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Abstract 

The visual system receives a series of fluctuating light patterns on the retina, yet visual 

perception is strikingly different from this unorganized and ambiguous input. Thus visual 

processes must organize the input into coherent units, or objects, and segregate them from others. 

These processes, collectively called perceptual organization, are fundamental to our ability to 

perceive and interact with objects in the world. Nevertheless, they are not yet understood, 

perhaps because serial, hierarchical assumptions that were long held impeded progress. In a 

series of experiments, this dissertation investigated the mechanisms that contribute to perceptual 

organization and ultimately to our ability to perceive objects. A new hypothesis is that during the 

course of object assignment potential objects on either side of a border are accessed on a fast 

pass of processing and engage in inhibitory competition for object status; the winner is perceived 

as the object and the loser is suppressed, leading that region to be seen as part of the shapeless 

background. Previous research suggested that at least shape level representations are accessed on 

the fast pass of processing before object assignment. In the first series of experiments (Chapter 

1), we found that meaning (semantics) is also accessed on the fast pass of processing for regions 

that are ultimately perceived as shapeless grounds. This finding contradicts traditional feed-

forward theories of perception that assumed that meaning is accessed only for figures after object 

assignment. The experiments in Chapter 2 examine activity in the alpha band of the EEG, which 

has been used as an index of inhibition. More alpha activity was observed when participants 

viewed stimuli designed such that there was more competition for figural status from the region 

ultimately perceived as the ground. The results support the proposal that inhibitory competition 

occurs during the course of object perception, and these results are the first online measure of 

competition during figure assignment. The final series of experiments (Chapter 3) investigated 
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how quickly saccadic behaviors that required perceptual organization can be initiated. The 

experiments show that participants can initiate saccades that are based on perceptual organization 

approximately 200 ms after stimulus onset, much faster than was assumed on feed-forward 

models of perception. Collectively, these experiment support models of object perception that 

involve the mutual interaction and competition of objects properties via feedforward and iterative 

feedback processing, and the eventual suppression of the losing ground regions before object 

assignment. 
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Introduction 

The visual stimulation on the retina is an unorganized mesh of varying light intensities, 

remarkably different than the organized visual world we perceive. It has been proposed that 

internal processes structure and organize the input into the objects we typically perceive in the 

environment (Wertheimer, 1923; Kimchi, Behrmann, Olson, 2003). For example, you might 

immediately see Figure 1 below as a duck, but given more looking-time, the same figure will 

appear as a rabbit. The duck-rabbit (Wittgenstein, 1953/2001) is an ambiguous figure that shows 

that perception is not simply a product of retinal stimulation (Jastrow, 1899). Instead, perception 

of the visual world relies on internal, computationally intensive processes carried out by the 

brain in order to structure the noisy, dynamic and often ambiguous input into the most plausible 

interpretation of the world.  

 

 

Figure 1. Duck/Rabbit Ambiguous Figure. The duck-rabbit illusion was first discussed in 

Wittgenstein’s Philosophical Investigations. By focusing on the left part of the figure, you might 

notice that the beak of the duck becomes the ears of a rabbit. (Public domain image: 

http://en.wikipedia.org/) 
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Structuring the visual bits and pieces of the visual input into coherent units is called 

perceptual organization, and this process is fundamental to our ability to see objects and to our 

ability to interact with them in the environment. Perceptual organization can be divided into two 

interactive processes (Palmer, 2003). Some elements in the visual input must be grouped 

together in order to create perceptual wholes. These coherent units must be segregated from 

others. Segregation implies that the visual system determines which borders in the input are 

bounding edges of objects or surfaces; this “border assignment” process serves to separate 

entities at different depths. The entity that is perceived as shaped by the borders is typically 

perceived as the object or figure. The regions not bounded by the borders are typically perceived 

as local backgrounds. This is called figure-ground segmentation, and is fundamental to the visual 

systems’ ability to assign objects to one region of the visual input (Peterson & Kimchi, 2013). 

The visual cortex is organized hierarchically such that lower levels, like V1, process 

information from a small area of visual space (called a receptive field). The next level in the 

hierarchy, e.g., V2, has a larger receptive field and the pattern continues up the hierarchy through 

the ventral stream of the visual cortex. The traditional view of object perception, in place for a 

century, is that segregation occurs as an early processing stage in a serial, feed-forward pass of 

cortical activation in the ventral stream. (e.g., Koffka, 1935; Köhler 1929/1947; Hebb, 1949; 

Riesenhuber & Poggio, 1999; Serre et al., 2007). An assumption of this view is that object 

recognition and access to the meaning of objects necessarily follows figure-ground segregation 

(the figure-ground first assumption; Peterson & Gibson, 1994; Peterson & Skow, 2003). This 

assumption is intuitive because it is hard to understand how the visual system could recognize 

objects and their meaning without first segregating them in the input.  However, a series of 

behavioral studies conducted in the early 1990s challenged the figure-ground first assumption by 
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showing that human observers are more likely to see familiar regions – i.e., regions that 

portrayed real-world objects participants had experienced in the past – as figures than grounds 

(Peterson & Gibson, 1991; 1993; 1994; Peterson, Harvey & Weidenbacher, 1991).  This effect of 

past experience on figure-ground perception demonstrated that at least shape level object 

memories must have been accessed prior to segmentation and influenced figure/object 

assignment. 

How could shape level object memories influence figure-ground assignment? Peterson, 

de Gelder, Rapcsak, Gerhardstein and Bachoud-Levi (2000) proposed that potential objects on 

either side of a border compete for object status. Computational models had proposed a similar 

competitive mechanism where low-level edge or feature units on opposite sides of a shared 

border mutually inhibit each other; the final figure being determined in a winner-take all fashion 

(Kienker, Sejnowski, & Hinton, 1986; Sejnowski & Hinton, 1987; Grossberg, 1994). Peterson 

and colleagues updated this model to include competition among higher-levels representations of 

at least shape-level properties, including familiar configuration or memories of object structure. 

These representations enter into an inhibitory competition, the winner is perceived as the object 

and the loser is suppressed, causing it to be perceived as part of the shapeless background. Two 

predictions of this model are: (1) that potential objects on either side of a border will compete for 

object status, and (2) that ground regions will be suppressed. 

Peterson and Skow (2008) provided clear evidence in support of the idea that inhibitory 

competition involves high level representations (like object shape) in addition to low-level shape 

units (like edge representations). They observed response slowing when potential objects on the 

perceived ground region in a display were present. Participants performed an object decision task 

where they determined whether a line drawing was a real-world or novel shape. Immediately 
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preceding the line drawings were novel, black silhouettes that were designed to favor the inside 

as being perceived as the figure (they were small, symmetric, and enclosed). Half of these novel 

silhouettes suggested portions of real-world, meaningful objects on their outside/groundside, and 

are called novel-object/meaningful-ground silhouettes. The other half suggested only novel, 

meaningless shapes on both the inside and outside, and are called novel-objects/novel-ground 

silhouettes. On the competitive model, the presence of the suggested meaningful objects in the 

ground region of novel-object/meaningful-ground silhouettes should cause an increase in 

competition for object status across the borders (relative to novel-object/novel-ground 

silhouettes). Critically, participants were unaware of the suggested meaningful objects in the 

ground regions of novel-object/meaningful-ground silhouettes. The line drawings that followed 

the silhouettes either depicted the same object (but from a different view-point) or a different 

object. Peterson and Skow found that responses were slower when the line drawing depicted the 

same object as was suggested on the groundside of the novel-object/meaningful-ground 

silhouette that preceded it than when it depicted a different object. This shows that at least shape 

level representations were indeed accessed for potential objects in the ground regions of the 

novel-object/meaningful-ground silhouettes, and that they were suppressed (slowing behavioral 

responses for line-drawings). This evidence suggests that on a fast, feed-forward pass of 

processing, potential objects on either side of a border were accessed and entered into an 

inhibitory competition, the loser of which was suppressed.  

In this dissertation, I present three manuscripts extending this work. The first manuscript 

presents two neurophysiological experiments showing that in addition to shape level 

representations being accessed for grounds, potential objects in the groundside of borders can be 

accessed up to the level of meaning (semantics). This extends the claim that during the course of 
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object perception, potential objects on either side of a border are accessed on a fast, feedforward 

pass of processing and suggests that even higher levels of processing are accessed than 

previously assumed. The second manuscript includes EEG experiments suggesting that alpha 

band power can serve as an index of inhibitory competition, and is the first online measure of 

suppression during figure assignment. Finally, the third manuscript presents three eye-tracking 

experiments in which the competition across the border of silhouettes had to be at least partially 

resolved (i.e., figure segmentation at least partially completed) before accurate eye movements 

could be initiated. This allowed us to ask how much time is needed for perceptual organization 

(i.e., figure-ground segmentation) to proceed far enough to support behavior, which was untested 

until now. The results show that behavior based on perceptual organization can be initiated 

exceptionally rapidly, within 200 milliseconds. These results stand in contrast to assumptions 

made by many feedforward theorists, who assume behaviors based on perceptual organization 

will take longer than that. 

Collectively, the experiments in this dissertation contribute significantly to our 

understanding of object perception and the organizing principles used by the visual system to 

settle on the most likely percept of the often ambiguous input. The results from these 

experiments directly contradict the traditional figure-first assumption by showing that prior to 

figure assignment, object properties, including high-level properties like semantics, are accessed 

for regions of the visual field ultimately determined by perceptual organization to be grounds. 

Moreover, it is shown that the suppression that results from competition for object status can be 

measured in real time, as object perception unfolds, and that the perceptual organization that 

leads to object assignment can be resolved remarkably quickly to support accurate behavior. In 

what follows, I will show how these experiments contradict the figure-ground first assumption 



15 
 

and instead support a competitive model of object perception that assumes dynamic interactions 

in the visual hierarchy. 

Included Experiments 

 This dissertation includes two papers (Chapter 1: Sanguinetti, Allen, & Peterson, 2013; 

Chapter 3: Sanguinetti & Peterson, in prep.) and a third set of unpublished experiments (Chapter 

2). Each set of experiments included in this dissertation utilizes different methods and tasks, yet 

they all use variants of a set of stimuli introduced by Peterson & Skow (2008; Peterson & Kim, 

2001; Trujillo et al., 2010), some of which I expanded/updated. All three papers address the 

nature of visual processing before object assignment. This dissertation shows that (1) during the 

course of the feedforward pass of processing proposed by the competitive model of perception, 

high level semantic knowledge can be accessed for regions of the visual field that are ultimately 

determined by perceptual organization to be shapeless grounds (Chapter 1: Sanguinetti, Allen, & 

Peterson, 2014); (2) that EEG alpha band activity can serve as an online index of inhibitory 

competition, with peak activity ~150-170 ms after stimulus onset (Chapter 2), and (3) that 

competition can be resolved remarkably quickly by supporting rapid behaviors based on 

perceptual organization (Chapter 3: Sanguinetti & Peterson, in prep.). 
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Chapter 1 

 

Paper 1 (see Appendix A): 

 

Sanguinetti, J. L., Allen, J. J. B., Peterson, M. A. (2014). The ground side of an object, perceived 

as shapeless yet processed for semantics. Psychological Science, 25(1), 256-264. 

 

Summary 

 An assumption of the competitive model of object perception is that potential objects that 

might be perceived on either side of a border will be accessed on a fast pass of processing in 

which properties relevant to objects are detected and compete for figural status. Peterson and 

Skow (2008; Peterson & Kim, 2001) provided behavioral evidence that inhibitory competition 

occurs at the level of shape properties. Recent competitive models assume that inhibitory 

competition is a dynamical process in which object status can emerge from many levels of the 

visual hierarchy depending on the environmental context (Peterson & Cacciamani, 2013) and 

perhaps task demands. This raises the question of whether high-level representations capturing 

semantic knowledge are also accessed for regions of the visual field ultimately determined to be 

shapeless grounds. The first set of experiments discussed in this dissertation took advantage of a 

neurophysiological signal known to reflect access to semantics or meaning in the brain, called 

the N400 Event Related Potential (ERP, Kutas & Federmeier, 2013), and investigated whether 

semantics are accessed before figure assignment.  

 Participants saw a set of stimuli adapted from Trujillo et al. (2010) that included the 

novel silhouettes from Peterson and Skow (2008) as well as real-world silhouettes (Figure 2). On 

each trial, participants saw a single silhouette while their EEG was recorded. Their task (Figure 

3) was to categorize each silhouette as a “real-world, meaningful silhouette” or as a “novel 

silhouette.” Participants were unaware that half of the novel silhouettes contained meaningful 

shapes on their groundside (novel-object/meaningful-ground; middle row, Figure 2). The other 
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half suggested only novel objects on the inside and outside of their borders (novel-object/novel-

ground; bottom row, Figure 2). Each silhouette was repeated once after 4-7 intervening items. 

An extensive body of literature shows that when meaningful shapes are repeated, the N400 ERP 

amplitude is reduced (see Kutas, and Federmeier, 2011 for review) even when the meaningful 

shapes are masked and therefore are not consciously perceived (e.g., Dehaene et al., 2001). In 

contrast, the N400 ERP amplitude is not reduced when novel objects are repeated (Rugg, 1995; 

Voss, Schendan, & Paller, 2010). In our Experiment 1, the N400 was reduced when real world 

silhouettes were repeated, replicating the standard N400 repetition effect. Critically, the N400 

was also reduced when novel-object/meaningful-ground silhouettes were repeated, but not when 

novel-object/novel-ground silhouettes were repeated, even though participants perceived both as 

novel silhouettes only. Since both types of novel silhouettes were matched on low-level features, 

the only difference between the two was the presence of the real-world shapes suggested on the 

outside of novel-object/meaningful-ground silhouettes, which led to the N400 repetition effect 

for those silhouettes. Additionally, we found that the late positive complex, an ERP related to 

recognition memory (Voss, Schendan, & Paller, 2010), was present for real-world silhouettes but 

it was absent for both novel-object/meaningful-ground and novel-object/novel-ground 

silhouettes, corroborating participants post-experiment report that they were not aware of the 

suggested meaningful objects in the ground regions of novel-object/meaningful-ground 

silhouettes1. 

                                                           
1 This is the first online measure to verify participants’ subjective post-experiment descriptions of their 

phenomenology during the experiment with these stimuli. 
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Figure 2. Silhouette Stimuli. The top row shows meaningful-object/novel-ground silhouettes. 

These portray real-world, familiar objects on the inside of their borders and no objects on the 

outside. In the middle row are novel-object/meaningful-ground silhouettes. These portray novel 

objects on their inside and suggest portions of real-world, familiar objects on their groundside. 

Participants were unaware of the suggested objects, including seahorses, palm trees and bells 

from left to right in the figure above. In the bottom row are novel-object/novel-ground 

silhouettes, which portray novel, never-before-seen objects on the inside of their borders and no 

objects on their groundsides.  

 

In order to ensure the N400 effects were due to semantic repetition (and not shape level 

repetition), Experiment 2 used word-to-picture priming. The N400 is reduced when priming 

words name (match) the object they precede relative to when they mismatch (e.g., Holcomb, 
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Anderson, & Grainger, 2005). In Experiment 2, the N400 was reduced when prime words 

matched the suggested objects on the outside of novel-object/meaningful-ground silhouettes 

relative to when they mismatched. Together, these two experiments show that high-level 

representations, semantic in nature, can be accessed for potential objects in perceived ground 

regions. This shows that higher levels of activation than previously assumed can be achieved on 

the fast pass of processing, as predicted by the competitive model of perception (Peterson & 

Skow, 2003). These results also stand in contrast to the figure-ground first assumption, still held 

by many theorists, that figure segregation must occur before access to object representations and 

meaning for those objects. 

As discussed above, previous behavioral experiments showed that at least shape level 

representations are accessed for ground regions (Peterson & Skow, 2008), and here it was shown 

that higher-level representations, as indexed by the N400 ERP, were also accessed for ground 

regions. A large body of evidence spanning 30 years of research supports the link of the N400 to 

semantic processing (see Kutas and Federmeier, 2011 for review), but it would be worthwhile to 

discuss the nature of these “high-level” representations as they relate to object perception. 

Existing source estimation and intracranial EEG experiments support the view that the N400 

reflects stimulus-driven access to long-term memory in a distributed semantic system. This 

semantic system comprises a distributed network of neural sources including anterior medial 

temporal lobes, middle/superior temporal areas, inferior temporal areas and prefrontal cortex 

(Lau et al., 2008). Thus, although the N400 is driven by sensory input, the processes reflected by 

this neural marker occur at levels beyond the traditional sensory system in brain areas implicated 

in long-term semantic memory (Kutas & Federmeier, 2011).  
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Semantics categories can be coarse (living versus non-living) or more basic level, like 

dog versus cat (or even Poodle versus Dalmatian). Using similar stimuli, Peterson et al., (2012) 

and Cacciamani et al., (2014) found that at least coarse-level semantic representations are 

accessed for ground regions. A question remains about the level of semantics accessed in the 

current experiments. Neurophysiological evidence suggests that coarse semantic representations 

(e.g., living versus non-living) can be accessed rapidly, within 150 ms (Fabre-Thorpe, 2011). 

Thus coarse category information is accessed rapidly (animal electrophysiology also supports 

this claim; Liu et al., 2009). Feedforward models have assumed that at least coarse categorization 

(e.g. animal detection) for objects can be signaled in the inferotemporal cortex (e.g., Thorpe, 

2010). However the current source estimation methods described above suggest that the 

generators for the N400 belong to a distributed semantic “network” instead of a single place in 

the brain which can be accessed on the quick feedforward pass of processing alone. More basic 

level categorization requires more processing time (Tyler et al., 2004), and studies that require 

more fine-grained semantic representations (e.g., naming an object; Martinovic et al, 2007) show 

that processing time ~300 ms after stimulus presentation is required (see also Clarke et al, 2011). 

Here, the N400 effects began ~200 ms and lasted beyond 300 ms, suggesting that at least coarse- 

level representations were activated for ground regions, but that the semantic access occurred in 

a time window (> 150 ms) in which more fine-grained semantics are accessed in a broader 

distributed network than what is represented in inferotemporal cortex (i.e., simple category 

distinctions).  

The results of Sanguinetti et al., (2013) raises the question of why the visual system 

would go through the trouble of activating such high-level, distributed semantic knowledge for 

ground regions that are ultimately suppressed and seen as part of the background. As discussed 
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above, the visual system must determine from an ambiguous input where the figures lie in the 

visual input (called perceptual organization). Here we proposed that during visual organization, 

potential object features on either side of a border enter into a competition for object status. We 

have shown that a broad semantic network is activated for meaningful objects suggested in the 

ground regions before they are rejected by perceptual organization. Modern theories of semantics 

(e.g, Tyler & Moss, 2001) as well as neurophysiological evidence (Tyler et al., 2013; Carlson et 

al., 2014) suggests that the structure of concepts is formed in part by object features (a cat has 

legs, etc) as well as higher-level semantic features (like the relationship between lower-level 

features). Therefore the current findings of broad semantic activation for grounds might be a 

byproduct of activation of object features that forming part of a broader semantic network. 

Alternatively, the semantic representations accessed for grounds might actually enter into the 

competition for object status and influence the outcome. Indeed, perceptual organization 

involves multiple processes that vary in time course depending on stimulus factors, task 

constraints and attention (Kimchi, 2000). In an iterative processing framework, it seems likely 

that the visual system would use any information possible to determine where the figure lies, 

including semantic knowledge if it were available. Future research will need to be conducted to 

distinguish between these two alternatives (Mojica, 2014). 
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Figure 3. Chapter 1 and 2 Trial Structure. The trial structure for the experiments in Paper 1 

and Chapter 3. On each trial, a central fixation cross was displayed for 1000 ms. Then a single 

silhouette (real-world, novel-object/meaningful-ground silhouettes or novel-object/novel-ground) 

was shown for 175 ms. and followed immediately by a pattern mask for 400 ms. Participants 

were instructed to push one button when they say a real-world, meaningful silhouette and 

another for the novel silhouette. They were unaware of the novel-object/meaningful-ground 

silhouettes and novel-object/novel-ground manipulation. 

 

Contributions 

 

 My contributions to this paper were significant. I developed the idea to use the N400 to 

test high-level access for ground regions in meetings with Mary Peterson and John Allen.  I then 

programmed the experiment in DMDX (Forster & Forster, 2003), ran the entire EEG experiment, 

and analyzed the entirety of the data set. Finally, I wrote the manuscript with revisions from 

Mary Peterson and input from John Allen. 
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Chapter 2 

 

Introduction 

 

 Oscillatory brain activity is proposed to play a functional role in neurocognitive processes 

(Basar, et al., 1993; Buzsaki, 2006; Cohen, 2011; Womelsdorf et al., 2007). Among the first 

oscillations recorded from human electroencephalogram (EEG) were the alpha waves, or ~7.5 to 

12.5 Hz rhythmic brain activity (Berger, 1929). Opening the eyes and visual stimulation 

attenuates alpha oscillations. These facts led to the hypothesis that alpha reflects a state of 

cortical ‘idling’ (Adrian & Matthews, 1934). Recent evidence challenges this view, and modern 

theories posit a functional role for alpha in that large-amplitude alpha oscillations reflect the 

inhibition of task irrelevant cortical activity and/or inhibition of competing information in 

sensory areas—the alpha inhibition hypothesis (Klimesch, 1996; Pfurtscheller, 2001, 

Matthewson et al, 2011; Foxe & Snyder, 2011; Payne & Sekuler, 2014; see Palva & Palva, 2007 

for alternative views). In this chapter, evidence will be presented that supports the alpha 

inhibition hypothesis with stimuli that directly manipulate the need for inhibitory competition 

during figure assignment. 

 There is a large and growing body of evidence supporting the idea that alpha plays a 

functional role in sensory processing. Following sensory stimulation, alpha amplitude is reduced 

in the corresponding sensory areas (Pfurtscheller, & Aranibar, 1977; Pfurtscheller & de Silva, 

1999). Interestingly, in some electrodes surrounding those where decreases in alpha amplitude 

were detected there was an increase in alpha amplitude (Klimesch, 2006), showing that the role 

of alpha in processing is complex.  These findings led researchers to propose that low alpha 

amplitude reflects regions of neural activity that are active, whereas increased alpha amplitude is 
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a signature of the disengagement or suppression of task-irrelevant cortical areas (Klimesch, 

1996; Pfurtscheller, 2001) or competing sensory information (Klimesch, 2011; Foxe & Snyder, 

2011). Experiments consistently show that increases in alpha oscillations correlate with the need 

to suppress task-irrelevant sensory information, even across sensory domains (Thut, Nietzel, 

Brandt, & Pascual-Leone; 2006; Snyder & Foxe, 2010). For example, in the Snyder and Foxe 

experiment, participants attended to either color or direction of motion and alpha oscillations 

increased in sensory areas for the unattended visual features (Synder & Foxe, 2010). In a direct 

test of the alpha inhibition hypothesis, Romei and colleagues (Romei, et al., 2008) artificially 

induced alpha oscillations in the visual cortex with transcranial magnetic stimulation (TMS) and 

found that induced oscillations in the alpha band impaired detection of near-threshold visual 

targets, whereas induced oscillations in other frequency bands had no effect. This crucial finding, 

along with the reviewed evidence, suggests that increased alpha oscillations reflect an inhibitory 

mechanism for sensory processing. This mechanism might be due, in part, to the activity of 

GABAergic interneuronal activity in sensory areas which manifest as increased alpha power 

(Jensen & Mazaheri, 2010). 

The evidence for the role of alpha in inhibiting task-irrelevant sensory processing has 

been interpreted within an attentional selection paradigm in which alpha acts as a gating 

mechanism to allow the visual system to select stimuli that are task relevant while ignoring those 

that are not. For example, when attention is directed to one hemifield, alpha power typically 

increases in the ipsilateral side of the brain and decreases on the side contralateral to the attended 

hemifield (Worden et al., 2000), suggesting that alpha is acting as a suppressive mechanism in 

areas of the visual field that are not attended. Haegens, Handel and Jensen (2011) found that 

greater alpha over the somatosensory cortex correlated with participants’ speed to make tactile 
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discriminations in one hand versus the other, suggesting a role for alpha in somatosensory 

attention. Therefore much of the evidence for alpha suppression has been found in attentional 

cuing paradigms where attention is either cued before the trial, or attention is deployed 

differently among conditions. However, these theories suggest that alpha oscillations should be 

involved in situations when visual stimuli compete for perception. 

Here, we measured alpha power when participants performed an object decision task in 

which no attentional pre-cue was used and attention was always deployed to the center of the 

screen. Instead of manipulating the location of instructed attention, we manipulated the 

ambiguity of the stimuli such that during the course of object perception more cross-border 

inhibitory competition was required for one set of stimuli than the other. We assessed whether 

more alpha power was present when increased inhibitory competition occurred figural status. 

Our stimuli were the figure-ground displays described in Chapter 1 (see Figure 2, p. 18).  

Figure-ground assignment occurs via inhibitory competition (Kienker, Sejnowski, & Hinton, 

1986; Sejnowski & Hinton, 1987; Grossberg, 1994; Peterson, et al, 2000; Craft, Schutze, Niebur, 

& von der Heydt, 2007): Object properties on opposite sides of a border compete for figural 

status. The side that wins the competition is perceived as the figure, the side that “loses” the 

competition is perceived as part of a locally shapeless background. Object properties on the 

losing side of the border are suppressed (Peterson & Skow, 2008; Salvagio et al, 2012). The two 

sets of displays we used varied in the extent to which the side ultimately perceived as a shapeless 

ground competes for figural status via inhibitory competition. Using these figure-ground displays 

allows us to investigate whether more power is observed in the alpha band of the EEG signal 

when participants view displays for which more Inhibitory competition occurs. 
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The critical stimuli are the silhouettes that depict novel objects (Chapter 1, Figure 2). All 

of the silhouettes are closed, symmetric around a vertical axis, and small in area; these properties 

strongly favor the interpretation that the border shapes a figure on the inside, and the outside is a 

shapeless ground to this figure (Figure 2, Introduction). Half of these novel silhouettes suggested 

only novel shapes on the outside of their borders as well as on the inside (novel-object/novel-

ground; Figure 2). Here, they will be called “low-competition” silhouettes since we expected 

very little competition for figural status from the region on the outside of the silhouette border. 

The other half of the novel silhouettes suggested portions of real-world objects on the outside of 

their borders (novel-object/meaningful-ground; Figure 2). Familiar configuration is a figural 

property (Peterson & Gibson, 1994); thus, the portion of a real-world object suggested on the 

outside of the silhouette’s border competes with the ensemble of figural properties favoring the 

inside as figure.  Here they will be called “high-competition” silhouettes since they were 

designed so that, despite the difference in competition for figural status, the inside would win the 

competition, and the familiar configuration on the outside would be suppressed (cf., Peterson & 

Kim, 2001; Peterson & Skow, 2008).  Thus a comparison of alpha responses to high and low-

competition silhouettes provides a test of whether alpha is related to inhibition of competing 

information. 

 In the present experiments, participants viewed both high- and low-competition 

silhouettes intermixed with silhouettes of real-world, familiar objects. Each stimulus appeared 

individually, centered on fixation (fixation provided another cue that the inside of the silhouette 

was the figure; Peterson & Gibson, 1994). Participants’ task was to categorize each silhouette as 

depicting a “real-world, recognizable” or a “novel, never before seen” object as quickly and as 
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accurately as possible. They were unaware of the presence of real-world shapes on the outside of 

high-competition novel silhouettes. 

In three experiments we compared activity in the alpha band while participants performed 

this task accurately (i.e., accurately viewed high versus low-competition silhouettes). Thus using 

these stimuli and this task, we predicted the following: If alpha is related to suppressing sensory 

information during the course of object assignment, then an increase in alpha should be seen for 

high-competition silhouettes compared to low-competition silhouettes because the former require 

more inhibition of their ground regions than the latter. 

Experiment 1 

Methods 

The data in Experiment 1 were previously reported in an experiment investigating how 

early in processing past experience can influence figure assignment by using event-related 

potentials (ERPs; Trujillo et al., 2010). L. T. Trujillo collected the data in two identical 

experiments, conducted at two different universities -- the University of Arizona (UA) and the 

University of Texas at Austin (UT-Austin). Here, we go beyond the original analyses to perform 

a time-frequency analysis testing the hypothesis that more power would be recorded in the alpha 

band of the EEG for high-competition than low-competition novel silhouettes.  Thus, we are 

reporting new time-frequency analyses of the data. Because no differences between the data from 

the two experiments were detected in the original paper (in either behavioral measures or 

neurophysiological signals), we collapsed the data across experiments for our purposes.  
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Participants 

Thirty-nine participants were recruited from the UA and thirty-six students were recruited 

from UT-Austin. All participants received class credit for their participation. Data from 8 

participants were removed due to technical difficulties (N = 7) or near-chance performance on 

the task (N = 1). It is imperative that the perception of, and the responses to, the high- and low-

competition novel silhouettes be held constant for the purposes of this analysis. Therefore, the 

data from 18 subjects were not analyzed because in post-experiment questioning, they reported 

they were aware of the real-world objects suggested on the outside of the silhouettes (see 

Procedure). Data from the remaining 49 participants who were classified as unaware of the real-

world objects suggested on the outside of the novel silhouettes were retained for Experiment 1 

(37 females; mean age = 19.6 years). The studies were approved by the respective Institutional 

Review Boards for Human studies at the UA and UT- Austin.  

Stimuli 

 The stimuli were 120 white silhouettes (H: 4.7°; W: 1.8°–9.4°) that were designed with a 

majority of object properties favoring the inside white region as the figure (the insides were 

small, enclosed, and mirror symmetric). Of these, 40 silhouettes portrayed real-world, namable 

objects on the insides of their borders, the region perceived as the figure e.g., (animals, plants, 

symbols and cartoons previously encountered before the experiment; Figure 1). These “real-

world” silhouettes suggested meaningless, novel objects on the outside of their borders, in the 

region perceived as the ground.  The remaining 80 silhouettes portrayed never before seen novel 

objects on the insides of their borders. Half (40) of these novel silhouettes portrayed novel 

objects on the outside of their vertical borders as well. Previous research with these “low-

competition” silhouettes has shown that very little suppression occurs for the ground regions, 
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most likely due to the lack of cross border competition (Salvagio et al., 2012; Cacciamani, Scalf, 

& Peterson, 2014); they are called low-competition silhouettes. The remaining 40 novel 

silhouettes suggested real-world objects on the outside of their vertical edges, in the region 

perceived by participants as shapeless grounds (see Post-experiment Questions). Previous 

research has found that high-competition occurs for these silhouettes due to the increased cross 

border competition between the potential real-world objects on the outside, and the novel object 

on the inside (Peterson & Skow, 2008; Salvagio et al., 2012; Cacciamani, Scalf, Peterson, 2014); 

they are called high-competition silhouettes. Low-competition and high-competition novel 

silhouettes were equated on low-level features (luminance, spatial frequency, contour length, and 

stimulus size; see Appendix A, Trujillo et al., 2010). Real-world and novel silhouettes were not 

matched on stimulus characteristics. Accordingly, we compare responses to the two types of 

novel silhouettes only, as did Trujillo et al. Novel silhouettes were divided into two sets (Set A 

and Set B), composed of 20 low-competition and 20 high-competition silhouettes. Thus each 

participant saw 40 real-world silhouettes and 40 novel silhouettes total; participants were 

randomly assigned to receive one set only. Set A and Set B were balanced on low level features 

that affect early visual potentials and therefore effects were not due to differences in the sets (see 

Trujillo et al., 2010 for more info). 

Task 

 Participants’ task was to decide as quickly and as accurately as possible, whether each 

silhouette portrayed a real-world, familiar object or a novel object (i.e., one that they had never 

seen before). The real-world silhouettes were equated as closely as possible to the novel 

silhouettes so that participants had to make a decision before responding. The object decision 

task regarding the silhouettes can be considered a cover task because we were primarily 
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interested in comparing responses and ongoing brain activity while participants viewed the two 

types of novel silhouettes. Importantly, this cover task ensured that the centrally bounded 

silhouettes (real-world or novel) engaged participants’ attention equally.  

Design and Procedures 

Before each trial, a fixation cross was displayed in the center of the screen and 

participants were told to fixate it before pressing a foot-pedal to begin the trial.  Upon foot-pedal 

press, a silhouette was presented for 175 ms in the center of the screen. Immediately after each 

silhouette, one of 5 white pattern masks (H: 4.7o; W: 9.4 o) was displayed for 250 ms (all masks 

were used in all conditions equally often). Trials were presented in 4 blocks. In each block, 

participants viewed 40 trials with real-world silhouettes randomly intermixed with 40 trials with 

novel silhouettes (20 low-competition and 20 high-competition silhouettes from Set A or Set B). 

Each silhouette was presented once per block, and was repeated 4 times across the blocks. 

Participants indicated their object decision (real-world or novel object) by pressing one of two 

buttons in either hand (UA) or on a mouse pad (UT-Austin); the left/right assignment was 

balanced in both data sets. Stimuli were presented and responses recorded with DMDX software 

(Forster & Forster, 2003).  

Before the experimental trials started, participants completed a block of 11 practice trials 

using real-world silhouettes and low-competition novel silhouettes that were not presented on 

experimental trials. Feedback regarding object decision accuracy was given on practice trials 

only. 
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Post-experiment Questioning 

 Only data from participants who did not perceive the objects suggested on the outside of 

high-competition silhouettes were of interest in this experiment. During the course of figure-

ground segmentation, objects on either side of the border compete, and the loser is suppressed. If 

participants indicated they perceived the inside, novel, shape of high-competition silhouettes as 

the figure that would suggest that the ground regions— where real-world objects were 

suggested— were suppressed. The central question in these experiments was whether increased 

cross-border competition would be correlated with increased alpha power. Therefore, extensive 

post-experiment questioning was used in order to determine whether participants were aware of 

the real-world objects suggested on the outside of the high-competition silhouettes. At the end of 

the experiment, participants were asked whether they saw any known shapes on the outside of 

the silhouettes and if they answered “yes,” they were asked to verbally recall any they had seen. 

The experimenter wrote down any object participants claimed to see. For the participants who 

indicated awareness of the real-world objects on the outside of high-competition silhouettes, few 

could recall more than a few objects (2-3, typically). 

In order to further support the decision to remove data from participants who might have 

seen the real-world objects suggested on the outside of the high-competition silhouettes, they 

were asked to choose from a list of words that contained the names of the 40 objects on the 

outside of the high-competition silhouettes and 40 foils (Appendex B, Trujillo et al., 2010). 

Recognition was estimated via the receiver operating characteristic (ROC) curve, measured by 

P(A), giving an estimate of hits relative to false alarms. In both data sets, it was found that 

participants classified as unaware of the objects suggested on the outside of high-competition 

silhouettes had a P(A) score that was not different than chance, indicating they chose actual and 
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foil object names from the list approximately equally. On the other hand, participants categorized 

as being aware had a P(A) score that indicated significantly more hits than false alarms from the 

list (Trujillo et al., 2010), supporting the decision to remove their data from further analysis. 

Using these methods, 23 participants from the UA and 26 participants from UT-Austin were 

deemed unaware. The data from these subjects were retained for further analysis.  

Behavioral Data Analysis 

 In order to ensure that participants’ attention was on that task and that they were 

satisfactorily performing the object decision task, behavioral performance was analyzed (full 

details in Trujillo et al., 2010). “Novel” responses were considered correct to both high-

competition and low-competition silhouettes, and “familiar” responses were considered correct 

to real-world silhouettes.  All trials in which reaction times were greater than 1500 ms (the “time 

out” for the program) were rejected (0.03% for the UA data; 1.1& for the UT-Austin data). A 

two way analysis of variance was carried out on the accuracy rates and reaction time data with 

within subject’s factors of Block (1-4) and Silhouette Type (high- and low-competition 

silhouettes). One analysis compared responses to silhouettes portraying familiar real-world 

objects versus novel objects (collapsed over high-competition and low-competition collapsed). A 

second analysis compared responses to the high-competition versus low-competition novel 

silhouettes. 

EEG Data Acquisition and Analysis 

 Sixty-four channel electroencephalographic (EEG) data was recorded for the UA data 

with a Neuroscan Synamps2 amplifier (Neuroscan, Compumedics, Charlotte, NC, USA) with 

bipolar electrodes outside the cap to monitor eye blinks at the horizontal and vertical ocular 
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channels and linked-ear references. Sampling rate was 1000 Hz and impedances were kept below 

5 kΩ. Sixty-nine channel EEG was recorded with a Biosemi system (BioSemi Instrumentation, 

Amsterdam, The Netherlands) for the UT-Austin data. For both, the extended 10-20 International 

system was used to place the cap. Vertical and horizontal eye movements were recorded with 

external electrodes. Sampling rate was 2048 Hz, sampled online to 256 Hz with EEG recorded 

with respect to a common mode sense (CMS); active electrodes were used and thus impedances 

were not measured. 

EEG Preprocessing. Continuous data were imported into MATLAB (The Math Works, Natick, 

MA, USA) using the EEGLAB toolbox (Delorm & Makeig, 2004) and all subsequent data 

analysis was done with in-house scripts that incorporate EEGLAB functions. Data were epoched 

starting 750 ms before the onset of the stimuli and lasted until 1250 ms after. Artifacts (muscle 

and signal) were removed by manual inspection. Since the UT-Austin data were recorded with a 

CMS reference, these data were referenced to a linked-mastoid reference before artifact 

rejection. Spherical spline interpolation was used to interpolate bad channels; no more than 2 

channels were interpolated for the UA data and no more than 5 channels for the UT-Austin data-

set. The UA data set was down-sampled to 256-Hz in order to make the data equal to the UT-

Austin data. Finally, the data were re-referenced to the FPZ reference. For both data sets eye 

blinks were rejected using the EOG signals with an automatic rejection algorithm in MATLAB 

(defined as > 50 µV or < -50 µV). See Trujillo et al., for more details on eye-blink rejection. 

Time-frequency Analysis 

 Spectral changes in oscillatory activity were analyzed via a wavelet-based time-frequency 

methods with in house-scripts written in MALTAB. Wavelet based transforms provide a good 

tradeoff between time and frequency resolution (Tallon-Baudry & Bertand, 1999). Complex 
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Morlet wavelets w(t, f0) were used to convolve the data with a Gaussian shape in time (σt) and in 

frequency (σf) around the center frequency (f0). The complex Morlet wavelet parameters were σt 

= f/5, σf = (2*π*σt)-1. A correction factor was used on the form of the wavelets to ensure they 

have a finite energy and the wavelets were normalized. Both total power and phase-locked power 

were extracted. Total power is composed of both phase-consistent and phase-inconsistent 

portions of the EEG oscillatory signal.  

Between-condition differences were assessed via permutation t-tests with cluster-based 

correction of multiple comparisons (p < 0.05, 20,000 permutations). Data were analyzed from 

the electrode site showing the greatest ERP responses in Trujillo et al. (2010), at electrode PO4 

in the right hemisphere. Extensive details of the time-frequency analysis and statistics that were 

used here can be found in Trujillo and Allen (2007).  

Results 

Behavioral 

 Behavioral data for each data set (UA and UT-Austin) were analyzed separately in the 

original publication (Trujillo et al., 2010), in order to rule out any differences in performance 

between groups. First, novel (high-competition and low-competition collapsed) versus familiar 

object decisions were analyzed:  in both data sets object decisions were highly accurate. 

Collapsing across silhouette type, classification accuracy increased across blocks (UA: Block 1: 

89% to Block 4: 93%; p < 0.004: UT-Austin: Block 1: 89% to Block 4: 91%; p < 0.009). Novel 

stimuli were classified more accurately than familiar stimuli. Next, accuracy for high-

competition and low-competition silhouettes was analyzed, and for both data sets no differences 

were detected (p > 0.05). This crucial finding shows that the neurophysiological effects observed 
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here cannot be explained by differences in object decision difficulty between the two types of 

novel silhouettes. Further this finding suggests that object decisions regarding the two types of 

novel silhouettes were equally difficult, consistent with the claim that they required the same 

amount of attention for accurate task performance.  

 In both experiments, reaction times (RTs) were, on average, quick (UA: 500 ms; UT-

Austin: 580 ms), but participants at UT-Austin were slower than those at the UA. In both data 

sets, participants were faster to categorize familiar than novel silhouettes. For both types of 

silhouettes, RTs decreased across blocks. Importantly, RTs to correctly classify high-competition 

versus low-competition silhouettes as “novel” were compared. In both data sets, participants 

were quicker to correctly classify high-competition silhouettes than low-competition, p < 0.05. 

Thus, any differences between these two conditions cannot be explained by response interference 

due to the suggestion of a portion of a real-world object on the outside of the high-competition 

silhouettes. Had that happened, then the opposite pattern would be expected: RTs would be 

longer for the high-competition silhouettes as compared to low-competition silhouettes. For full 

details on the statistical results of the behavioral analyses, the reader should consult Trujillo et 

al., 2010. 

Time-frequency Analysis 

 Total power was extracted for high-competition and low-competition trials and the 

signals were compared for electrode site PO4 in the right hemisphere.  Significant differences 

according to the cluster-based permutation analysis were detected in the alpha range (7.5-12.5 

Hz) starting ~100 ms and lasting until ~200 ms after stimulus onset (Figure 4; 350 ms in the low-

alpha band, ~7.5-9 Hz). A smearing of the signal in time is inherent when using wavelet-based 

decomposition of EEG data. Since the wavelet weights the data, any current data point (e.g., at 



36 
 

100 ms) will be influenced by signal from the earliest non-zero point to the last. Therefore 

caution must be made when interpreting the precise timing of the power differences with time-

frequency methods. We chose the peak differences according to the permutation analysis as a 

conservative measure of the time point when alpha power was greater from high-competition 

silhouettes. Thus alpha-power was greater for high than low-competition novel silhouettes with 

peak activity differences ~150 ms after stimulus onset. The only difference between the high-

competition and low-competition silhouettes is the degree to which the outside of the silhouettes 

compete with the insides for figural status, and the resultant competition-strength-dependent 

suppression of the grounds when they lose the competition – greater suppression in high-

competition silhouettes than in low-competition silhouettes. Other evidence indicates that the 

memories of the real-world objects suggested on the outside of the high-competition silhouettes 

are accessed within this time period (Peterson et al., 1991; Trujillo, et al, 2010) on a fast pass of 

processing, and subsequently inhibited during the course of figure-ground assignment. Thus, the 

results of Experiment 1 demonstrate that alpha can serve an index of the amount of inhibitory 

competition across a border during figure assignment, when participants attend to a central 

location where all silhouettes are presented. This is the first online measure of inhibitory 

competition, and it shows that competition is occurring within the time frame relevant to figure-

ground processing, at ~150 ms (cf. Neri & Levi, 2006).  

Significant differences according to the cluster-based permutation analysis were also 

detected in the beta band (>13 Hz) peaking at ~100 ms. No differences between the two types of 

silhouettes were observed in other ranges of the frequency spectrum. Beta effects were not 

predicted here, however beta power has been associated with visual perception, and is proposed 

to reflect long-range communication of neural assemblies whose activity must reach a certain 
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threshold before conscious detection occurs (Piantoni, Kline, and Eagleman, 2010; cf. Crick & 

Koch, 2003). Increased beta band power for high-competition relative to low-competition 

silhouettes might indicate that more long-range communication between neuronal assemblies is 

necessary to resolve the competition for the high-competition silhouettes. 

 

Figure 4. Experiment 1 Total Power. The left two plots are time-frequency plots that show 

baseline corrected mean spectra power at POZ. Lighter colors on the plots indicate an increase in 

power relative to baseline, and darker colors indicate a decrease. The right-most plot is the 

statistical maps comparing the two conditions. Light colors indicated time points and frequencies 

that were significant. The alpha range is indicated by blue dashed lines. 

 

Experiment 2 

Experiment 2 was similar to Experiment 1, except that stimuli were repeated only once 

rather than four times and repeats occurred after a lag of 18-21 intervening items rather than 

randomized in separate 80-stimulus blocks, that left lag uncontrolled. These changes allowed us 

to investigate whether the results of Experiment 1 could be replicated with fewer presentations 

and with a controlled number of items between repeated items, albeit a relatively large number. 

In addition, since data were analyzed from only one electrode from the right hemisphere in 

Experiment 1, in Experiment 2 data from several occipital electrodes were analyzed. Since the 

stimuli were presented centrally on the screen, the alpha effects in Experiment 1 should be 
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replicated in Experiment 2 bilaterally. The data reported in Experiment 2 were not previously 

published. 

Methods 

Participants 

 Forty participants from the UA were recruited and received class credit for their 

involvement in the experiment. Due to a recording issue with the EEG, two subjects’ data were 

unusable. In post-experiment questioning 14 participants were deemed “aware” of the real-world 

objects suggested on the outside of the high-competition silhouettes; therefore their data were not 

included in the analysis.  Thus data from 24 “unaware” participants (16 females) were used for 

the analysis. The experiment was approved by the UA Intuitional Review Board. All subjects 

consented before participating. 

Stimuli and Task 

The stimuli, task, and post-experiment questioning were the same as used in Experiment 

1. The only differences were that the list of foils was not used for the Post experiment 

questioning, and each participant saw all 120 stimuli (i.e., the novel silhouettes were not broken 

into Set A and Set B as in Experiment 1). Thus each participant saw all 40 real-world silhouettes 

and all 80 novel silhouettes (high-competition and low-competition). 

 

Design and Procedures 

 The trial structure was the same as Experiment 1.The differences were: 1) the masks were 

presented for 400 ms; 2) silhouette presentations were not separated into blocks and participants 

took no breaks; 3) participants were asked to hold their responses until a question mark 
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appeared; 4) 120 silhouettes were randomly presented twice during the experimental trials and 

repetition between first and second presentation occurred within 18-21 intervening items. 

Participants had 11 practice trials before the experiment as in Experiment 1, but in 

Experiment 2, computer-generated feedback was not given after every trial.  Instead, the 

experimenter monitored participants’ performance on practice trials. If participants performed 

poorly on the practice trials, or if they requested more practice, they were allowed to repeat the 

practice trials. 

Behavioral Data Analysis 

 Accuracy was analyzed in Experiment 2, as in Experiment 1. However, since participants 

were asked to hold their responses until the question mark appeared, RT data were not analyzed. 

EEG Data Acquisition and Analysis 

All data acquisition and analysis methods were the same as those used for the UA data 

recording. For this experiment, EEG signals were recorded with a 64 channel cap (Electrode 

Arrays, El Paso, TX) and a Neuroscan Synamps2 amplifier (Neuroscan, Compumedics, 

Charlotte, NC, USA) and all recording parameters were identical to Experiment 1 UA data-set. 

EEG Preprocessing. 

 All preprocessing methods were the same as used in Experiment 1, except that ocular 

artifacts and other artifacts were removed with the ADJUST toolbox (Mognon, Jovicich, 

Bruzzone, & Buiatti, 2011). The only other difference is that in Experiment 2, a larger selection 

of occipital electrodes was selected for analysis: POZ, OZ, O1, and O2.  These electrodes cover a 

larger portion of the visual cortex, bilaterally. Since the silhouettes were presented centrally, we 
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wished to test the hypothesis that alpha effects in the current paradigm should be found 

bilaterally (instead of only laterally as in Experiment 1). 

Results  

Behavioral 

 As in Experiment 1, participants categorized novel silhouettes (94%) more accurately 

than real-world silhouettes (90%), p < 0.05. Again, as in the previous experiment, there was no 

difference in accuracy between high-competition novel and low-competition novel silhouettes, p 

> 0.05 (94% for both). 

Time-frequency Results 

 Total power was examined for high-competition and low-competition silhouettes. 

Repetition in Experiment 2 was between 18 to 21 intervening items, which is shorter than the 

average repetition lag in Experiment 1, where repetition was over blocks. Thus it was important 

to test whether the outcome of the competition on the first presentation of the high-competition 

silhouettes affected competition– as indexed by alpha power – on the second presentation. There 

were no significant effects of repetition for the high-competition silhouettes nor the low-

competition silhouettes according to the cluster based permutation analysis. Therefore first and 

second repeat were combined for further analysis.  

 The permutation statistics revealed that total power was significantly greater for high-

competition silhouettes than for low-competition silhouettes in the alpha range (7.5-12.5 Hz) at 

~60 to ~250 ms (Figure 5). Due to temporal smearing (see Time-frequency analysis, Experiment 

1), peak differences according to the permutation analysis were chosen as a conservative 

measure of the time point when alpha power was greater from high-competition silhouettes. The 
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results of Experiment 1 were replicated: Alpha was greater for high-competition novel 

silhouettes; with peak differences at ~170 ms post-stimulus onset. Again these results show that 

alpha is increased when competition across a border is increased during the course of figure 

assignment, suggesting that alpha indexes the amount of inhibitory competition across a border 

(high-competition > low-competition). As in Experiment 1, these results provide an online 

measure of inhibitory competition, which lasted until about 250 ms after stimulus onset. 

As in Experiment 1, permutation statistics revealed significant power differences in the 

beta range (> 13 Hz) starting at 100 ms (see Results in Experiment 1 for interpretation). 

 

 

Figure 5. Experiment 2 Total Power.   The left two plots are time-frequency plots that show 

baseline corrected mean spectra power at POZ, O1, O2, and OZ. Lighter colors on the plots 

indicates an increase in power relative to baseline, and darker colors indicates a decrease. The 

right-most plot is the statistical maps comparing the two conditions. Light colors indicated time 

points and frequencies that were significant. 

 

Experiment 3 

In Experiment 3 the repetition lag was considerably shorter than in Experiment 2: stimuli 

were repeated after 4-7 intervening items. This “short-lag” repetition allowed us to ask whether 
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the outcome of the competition on the first presentation of high-competition silhouettes affected 

the competition on the second presentation of the same silhouettes, as indexed by alpha. One 

method the visual system uses to deal with the massive amount of complexity –ambiguity, 

occlusion, background clutter, etc.—in the visual input might be by integrating prior object 

knowledge, and effects of past experience on figure-ground perception are well documented (for 

review, see Peterson and Skow, 2003). In the context of the current experiment, prior experience 

with the high-competition silhouettes might influence figure-ground organization (and 

competition across the border) on the second presentation of the same silhouettes due to memory 

for the outcome of the competition on the first presentation, which might influence the inhibitory 

competition across the border on second presentation. Any effect of first presentation on second 

presentation would be predicted to be short lived, since no repetition effects were detected in 

Experiments 1 or 2 (indeed, some repetition effects in the visual cortex are short lived; Miller & 

Desimone, 1993; Grill-Spector & Malach, 2001). Thus it was hypothesized that the outcome of 

competition on the first presentation might affect competition (as assayed by alpha power) on the 

second presentation of the same high-competition silhouettes. As discussed previously, 

Experiments 1 and 2 suggest that inhibitory competition is short lived (peaking at ~150 to 170 

ms as indexed with current methods). In Experiment 2, no lingering effects of the first 

presentation were found with a lag of 18-21 intervening items: inhibitory competition, as 

measured by alpha activity, was approximately the same on first and second presentation. The 

ERP data from Experiment 3 were previously published in an article investigating whether 

meaning is accessed for regions of the visual field that are determined to be shapeless grounds 

(Sanguinetti, Allen, & Peterson, 2013). No previous time-frequency analyses of the data were 

published. 
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Methods 

Participants 

 Sanguinetti, Allen and Peterson (2013) recruited 40 participants from the UA who 

received class credit for their participation. Due to recording issue with the EEG, the data from 2 

participants were unusable. In post-experiment questioning, 14 participants were deemed 

“aware” of the object suggested on the outside of the high-competition silhouettes, and therefore 

their data were not included in the analysis.  Thus data from 24 “unaware” participants (16 

females) were retained for analysis. The experiment was approved by the UA Intuitional Review 

Board; all subjects consented before participating. 

Apparatus and Procedures 

 All methods, stimuli, trial procedures, behavior and EEG methods were replicated from 

Experiment 2. The only difference was the lag between repetitions in the current experiment: 

Repetition occurred between 18-21 intervening items (it was 4-7 in Experiment 2). 

Results  

Behavioral 

 As in Experiments 1 and 2, participants’ object decisions were more accurate for novel 

silhouettes (94%) than for real-world silhouettes (90%; p < 0.05), and there was no difference in 

accuracy between high-competition novel and low-competition novel silhouettes (94% for both; 

p > 0.05).  Again these results show that no response interference took place for high-

competition silhouettes due to the suggested real-world object in the perceived ground region, 

and suggest that attentional demands were the same for both types of novel silhouettes. 
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Time-frequency Analysis 

 Unlike in Experiment 2, where the outcome of the competition the first time a stimulus 

was exposed did not affect the competition the second time the stimulus was exposed, repetition 

effects were found with the shorter repetition lags used in Experiment 3: Total power in the alpha 

range only was greater for first presentation of high-competition silhouettes than for second 

presentation of the same high-competition silhouettes starting at ~100 ms and lasting until ~300 

ms (Figure 6), according to the permutation t-test analysis. Due to temporal smearing (see Time-

frequency analysis, Experiment 1), peak differences according to the permutation analysis were 

chosen as a conservative measure of the time point when alpha power was greater from high-

competition silhouettes. The peak differences were found at ~140 ms. Thus, the outcome of the 

competition on the first presentation affected the competition on the second presentation only for 

of high-competition silhouettes, not for low-competition silhouettes. Since there was, on average, 

10 seconds between the first and second presentation, this shows that the outcome of competition 

can affect the need for ground competition for the same silhouettes for approximately 10 

seconds. This could be due to preserved knowledge about the outcome of the competition on first 

presentation, information that was integrated into the figure-ground competition on the second 

presentation. For example, the outcome of the competition for high-competition silhouettes could 

be stored as decreased weights of the figural cues for the outside figural cues (e.g., the familiar 

shapes representations). On the second presentation, those decreased weights could be preserved, 

leading to decreased competition across the border. 
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Figure 6. Experiment 3 Total power. The first (left plot) and second (middle plot) presentation 

of high-competition silhouettes are shown. The right plot shows the statistical differences (light 

colors indicate greater significance). 

 

Discussion 

 A growing body of evidence indicates that large-amplitude alpha oscillations in the EEG 

reflect a mechanism for cortical inhibition of distracting or competing sensory information. 

Specifically, alpha power increases have been observed over sensory areas that process 

distracting information (Worden, et al., 2000; Thut, Nietzel, Brandt, & Pascual-Leone, 2006; 

Haegens, Handel and Jensen; 2011), even across sensory modalities (Snyder, & Foxe, 2010). 

Direct induction of alpha oscillations with TMS impairs observers’ ability to perceive visual 

stimuli (Romei, Rihs, Broadbeck, & Thut, 2006; Romei, et. al, 2008). A prediction emerges from 

this evidence: Stimuli that require increased inhibitory competition across their borders during 

the course of object perception should induce greater alpha power relative to stimuli that induce 

less competition. This hypothesis was tested with silhouettes that entailed different amounts of 

inhibitory competition for figural status. The amount of inhibitory competition required was 

manipulated by altering the ambiguity of the high-competition silhouettes. During the course of 

figure-ground perception, the object properties on either side of a border enter into an inhibitory 

competition for figural status (Peterson et al., 2000). The side that wins the competition is 
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perceived as the figure, and the side that loses is perceived as the shapeless background (Peterson 

& Skow, 2008). For high-competition novel silhouettes, greater alpha was found than for low-

competition novel silhouettes, peaking ~150-170 ms after stimulus onset. These results support 

the hypothesis that increased alpha power reflects cortical inhibition mechanisms for competing 

or irrelevant sensory information.  

An alternative interpretation of the previous alpha inhibition data is possible: Since the 

studies investigating alpha have used attentional manipulations, increased alpha power in the 

location of unattended items could reflect top-down attentional control in task-relevant networks 

instead of inhibition of competing stimuli in sensory visual areas. Thus given the evidence, it is 

not clear if power increases in alpha reflect active inhibition of task-irrelevant sensory processes 

(proposed here), or active processing in task-relevant cortical areas (Palva & Palva, 2006). In the 

latter case, increased alpha could reflect active processing in parietal areas relevant to attentional 

selection that is synchronized with activity in occipital areas. This interpretation of the current 

results is unlikely for several reasons. First, attention was always deployed to the silhouette 

shown at fixation; no attentional-pre cue was used instructing participants to attend to one 

location and ignore another. There is no evidence that more attention is required to perform the 

categorization task for high than low-competition novel silhouettes. Second, accuracy is 

equivalent for the two types of novel silhouettes; thus there is no more response bias for the high 

than the low-competition silhouettes (Anderson, et al, under review; Trujillo, et al., 2010) Thus, 

the behavioral results do not suggest that one type of novel silhouette required more attention 

than the other. Additionally, participants were quicker to respond accurately to high-competition 

silhouettes than to low-competition silhouettes (response conflict should slow responses). Third, 

there is no evidence that more attention is drawn to the inside of high-competition novel 
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silhouettes to resolve the greater competition for figural status relative to the inside of low-

competition novel silhouettes (Salvagio, et al, 2012). Finally, experiments indicate that attention 

is not required for figure-ground segmentation (Kimchi, & Peterson 2008; Poort, et al, 2012), 

and that for these stimuli, differential attention is not required for high- and low-competition 

silhouettes. Findings from monkey single cell literature support this interpretation: cells that are 

involved in figure-ground organization serve as the substrate for attentional selection (Qui, 

Sugihara, & von der Heydt, 2008). 

The only difference between the high-competition and low-competition silhouettes was 

the presence of the suggested object on the outside of the vertical borders for the high-

competition silhouettes – they were matched on all other low-level object properties known to 

affect figure assignment (Trujillo et al., 2010). Thus the only stimulus difference that could have 

led to the increased alpha for high-competition silhouettes was the presence of the suggested 

object, and the resulting inhibitory competition across the border.  

The data reported here corroborate previous experiments where competition-dependent 

ground suppression was found. Using similar novel silhouettes, Salvagio et al., (2012) found that 

participants’ performance on a difficult tilted bar discrimination task was disrupted when the bar 

was in the ground region of high-competition silhouettes but not low-competition silhouettes, 

showing that ground regions are clearly suppressed (ground suppression is the outcome of 

inhibitory competition). Recent neural evidence also supports this conclusion with the same 

stimuli: Blood oxygen dependent responses in fMRI were reduced for ground regions of high-

competition silhouettes compared to low-ground suppression silhouettes (Cacciamani, Scalf, & 

Peterson, 2014). Converging neural evidence with different tasks and stimuli shows that grounds 

are suppressed during figure-ground perception (Likova, & Tyler, 2008; Strother et al 2012). In 
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the current experiment, there was more cross border competition in the high-competition as 

compared to the low-competition novel silhouettes. Participants were unaware of the potential 

objects on the ground-side of high-competition novel silhouettes, suggesting they lost the 

competition for figural status and were inhibited. The evidence presented here, that alpha power 

increases for high-competition silhouettes, suggests that alpha indexes inhibitory competition. 

Since ground suppression is and outcome of inhibitory competition, the current alpha effects 

might also index ground suppression, although the current methods cannot distinguish between 

these interpretations. Regardless, this is the first evidence that alpha power indexes such cross 

border inhibitory competition, and perhaps ground suppression, during the course of figure-

ground perception. 

The current results are the first to show that an increase in alpha power can assay 

inhibition during the course of perception with attention held constant. Increases in alpha peaked 

~150-170 ms after stimulus onset. Therefore the current evidence gives an online measure of 

when inhibitory competition is occurring during the course of figure assignment. The results 

reported here match the time window during perceptual organization when inhibitory 

competition would be expected: Physiological experiments have shown that edge/border 

assignment and figure-ground signals occur early in visual processing, starting at 60-100 ms post 

stimulus onset (Zipser et al, 1996; Lamme et al., 1999; Zhou et al., 2000). Using psychophysical 

methods Neri and Levi (2007) proposed that figure-ground organization has proceeded 

sufficiently far to affect performance on a contrast discrimination task wthin 100-160 ms after 

stimulus onset. Heinen et al., (2005) showed that TMS disrupts figure-ground discrimination 

when applied 130 - 160 ms after stimulus onset (and another at 260 ms). Taken together, this 

evidence shows that the relevant figure-ground processing can be underway within the time 



49 
 

window where we observed evidence of differential competition consequent on figure-ground 

assignment. Indeed, a recent eye-tracking experiment in humans using the same stimuli used 

here, and included as Chapter 3 of this dissertation, showed that saccades based on the outcome 

of inhibitory competition were initiated within 200 ms of stimulus onset (Sanguinetti & Peterson, 

in prep). The inhibitory competition, peaking ~150 ms in the EEG alpha oscillations observed 

here would be sufficient to support such behavior. 

   The finding that alpha is greater for stimuli that induce increased inhibitory competition 

supports the assumption that increased alpha power is related to inhibition of competing or 

irrelevant visual information (Klimesch, 1996; Pfurtscheller, 2001; Jensen & Mazaheri, 2010; 

Matthewson et al, 2011; Foxe & Snyder, 2011; Payne & Sekuler, 2014). The evidence presented 

here is the first to show that alpha increases during the course of figure-ground organization in 

situations when increased inhibitory competition is required for object assignment (for high-

competition novel silhouettes).  Further, they are the first to show that inhibitory competition 

occurs during the course of perception. These results support a growing body of literature 

suggesting that during a fast pass of processing, properties of objects that might be perceived on 

either side of a border are accessed (Peterson, Harvey, & Weidenbacher, 1993; Peterson & 

Gibson, 1994; Vecera & Farah, 1997; Trujillo et al., 2010; Navon, 2011; Peterson, Cacciamani, 

Mojica, & Sanguinetti, 2012; Sanguinetti, Allen, & Peterson, 2013; Cacciamani, et al., 2014), 

and compete for figural status (Peterson, de Gelder, et al, 2000; Peterson & Lampignano, 2003; 

Peterson & Enns, 2005) and that the properties that lose the competition and are determined to be 

grounds are suppressed (Likova, & Tyler, 2008; Peterson & Skow, 2008; Salvagio et al, 2012; 

Strother, et al., 2012; Cacciamani, Scalf, & Peterson, 2014 ).  
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Chapter 3 

 

Paper 2 (see Appendix B): 

Sanguinetti, J. L., Peterson, M. A. (2014). Temporal Dynamics of Perceptual Organization. In 

preparation for submission to Journal of Vision. 

 

Summary 

 Humans and monkeys can generate responses indicating object categorization with 

remarkable speed (Fabre-Thorpe, Richard, & Thorpe, 1998; Thorpe et al., 1996; Kirchner & 

Thorpe, 2006). For example, humans can initiate saccades to one of two scenes that contain an 

animal rapidly, within 120 ms (Kirchner & Thorpe, 2006). This phenomenon has been called 

ultra-rapid visual categorization (Delorme, Richard, & Fabre-Thorpe, 2000; Thorpe, 2010). 

Given neuronal conduction velocity and the number of steps between the retinal input and 

presumed object classification areas in the brain (IT), it has been argued that scene processing in 

particular, and most perception in general, is based on a feed-forward pass of processing in the 

visual hierarchy (e.g., Thorpe, 2002; VanRullen & Koch, 2003; Kirchner & Thorpe, 2006; Serre, 

Oliva, Poggio, 2007; Thorpe, 2010). These authors have argued that processing that might rely 

on iterative feedback, like figure-ground segmentation (a form of perceptual organization), 

would take significantly longer. However the assumption that perceptual organization requires 

more time to support accurate behavior than latencies found for ultra-rapid visual categorization 

was untested. In the following series of experiments, we manipulated the ambiguity of stimuli 

such that figure-ground segregation must have occurred before accurate behavior could be 

initiated. This allowed us to ask how quickly at least some perceptual organization could be 

completed to support accurate behavior.  
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 In order to test how long perceptual organization takes, we adapted the forced-choice 

saccadic task used by Thorpe and his colleagues in several ultra-rapid categorization studies 

(e.g., Kirchner & Thorpe, 2006; Crouzet, Kirchner, & Thorpe, 2010; Figure 6). Saccades as 

response measures can be used to sensitively gauge the timing of visual processing because they 

can be initiated faster than manual responses, in as little 80-100 ms, and average saccadic 

response times are usually hundreds of milliseconds faster than average manual response times 

(Kirchner & Thrope, 2006). Experiments investigating ultra-rapid visual categorization find 

median saccadic responses ~220 ms. By searching for the first moment in time when correct 

responses significantly outnumber incorrect responses, called a “minimum saccadic reaction time 

analysis,” Thorpe and his colleagues have shown that the earliest accurate saccades can be quite 

fast and the time required to initiate saccades depends on the categorization task: Saccade 

generation is fastest when the target is a scene containing a face (versus no face; 100 ms), slower 

when animals are targets (120 ms), and slowest when automobiles are targets (150 ms; Crouzet, 

et al., 2010). On any given trial in our experiment, one real-world and one novel silhouette were 

presented, one above and one below a fixation cross in the center of the screen. Participants’ task 

was to make a saccade from the fixation location to the location of the real-world silhouette as 

quickly as possible. On half the trials, the novel silhouette suggested a real-world object on its 

outside (called an experimental silhouette here; novel-object/meaningful-ground silhouette in 

Chapter 1, and high-competition in Chapter 2), and on the other half the novel silhouettes were 

novel on the inside and outside of their vertical borders (called control silhouettes here; novel-

object/novel-ground in Paper 1; low-competition in Chapter 2). Again, subjects were unaware of 

this manipulation and perceived both types of novel silhouettes as novel, meaningless objects. 

When the novel silhouette is a control silhouette, accurate responses could be generated on the 



52 
 

basis of feedforward processing alone, as in the experiments demonstrating ultra-rapid visual 

categorization (VanRullen & Koch, 2003; Kirchner & Thorpe, 2006; Serre, Oliva, Poggio, 

2007). When the novel silhouette is an experimental silhouette, where real-world objects were 

suggested in their ground regions, however, accurate responses cannot be generated before 

perceptual organization occurs. This is because before figure assignment, there is evidence for a 

real world object at two locations on the screen – the location of the real-world silhouette and the 

location of the experimental silhouette. During the course of figure-ground segmentation, the 

suggested objects on the outside of experimental silhouettes are accessed (Sanguinetti et al., 

2013) and must be rejected in the course of perceptual organization before figure assignment 

(Peterson & Skow, 2008; Salvagio et al., 2012; Cacciamani et al., 2014). Therefore, if 

participants generate their saccade before perceptual organization occurs (i.e., before figure-

ground segmentation), we expected them to make more errors on trials with experimental 

silhouettes than control novel silhouettes. On the other hand, if they generate their saccade after 

perceptual organization has occurred, then they should accurately move their eyes to the real 

world silhouettes.  By examining accuracy and comparing saccadic reaction times in the two 

conditions (experimental and control conditions) we investigated whether performance with our 

stimuli was based on feedforward processing alone.  If this were the case, accuracy should be 

low when the novel silhouettes have a meaningful object suggested on the groundside of their 

borders (experimental condition). If accuracy is not low, we can test whether the saccadic 

response times differ as a function of the type of novel silhouette present in the location opposite 

the real world silhouette. The logic of the experiment was: If saccadic responses are longer when 

the novel silhouette has a real world object suggested on the groundside than when it does not 

(experimental condition), that will provide an index of how long it takes for perceptual 
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organization to proceed far enough to support accurate behavior, a process we assumed entails 

assigning the border of the experimental silhouettes to the inside and rejection of the outside as a 

feasible object. We then asked whether the increase in time taken to perform this type of 

perceptual organization is substantially longer than the time required for ultra-rapid 

categorization, as assumed by many researchers. 

 In the first two experiments, if participants’ accuracy was above chance when they 

moved their eyes to real-world silhouettes when experimental silhouettes were present, we took 

this as evidence that perceptual organization, at least figure segregation, had proceeded far 

enough to support accurate behavior. Otherwise, if participants’ behavior was simply based on 

detection of a real-world object, performance would have been at chance because half the time 

they would have moved their eyes to the location of the real world object and the other half to 

the location of the suggested, but unseen, meaningful object on the outside experimental 

silhouettes (Figure 7). In Experiments 1 and 2, participants’ accuracy was above chance in the 

experimental condition, showing that their eye movements must have been initiated after figure 

segregation had occurred.  
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Figure 7. Eye-tracking Trial Structure. The trial structure for experiment 1 in Paper 2. A 

fixation cross was displayed for 1000 ms, and participants were instructed to fixate it in order to 

initiate the trial. Two black silhouettes were then displayed simultaneously for 300 ms. Finally 

two rectangles filled with random black and white patterns were displayed as masks (5 different 

masks were randomly intermixed) for 400 ms. Participants were instructed to make a saccade as 

fast as possible to the real-world silhouette (target) while ignoring the novel silhouette 

(distractor). Half of the novel silhouettes were experimental and the other half were control, but 

participants were naïve to this manipulation. Instead they were only told that novel silhouettes 

would be shown. In Experiment 2, a 200 ms blank screen was inserted between the onset of the 

fixation cross and the silhouettes. This has been shown to decrease the time needed to initiate a 

saccade. The design of Experiment 3 was the same as Experiment 1. 
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We expected saccades to be slightly slower overall for our stimuli as compared to natural 

scenes (the stimuli used in previous work), because these silhouettes must be recognized on the 

basis of their borders only – they lack surface detail and cues to tridimensionality. In the control 

condition, since there was only one location where the real-world object was signaled (in the 

correct location of the real-world silhouette), eye movements could at least in principle be 

generated on the basis of categorization of a real-world shape alone, thus without perceptual 

organization and perhaps only with the feedforward pass of processing. Therefore this condition 

created a baseline for how long eye movements take under the conditions used in these 

experiments without the need for perceptual organization.  

In Experiment 1, eye movements were generated at 272 ms in the novel-object/novel-

ground condition, showing that average saccadic reaction times were quite fast. However, these 

experiments were designed to test how long perceptual organization takes. Since we know 

saccades in the experimental condition were initiated after perceptual organization had occurred, 

the crucial measure in these experiments is the difference in saccadic reaction time between 

control and experimental conditions. In Experiment 1 saccadic reaction times were on average 15 

ms longer (287 ms) in the experimental condition than in the control condition.  This shows that 

perceptual organization on average took 15 ms to proceed far enough so that correct eye 

movements could be generated in the experimental condition.  In Experiment 2, we asked 

whether behaviors that rely on perceptual organization can be initiated rapidly. We inserted a 

200 ms blank screen before the onset of the stimuli, which speeds up eye movements (Kirchner 

& Thorpe, 2006). Average saccadic response times were faster: 212 ms for control condition and 

218 ms for experimental condition; the 6 ms difference, although smaller than the difference 

observed in Experiment 1, was statistically significant. In Experiment 2, we also and analyzed 
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the minimum saccadic reaction times, or the first moment in time when correct responses 

significantly outnumber incorrect (assessed by 10 ms bins on pooled data). The minimum 

saccadic reaction time was in the190-200 ms for the control condition and the 200-210 ms for the 

experimental condition. In Experiment 3, we eliminated the difference in reaction times in the 

experimental and control condition by inverting the experimental silhouettes, a manipulation that 

slows access to memory representations and should have reduced the need for competition. This 

crucial manipulation shows that the slowing of saccadic reaction times in Experiments 1 and 2 

was highly likely due to the presence of objects on the outside of experimental silhouettes and 

the extra time needed for perceptual organization to reject them during the course of object 

assignment (relative to the control condition where less perceptual organization was needed). 

Taken together, these experiments are the first to show that behaviors relying on 

perceptual organization (1) take ~6-15 ms longer than those that at least in principle, need not 

reply on perceptual organization, and (2) can be initiated extremely rapidly, within 200-210 ms. 

Previous experiments have found that humans can categorize natural scenes rapidly, within 

100—150 ms, depending on the target stimulus (Kirchner & Thorpe, 2006; Crouzet et al., 2010). 

This evidence was interpreted to show that this ultra-rapid visual categorization is based on the 

feedforward pass of processing though the ventral stream, and it was assumed that behaviors that 

rely on feedback, like figure-ground segmentation, might take much longer (e.g., Thorpe, 2010).  

Here we have shown that behaviors that rely on figure-ground segmentation do not take much 

longer than those that do not, only ~10 milliseconds longer (experimental vs control conditions). 

Overall, we expected saccadic reaction times to be delayed somewhat in the current studies due 

to the nature of our stimuli as compared to those used in previous categorization studies (see 

above). In the current study, the control condition required very little perceptual organization 
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before saccades were initiated; thus this condition is akin to those used in previous experiments 

demonstrating ultra-rapid visual categorization where the longest minimum saccadic reaction 

times were 140 ms. Since the minimum saccadic reaction times in the control condition here 

were 190 ms, suggesting that the overall difficulty of the task and the degraded stimuli caused an 

overall slowing of perceptual processing, on the order of ~40 ms. Taking this into account, we 

can conclude that behaviors that rely on perceptual organization can be initiated rapidly. Our 

results raise the intriguing possibility that ultra-rapid visual categorization in previous 

experiments was also based on at least some perceptual organization and/or feedback.  

It seems unlikely that perceptual organization took only ~10 ms in the current 

experiment; it seems more likely that perceptual organization was already underway before 200 

ms. The initial feedforward pass through the ventral visual pathway is completed by 80 to 100 

ms (Lamme & Roelfseme, 2000), although earlier estimates exist (e.g, 60-80 ms, Foxe & 

Simpson, 2002). Assuming the conduction velocities of feedback signals are as quick as those of 

feedforward signals (Bullier, 2000), this leaves sufficient time for at least one pass of feedback 

processing in the ventral stream to generate responses even as early as 120 ms. Between 100 and 

120 ms, cells in early visual cortex show increased activity if their receptive field falls on the 

surface of figures relative to backgrounds, suggesting feedback is involved in these “late” visual 

responses (Zipser et al., 1996). These late visual responses in early visual cortex are abolished 

with anesthesiology (Lamme, Zipser, and Spekreijse, 1998), further arguing for feedback related 

processes in figure-ground activity in early visual cortex. Using reverse correlation on 

psychophysics data, Neri and Levi (2006) concluded that figure-ground signals emerged within a 

window of 100-160 ms after stimulus onset.  



58 
 

Although these preivous studies do not provide direct evidence for how quickly behaviors 

can be generated that rely on perceptual organization, they suggest that visual processes serving 

as the basis of perceptual organization are underway well before the 200-210 ms time found in 

Experiment 2 here. This suggests that even ultra-rapid saccades generated at 120 or 150 ms 

might be generated, at least partly, on processing that is iterative. Therefore, any conclusions that 

imply a fully feedforward architecture for the ventral stream based on the timing of behavior 

must be drawn with caution. Although signals that correlate with categorization can be read out 

at even the “top level” of the ventral stream (temporal cortex) and occur too quickly to 

incorporate stimulus-driven iterative signals (Liu et al., 2009), those feed-forward signals play an 

important role in visual processing beyond the initial response likely due to feedback (Zipser et 

al., 1996; Lamme et al 1999). Thus the presence of feed-forward electrophysiological responses 

or behavioral responses thought to rely only on feed-forward processing indicate only the first 

stage of dynamic visual processing that requires iterative feedback among many subdivisions in 

the ventral visual processing stream (Kravitz, 2013).  

Contributions 

 

 My contributions to this project were substantial. Originally, this project was given to an 

honors student for his thesis project. I was asked to supervise him. To do so, I taught myself how 

to use the eye-tracker, I programed the experiment in Eyetracking Software, I ran the participants 

(although the honors student and other research assistants assisted) and I analyzed the 

eyetracking data (the honors student helped here too, initially at least). I presented these data as a 

talk at the Vision Sciences Society Meeting in Naples, FL), and I have written the first draft of 

the manuscript, which will be submitted to the Journal of Vision this summer, after Dr. Peterson 

helps with revisions. 
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Chapter 4 

Theoretical Linkage of Experiments 

 The experiments in this dissertation contribute significantly to our understanding of 

object perception and the mechanisms that allow the visual system to select objects in the visual 

input. Perceptual organization is used to structure the visual input into coherent units, or objects, 

and separate them from backgrounds that often extend behind them. As a mechanism of 

organization, we propose that regions on either side of a shared border are evaluated for object 

status on a fast, feedforward pass of processing though the visual cortex.  Prior to object 

assignment, potential object features on opposite sides of the border compete; the winning region 

is perceived as the object and the losing regions is inhibited, leading it to be perceived as part of 

the shapeless background. Prior behavioral evidence suggested that at least shape-level 

representations enter into the competition for figural status (Peterson and Kim, 2001; Peterson & 

Skow, 2008). We extended these findings by providing neurophysiological evidence that high-

level semantics (i.e., meaning) are accessed before figure assignment and for regions of the 

visual field ultimately determined to be grounds by perceptual organization (Sanguinetti, Allen, 

& Peterson, 2013; see also Cacciamani, et al., 2014). It was unknown how quickly perceptual 

organization could proceed far enough to support behavior, and in the third paper we have shown 

for the first time that potential objects in grounds can be rejected quickly enough to support rapid 

eye movement (Sanguinetti & Peterson, in preparation). Furthermore, we have discovered the 

first online index of suppression (and outcome of competition) in the EEG alpha waves (Chapter 

2). This neurophysiological evidence supports the hypothesis that suppression is taking place 

during the course of figure assignment and provides the first neural evidence to argue that 
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suppression is taking place prior to object assignment. Finally, using this index, it was found that 

suppression of the ground lasts for ~250 ms. 

 These finding contradict traditional view that visual information that supports perception 

flows in a serial, feedforward direction through the cortex (Hebb, 1949; Riesenhuber & Poggio, 

1999; Zhou, Friedman & von der Heydt, 2000). On this view, held for over a century and still 

held by researchers today, figure assignment necessarily precedes object recognition and access 

to semantics (e.g., Serre, Olivia, & Poggio, 2007). Instead, the evidence reviewed in this 

dissertation suggests that prior to object assignment, properties of potential objects on either side 

of a border are evaluated up to the level of semantics (Sanguinetti, Allen, & Peterson, 2013). 

These properties enter into a competition that takes places during the course of object perception 

and the outcome of this competition, suppression of the ground, can last for up to ~250 ms 

seconds (Chapter 2.). Furthermore, the evidence in this dissertation suggests that this perceptual 

organization can proceed quickly enough to support rapid behaviors (Sanguinetti & Peterson, in 

prep.), contrary to assumptions from feed-forward models that suggested it would take much 

longer (VanRullen & Thorpe, 2002; Serre, Olivia, & Poggio, 2006). 

Instead of the traditional feed-forward view of visual processing, the evidence in this 

dissertation supports models of object perception that propose that vision in general (Lamme & 

Roelfsema, 2000; Bullier, 2001, Dehaene, 2006; Peterson & Nadel, 2014) and object perception 

in particular (Epshtein, Lifshitz, & Ullman, 2008; Peterson & Cacciamani, 2013), involves a fast 

feedforward pass of processing and iterative feedback. In particular, this dissertation supports a 

model of object perception in which low-level object features (Grossberg; Keinker et al, 2006), 

shape level representations (Peterson & Skow, 2008) and semantics (Peterson et al, 2012; 

Sanguinetti, Allen, & Peterson, 2014; Cacciamani, et al., 2014) are accessed at multiple levels of 
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the cortical hierarchy before object assignment, contrary to the figure-ground first assumption 

held by theorists, and that some of those object properties compete for perception. This 

competitive model assumes that potential objects can be accessed on a fast feedforward pass of 

processing, inhibitory competition can take place at multiple levels, and these levels interact 

through iterative feedback loops (Peterson & Cacciamani, 2013) 
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Appendix A: 

THE GROUND SIDE OF AN OBJECT, PERCEIVED AS SHAPELESS YET PROCESSED 

FOR SEMANTICS 

 

Originally published in Psychological Science. Reprinted with permission from the authors. 

 

Sanguinetti, J. L., Allen, J. J. B., Peterson, M. A. (2014). The ground side of an object, perceived 

as shapeless yet processed for semantics. Psychological Science, 25(1), 256-264. 
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Appendix B 

ULTRA-RAPID BEHAVIOR BASED ON FIGURE-GROUND SEGREGRATION 

 

In preparation to be submitted to the Journal of Vision. Printed with permission from the 

authors. 

Sanguinetti, J. L., Peterson, M. A. (2014). Ultra-rapid Behavior Based on Figure-ground 

Segregation. In preparation for submission to Journal of Vision. 
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Abstract 

 

Humans can categorize objects in natural scenes with remarkable speed. For instance, when two 

scenes are flashed to the right or left of fixation, a saccade can be initiated to the scene 

containing a target in less than 150 ms (Crouzet et al., 2010). It has been assumed that such 

“ultra-rapid categorization” is supported by a fast, feed-forward pass of processing in the visual 

cortex, but it is unknown how much of perception can be supported by feedforward processing. 

It is unclear whether behaviors that rely on perceptual organization can be as rapid as those 

presumed to rely on feedforward processing.  We investigated how long perceptual organization 

takes using a task in which participants made saccades to real-world, meaningful silhouettes 

while ignoring novel silhouettes. The ambiguity of the novel silhouettes was manipulated such 

that in half the trials participants’ saccades had to be initiated after at least some perceptual 

organization occurred; were saccades initiated earlier in this experimental condition, then 

participants would perform poorly. In the control condition, little perceptual organization was 

necessary for accurate performance and behavior could be initiated on the basis of fast 

categorization alone. In three experiments, accuracy in experimental and control conditions was 

equivalent.  In Experiment 1, saccades were initiated after 272 ms on average on control trials 

and after 287 ms on average on experimental trials, a difference of only 15 ms. In Experiment 2, 

the first moment when correct responses first significantly outnumbered incorrect responses was 

calculated in order to ask how rapidly saccades that require perceptual organization can be 

initiated. Participants could reliably initiate saccades requiring perceptual organization on 

experimental trials within ~200 ms, compared to an average saccade initiation time of ~190 ms 

on control trials. Again, responses that depended on perceptual organization took only a short 

time longer than those that did not. In Experiment 3, factors other than perceptual organization 

that could have led to these results were ruled out. These results are the first to demonstrate that 

perceptual organization, a process fundamental to perception, can proceed far enough to support 

accurate, rapid behaviors within ~200 ms, an importantly, in only 10-15 ms longer than 

behaviors that do not rely on perceptual organization.  
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Introduction 

 

Although vision seems instantaneous, it takes time from the moment visual information 

impinges on the retina to the moment perception arises. Investigations of the temporal dynamics 

of visual perception have shown that an impressive amount of processing can be accomplished 

within the first few hundred milliseconds after retinal stimulation. For example, the “gist” of a 

natural scene can be extracted with a single glance, in less than 200 milliseconds (Potter, 1976; 

Biderman et al., 1982; Rousselet et al., 2005; Olivia, 2005 for review). More precise measures of 

the speed of visual processing have been developed that take advantage of fast behavioral 

responses. For instance, using a go/no go categorization task, Thorpe et al. (1996) found that 

participants could initiate responses to targets in natural scenes (e.g., animals) with an average 

manual reaction time of about 450 ms and “minimum reaction time” (i.e., the first moment in 

time when correct responses significantly outnumber incorrect) of about 250 ms. 

Electroencephalogram (EEG) was also recorded, and differences emerged at 150 ms post 

stimulus onset at frontal electrode locations when the target category was present versus absent.  

Difficulties replicating and interpreting these neurophysiological differences (Johnson & 

Olshausen, 2003, 2005) led researchers to seek behavioral measures that are well suited to test 

the speed of visual processing. Eye tracking is a good candidate because eye movements 

(saccades) can be initiated within 80-100 ms after stimulus onset (Busettini, Masson, & Miles, 

1997; Fisher & Weber, 1993), yet they occur only when the visual processing in question has 

proceeded far enough to support accurate behavior (Thorpe, 2002). For example, when two 

photographs of natural scenes are flashed on the right and left of fixation, median saccadic 

reaction times (SRTs) to move the eyes to the scene containing an animal are ~220 ms (Kirchner 

& Thorpe, 2006). Using similar methods, the “minimum saccadic reaction time” was found to be 
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100 ms when faces were targets, 120 ms for animals, and 150 ms for vehicles (Crouzet, 

Kirchner, & Thorpe, 2010). These fast behaviors show that the human visual system can detect 

category-level visual information with remarkable speed, “ultra-rapidly,” in the words of Thorpe 

and colleagues.  

It has been argued (Thorpe et al., 1996; van Rullen & Thorpe, 2001, 2002; Serre et al., 

2007) that such “ultra-rapid categorization” depends an unorganized, feed-forward wave of 

processing through the cortex, based on the following reasoning: Given the number of 

connections between the retinal input and inferior temporal areas of the brain assumed to be 

involved in categorization, there is not enough time for feedback processing to play a role in 

such short response times. These authors assume that perceptual organization would take much 

longer, perhaps due to the need for iterative feedback processing (VanRullen & Thorpe, 2002; 

Serre et al., 2007; Kirchner & Thorpe, 2006), but they attempted no measurements.  

Perceptual organization involves grouping certain elements in the input into objects, and 

segregating them from others; many scientists consider it fundamental to object perception 

(Kohler, 1929; Koffka, 1935; Palmer, 2006; Peterson & Kimchi, 2013). During segregation, the 

visual system must determine which borders in the visual field are bounding edges of objects or 

surfaces. Those regions that appear to be shaped, or configured, by the border are perceived as 

the object (or figure), and those that are not bounded by the shared border are seen as part of a 

locally shapeless background to the figure; this is figure-ground perception. The time needed for 

perceptual organization in general, and figure-ground segregation in particular, to proceed far 

enough to support human behavior is unknown (Hegde, 2008), although there is some relevant 

evidence.  
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Electrophysiological evidence measured in monkeys and humans suggests there are two 

stages of visual processing that contribute to figure-ground segmentation. An early stage, 

purported to involve edge segmentation and the assignment of borders begins only ~25 ms after 

the first wave of activity reaches the visual cortex (~50 ms in monkeys; Craft et al., 2007; Qui et 

al., 2007; Zhou et al., 2000). Neurons in monkey visual cortex, V1, increase their firing rate 

when their receptive field falls on a border between adjacent regions beginning about ~80 ms 

after stimulus onset, and by ~100 to 120 ms the same neurons respond differentially when their 

receptive fields fall on figures versus grounds (Zisper, Lamme, & Schiller, 1996; Lamme, 

Rodriguez-Rodriguez, & Spekreijse, 1999). Since the latter signals are recorded in V1/V2 and 

occur ~20 – 40 ms after the border has been isolated, it is thought that they require feedback (see 

Lamme et al., 1999). Feedback axons have been shown to be as fast as feedforward axons, with a 

conduction velocity of about (Girard et al., 2001). Consistent with this view, the earlier but not 

the later signals are observed in anesthetized monkeys (Lamme et al., 1999). In humans, EEG 

signals related to the presence of textured figures on orthogonally textured grounds emerges 

~100 ms after stimulus onset and peaks at 140—160 ms post stimulus onset (Bach & Meigen, 

1999; Caputo, & Casco, 1999); these potentials were interpreted as signaling initial edge 

segmentation processes necessary for figure segmentation, although they occur late enough to 

support feedback related processing. Later neurophysiological signals, starting 200-260 ms after 

stimulus onset were correlated with global figure-ground segmentation (Captuto & Casco, 1999). 

Consistent with the interpretation that figure-ground segmentation depends on two phases of 

visual processing, transcranial magnetic stimulation (TMS) targeting early visual cortical areas 

(V1) was found to disrupt participants ability to discriminate “stack” versus “frame” stimuli, a 

task that relies on figure-ground segmentation, at 130-160 ms, and later at 250-280 ms after 



99 
 

stimulus onset (Heinen et al., 2005). The later stage was argued to require feedback due to the 

longer latency, although the “earlier” stage could also involve feedback-related processes.  These 

neurophysiological experiments shed light on figure-ground segmentation, but none of them can 

answer the question asked in the current experiments: How quickly can processing that supports 

global figure-ground (object) segmentation be completed to support behavior? The previous 

literature suggests a rather late stage for global figre-ground extraction (> 200 ms), yet feedback 

to the earliest levels of the visual hierarchy, V1, have been shows already at ~100 ms. The 

neurophysiological literature reviewed so far did not use ambiguous stimuli, so it is possible that 

global figure-ground segmentation was occurring before the later processing stage (i.e., before 

~200 ms). In the current experiment we used ambiguous stimuli in order to ask how quickly 

behavior can be generated after the resolution of ambiguity proceeded far enough to support 

accurate behavior, which required global figure-ground segmentation. 

In the present experiments, we adapt the forced-choice task used by Thorpe and 

colleagues to estimate how long it takes for perceptual organization to proceed far enough 

toward completion to support responses.  Previous assumptions, based on evidence that ultra-

rapid categorization can be initiated within 100-150 ms, were that behaviors based on perceptual 

organization would take much longer due to the differences in processing architecture underlying 

each process (fast feedforward verses iterative feedback). Yet, as outlined here, processing stages 

relevant for figure segmentation are already underway by approimately ~100 ms, suggesting that 

behaviors based on figure-ground segmentation might not take much longer to initiate than those 

assumed to rely on categorization alone. Indeed, the strength of figure-ground signals in early 

visual cortex approximately 120 ms after stimulus onset predicts the latency of saccadic reaction 

times (SRTs) in a saccadic detection task when monkeys saccade to a target stimulus, a small, 
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enclosed, square figure in textured visual stimuli  (average saccades were 260 – 400 ms; Super & 

Lamme, 2007). These strength dependent responses suggests that figure-ground activity 

occurring shortly after 100 ms in visual cortex acts as an intermediate link between early sensory 

information processing and occulo-motor control (Supér, 2007). On these data, figure 

segmentation need not be complete before motor output is initiated, but at the very least figure-

ground activity occurred before the execution of a saccade (note, even saccades found in ultra-

rapid visual categorization, see Discussion). In the figure-ground experiments outlined above, the 

displays were unambiguous. Therefore, it is not clear whether the neural signals index processes 

related to figure-ground segmentation per se, or to border detection, or to the detection of object 

properties that are associated with figures (e.g., properties like closure, symmetry, convexity, 

etc.). In the current experiments, the ambiguity of the stimuli was manipulated such that for half 

the stimuli, figure-ground segmentation had to occur before saccades were generated, whereas 

for the other half of the stimuli the mere detection of a relevant property was sufficient; figure-

ground segmentation was unnecessary. This manipulation allowed us to investigate how quickly 

behaviors that require at least some perceptual organization can be initiated.  

Participants were shown two black silhouettes, one above and one below fixation. One 

depicted a real-world object (such as a telephone, a turtle, a clover leaf, etc; see Figure 1, top 

row); the other was a novel shape, created in the laboratory. Participants’ task was to move their 

eyes as quickly as possible to the location containing the silhouette depicting a real-world object.  

All of the silhouettes were designed so that the insides would be perceived as figures: They were 

small, symmetric and enclosed by their borders; all of these properties favor assigning the figure 

on the inside of the silhouette’s borders. We manipulated the ambiguity of the non-target novel 

silhouettes by manipulating the presence of an object property on the outside of the silhouette 
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border: Half of the non-target novel silhouettes were unambiguous in that their vertical, side, 

borders suggested novel objects on the outside (the groundside) as well as the inside, figure side 

(control novel silhouettes; Figure 1, middle row). The rest were ambiguous in that their vertical 

borders suggested real-world objects on the outside, the perceived groundside (experimental 

novel silhouettes; Figure 1, bottom row). In previous studies, we have found that both the shape 

and the meaning of the real-world object suggested on the groundside of the experimental novel 

silhouettes are activated in a fast pass of processing that occurs outside of awareness before 

figure assignment (e.g., Peterson & Gibson, 1994; Peterson & Skow, 2008; Peterson, et al., 2012; 

Cacciamani, et al, 2014; Sanguinetti, et al., 2014). Nevertheless the figure is assigned on the 

inside of the silhouette’s border because a majority if object properties favor assigning the figure 

on that side, and the outside is perceived as a shapeless ground. Participants who view these 

silhouettes in this and other studies (Peterson & Gibon, 1994; Peterson & Skow, 2008; Trujillo et 

al., 2010) are unaware of the real-world objects suggested on the outside (see Methods).  
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Figure 1. Real-world silhouettes are depicted on the top row. From left to right, a telephone, 

turtle and clover are shown. Control silhouettes are shown in the middle row. These are novel 

silhouettes that portray no objects on the outside of their borders and meaningless novel objects 

on the inside. In the third row, experimental silhouettes are shown. Novel objects are depicted on 

the inside of experimental silhouettes and meaningful objects are suggested in the ground region. 

Participants were not aware of these hidden meaningful shapes, as they reported perceiving only 

the central novel (black) silhouette. From left to right, portions of seahorses, palm trees and bells 

are portrayed on the outside (white region) of the experimental silhouettes. 
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Using these stimuli in a design like that used by Thorpe and colleagues allows us to make 

clear predictions regarding how subjects behavior should vary as a function of whether they 

respond based on evidence for real world objects before or after figure assignment (a form of 

perceptual organization) has proceeded far enough to disambiguate the stimuli: If subjects base 

their responses on an early, pre-figure assignment pass of processing, they should respond less 

accurately on trials when the non-target silhouette is an experimental novel silhouette rather than 

a control novel silhouette. Indeed, accuracy might be at chance when experimental novel 

silhouettes are the non-targets paired with the target real world silhouettes because on those 

trials, real world objects are activated by the visual system at both the target and the non-target 

locations before figure assignment (cf., Peterson & Gibson, 1994; Peterson et al, 2012; 

Sanguinetti et al, 2014; Cacciamani et al., 2014). Alternatively, if perceptual organization has 

proceeded far enough toward assigning shaped figural status to the inside of the experimental 

novel silhouettes and shapeless ground status to the outside of the experimental novel silhouettes 

before response generation, then participants should be equally accurate on trials on which 

experimental and control novel silhouettes serve as non-targets .  

If subjects respond accurately on trials with experimental novel silhouettes as the non-

targets, their SRTs can be assay how long it takes for figure-ground assignment to progress far 

enough to support accurate performance. It has been shown that the time required for figure-

ground assignment depends on the ambiguity of the input (Peterson & Lampignano, 2003; 

Peterson & Enns, 2005). Since the experimental novel silhouettes are more ambiguous than the 

control novel silhouettes, we expected both mean and minimum SRTs to be longer when the 

former rather than the latter were paired as the non-targets with a real world silhouette. 

Therefore, the SRTs for trials with experimental novel silhouettes as non-targets can serve as an 
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estimate of how long perceptual organization takes. Perceptual organization may occur before 

saccadic responses are initiated on trials with control novel silhouette non-targets as well, but for 

those trials, it remains possible that initial access to object memories is sufficient for response (as 

it remains possible in the Thorpe et al., studies).  

Precis. In two of the three experiments reported here, it was found that accuracy was well 

above chance and did not differ on trials on which experimental versus control novel silhouettes 

served as non-targets. These results showed that perceptual organization had proceeded far 

enough before saccades were initiated to assign shaped figural status to the inside of the 

experimental novel silhouettes and shapeless ground status to their outsides. In Experiment 1, 

participants’ mean latencies to initiate saccades were slower when experimental (287 ms) 

relative to control (272 ms) novel silhouettes served as non-targets, consistent with the idea that 

more time was needed to assign figural status in the former than the latter condition, but note that 

SRTS were only 15 ms longer on trials where perceptual organization was necessary for correct 

responses. These reaction times were fast compared to average manual reaction times, but not as 

fast as the ultra-rapid visual categorization performance reported by Thorpe and colleagues. In 

Experiment 2, the methods were changed somewhat to encourage faster responses; average 

reaction times were reduced by about 60 ms. Responses were 6 ms slower when experimental 

novel silhouettes rather than control novel silhouettes were present replicating Experiment 1. We 

also tested a larger number of subjects so that a minimum SRT analysis could be done. We found 

that the minimum SRTs for behaviors based on perceptual organization occurred within 200 - 

209 ms, 10 ms longer than minimum SRTs for behaviors that could, in principle, be completed 

without perceptual organization. These results support previous findings that perceptual 

organization is underway early in visual processing. The small difference between SRTs on trials 
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on which perceptual organization was versus was not necessary for accurate responses raises the 

possibility that perceptual organization precedes response for unambiguous displays as well as 

for ambiguous displays. In a third control experiment, we used inverted versions of the 

experimental novel stimuli to rule out the possibility that participants delayed responses on trials 

with unambiguous stimuli because they appeared in the context of ambiguous stimuli, and to rule 

out explanations of these differences in terms of stimulus features. .  

Experiment 1   

To begin to measure how long it takes to generate behavior based on perceptual 

organization, we presented participants with a forced choice task. They viewed two silhouettes 

on each trial, one above and one below a central fixation point. One silhouette depicted a real-

world object; the other depicted a novel object. Participants were instructed to move their eyes as 

quickly and as accurately as possible to the real-world silhouette while ignoring the novel 

silhouette; this is a variant the forced-choice saccadic task used by Kirchner and Thorpe (2006). 

Experiment 1 was designed to establish for our stimuli and our task how long was needed to 

make saccades to target real world silhouettes when accurate responses could be generated 

without perceptual organization (control condition) and to compare these latencies to a condition 

where perceptual organization was required for accurate behavior (experimental condition).  
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Methods 

Participants 

Thirty-six volunteers (19 females; mean age 19.7 years of age) participated for class 

credit for introductory-level psychology classes at the University of Arizona. All participants 

reported normal or corrected-to-normal vision and spoke English fluently. Data from three 

participants were unusable due to difficulties with eye-tracker calibration for two participants 

and to coding issues for the other. 

Stimuli 

The stimuli were 160 mirror-symmetric, enclosed black silhouettes. Of these, 80 

portrayed meaningful, real-world objects inside their borders only (animals, plants, man-made 

objects, cartoons and symbols; top row Figure 1). Configural cues (e.g., symmetry, enclosure, 

small area) and familiarity work together such that the insides of these “real-world silhouettes” 

are perceived as the figure. These were the target silhouettes. The remaining 80 silhouettes were 

the non-target silhouettes; these portrayed meaningless novel shapes (i.e., geometric shapes 

participants had never encountered before the experiment). Half of these “novel silhouettes” 

suggested novel objects on the outside of their borders as well as on the inside; these are the 

control novel silhouettes (middle row, Figure 1). The remaining 40 novel silhouettes suggested 

portions of real-world, familiar objects on the outside of their borders. It is known that memories 

of the real-world objects suggested on the outside of these experimental novel silhouettes are 

activated before figure-ground assignment (e.g., Peterson & Gibson, 1994; Peterson & Skow, 

2008; Sanguinetti et al, 2014; Cacciamani et al, 2014). Yet because the preponderance of object 

properties (e.g., symmetry, enclosure, small area) favored assigning the figure to the inside rather 

than the outside of the experimental novel silhouettes, subjects perceived the experimental 

silhouettes as novel and were unaware of the objects suggested on the outside/groundside; 
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indeed, they perceived the outsides of both the experimental and the control novel silhouettes as 

shapeless grounds (confirmed by see Post-experiment Questioning, see below). Silhouettes were 

(4.7° high × 1.8°−9.4° wide). Experimental and control novel silhouettes were equated on low-

level features known affect object perception (symmetry, enclosure, local convexity; Peterson & 

Gibson, 1994; Peterson & Kim, 2001), and other low level stimulus features (contour length, 

luminance, spatial frequency and horizontal span; Trujillo et al., 2010).  

Apparatus 

Stimuli were presented on a 19-in cathode ray tube monitor using Experiment Builder 

(SR Research, LLC). Participants sat 90 cm from the screen; they used a chin rest to maintain a 

fixed viewing distance. Eye movements were monitored with a desktop-mounted Eye-Link 1000 

eye tracker system recorded at 1000 Hz, with a spatial resolution of 0.24º to 0.5 º, tracking the 

right eye. The room was dimly lit. The experimenter sat behind a room divider in the room with 

the participant. SRTs were extracted with EyeLink Data Viewer software (SR Research, LLC). 

Saccades were defined based on velocity, acceleration and motion thresholds. Eye movements 

were defined as a saccade when its distance was in excess of 0.2 º (motion threshold), the 

velocity reached 22º/sec, and acceleration threshold of 4000º/sec exceeded.   

Procedure 

At the beginning of the experiment, participants performed a calibration and fixation 

localization in order to endure proper eye-tracking measurements. One the eye-tracker was 

calibrated, participants performed a forced-choice saccadic task that was modeled after previous 

studies (Kirchner & Thorpe, 2006; Crouzet et al., 2010). On each trial, a real-world silhouette 

and a novel silhouette (either experimental or control, randomly chosen) were presented 

simultaneously, one above and one below fixation. A left bias has been reported in forced choice 
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saccadic reaction time experiments (e.g., Crouzet et al., 2010); stimuli in the current study were 

presented above and below fixation in order to avoid contamination of SRTs by this bias. Also 

because our experimental silhouettes suggested real-world objects on the outside of the left and 

right borders, we thought it best to locate them above/below fixation rather than left/right of 

fixation. We note that SRTs to locations above and below fixation are known to be slower than 

left/right SRTs (Crouzet, et al., 2010).  

Participants’ task was to move their eyes to the location occupied by the real-world 

silhouette as quickly and as accurately as possible. They were naive to the experimental and 

control manipulation within the novel silhouettes, and were told to ignore the 

“novel/meaningless silhouettes”. They were given 24 practice trials without feedback, and were 

allowed to repeat the practice trials if they had trouble understanding the task. 

 Each trial began with a fixation cross (Figure 2). Participants had to keep their eyes on 

the cross for 1,000 ms to initiate the trial, signaled by the disappearance of the fixation cross and 

the appearance of two silhouettes, one above and one below fixation. (If they glanced away 

during the first 1,000 ms after they initially fixated the cross, the trial would recycle randomly to 

another trial in the sequence.) Silhouettes were exposed for 175 ms. They were located 5º above 

or 5º below fixation. Finally one of 5 masks appeared for 300 ms. The masks were random 

blotches of black and white (H: 4.7º;W: 9.4º). On each trial, the two masks (above or below 

fixation) were different. The next trial began 1,000 ms after the offset of the silhouettes. 
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Figure 2. The trial structure for Experiment 1. A fixation cross was displayed for 1000 ms; 

participants had to fixate for 1000 ms to initiate the trial. If they did not, the trial would recycle 

to randomly to another place in the experiment.. Two black silhouettes were then displayed 

simultaneously for 300 ms. Finally two rectangles filled with random black and white patterns 

centered on the locations of the two silhouettes were displayed for 400 ms.  

 

Post Experiment Questioning 

The central conclusions in this experiment rely on the fact that participants were unaware 

of the suggested real-world objects on the outside of the experimental silhouettes because we 

were interested in testing the amount of time needed for perceptual organization processes to 

reject the objects suggested on the outside of the experimental novel silhouettes and assign the 

figure on the inside. Thus, extensive post experiment questioning was used to determine 
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participants’ awareness of the meaningful shapes suggested on the outside of experimental 

silhouettes. Immediately after the experiment, participants were asked to indicate whether they 

had seen any recognizable shapes on the outside of any of the silhouettes. If they indicated they 

did, they were asked to verbally recall those shapes. Data from participants who indicated any 

awareness of any meaningful shapes on the outside of the silhouettes were removed from the 

analysis, regardless of whether they correctly recalled any objects (thus our criteria was very 

stringent). Twelve participants were deemed aware of the hidden shapes by this procedure, and 

their data were not analyzed. The data from the remaining 21 “unaware” participants (12 

females) were analyzed. Only data from these participants are analyzed because the central 

question of this study is how long it takes for perceptual organization to reject the suggested real-

world objects on the outside of experimental silhouettes before accurate eye movements are 

initiated. 

Results and Discussion 

Accuracy. Data from one participant who had an overall accuracy rating of less than 55% 

was removed.2 Average accuracy for the remaining 20 participants was 69%. In contrast to what 

would be expected if subjects’ eye movement responses were based on categorization during the 

first pass of processing, participants performed well above chance in the experimental condition 

(72% ± 0.09%), and their accuracy did not differ from the control condition (67% ± 1%), t(19) = 

-1.57, p > 0.05, d = -0.5 (Figure 3). This crucial finding shows that the meaningful objects 

suggested on the outside of experimental novel silhouettes were rejected by perceptual 

organization before participants initiated their saccade towards the target real-world silhouettes.  

                                                           
2 For this participant, their overall accuracy was 52%; it was 50% for the control condition and 55% for the 
experimental. 
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Figure 3. Accuracy for Experiment 1. Control and “experimental” on the x-axis denotes 

the type of novel silhouette present.  

 

Saccadic Reaction Times. Two participants had mean SRTs that were two standard 

deviations above the average SRT; therefore their data were discarded. Participants (n = 20) 

initiated saccades towards real-world silhouettes when control novel silhouettes were present 

within an average of 272 ms (± 88 ms). This control condition serves as a baseline for how 

quickly participants can perform this task when in principle performance can be based on only 

fast categorization of the target real-world object (given that there was no evidence for a real-

world object at the location of the control non-target silhouette). Compared to this baseline, 

participants took 15 ms longer to initiate saccades when experimental novel silhouettes were 

present (287 ms ± 87 ms), t(19) = -2.05, p < 0.05, two-tailed, d = 0.16 (Figure 4). This result 
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shows that behaviors that require at least some perceptual organization take on average 15 ms 

longer than those that in principle do not require perceptual organization, but the difference is 

surprisingly small. Previously, it was assumed that behaviors that rely on segregation might take 

much longer than those based only on an unorganized access to category level representations (as 

in ultra-rapid categorization; e.g., Kirchner & Thorpe, 2006). Our findings, indicate either that 

perceptual organization is extremely rapid, or that responses on control trials were generated 

after some perceptual organization had occurred as well (even though in principle, perceptual 

organization was not required. 

Is it possible that the slowed reaction times are due to response conflict when an 

experimental silhouette is present on the screen rather than the time needed for perceptual 

organization? We do not favor this explanation for two reasons. First, response conflict would be 

expected to produce more errors on trials with experimental rather than control novel silhouette 

non-targets, and this was not observed. Moreover, any response conflict on experimental trails 

can be resolved only by perceptual organization. Therefore this explanation does not pose an 

alternative to an explanation in terms of perceptual organization.  

Is it possible that participants simply learned to saccade to the screen location where a 

real-world object was suggested on the inside rather than the outside of the silhouette? This 

strategy would require only that the inside/outside location of the real-world object be available 

to response systems and would not require that the inside was assigned figural status.  Such a 

strategy cannot explain our results because it cannot account for longer SRTs in the experimental 

condition than in the control condition. We submit that the difference in SRTs must be due to the 

time needed for perceptual organization to progress far enough toward resolving figure 
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assignment when experimental novel silhouettes were the non-targets so that the location of the 

real-world object was evident. 

These average SRTs obtained in Experiment 1 are not as fast as those found in eye-

tracking studies employing forced-choice categorization in which targets appeared in color or 

black and white photographs of natural scenes (~ 135 ms for min SRTs and ~170 ms for average 

SRTs; Crouzet et al., 2010). Overall, reaction times were expected to be somewhat slower than 

what has been previously found in forced-choice saccadic tasks (e.g., Kirchner & Thorpe, 2006) 

for several reasons. First, the only information participants have available to recognize the 

silhouettes were the borders – the stimuli lack surface detail, and cues for tridimensionality. Thus 

we expected SRTs overall to be slower as compared to studies that use more complex stimuli 

(e.g., Kirchner & Thorpe, 2006). Indeed, there is evidence that silhouettes are more difficult to 

recognize than line stimuli that contain more surface detail (e.g., Wagemans et al 2008). 

Additionally, in previous experiments, category differences on SRT latencies have been found 

(SRTs to faces are the quickest; Crouzet et al., 2010). The objects portrayed by real-world 

silhouettes were from many categories, so eye-movements to the real-world silhouette could not 

be based on simple template matching to one class of stimuli (for example, to an animal 

template). Finally, in a forced choice saccadic task, it has been shown that saccadic reaction 

times were faster when stimuli were presented left/right versus above/below fixation. This was 

due to a left bias in saccades. In the present study, stimuli were presented above/below fixation 

in order to avoid this bias, and slowed overall reaction times be tens of milliseconds (Crouzet, et 

al., 2010). All of these factors should have contributed overall to somewhat slower saccadic 

reaction times than what has been found in ultra-rapid visual categorization paradigms. In 

addition, participants’ overall performance was lower in the current experiment (~70%) as 
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compared to > 90% accuracy in ultra-rapid visual categorization studies, indicating that the task 

was more difficult. The overall difficulty of the present task would also have slowed SRTs 

compared to previous work. We do not consider the longer baseline SRTs a drawback because 

our interest was in examining how much longer SRTS would be when experimental novel 

silhouettes rather than control novel silhouettes served as non-targets and this difference is 

measured against baseline. Nevertheless, in the next experiment we attempted e to reduce SRTs 

and we employed a minimum SRT analysis (Kirchner & Thorpe, 2006) to investigate whether 

saccades initiated on the basis of perceptual organization in our paradigm can be even more 

rapid. By doing so, this will allow us to investigate whether saccades initiated after perceptual 

organization can be even faster and can approach the latencies previously attributed to ultra-rapid 

visual categorization that does not rely on organized visual input. 
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Figure 4. Saccadic reaction times for Experiment 1 as a function of whether control or 

experimental novel silhouettes served as non-targets. Error bars represent the standard error of 

the mean of the difference scores. 

 

Experiment 2 

 Experiment 1 showed that, on average, behaviors based on perceptual organization take 

only 15 ms longer to initiate than behaviors that in principle need not rely on perceptual 

organization. The goal of Experiment 2 was to determine how quickly participants could perform 

behaviors that rely on perceptual organization. To speed up reaction times, we introduced a 200-

ms gap between the offset of the fixation cross and the onset of the silhouettes, a method that has 

been shown to permit more rapid initiation of saccades (e.g., Fischer & Weber, 1993; Kirchner & 

Thorpe, 2006). In addition, we performed a minimum SRT analysis, in which the first moment in 
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time when correct responses significantly outnumber incorrect responses is found. This allowed 

us to determine the minimum amount of time it takes for observers to make an accurate saccadic 

response under our experimental and control conditions. 

Participants 

One hundred two volunteers (79 females; average age 20.1 years) participated for class 

credit for introductory-level psychology classes at the University of Arizona. All participants 

reported normal or corrected-to-normal vision and spoke English fluently. Data could not be 

used from 6 participants, because of technical issue with the eye-tracker hardware.  

Stimuli and Apparatus 

The stimuli and apparatus were the same as in Experiment 1. 

 

Procedure 

The procedure was the same as Experiment 1 except that a 200 ms blank screen was 

displayed after the participants had maintained fixation on the cross for 1000 ms and before the 

silhouettes appeared. Inserting a blank screen between the offset of the fixation screen and the 

onset of the stimulus screen has been shown to accelerate saccadic initiation (e.g., Fischer & 

Weber, 1993; Kirchner & Thorpe, 2006). 

 

Post Experiment Questioning 

The post-experiment questioning from Experiment 1 was used. Using these methods, it 

was determined that 25 participants were aware of the suggested meaningful objects on the 

outside of the experimental novel silhouettes. The data from these participants was removed 

from the analysis leaving the data from the 71 participants who were “unaware” of the suggested 

meaningful objects on the outside of the experimental novel silhouettes for the analysis. Only 
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data from the “unaware” participants are analyzed because the central question of this study 

concerns how much extra time it takes the visual system to reject the real world objects 

suggested on the outside of the experimental novel silhouettes as potential objects during the 

course of figure assignment. 3 

Minimum Saccadic Reaction Times 

 To perform the minimum saccadic reaction time analysis we divided the saccadic latency 

distribution for each condition into 10-ms bins (e.g., the 200 ms bin contained 200 to 209 ms). 

The first bin in which participants could accurately perform the task was found by searching for 

bins containing significantly more correct than incorrect responses using a chi square test with a 

criterion of p < 0.05. The first five consecutive significant bins were found, and the first of these 

bins was taken as the minimum saccadic reaction time. This analysis was performed by pooling 

the data across subjects and trials following Kirchner & Thorpe (2006). 

Results and Discussion 

Accuracy. Overall accuracy for eleven participants was below 55% and therefore their 

data were excluded.4 For the remaining 60 participants, overall accuracy was 69%. As in 

Experiment 1, participants were well above chance when making saccades toward real-world 

silhouettes when experimental novel silhouettes were non-targets (69%, ± 1%), and accuracy in 

the control condition did not differ from accuracy in the experimental condition (67%, ± 1%), 

t(59) = -1.18, p < 0.05, d = -0.24 (Figure 5). This replicates the crucial finding from Experiment 

                                                           
3 However, data from the “aware” participants were analyzed and reported below. 
4 Overall accuracy for the participants removed was 48%. Participants were significantly worse in the control 
condition (44%) relative to the experimental condition (53%) t(10) = 2.22, p < 0.05. This justifies removing bad 
performers because they could not perform the baseline task (control condition. Note that the performance of 
these participants was not what would be expected if saccades were generated before perceptual organization on 
experimental trials. Rather, it is as if subjects moved their eyes away from the location where familiarity was 
detected. This would result in more errors on control trials because a familiarity signal was present only in the 
target location. 
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1 that participants must be initiating saccades in the experimental condition after at least some 

perceptual organization has taken place (i.e., rejection of the suggested meaningful objects in the 

groundside of experimental silhouettes during figure assignment). Although performance is well 

above chance levels in both the control and experimental conditions, it was below the levels 

reported in previous forced choice saccadic reaction time studies (> 90%; Thorpe & Kirchner, 

2006). This shows that overall the task reported here is harder, which is expected to slow SRTs 

as compared to previous experiments. 

 

 

Figure 5. Accuracy for Experiment 2 as a function of whether a control novel or experimental 

novel silhouette was present in the location opposite the real-world silhouette.  

 

Saccadic Reaction Times. The data from 3 participants who had mean SRTs more than 

two standard deviations outside the average were excluded. Saccadic reaction times in 

Experiment 2 were reduced relative to Experiment 1, t(119) = 3.27, p < 0.05, d = 0.58. As in 
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Experiment 1, saccadic reaction times were longer in the experimental condition (218 ms) than 

in the control condition (212 ms), t(58) = 2.699, p < 0.05, two-tailed, d = 0.107 (Figure 6), but 

note that the difference, although statistically significant, is very small. This again shows that 

behaviors that rely on at least some perceptual organization in the experimental condition take 

more time to initiate than saccadic behaviors that rely on little or no organization, albeit not a lot 

more time. 

 

 

 

Figure 6. Saccadic reaction times for Experimetn 2 as a function of whether control or 

experimental novel silhouettes served as non-targets. Error bars represent the standard error of 

the mean of the difference scores. 
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 Finally, we performed a minimum saccadic reaction time analysis (minSRT; Kirchner & 

Thorpe, 2006), in order to find the first moment in time where participants began to correctly 

perform the task in each condition (the first of 5 consecutive bins where there was a significantly 

higher proportion of correct than incorrect responses in the reaction time distribution). We found 

a clear between condition difference: The minSRT was in the 190 ms bin for the control 

condition and in the 200 ms bin for the experimental condition (Figure 7). Thus, the difference 

between conditions detected in mean SRTs is evident even in the fastest correct reaction times. 

These results show that saccades that must be generated after at least some perceptual 

organization has taken place can be initiated very rapidly, within ~200 ms. The 10-ms difference 

between conditions is surprisingly small. This small difference again raises the question of 

whether perceptual organization takes as little as 10 ms, or whether perceptual organization was 

underway before responses even in the control condition, and the 10-ms increment for the 

experimental condition measures the increased time required for perceptual organization under 

conditions of ambiguity. 
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Figure 7. Distribution of saccadic reaction times in Experiment 2. Trials with control novel 

silhouette non-targets are shown on top and trials with experimental novel silhouette non-targets 

are shown on the bottom. Solid lines represent correct responses and dashed lines represent 

incorrect responses. The vertical dotted line in each graph indicates the first of 5 consecutive bins 

where correct responses significantly outnumbered incorrect responses.  

 

 The minSRTs in the control condition, where saccades could at least in principle be 

initiated without the need for perceptual organization were ~50 ms longer than the longest min 
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SRTs reported by Thorpe et al using gray-scale or color photographs as stimuli (e.g., 150 ms for 

vehicle targets). This difference could be due to the stimulus and experimental factors in the 

current study that slow overall reaction times (see Stimulus/Task Factors Affecting SRTs 

above).In Experiment 3, we test another potential explanation for why our minSRTs were longer 

than those in previous saccadic forced choice experiments, and find it lacking. Before we 

introduce Experiment 3, however, we present an analysis of the performance of “aware” 

participants, whose data was excluded from the analysis above.  

Aware Participants. For the participants who were aware of the suggested objects on the 

groundside of experimental novel silhouettes, accuracy was marginally better for trials on which 

experimental (71% ± 1%)  rather than control (66% ± 1%) novel silhouettes served as non-

targets, t(24) = -2.06, p = 0.0504, d = -0.28. This difference is interesting because aware 

participants were clearly not making their responses prior to perceptual organization. Were they 

doing so they should have been less accurate when experimental novel silhouettes served as non-

targets; instead, they were more accurate. These results suggest that in order to avoid making 

errors, aware participants waited to make their saccades until there was little uncertainty 

regarding where the real-world silhouette was located; they may have waited until perceptual 

organization was closer to being completed than unaware subjects did. The suppression of the 

object suggested on the groundside of the border may have helped participants classify the 

experimental novel silhouettes as “novel.”  

Mean SRTs for participants who reported being aware of the objects that were suggested 

on the outside of experimental silhouettes were longer than those of unaware participants, but, 

there were no differences in SRTs obtained when control novel (274 ± 95 ms) versus 

experimental novel silhouettes served as noon-targets (266 ± 89 ms), t(24) =0.59, p > 0.05 
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Experiment 3 

 In Experiments 1 and 2, it was assumed that object properties relevant to figure 

assignment were detected in a fast pass of processing. The relevant object properties included 

those that favor the inside as figure (e.g., small area, symmetry, closure); these were detected for 

both experimental and control silhouettes. They also include object memories corresponding to 

the portions of real-world objects suggested on the outside of the experimental novel silhouettes 

(Peterson & Enns, 2001; Peterson & Lampignano, 2003; Peterson & Skow, 2008); we assume 

those are accessed in a fast pass of processing (Peterson et al., 2000; Peterson & Cacciamani, 

2013). Indeed, Tujillo et al (2010) showed that object memories are accessed beginning ~105 ms 

after stimulus onset.  In contrast, no object memories were accessed for the outside of the control 

novel silhouettes. It is known that object properties on opposite sides of borders compete for 

figural status (Sejnowski & Hinton, 1987; Craft, Schutze, Niebur, & von der Heydt, 2007; 

Peterson & Skow, 2008) and the time needed to resolve that competition delays figure 

assignment (Peterson & Enns, 2005; Peterson & Lampignano, 2003). For this reason, we 

expected SRTs to be longer when the non-targets were experimental novel silhouettes rather than 

control novel silhouettes. We had equated the experimental and control novel silhouettes on low-

level stimulus factors (see Methods, Exp. 1) to rule out interpretations in terms of stimulus 

features. Nevertheless, experimental and control silhouettes were different silhouettes. To rule 

out the possibility that stimulus differences between the two types of non-target silhouettes 

produced the differences we observed in Experiments 1 and 2 rather than processes consequent 

to access to object memories of the real world objects suggested on the outside of the borders of 

the experimental novel stimuli, in Experiment 3 we used inverted versions of the experimental 

novel silhouettes. Inverting real-world objects causes a delay in recognition (Jolicoeur, 1985; 
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Tarr & Pinker, 1990) because access to objet memories is delayed. Although inversion slows 

recognition, it does not prevent it. However, inversion does delay access to object memories 

beyond the time when perceptual organization occurs (e.g., Kimchi & Hadad, 2002; Peterson, et 

al., 1991; Peterson & Gibson, 1994). Therefore, if SRTs were slower on trials with experimental 

than control novel silhouette non-targets because object memories corresponding to the real-

world object suggested in the grounds were activated early in the course of processing and 

needed to be rejected by perceptual organization, then no differences in SRTs between 

experimental and control conditions should be observed with inverted experimental silhouettes in 

Experiment 3. Alternatively, if the non-target condition-based SRT differences were due to low-

level differences between the two types of novel silhouettes then they should be replicated in 

Experiment 3. 

 Experiment 3 also allows us to address the possibility that our mean and min SRTs are 

longer than those obtained by Thorpe and colleagues because, given that trials with control and 

experimental novel silhouettes are intermixed in our experiments, participants adopted a 

conservative strategy of waiting to initiate saccades until figure assignment was at least 

provisionally determined on both on both experimental and control trials. If the longer average 

SRTs are due to this strategy in Experiments 1 and 2, then mean SRTs in Experiment 3 should be 

shorter than in Experiment 1 because inverting the experimental novel silhouettes renders the 

unambiguous, given that object memories will not be accessed before figure assignment for 

inverted experimental novel silhouettes. Thus, in Experiment 3, there is little or no ambiguity in 

either of the non-target conditions. Therefore, there should be no impetus to wait for perceptual 

organization to initiate saccades in Experiment 3. 
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Participants 

Thirty-two volunteers (19 females; mean age 19.2) participated for class credit for 

introductory-level psychology classes at the University of Arizona. All participants reported 

normal or corrected-to-normal vision and spoke English fluently.  

Stimuli and Apparatus 

The stimuli and apparatus were the same as those used in from Experiment 1 except that the 40 

Novel Figure/Real-World Object ground silhouettes were inverted (rotated 180o on their central 

axis).  

Procedure 

The adapted forced-choice saccadic task from Experiment 1 was used. The only 

difference is that participants were given 24 practice trials with feedback, and were allowed to 

repeat the practice trials if needed.  

Post Experiment Questioning 

The post-experiment questioning from Experiment 1 was used. Using these methods, it 

was determined that 6 participants were aware of the suggested real-world objects on the outside 

of some of the novel silhouettes. Thus data from 26 participants who were “unaware” of the 

suggested real-world objects were kept for the analysis.  

Results and Discussion 

Overall accuracy in Experiment 3 was 68%. There was no difference in accuracy between 

trials with Experimental (70%, ± 1%) and Control silhouettes (66%, ± 1%), t(25) = -1.35, p > 

0.05, d = -0.39 (Figure 8). As can be seen in Figure 8, no differences in SRTs were obtained 

between trials with the Control (282 ms) versus Experimental silhouettes (280 ms), t(25) = 

0.155, p > 0.05, d = 0.018. The absence of a difference here shows that low-level featural 
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differences between the experimental and control novel silhouettes cannot account for the 

between-condition differences observed in Experiments 1 and 2, and suggests that the longer 

reaction times observed on trials on which the experimental novel silhouettes were the non-

targets in Experiments 1 and 2 were due to the access to memories of the real-world objects 

suggested on the outside of the experimental novel silhouettes early in the course of processing, 

and the time needed for perceptual organization to reject those objects before eye movements 

could be initiated.  

In both experimental and control conditions in Experiment 3, saccades did not require 

perceptual organization before they were initiated – they could be initiated as soon as the real-

world shape was detected in the display. If SRTs in Experiments 1 were slower than SRTs in 

Experiment 3 (which used the same presentation conditions), that would be consistent with the 

interpretation that because they detected ambiguity on some trials, participants waited to move 

their eyes until after perceptual organization was completed on both experimental and control 

trials. However, results did not support that interpretation. Overall SRTs in Experiment 1 (295 ± 

87 ms) and Experiment 3 (281 ± 109 ms) were not different t(89) = 0.67, p > 0.05; no differences 

were found for the control or experimental conditions between the two experiments either, both 

ps > 0.05.The fact that saccadic reaction times in the control conditions are not different between 

the two experiments suggests that observers in Experiment 1 did not simply delay responding 

until perceptual organization was accomplished on control non-target trials – those responses 

were likely initiated as soon as possible. 
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Figure 7. . Accuracy for Experiment 3 as a function of whether the non-target was an 

experimental or a control novel silhouette.  
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Figure 8. Saccadic reaction times for Experiment 3 as a function of whether the non-target was 

an experimental or a control novel silhouette. Error bars are standard error of the mean on the 

difference scores. 

 

General Discussion 

The current experiments used a forced-choice saccadic task to investigate the temporal 

dynamics of perceptual organization. On each trial, two silhouettes were simultaneously 
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baseline, since saccades in this condition, like saccades in the experiments conducted by Thorpe 

and colleagues (see Introduction; e.g., Kirchner & Thorpe, 2006; Crouzet et al., 2010) could at 

least in principle be based on fast categorization alone, in the absence of perceptual organization. 

Average saccadic reaction times (SRTs) in the baseline control condition of Experiment 1 were 

272 ms; in the experimental condition, real-world objects were suggested on the side of the 

border that was ultimately determined to be the ground (Peterson & Skow, 2008; Sanguinetti et 

al., 2013; Cacciamani et al., 2014). Therefore, perceptual organization had to proceed far enough 

to determine that the figure lay on the inside of the silhouette before accurate eye movements 

could be initiated toward the target. Average SRTs in the experimental condition of Experiment 

1 were 287 ms, 15 ms longer than in the baseline condition. This difference in SRTs is the first 

direct measure of how much longer it takes for accurate saccades to be initiated when, in 

addition to categorization, at least some perceptual organization must precede initiation of the 

response.  The difference is surprisingly small. 

The saccadic reaction times in Experiment 1 were longer than those found in similar 

studies employing the forced choice saccadic reaction time method (e.g., mean SRTs ~ 170; 

Crouzet et al., 2010). These longer SRTs could be due in part to the impoverished nature of our 

silhouette stimuli compared to the stimuli used previously (e.g., Thorpe & Kirchner, 2006) and to 

the fact that it takes longer to move the eyes above/below rather than right/left of fixation (see 

discussion following Exp. 1). In Experiment 2 we sought to encourage faster SRTs, and we 

tested a sufficiently large number of participants to allow a minimum saccadic reaction time 

(minSRT) analysis. In Experiment 2 mean and minSRTs were 212 ms and 190 ms (binned data), 

respectively, when control novel silhouettes were the non-targets, and 218 ms and 200 ms 

(binned data) when experimental novel silhouettes were the non-targets. Once again, the 
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difference in SRTs in the control and experimental condition is small (~6 ms and ~10 ms). The 

average and min SRTs reported in Experiment 2 are very fast. Given the time it takes for motor 

system to program outputs to the eye muscles, ~ 20 ms (Schiller & Kendall, 2004; Thorpe & 

Kirchner, 2010), perceptual organization had proceeded far enough to allow accurate behavior 

within ~180 ms. To our knowledge, this is the first report of such rapid behaviors that necessarily 

rely on perceptual organization. 

In Experiment 3 we ruled out an explanation of the differences observedin Experiments 1 

and 2 in terms of stimulus features by using inverted versions of the experimental novel stimuli. 

With inverted versions of the experimental novel silhouettes, object memories corresponding to 

the real world object suggested on the groundside cannot be activated before figure assignment. 

Accordingly, evidence for a real-world object is present in the location of the target only, 

regardless of the type of novel non-target silhouette. Therefore there is no need for perceptual 

organization on experimental trials. In Experiment 3, there were no differences between average 

SRTs as a function of the type of non-target silhouette, ruling out an interpretation of the results 

of Experiments 1 and 2 in terms of low-level stimulus features. Experiment 3 also ruled out the 

possibility that participants developed a strategy of delaying all saccades until figure assignment 

was at least provisionally determined in Experiments 1 and 2 because ambiguous experimental 

trials were intermixed with unambiguous control trials. The use of inverted experimental novel 

silhouettes removed all ambiguity, and hence, all impetus to adopt this strategy. Nevertheless, 

average SRTs were not different to those in Experiment 1, where the same presentation 

conditions were used.   

Previous demonstrations that visual categorization can be accomplished “ultra-rapidly” 

(Thorpe, 2002) have been used to argue for constraints on the type of visual processing that can 
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produce such rapid behavior. Specifically it has been argued that, given the number of synaptic 

connections between the retina and higher-level areas involved in categorization (like IT), the 

visual processing that produced this behavior must be carried on the first wave of spikes in the 

feedforward pass of processing (van Rullen & Thrope, 2001; Serre and Poggio, 2006; Thorpe, 

2010). On these views, visual processes like perceptual organization would take significantly 

longer, possibly due to recurrent feedback and iterative processing. By testing this assumption, 

we found that saccades that rely on perceptual organization can be performed rapidly, within 

~180 ms. 

Overall, it was expected that saccadic reaction times would be slowed somewhat due to 

the impoverished nature of our stimuli and differences in procedures relative to previous reports 

of ultra-rapid visual categorization (see Methods). Given that the saccadic reaction times in the 

current studies are rapid, are we to conclude that perceptual organization can be performed on 

the feed forward pass of processing too? There are several reasons to think not.  First, it appears 

that, at least during the categorization of natural scenes in a two-alternative forced choice task 

like that used by Thorpe and colleagues, a recurrent pass of processing is underway 150 ms after 

stimulus onset (Kovisto, Kastrati, & Revonsuo, 2014). Second, the first wave of feedforward 

signals reaches the visual cortex through the magnocellular pathway about 20 ms earlier than the 

parvocellular pathway, and frontal and dorsal areas receive a feed-forward input at about the 

same time, or just before, early visual cortical areas receive an input (~80-100 ms; Bullier, 

2001). This means that “higher” cortical areas with large but coarse receptive fields could send a 

feedback signal to “early” visual areas with smaller receptive fields around the time they receive 

their initial input. Regardless, the initial feedforward wave of information through the ventral 

pathway is completed by 80 to 100 ms, and feedback to V1/V2 is known to play a role in a 
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second wave of processing specific to figure-ground segregation and other visual processes 

(Lamme & Roelfsema, 2000) in as little 100 more. Using high-density EEG, Foxe and 

colleagues found that visual information reaches “early” visual areas within about 50 ms, and 

that after another 30 ms information had been transmitted to prefrontal brain regions (Foxe et al., 

2005). Collectively, these data suggest that even behaviors that are “ultra-rapid” (at least at 120 

and 150 ms; Kirchner & Thorpe, 2006; Crouzet et al., 2010) could be based on visual processing 

that involves feedback. Indeed, using TMS, Koivisto et al. (2011) found that disruption of V1/V2 

interfered with scene categorization (with stimuli similar to Thorpe and colleagues) was 

disrupted starting 90 ms after stimulus onset (also see Camprodon et al., 2010 for similar results). 

Thus, the evidence suggests that feedback in the visual cortex could support behaviors at 180 ms, 

and potentially much earlier. This means that evidence about the speed of behavior should be 

cautiously interpreted when making conclusions about models of visual architecture (i.e., 

feedforward versus feedback). Although signals at the last stages of the ventral processing stream 

(IT) occur too quickly to incorporate stimulus-driven iterative feedback (Liu et al., 2009), it has 

been shown that those signals are fed back to lower visual areas and play a crucial role in visual 

processing (Lamme et al., 1999).  

Evidence of fast saccades in previous literature, in the control conditions of Experiments 

1 and 2, and in both conditions in Experiment 3, may reflect early stages of a dynamic visual 

processing architecture that involves both feedforward and feedback processing (Bullier, 2000; 

Lamme & Roelfesme, 2000; Dehane et al., 2006; Epshtein, Lifshitz, Ullman, 2008; Peterson & 

Nadel, 2014). In this architecture, object features as well as higher-level representations (e.g, 

shape and perhaps semantic representations) of objects can be accessed on a fast, feed-forward 

pass of processing, and enter into a competition for object status at multiple levels in the cortical 
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hierarchy (Peterson et al. 2000). The resolution of this competition could involve iterative 

feedback, which would have ample time given the transmission of information reported in 

neurophysiology in humans to support behaviors even the earliest ultra rapid visual 

categorization responses ~100-120 ms (e.g., Foxe et al., 2002 shows fast processing through the 

ventral stream ~60-80 ms). Such a model has been proposed for object perception (Peterson & 

Cacciamani, 2013), and recent fMRI evidence with the same stimuli used in these experiments 

shows that feedback from V4 to V2 plays a role in ground suppression on experimental 

silhouettes (Cacciamani et al., submitted). Behavior based on such a processing framework (fast 

feed-forward and feedback), could be generated within the time frame reported here for saccades 

based on perceptual organization. 

Conclusions 

 In these experiments, we have shown that a forced choice saccadic task can be used to 

measure the amount of time the visual system requires to organize the visual input sufficiently to 

support accurate behavior. Experiment 1 showed that the visual system takes on average ~15 ms 

longer to initiate saccades based on perceptual organization (experimental condition) than those 

that require less organization (control condition). The earliest reliable saccades that were 

generated after organization of the display were seen at~200 ms in Experiment 2 (~180 ms if 

motor coding is discounted). We can conclude from this evidence that the visual processing that 

supports perceptual organization (at least figure-ground segmentation) proceeds rapidly to render 

ambiguity irrelevant within the first 180 ms after the onset of a stimulus. 
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