
00 0000000 000 00000000000000000 00 o
00 0000 000000000000000000 00 o
0000 000000000000000000 00
0000 000000000000000000 00
0000 0000000000000000000 00
0000 0000000000000000000 00
00000 0000000000000000000 00
0000 000000000000000 00
0QY0000 000000000000000 00
0000 0000OPPOO0000000 o
0000 [eXeJeJe Yole! JeleleleXelelel
0000 0 0@@CO0O@O00000
0000 o@O00000CEO0000
0000 O@O0000000OO000
00000000000 OO0
e)eJe)e Yele]
> ) 0000000 ee® 000
) ) 000000000000
> > 00 OSPP®O0000000
) ) 0O@O000CO0000000
00 o“oooooooooooo
00 O@O00000000000
00 0O@O0000000000
00 00C@OO000000000
00 00000000000
000 00 00000000
000 00 00000
000 00
000 00
00000 00
00000 0000000000

12% Sample of Shape A






OPS/images/cover.jpg






OPS/images/fnins-13-00178-g009.jpg
0O ms 250 ms
Display Subset 1 + Mask ms——————) Display Subset 2 P Display Comparison Set

00 [€@) [ ]

° o o ° e [ ) o
o @
5
o ) o a O
) 5 o o @
()
8@ © ® °g o o
00, - ee@ o e
® O @®
5 o @
O )
® ® @ ® ° ® ] ¢ ° o
e o ) @ e @0
) ® ® o ® @
o L ®
® ®e 9 o ©
@) 6] o
@ ® ® e @)
©) 0) (0] @
@ > @ ® ® @
- 5) ° ® o o
o () ® 5} 5) @ O
0@ ® [ ]
5 5 ®
@
[ X ) ® 8 s o o ® OC @) @
e @ o e o *
5 O
@ .o ) o
® o o o © o ° .
o e 5
@
Qe © )
ol [ ) 0
(X ) 6] ® 8 00 0 ) J r--~"co -~ ~"C©o T T T T T T 77 O_____a o O
® o) o) o O @) 0 o}
T ) O O O O I
. ® * & O 2 ! O o °5 ' ¢ ®
o C 0% o © © o 10°9 o o)
® © ° @ O O O o O | o} o} o} o o
5 oy of 8 o o | 3 o0 o | ® .
° . o s ° 0 @ 0 8 9 o 2 O 8 9 :
oo, 0 oo o e 00~ O 00 O 8 | 0o~ O 00 o 8
) @ o d 0 O O
o e ! 50 : ° O
@ @ O (@) O I (@) (@) Ol
. o a S G O o 5 © q1 % e o o © Q - -
° ® e o ¢) 0 o ® o o
° o .000 o o) o 5 Q OO0 O e o o 3 OO0 O | ®
o - ° P 0 5 o g4 O :. R o » & I o |
® o o, o ° o o ©9o o © o o %o o © I ®
g o ® ® ® @) e & o of 10 L O - o o °®
L ® o ® ) o O o ® O o) ) o) o
o @) o} o} I 0 O
o ° ® o 0 0 o o} o} I o
& ® ° ® o o) o 0 o, & o} [e) o O o 0 ®
® o0 °® ® ® o ° @ © O 0 @ e o} o} ' o
o ° Lo o | Q0 |
O ©) R o O 'o. o o} |
) ®
oo o, ¢ o : o o] J¢) 8 e o OO 2 ce° 9 9 © o OOI
@ o o ® O 0O o I ® O o e) |
e o o CY ) O 0O o o O @ O O o O O
° i ™ o o | o o} |
o @] O © O |
® O ) o o} o
® o o o ° © e° o o M2 o© © 'C @° o o © © P
[ ] 4] (@) O O I O O
o0 ° & 0 ®° 0 0 O o} |
® o) o Q % O
% b 0 [ oN
o o O |
e © o 0 O Q Lo -9 ________@__ O_ _ _____.

| e Perceived displalys, including persistence  m—) | Perceived Disembedding Recognize Shape Mismatch





OPS/images/fnins-13-00178-g008.jpg
Probability of Match Recognition

Experiment 3

0.4

0 50 100 50 0
Mask / Subset Separation (ms)





OPS/images/logo.jpg
, frontiers
in Neuroscience





