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Thesis Abstract 

 Determining what features are critical for representing a basic shape is an 

important step towards understanding how the visual system perceives objects.  The 

aim of this thesis is to determine how curvature variation around a closed-contour 

affects global shape processing.  Specifically, the effect of points of maximum 

curvature (corners) on shape processing using Radial Frequency (RF) patterns is 

examined.  RF patterns are closed-contour shapes where the radius is sinusoidally 

modulated.  The shape’s appearance can be modulated by varying the amplitude and 

periodicity of the sine function.  RF patterns have the advantage of being 

mathematically precise shapes – which can be easily manipulated to form a large 

number of different shapes.  In this thesis it was initially intended that global shape 

would be assessed by measuring the size and direction of the shape after-effect 

following adaptation to an RF pattern.  However, the first section of this thesis 

presents evidence which casts doubt on the suitability of shape adaptation as a tool 

for investigating global processes.  In this section, a model is introduced which 

shows that the shape after-effect can be accounted for by local orientation adaptation 

mechanisms alone.  A further limitation is the perseverance of after-effects following 

brief periods of adaptation (approximately 15 seconds of adaptation in 30 

millisecond epochs can cause a perceptual distortion that decays slowly over 24 

hours).  Further research should be conducted to clarify the reliability of experiments 

using adaptation to investigate global shape properties.  An alternative stimulus is 

therefore suggested for use in the investigation of global shape properties.  In the 

remainder of the thesis, Gabor field arrays (where either a subset or all of the Gabor 

patches are aligned to represent a shape) are employed.  In the second section, the 

presence of global shape processing is indicated by obtaining integration slopes 
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steeper than probability summation alone would predict, for RF patterns constructed 

from aligned Gabor patches as more local cycles of deformation are added.  RF 

patterns where the shape is defined by a diffuse orientation texture (similar to a Glass 

pattern) are also shown to be globally integrated.  In addition, the 

electrophysiological correlates of specific stimulus properties contained in these 

Gabor-sampled RF patterns are examined and a negativity occurring ~220 ms post-

stimulus presentation in the event-related potential waveform that is modulated by 

the presence of corners on a shape is identified.  This supports the argument that 

changes in curvature, in this case maxima, are preferentially processed by the human 

visual system.  Source localisation conducted on this corner-specific component 

revealed a source located in the extrastriate cortex, specifically area V4.  Overall this 

thesis demonstrates that points of maximum curvature are globally integrated in 

shape representation, and also that the angle separating these points is more 

important than the overall number of points.  The thesis also identifies the key ERP 

components that are associated with points of maximum curvature, and provides a 

means of electrophysiologically assessing global shape in a novel way. 
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 The visual world is a rich and complex environment containing a vast array 

of different objects that we are capable of identifying and reacting to with minimal 

apparent effort.  While the act of recognising objects may seem simple – see an 

object, call it a teapot, reach for the handle – how the images of these objects are 

processed is not yet fully understood.  Combining several simple shapes is one way 

to represent more complex objects, and the visual system seems to be structured to 

take advantage of this (Attneave, 1954; Connor, 2004; Hayworth & Biederman, 

2006).  Biederman (1987) supported the concept of objects being represented by 

specific groupings of basic shapes, and called these object building blocks 

‘primitives’ (for a recent review see Morgan, 2011).  Knowing how basic shapes are 

processed and represented by the visual system will enhance our understanding of 

the object recognition process.  To understand how basic shapes are processed it is 

important that we discover which shape features are important.  One critical feature 

which has been identified by recent research is the curvature maxima (corners) on a 

closed contour (Loffler, Wilson, & Wilkinson, 2003).  The aim of this PhD is to 

increase our knowledge of shape perception by investigating global shape formation, 

as well as clarifying how curvature information is represented in the human brain. 

 

1.1. From Local to Global Image Processing 

 The first features extracted from an image in the visual cortex are the most 

simple.  Visual area V1, also known as the primary visual cortex, contains neurons 

with very small receptive fields that are selectively responsive to basic image 

features (Barlow, 1981; Hubel & Wiesel, 1959).  In V1, different groups of neurons 

have different preferred stimuli to which they are maximally responsive (e.g. spatial 

frequency, contrast, motion, and orientation - Lennie, 1998; Loffler et al., 2003; 
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Movshon & Newsome, 1996).  For example, there are V1 neurons which respond 

selectively to orientation information only, such as a vertical line (Blakemore & 

Campbell, 1969).  These V1 neurons can be represented as spatial filters, which 

means that they will let through more than just the preferred stimulus (Gheorghiu, 

Kingdom, Bell, & Gurnsey, 2011).  As such, the neurons will still respond to the 

presentation of stimuli similar to their preferred target, though that response will 

likely be reduced (Ringach, Shapley, & Hawken, 2002).  The orientation tuning 

bandwidth for V1 neurons varies, but is generally less than ±40 degrees (Campbell & 

Kulikowski, 1966; Crist, Li, & Gilbert, 2001; Gilinsky, 1968; Sherman, Watkins, & 

Wilson, 1976).  Relevant neurons will only respond to lines oriented within this 

critical bandwidth, and not to orientations outside this range. 

Despite having individual preferred stimuli (referred to as tuning), V1 

neurons are not entirely independent of one another.  The responses of other neurons 

well outside a target neuron’s conventional receptive field can impact significantly 

on the target neuron’s response (Das & Gilbert, 1995; Lamme, Super, & Spekreijse, 

1998).  The effect of these connections can be clearly demonstrated by looking at the 

influence of collinear flankers on a central Gabor patch.  A Gabor patch is a 

luminance-defined sinusoidal grating weighted by a Gaussian window (Daugman, 

1984).  Gabor patches are ideal stimuli for the neurons in V1 because they match the 

V1 receptive field profiles well (Field & Tolhurst, 1986; Kulikowski & Bishop, 

1981).  Gabor patches also optimally localise in both space and frequency domains 

simultaneously. 

Interactions between V1 neurons can be assessed by employing a modified 

flanker task, where observers are required to detect the presence of a low-contrast 

central patch located between two high-contrast flankers (Loffler, 2008).  Depending 
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on the physical properties of these flankers, there is either a facilitative or 

suppressive effect on target detection.  One such property is the proximity of the 

target to the flankers.  Polat and Sagi (1993) assessed the effect of target-flanker 

separation on the detectability of a target Gabor.  They found that when the distances 

separating the target and flankers were small (less than two wavelengths of the 

Gabor’s sinusoidal grating), the flankers were detrimental to target detection.  

However, the flankers actually aided detection when the distance was increased, and 

maximal facilitation was observed when the separation was between two and three 

wavelengths.  This provides evidence in support of long-range lateral interactions 

between V1 neurons and it also shows how the flanker facilitation effect can vary 

depending on the proximity of the items to be grouped.  These lateral connections 

between neurons are thought to form the basis of collinear facilitation (Cass & Alais, 

2006; Cass & Spehar, 2005; Mizobe, Polat, Pettet, & Kasamatsu, 2001; Petrov, 

Verghese, & McKee, 2006), a process which leads to the detection of elongated 

contours (Zipser, Lamme, & Schiller, 1996).  An example of collinear facilitation in 

a flanker task using Gabor patches is presented in Figure 1. 

Proximity is not the only determining factor for collinear facilitation; it is also 

dependent on the alignment of the target and flanker patches.  When the flanking 

Gabors are aligned such that their orientation is the same as the target and the patches 

form what looks like an aligned contour, maximal facilitation occurs.  Increasing the 

angular difference between the orientation of the flankers and the target decreases the 

amount of target facilitation observed (Polat & Sagi, 1994).  It finally ceases when 

the flanking patches are aligned orthogonally to the target patch.  The presence of 

collinear facilitation could aid contour detection since it provides a mechanism by 

which the elements forming a contour are grouped together more strongly than the 
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elements belonging to another object (Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 

1998).  This works because real object contours tend to continue in a similar 

direction rather than changing abruptly.  However, the points where they do change 

direction abruptly are also very important pieces of information and the visual 

system seems to care about these points of discontinuity (Attneave, 1954). 

 

 

Figure 1. Three collinear Gabor patches where the central target patch is lower 

contrast than the two flanking patches.  The flanking patches are separated from the 

target by approximately two wavelengths, and they share a similar orientation.  This 

would be expected to cause maximal collinear facilitation (Polat & Sagi, 1993, 

1994).  Image from Loffler (2008). 

 

   Field, Hayes, and Hess (1993a) coined the term ‘association field’ to 

describe how local elements are linked to form a path in a field of background noise.  

They demonstrated the importance of collinearity in contours by looking at the 

detectability of Gabor-sampled paths.  When the adjacent elements were oriented at 

angles of less than 60 degrees a path could be easily detected (see also Hess & Field, 

1999; Ledgeway, Hess, & Geisler, 2005; Watt, Ledgeway, & Dakin, 2008). 

Part of the reason that it is difficult to separate the elements that make up one 

contour from another lies in determining which ones belong to the contour, and 

which are noise.  The association field model is based on the existence of a 
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substantial quantity of redundancy in most natural image structures, since contours 

belonging to a single object tend to continue in smooth directions across space 

(Field, Hayes, & Hess, 1993b).  To avoid transmitting unnecessary quantities of 

information, the visual cortex could therefore be organised in such a way so as to 

take advantage of this redundancy.  Collinear facilitation leading to contour 

formation is one such organising principle. 

Understanding how local information is coded and initially combined by the 

visual system is only the first step towards representing an object.  Further object 

processing requires an intermediate stage where the local contour information is 

integrated to form a basic shape (Bell, Gheorghiu, Hess, & Kingdom, 2011).  This 

intermediate stage is where shape goes from being signalled by collections of 

neurons in V1 (local), to being represented by individual neurons are selective for 

specific shapes (Lennie, 1998; Loffler, 2008).  An experimental finding which 

supports the existence of separate mechanisms for global and local levels of 

processing is the effect of closure on contour detection.  It is easier to detect a closed 

contour made from aligned Gabors in a field of background noise than it is to detect 

a similar open contour (Pettet, McKee, & Grzywacz, 1998).  In fact, the removal of a 

single element from a Gabor-sampled closed contour can result in significant 

decreases in performance (Kovacs & Julesz, 1993).  This enhanced salience for 

closed contours is thought to be the result of a global processing advantage. 

 An early cortical representation of global shape occurs in visual area V4.  

Located in the ventral form pathway, V4 is thought to be the region where local 

shape attributes are first bound together (Loffler, 2008).  Single-cell recordings in 

Macaque monkeys have been used to investigate the tuning of V4 neurons in 

response to different shapes.  Pasupathy and Connor (2001, 2002) presented evidence 
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which shows that the specific arrangement of convexities and concavities along a 

closed contour influences the responses of some V4 neurons.  These V4 neurons can 

encode moderately complex boundary information, such as a concavity on the left 

side of a shape, or a concavity immediately followed by a convexity (Carlson, 

Rasquinha, Zhang, & Connor, 2011; Yamane, Carlson, Bowman, Wang, & Connor, 

2008).  Manipulating the curvature information on a closed contour has also been 

shown to selectively stimulate human area V4 as well (Gallant, Shoup, & Mazer, 

2000; Wilkinson et al., 2000). 

 For this reason, changes in curvature have been suggested to be one of the 

key features used to define shape.  In a classic study Attneave (1954) showed that 

connecting the corners in an image with straight lines is often sufficient for shape 

recognition.  This supports the important role that curvature change plays in defining 

shapes and objects.  More recently Kristjansson and Tse (2001) used a visual search 

task to measure the effect of changes in curvature on an observer’s behavioural 

response.  The stimuli used were circles and ‘bumps’, where a bump included two 

abrupt changes in curvature (curvature maxima) on a continuous closed contour.  

Their results showed a visual search asymmetry (Treisman & Gormican, 1988), 

where a single bump was always quick and easy to detect when it was embedded in a 

field of circles, but a single circle was much harder to find in a field of bumps.  

Detecting a bump among circles was considered to be a parallel search task, since 

adding more circles to the background did not make the target any harder to detect.  

Searching for a circle among bumps involved serial search, where the addition of 

more elements to the background increasingly impaired performance and the target 

did not pop-out from the background.  The conclusion they reached was that corners 
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(i.e. abrupt changes in curvature) are a critical shape feature, the presence of which 

the human visual system is primed to rapidly detect. 

 

1.2. Radial Frequency Patterns 

 One type of stimulus that has been used regularly in recent years to represent 

numerous basic shapes is the Radial Frequency (RF) pattern.  An RF pattern is 

created by applying a sinusoidal modulation to the radius of a closed contour.  

Manipulating the amplitude of the modulation applied varies how deformed from 

circularity the shape appears, while the number of cycles of modulation (RF number) 

affects the specific shape formed (see Figure 2).  For example, an RF pattern with 

three cycles of deformation applied to the contour would appear to have three corners 

(this shape is called an RF3), and at the appropriate amplitude would resemble a 

triangle.  A large variety of potential shapes can be created by varying the amplitude 

and periodicity of RF patterns as well as by combining different RFs (Wilson & 

Wilkinson, 2002).  The virtue of using RF patterns is that they allow for systematic 

control of curvature variation and the location of corners.  RF patterns were initially 

employed by Wilkinson, Wilson, and Habak (1998) to investigate the properties of 

global shape (relating to curvature) on a single closed contour. 
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Figure 2.  The left panel shows the radius, in degrees of visual angle, of a circle with 

no modulation applied (dotted line) and an RF3 with a sinusoidal deformation 

containing three cycles of repetition (solid line).  In the right image the same RF3 is 

represented in polar space with an amplitude of radius modulation equal to 0.1.  

Image from Bell, Badcock, Wilson, and Wilkinson (2007). 

 

 The human ability to detect deformation from circularity on RF patterns was 

assessed by Wilkinson, Wilson, and Habak (1998) and found to be in the range of 

hyperacuity.  Hyperacuity is defined as the maximum spatial displacement radially 

between a circle and threshold RF pattern being less than the average spacing 

between foveal cones (Westheimer, 1975).  Observers were approximately eight 

times poorer at judging shape size differences than they were at detecting deviation 

from circularity.  This high sensitivity to changes in curvature is thought to be due to 

the global pooling of information contained on a contour.  One factor that affects 

whether global pooling occurs for a specific RF pattern is the number of cycles of 

modulation present.  For RFs with less than approximately ten cycles of deformation, 

global integration combines the local inputs, providing a global performance 

advantage (Bell & Badcock, 2009; Hess & Field, 1999; Jeffrey, Wang, & Birch, 
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2002; Loffler et al., 2003).  When there are more than ten cycles of RF deformation 

on a closed contour, both detection and discrimination performance decrease 

dramatically (Wilkinson et al., 1998).  The detection of these higher RFs is thought 

to rely primarily on local mechanisms (Jeffrey et al., 2002). 

 Loffler, Wilson, and Wilkinson (2003) assessed the presence of global 

pooling on RF contours by systematically adding more cycles of deformation to a 

continuous circular contour.  If RF pattern detection is due to local mechanisms 

alone, then the improvement in detectability associated with an increasing number of 

cycles on the contour would follow the improved probability of detecting a single 

cycle when more are present.  However if global pooling of the local information 

was occurring, then the integration slopes should be significantly steeper than 

probability summation alone would predict.  The results from Loffler et al. clearly 

demonstrate steeper integration slopes for low RF numbers, supporting global 

integration. 

 Experiments using RF patterns confirm that corners are a critical feature for 

defining shape.  The introduction of breaks to an RF contour affects detection 

performance differently depending on where the breaks are located.  Loffler et al. 

(2003) showed that breaks at the points of maximum curvature (corners) impair 

performance significantly more than breaks located at the minima (sides) or areas of 

zero curvature (points of inflection).  The importance of corners as a prime source of 

information about a shape has been supported by masking studies (Habak, 

Wilkinson, Zakher, & Wilson, 2004).  Poirier and Wilson (2007) used a 

simultaneous RF masking paradigm to provide support for the dominant role of 

curvature maxima.  They suggested that the information contained in the minima, 

while still relevant, had less of an influence over stimulus detectability than the 
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maxima.  However, the suggestion that maxima play a more important role than 

minima is somewhat contentious.  Hess, Wang, and Dakin (1999) found that when 

luminance noise (generated by filtering fractal noise overlaid with an orientation 

selective filter) was oriented parallel to the sides of an RF pattern, the noise 

interfered with the observer’s ability to detect the RF pattern in a threshold 

discrimination task.  Masking the corners had less of an effect than masking the 

sides, so they concluded that the curvature minima were more critical to shape 

perception compared to the maxima.   

 The number of corners on an RF contour is thought to be particularly 

important for shape detection (Loffler et al., 2003; Wang & Hess, 2005; Wilkinson et 

al., 1998).  However, a recent threshold-level psychophysical study by Bell, 

Dickinson, and Badcock (2008) has suggested that it is actually the angle separating 

corners, and not the absolute number of corners that is most useful.  They concluded 

that the polar angle separating curvature maxima, along with the angular extent of 

curvature, are the features necessary for successful shape detection. 

At supra-threshold amplitude levels, where it is easy to detect deviation from 

circularity, some have argued that additional features may be significant.  While 

Attneave (1954) worked with supra-threshold stimuli and found that the maxima 

were still the most relevant cues for shape, a recent experiment using supra-threshold 

RF stimuli conducted by Bell, Hancock, Kingdom, and Pierce (2010) showed that 

curvature minima, maxima and inflections are all equally important contributors to 

global shape.  So while most of the research concludes that maxima are more crucial 

for defining shape, there is still some uncertainty.  It is possible that the task itself 

(threshold-level vs. supra-threshold) affects which features are preferentially 

processed.  This thesis aims to assess the importance of curvature maxima in the 
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construction of a shape using several different experimental tools, including 

adaptation.   

 

1.3. Adaptation as a Tool for Investigating Global Form 

 The term adaptation is used to describe a change in the appearance of one 

visual stimulus when it is preceded by another (Greenlee & Heitger, 1988).  The 

altered perception due to adaptation is called an after-effect.  It has been suggested 

that adaptation frees up cortical resources by increasing the amount of information 

that can be represented by a single neuron with a limited firing rate (Barlow, 

Kaushal, Hawken, & Parker, 1987; Dhingra & Smith, 2004).  To accomplish this, 

neurons adjust their response ranges to suit the input being received (Wainwright, 

1999).  For example, adaptation to an oriented line segment reduces sensitivity to the 

adapted orientation – leaving higher sensitivity to neighbouring orientations as a 

result (Gheorghiu et al., 2011; Muller, Metha, Krauskopf, & Lennie, 1999).  

Adaptation therefore acts to refine a neuron’s sensitivity around the type of stimulus 

that is most like the adaptor.  Barlow and Földiàk (1989) have suggested that these 

shifts in perception following adaptation are the result of a process which supports 

the decorrelation of responses to similar neural signals in the cortex. 

 Adaptation occurs at many different levels in the visual cortex.  In V1, 

observing adaptation to orientation (Fang, Murray, Kersten, & He, 2005; Greenlee & 

Magnussen, 1987) and contrast (Foley & Boynton, 1993; Ross & Speed, 1991) can 

provide us with insight into how these basic features are represented by neural 

populations.  For example, the direction of the tilt after-effect following adaptation to 

an oriented line supports an orientation coding scheme in V1 based on a measure of 

central tendency (Clifford, Wenderoth, & Spehar, 2000; Gibson & Radner, 1937; 
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Mitchell & Muir, 1976).  In this scheme, orientation is encoded by the centroid of 

activation in a population of V1 neurons, where the orientation subgroups are 

encoded across a spectrum. 

 Adaptation is not limited to the basic features represented by V1 neurons.  It 

has also been observed in populations of V4 neurons in response to simple shape 

stimuli.  Several recent studies have used RF patterns to investigate the possibility of 

global shape after-effects (Anderson, Habak, Wilkinson, & Wilson, 2007; Bell et al., 

2008; Bell, Wilkinson, Wilson, Loffler, & Badcock, 2009).  The RF shape after-

effect is depicted in Figure 3, where adaptation to an RF3 induces an after-effect 

which is 180 degrees out of phase with the adaptor (changing the sign of the RF 

amplitude from positive to negative is also equivalent to advancing the phase by 180 

degrees).  The size of this after-effect is assessed by measuring the shift in the point 

of subjective amplitude equality for a test pattern.  While the RF after-effect is 

generally thought to be the result of adapting to global shape, there is some new 

evidence suggesting that it might instead be the result of adapting to the local image 

attributes, such as the line orientation of contour segments (Dickinson, Almeida, 

Bell, & Badcock, 2010). 
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Figure 3.  Approximation of the shape after-effect in RF patterns.  Following the 

presentation of an RF3 adaptor (left), a circular test (centre) appears to be distorted 

from circularity in the opposite phase to the test pattern (right). 

 

 Evidence favouring a global RF after-effect comes from several sources.  

Anderson et al. (2007) found that varying the contrast of the adapting RF did not 

significantly affect the magnitude of the after-effect, and they argue that the neurons 

sensitive to contrast (located in V1) are therefore not involved.  They also varied the 

size discrepancy between the test and adaptor and found that, while an adaptor with a 

base radius half the size of the test did cause a smaller after-effect, the slope of the 

psychometric function (function relating the physical stimulus properties to the 

observers’ responses - Klein, 2001) was unchanged.  This was unlike adapting to a 

different RF number, which caused a significant reduction in the slope.  They 

concluded that their results supported the existence of global shape adaptation.  The 

finding that the RF after-effect is not selective for luminance contrast polarity or for 

luminance spatial frequency, both of which are primarily conducted by V1 neurons, 

also seems to be in favour of an after-effect occurring after V1 (Bell & Kingdom, 

2009). 
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 Another argument for global adaptation is the existence of spatially remote 

after-effects.  This is based on the fact that the average neural receptive field size 

increases progressively through successive cortical processing regions (Zeki, 1978).  

Receptive fields in V1 are less than 0.5 degrees of visual angle, compared to 

approximately 2.5 degrees in area V4 (estimates based on 0 degrees eccentricity, the 

receptive field sizes for both V1 and V4 neurons will increase with increasing 

eccentricity) (Smith, Singh, Williams, & Greenlee, 2001).  Provided they arise in V1, 

local after-effects must therefore be tightly tuned for spatial position (Gibson & 

Radner, 1937).  Roach, Webb, and McGraw (2008) capitalised on the fact that V1 

neurons have smaller receptive fields to argue in favour of global shape after-effects.  

They showed that adaptation to a series of concentric rings with a blank annular 

region (3 degrees wide) in the periphery produced a TAE on a test line presented 

within the blank, unadapted annular region.  This after-effect occurred in an 

unadapted region of the visual field where local orientation adaptation would not be 

expected.  Further evidence in support of global adaptation comes from the fact that 

the TAE is tuned for spatial frequency (Ware & Mitchell, 1974) and the after-effect 

observed here was not affected by variations to the spatial frequency content of the 

rings.  Based on these findings, they concluded that the after-effect was the result of 

adaptation to some higher level, shape-specific properties beyond area V1. 

 Suzuki and Cavanagh (1998) also demonstrated non-retinotopic adaptation of 

shape.   Their stimuli resembled chevrons with a diameter of 4.1 degrees, and 0.4 

degrees separation between the edges of the test and adaptor.  The magnitude of the 

after-effect elicited was small but significant, with participants reporting that ~85% 

of the test stimuli presented were distorted anti-phase to the adaptor.  However, since 
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a shift in the point of subjective equality between the test and the adaptor was not 

presented in the results, the exact magnitude of their after-effect is unclear. 

 While these studies have suggested that global adaptation is involved in shape 

after-effects (Bell et al., 2009; Roach et al., 2008; Suzuki & Cavanagh, 1998), there 

is still some question as to whether the effects are truly global.  Dickinson et al. 

(2010) recently argued that the RF shape after-effect could be explained just as well 

by local adaptation mechanisms.  They suggested that instead of dedicated shape 

detectors, local orientation after-effects across a field may be responsible for the 

appearance of a global after-effect.  Dickinson et al. introduced a model which 

simulated the effect that a TAE field would have on the perception of an undeformed 

circle, and then compared the magnitude of the model’s predicted after-effect with 

observers’ actual data.  They found that local TAE could account for both the 

magnitude and the direction of the perceptual distortion following adaptation to an 

RF pattern.  It is therefore possible that the shape after-effects which have previously 

been considered global in nature may in fact be based on local adaptation 

mechanisms.   

The best evidence in favour of global adaptation is the appearance of non-

retinotopic after-effects.  However, if adaptation occurs very rapidly then there is a 

strong possibility that eye movements during prolonged adaptation (several seconds 

or more) are ‘smearing’ the after-effect over space.  Support for rapid adaptation 

comes from Sekuler and Littlejohn (1974), who demonstrated that the local 

orientation after-effect was saturated with under 30 ms of adaptation.  Other studies 

have suggested that shape adaptation is similarly rapid in its development 

(Dickinson, Han, Bell, & Badcock, 2010; Suzuki, 2001). 
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Since some of our knowledge about global shape processing in the visual 

cortex is derived from the results of adaptation studies, further research is needed to 

clarify the involvement of global and local mechanisms in adaptation.  As such, one 

aim of this thesis is to assess the relative contributions of global and local 

mechanisms to shape adaptation using RF patterns.  We also aim to determine the 

suitability of adaptation more generally for answering questions on global shape 

processing in the human visual system. 

 

1.4. Electrophysiology and Event-Related Potentials 

 Much of the early research studying the representation of visual information 

in the brain was conducted on non-human primates (Gallant, Connor, Rakshit, Lewis, 

& VanEssen, 1996; Hubel & Wiesel, 1968; Tanaka, Saito, Fukada, & Moriya, 1991; 

Zeki, 1978), and the findings were then generalized to humans.  This was mainly due 

to the invasive nature of early techniques such as single cell recordings.  

Electroencephalogram (EEG) was introduced as an alternative that provides a non-

invasive and relatively cheap tool for measuring the electrical activity at the scalp 

with a very high temporal resolution.  The event-related potentials (ERPs) recorded 

by an EEG can be paired with the presentation of specific stimulus events, allowing 

any changes in component amplitude and latency to be easily measured (Koivisto & 

Revonsuo, 2010; Otten & Rugg, 2005; Shedden & Nordgaard, 2001).  An ERP 

component is a peak or trough in the waveform that typically occurs at a specific 

latency.  Generally components are related to specific neural functions. 

 EEG has previously been employed in the field of shape detection, 

particularly to investigate shape-from-texture processing in Glass patterns.  A typical 

Glass pattern consists of a field of oriented dot pairs (Glass, 1969), where local 
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orientation information has to be globally integrated by an observer for the percept of 

form to arise (Achtman, Hess, & Wang, 2003; Dakin, 1997; Wilson & Wilkinson, 

1998) – e.g. Figure 4.  Since the only way to correctly identify structure in a weakly 

coherent Glass pattern is by engaging global processes, it is suggested that the global 

levels of the cortical image processing hierarchy are involved. 

The N1 component is an early negative peak in the ERP waveform, occurring 

post-stimulus onset.  Studies using EEG have shown that the N1 is modulated by the 

presence of a global structure in Glass patterns (or other similar texture patterns).  

The amplitude of the N1 is enhanced when there is any coherent arrangement present 

within a texture, as opposed to random noise (Kandil & Fahle, 2003; Ohla, Busch, 

Markus, & Herrmann, 2005; Pei, Pettet, Vildavski, & Norcia, 2005).  There is also an 

effect of the specific type of global structure on the amplitude of the N1.  Ohla et al. 

(2005) found that there was a significant difference in the N1 amplitude elicited by 

patterns containing a parallel (translational) structure and those containing a circular 

(rotational) structure (see Figure 4 for examples of each).  The circular Glass patterns 

elicited a larger amplitude N1 component than the parallel structures at occipito-

temporal electrode sites which suggests that observers are more sensitive to circular 

structure.  This is consistent with the results from psychophysical studies looking at 

the detection thresholds for Glass patterns which have shown that circular structures 

have lower thresholds than parallel structures (Wilson & Wilkinson, 1998; Wilson, 

Wilkinson, & Asaad, 1997). 
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Figure 4. Sample stimuli showing different types of global structure in Glass 

patterns.  The left pattern has a circular structure, the central pattern has a parallel 

structure, and the right pattern is a randomised control with no underlying structure.  

Image from Ohla et al. (2005). 

 

 Although EEG has an excellent temporal resolution, the spatial resolution of 

the origins of activity in the cortex can be quite poor.  This is why estimates for the 

sources of EEG components relating to global processing regions can be a bit vague, 

particularly when small numbers of electrodes are used (Ohla et al., 2005; Pei et al., 

2005).  Experiments using magnetoencephalogram (MEG) can overcome this 

limitation to an extent since the magnetic field generated by the brain is not distorted 

by the skull and surrounding tissue.  A high-density (151 electrodes) MEG 

experiment was conducted by Swettenhan, Anderson, and Thai (2010) to further 

refine the source of the global shape component in Glass patterns.  By looking at the 

areas of activation associated with passive viewing of Glass pattern stimuli, they 

demonstrated that the difference between circular and parallel patterns was generated 

in area V3a of the extrastriate cortex, and that V1 was not strongly involved.  This 

finding was supported by fMRI research showing that the global integration of Glass 

patterns involves higher cortical regions beyond V1, although they specify the 

involvement of the lateral occipital complex, or LOC (Ostwald, Lam, Li, & Kourtzi, 
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2008).  Another fMRI study revealed that integrating local information involves 

early retinotopic regions such as V1, through to higher occipito-temporal regions 

(Altmann, Bulthoff, & Kourtzi, 2003). 

Higher-level shape and object information processing is thought to occur in 

the lateral occipital cortex (LOC), a region located anterior to the early retinotopic 

cortex (Grill-Spector, Kourtzi, & Kanwisher, 2001).  This region responds to global, 

holistic shapes more strongly than fragmented images, suggesting the involvement of 

higher level object recognition processes (Grill-Spector, 2003). 

 Shape information represented by sampled contours has also been studied 

using EEG.  By aligning a subset of Gabor elements to form a path within a field of 

background noise it is possible to determine the ERP components associated with 

shape presence.  Mathes, Trenner, and Fahle (2006) presented Gabor-sampled 

contours which either formed a closed contour or an open contour with the same 

curvature, and recorded the electrophysiological response to these stimuli.  They 

found that the presence of any contour in the field led to an enhanced N1 component.  

Using the same stimuli, Mathes, and Fahle (2007) showed that closed contour shapes 

also elicited a larger contour-specific negative response compared to open contours.  

The contour-specific negativity occurred after the N1 at around 220 ms post-stimulus 

presentation.   

A high-density MEG study using similar Gabor-sampled stimuli found that 

the presence of Gabor patches aligned to an underlying contour modulates the initial 

activity after stimulus onset (Tanskanen, Saarinen, Parkkonen, & Hari, 2008).  The 

response became selective for the specific contour arrangement within the field later, 

starting at 130 ms and reaching its maximum 275 ms post-stimulus.  Tanskanen et al. 

compared tangential circular contours to radially aligned contours (see Figure 5 for 
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sample stimuli) and found that the average onset of the contour specific response was 

slower for the radial than for the tangential contours.  Slower again was the onset of 

the contour specific response for an incomplete section of tangential contour 

(quadrant).  The findings from these studies suggest that both the presence of a 

contour and the type of global arrangement alter the timing and the amplitude of the 

electrophysiological response.  

 

 

Figure 5. Examples of the Gabor field stimuli used by Tanskanen et al. (2008), 

including no-contour, tangential, radial and quadrant arrangements. 

 



22 
 

Both Glass pattern studies and those using Gabor-sampled contours have 

identified similar ERP components associated with global form.  The N1 component 

appears to be selectively modulated by the presence of a global arrangement in either 

stimuli, and both show a special effect of circular form.  However, there is a key 

difference between form that is defined by a texture (such as in Glass patterns) and 

form that is defined by an aligned contour or path.  When shape is defined by a 

Gabor-sampled contour, both the local position and orientation information is 

consistent with the underlying shape contour (see the tangential Gabor contour in 

Figure 5 for an example).  However in Glass patterns, the shape is constructed by 

integrating the diffuse orientation information contained within local dot pairs across 

the entire texture.  Therefore texture patterns contain consistent orientation 

information, but unlike Gabor-sampled contours, the positional information is not 

relevant. 

Orientation and spatial position information are prioritised differently by the 

visual system.  Keeble and Hess (1999) showed that interfering with the orientation 

of local elements making up a shape was more detrimental to psychophysical 

performance in a detection task than altering the positional alignment.  Another study 

by Wang and Hess (2005) used micropatch-sampled RF patterns (a micropatch is a 

small luminance-defined dot - Rainville & Wilson, 2004) to assess the relative 

contributions of spatial position and orientation information towards defining a 

shape.  They argued that placing sampling patches at the zero crossings (maximum 

orientation difference and minimum positional difference from circularity) would 

lead to a shape defined by orientation information only.  Alternatively, placing 

patches at the points of maximum and minimum curvature (maximum positional 

difference from circularity and minimum orientation difference) would define the 
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shape primarily by local position information.  They found that, while both 

orientation and position information contributed to RF detection thresholds, the 

orientation information was more relevant.  This conclusion was also reached by Day 

and Loffler (2009) who found that manipulating the local orientation content of the 

Gabor patches defining an RF contour could alter the perceived position of the 

patches, and therefore affect the resulting shape percept. 

In this thesis we intend to assess the effect that global processing has on the 

electrophysiological markers for shape using ERPs.  Specifically, since orientation 

information seems to be a more salient cue for defining a shape contour, the 

electrophysiological response associated with shapes defined by orientation 

information alone, as well as those defined by a Gabor-sampled contour will be 

measured.  An aim of this thesis is to use both electrophysiological and 

psychophysical techniques together to see if shapes defined by broadly distributed 

orientation information are processed in the same way as those defined by a discrete 

contour.   

 

1.5. Thesis Overview 

 In Chapter 2 we assess the suitability of adaptation as a tool for measuring the 

contribution that global after-effects can make to our understanding of shape 

processing.  The experiments reported in this Chapter determine the magnitude of the 

RF after-effect as a function of the phase difference between a test and adaptor RF3 

pattern.  We introduce a model based on the TAE which attempts to provide an 

alternative, locally based explanation of the RF shape after-effect.  If the TAE model 

is able to account for the variation in the after-effect magnitude, then it is possible 

that the shape after-effect observed following RF adaptation may be the result of 
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local mechanisms instead of global adaptation as has been previously suggested 

(Anderson et al., 2007; Bell et al., 2009). 

 Previous adaptation experiments have shown that after-effects can emerge 

with less than one second of adaptation (Dickinson, Han, et al., 2010; Greenlee & 

Magnussen, 1987; Suzuki, 2001).  However it is not clear how long these distortions 

caused by rapid adaptation endure.  In Chapter 3, the decay of the shape after-effect 

following successive rapid RF adaptor presentations (30 ms) is assessed over the 

course of 24 hours, and a further potential limitation to using adaptation after-effects 

as a tool for assessing the presence of global form is identified. 

 The experiments reported in Chapters 2 and 3 give evidence which suggests 

that adaptation may not be an ideal tool for investigating the global properties of 

shape.  It appears that the shape after-effect can be explained by adaptation to local 

orientation information on a contour alone.  In addition to this, many studies have not 

accounted for the long-lasting nature of the after-effect.  Therefore the after-effect 

may be contaminating later trials or conditions in some of the adaptation experiments 

claiming to be investigating global mechanisms.  As such, for the remainder of this 

thesis we chose to focus on developing other means of testing global mechanisms in 

order to enhance our understanding of the electrophysiology of basic shape 

perception. 

 In Chapter 4 we look at the behavioural and electrophysiological responses to 

basic shape stimuli constructed by aligning individual Gabor patches in a field 

tangential to an illusory underlying RF contour.  The aim of this Chapter is to 

establish the specific influence of changes in curvature on global shape perception, 

since previous imaging studies have suggested a shape coding scheme (in cortical 

area V4) that is tuned for curvature (Connor, Brincat, & Pasupathy, 2007; Pasupathy 
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& Connor, 2001, 2002).  To accomplish this, the effect of manipulating the number 

of corners on a contour is compared with the effect of varying the angular separation 

between corners.  Reaction times were used to identify which aspects of shape were 

most important, and ERPs were used to examine the electrophysiological markers 

associated with the important shape properties identified by the behavioural results. 

In Chapter 5 the extent of global processing in Gabor-sampled shapes is 

assessed by examining the effect of adding more cycles of RF deformation to a 

closed contour and comparing the resulting thresholds to those predicted by 

probability summation using the technique demonstrated by Loffler et al. (2003).  In 

this Chapter we test for the presence of global integration on broken contours, such 

as those used in Chapter 4, to ascertain whether a continuous, unbroken contour is 

required for global integration to occur.  Texture patterns, where shape is defined by 

diffuse orientation cues contained within a field, were also tested in order to 

determine whether local orientation, local spatial position, or a combination of the 

two cues was needed for global shape integration. 

Chapter 6 tests whether texture-defined form produces the same N2 

modulation associated with the presence of corners as the Gabor-sampled contours 

defined by both orientation and spatial position did in Chapter 4.  Source localisation 

was conducted to determine whether the N2 was generated beyond area V1 in the 

ventral pathway.  It was predicted that V4, which contains neurons that are sensitive 

to curvature changes on a closed contour (Gallant et al., 1996; Pasupathy & Connor, 

2002), would be the earliest cortical region involved.  In Chapter 7, an overall 

summary of the experimental research reported here is provided, as well as a 

discussion of what these findings contribute to the existing research on global shape 

processing in RF patterns.   
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Abstract 

After-effects of adaptation are a common tool for investigating how different image 

features, such as shape, are encoded by the human visual system.  The aim of the 

current study is to determine whether there is any evidence for residual global 

adaptation in the radial frequency (RF) shape after-effect.  In the first experiment we 

demonstrated that adaptation after-effects are influenced by the rotational angle 

between test and adaptor patterns.  Unusually, the after-effect was maximal when the 

test and adaptor patterns were 180° out of phase.  There are two possible 

explanations for this effect: multiple phase-dependent channels exist and adaptation 

is global, or local orientation after-effects give the appearance of a global shape 

after-effect.  To test whether the local explanation alone can account for the phase 

dependence of RF pattern adaptation, a model for the shape after-effect based solely 

on the influence of local tilt after-effects was developed and tested.  The local tilt 

after-effect model was able to account for the effect of phase difference on after-

effect magnitude.  The experiments reported here make a case for local orientation 

after-effects being primarily responsible for the apparent shape after-effect observed 

following adaptation to an RF pattern.   
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1. Introduction 

 The manner in which shape is perceived has a central role in the quick and 

efficient recognition of objects in the visual world (Biederman, 1987; Connor, 2004).  

It is thought that shapes are processed through a sequence of stages.  These stages 

increase in complexity (Loffler, 2008), and the local image attributes such as contour 

orientation are extracted first (Hubel & Wiesel, 1968; Konen & Kastner, 2008).  The 

local information is integrated at a later stage to first find the curvature maxima 

(Kristjansson & Tse, 2001; Loffler, Wilson, & Wilkinson, 2003), and then to form a 

global percept (Connor, Brincat, & Pasupathy, 2007; Loffler, 2008).  Higher level 

shape representations are independent of the local information, such as colour or 

luminance, from which the shape is composed (Grill-Spector, Kourtzi, & Kanwisher, 

2001; Rentzeperis & Kiper, 2010).  At the higher levels, an object is also 

recognisable regardless of size (Sawamura, Georgieva, Vogels, Vanduffel, & Orban, 

2005) and, to a limited extent, viewpoint (Grill-Spector et al., 1999). 

One popular technique for investigating the properties of shape representation 

in the human visual system is to examine how perception changes following 

adaptation (Leopold & Bondar, 2005; Noguchi, Inui, & Kakigi, 2004).  The 

investigation of after-effects can provide insight into the dimensions on which visual 

information is encoded (Greenlee & Heitger, 1988).  For example, experiments using 

the tilt after-effect (tilt AE) have provided evidence supporting a coding scheme for 

populations of orientation-tuned neurons based on an estimate of central tendency 

(Clifford, Wenderoth, & Spehar, 2000; Gibson & Radner, 1937; Mitchell & Muir, 

1976).  Central tendency suggests that a feature is encoded by the distribution of 

activation in a population of neurons, where subsets of those neurons form narrowly 

tuned channels to encode a specific feature (Webster & Leonard, 2008).  Early 
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explanations for the perceptual shifts following adaptation had suggested that the 

neurons responsive to specific stimulus attributes were being fatigued (Sutherland, 

1961; Wolfe & O'Connell, 1986).  Experiments showing that the magnitude of the 

adaptation after-effect continued to increase over a prolonged adaptation period 

supported this conclusion (Greenlee, Georgeson, Magnussen, & Harris, 1991; 

Greenlee & Magnussen, 1987).  It was therefore suggested that the relevant neurons 

become increasingly unresponsive with prolonged exposure. 

The existence of rapid adaptation poses a problem for the neural fatiguing 

argument since neurons would not have the time to become fatigued in a rapid 

adaptation scenario.  Several studies have demonstrated substantial after-effects 

following as little as 30 ms of adaptation (Dickinson, Han, Bell, & Badcock, 2010; 

Sekuler & Littlejohn, 1974).  Rapid adaptation is also supported by physiological 

measures of neural responsiveness to brief stimulus presentations.  Presenting an 

adaptor for 500 ms (or less) can cause a significant reduction in the firing rates of 

neurons that respond to the same shape (Kourtzi & Huberle, 2005), orientation 

(Muller, Metha, Krauskopf, & Lennie, 1999; Nelson, 1991), or motion (Kanai & 

Verstraten, 2005).   

A more positive explanation for the existence of after-effects is that they are 

the result of a process that has a functional role in neural coding, and they are not an 

unnecessary by-product caused by over-stimulation.  Barlow and Földiàk (1989) 

proposed that the shifts in perception associated with adaptation can be better 

explained as a process to support the decorrelation of responses to similar signals by 

groups of neurons in the cortex.  Since neurons have a limited dynamic range 

(Barlow, Kaushal, Hawken, & Parker, 1987; Dhingra & Smith, 2004), it is important 

to maximize the information that each neuron can transmit (Wainwright, 1999).  This 



42 
 

maximization in turn allows neurons to respond to a wider range of inputs.  The end 

result of this process is a gain control mechanism that skews the responsiveness of 

neural networks.  This skew can explain the shift in central tendency observed with 

the tilt AE (Clifford, Wyatt, Arnold, Smith, & Wenderoth, 2001), since the response 

range to oriented stimuli would become centred on the adaptor orientation (Wilson & 

Humanski, 1993).  When a test stimulus with a different orientation is then 

presented, its orientation appears distorted due to the influence of the adaptor.  The 

result is a shift in the centroid away from the adaptor orientation, which causes an 

increase in the perceived difference between adaptor and test orientations. 

Adaptation can potentially occur at several different levels of the shape 

processing hierarchy including the lower (e.g. orientation after-effects - Greenlee & 

Magnussen, 1987), intermediate (e.g. basic shapes such as radial frequency patterns - 

Anderson, Habak, Wilkinson, & Wilson, 2007; Bell, Dickinson, & Badcock, 2008), 

or higher levels of complexity (e.g. faces - Leopold & Bondar, 2005; Rhodes, 

Jeffery, Clifford, & Leopold, 2007; Webster & MacLeod, 2011).  Adaptation effects 

correspond to the properties of the relevant populations of cortical neurons.  For 

example, neurons in V1 (primary visual cortex) are selective for low-level features 

including orientation (Hubel & Wiesel, 1968), and adaptation in this area is 

considered primarily local since the neuronal receptive fields are small (Hubel & 

Wiesel, 1959).  However, there is evidence for long-range lateral interactions 

between V1 neurons which suggests that each unit is not entirely discrete (Das & 

Gilbert, 1995; Polat & Norcia, 1996). 

When a target stimulus is global rather than local, adaptation is thought to 

involve higher cortical regions – such as the lateral occipital complex (LOC).  The 

receptive fields are larger in the LOC and the neurons here respond selectively to 
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more complex shapes (Kourtzi & Kanwisher, 2000).  Some researchers have argued 

that adaptation to shape can lead to a global after-effect (Suzuki, 2005; Suzuki & 

Cavanagh, 1998), where the responses of relevant neuron populations are altered 

along shape-specific encoding dimensions.  It has previously been suggested that the 

shape AEs are the result of adaptation to global stimulus features in the intermediate 

level of the cortical processing hierarchy (Loffler, 2008; Roach, Webb, & McGraw, 

2008). 

Radial frequency (RF) patterns are useful in adaptation experiments since 

shape can be precisely specified and the contours of numerous stimuli are easily 

represented (Wilson & Wilkinson, 2002).  RF patterns are created by applying a 

sinusoidal modulation to the radius of a circular base shape (Wilkinson, Wilson, & 

Habak, 1998).  Shape can be modified by varying the number and frequency of the 

cycles of modulation as well as the amplitude of modulation on the contour.  This 

allows experimenters to address shape adaptation questions with a high degree of 

precision.  Following adaptation to an RF pattern, the magnitude and direction of the 

after-effect can be determined by measuring the resulting distortion of a circular test 

pattern.  In the current study we use RF patterns as both test and adaptor stimuli to 

further investigate the mechanisms underlying RF adaptation. 

In the first experiment, both test and adaptor RF patterns had the same RF 

number and amplitude, while the rotational phase difference between them was 

systematically varied.  If after-effects are the result of adaptation to global shape, 

then the magnitude of the effect might be phase-independent.  That is, the neurons 

specifically tuned for different simple shapes will respond to the presence of their 

preferred shape stimulus regardless of the rotational phase of its presentation.  Phase 

invariance in shape detection would be desirable at some stage of object processing, 
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since recognition must occur from many different object viewpoints (Grill-Spector et 

al., 2001; Kourtzi & Kanwisher, 2001).  Since we found no evidence here of phase 

independence when adapting to RF patterns, the remainder of this paper is then 

dedicated to providing an explanation for the phase dependence observed, including 

the possibility that local contour adaptation may be causing shape AEs. 

The finding of phase dependence seems to be inconsistent with a number of 

previous studies which have concluded that the RF shape AE is the result of global 

adaptation mechanisms (Anderson et al., 2007; Bell, Hancock, Kingdom, & Peirce, 

2010; Bell, Wilkinson, Wilson, Loffler, & Badcock, 2009).  One way that global 

adaptation could still be responsible for a phase dependent after-effect is if the visual 

system contained multiple channels, each tuned for different RF rotations or phases.  

Each of these channels could be associated with a different after-effect magnitude 

which would be dependent on the phase difference between test and adaptor RFs.  

Bell and Badcock (2009) have previously presented evidence in favour of a multiple 

channel model that encodes RF number.  They demonstrated that the detection 

thresholds for a particular RF were not affected by the addition of a different RF 

number, sub-threshold mask to the same contour.  Masking with an RF pattern only 

affected the detectability of the test pattern when the RF numbers of both the test and 

adaptor were the same. 

Since multiple channels exist for different RF numbers, it is also possible that 

different rotational phases are encoded in the same way.  Habak, Wilkinson, and 

Wilson (2006) assessed the sensitivity to RF phase in a simultaneous masking 

experiment.  They found that when the masking RF pattern was 180° out of phase 

with the test RF, the masking effect was weaker compared to when the two patterns 

were in the same phase.  This suggests that observers are sensitive to rotational phase 



 

 

45 
 

in RF patterns, supporting the possibility of multiple phase channels (although this 

might not necessarily being the most efficient way for the visual system to represent 

shape).  We can test for the existence of multiple rotational phase channels by 

systematically varying test-adaptor phase differences and measuring the magnitude 

of the associated RF shape AEs.  If there are multiple phase channels, then the effect 

should be maximal when the test and adaptor have the same rotational phase, with a 

lesser effect being observed in nearby channels (Blakemore & Campbell, 1969). 

An alternative to the global explanation is that a collection of local 

orientation after-effects is producing what appears to be global shape adaptation.  A 

recent study by Dickinson, Almeida, Bell, and Badcock (2010) has demonstrated that 

a spatial continuum of local orientation after-effects would also be able to account 

for the appearance of an RF shape AE.  They described a general tilt after-effect field 

model which successfully predicts the magnitude and direction of shape distortion 

following adaption to RF patterns and also faces. In the second experiment reported 

here, the local tilt after-effect field model was applied to potentially predict the 

changes in after-effect magnitude dependent on rotational phase difference. 

The aim of the current study is to determine whether there is any evidence for 

residual global adaptation in the RF shape AE.  If local adaptation is unable to 

account for all of the after-effect observed here, then global after-effects could be 

used to explain the difference.  The experiments reported here demonstrate that the 

variation in the after-effect caused by manipulating the rotational phase difference 

between test and adaptor RF patterns can be predicted by a local orientation model 

based solely on the tilt AE, at least for supra-threshold stimuli.  This provides an 

alternative to the global explanation for adaptation to briefly presented RF stimuli.  It 
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remains possible that there are other circumstances where global adaptation can be 

observed.   

 

2. General Methods 

2.1. Participants 

 Four people participated in these experiments, including two authors (VB and 

ED) and two experienced psychophysical observers (CH and HM) who were naive to 

the purpose of the experiment.  All four participants completed Experiment 1, but 

only VB and ED completed Experiment 2.  Participants had normal or corrected to 

normal vision with the exception of ED who had a divergent squint and completed 

the experiments with monocular viewing (he had normal visual acuity and the eye 

was occluded with a black eye patch).  Prior approval was obtained from the 

University of Western Australia Human Research Ethics Committee. 

 

2.2. Apparatus 

  The stimuli were generated using MATLAB version 7.2 on a Pentium 4 

computer with a 2.4 GHz processor and 1 Gb of RAM.  Images were displayed 

though a Cambridge Research Systems 2/5 visual stimulus generator on a 17 inch, 

gamma corrected Sony Trinitron monitor.  The monitor resolution was 1024 x 768 

pixels and the refresh rate was 100 Hz.  The background luminance of the monitor 

was 45 cd/m
2 

and testing was completed in a darkened room (background luminance 

<1 cd/m
2
).  The viewing distance of 120 cm was maintained by a chinrest, and at this 

distance one pixel subtended one minute of visual angle.  Participants responded by 

pressing one of two buttons on a standard computer mouse. 
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3. Experiment 1: Are RF Shape After-Effects Phase Invariant? 

Experiment 1 assessed whether the shape AE is dependent on the phase 

difference between a test and adaptor.  To determine if this was the case, we 

measured the magnitude of the RF shape AE as the rotational phase difference 

between test and adaptor RF3 stimuli was increased.  If shape AEs are due to global, 

phase invariant adaptation mechanisms, then the after-effect magnitude should not 

vary with the test pattern rotation (Kovács, Zimmer, Harza, & Vidnyánszky, 2007; 

Pourtois, Schwartz, Spiridon, Martuzzi, & Vuilleumier, 2009). 

 

3.1. Stimuli 

 The stimuli consisted of single, luminance-defined contours with a black 

fixation point (6’ square) in the centre of the screen (see bottom of Figure 1 for an 

example).  The stimuli used in all experiments were RF patterns with three cycles of 

deformation, giving the appearance of a rounded triangle.  The radius at any point on 

the contour can be described by the following equation: 

 

                             (1) 

 

where   and   represent each point on the contour in polar co-ordinates,    is the un-

modulated radius of the shape (4°),   is the amplitude of deformation (a proportion 

of the mean radius),   is the radial frequency number (the number of cycles of 

modulation in 360°), and lastly   is the angular phase which controls the rotation of 

the shape. 

In this experiment, the cross-sectional contour of each shape had a Gaussian 

luminance profile.  The full width of the border at half maximum contrast was 4.71’ 
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and the maximum Weber contrast relative to the background was 1.  The adaptor was 

an RF3 with a modulation amplitude ( ) of 0.1 (the maximum radial distortion was 

±10% of the mean radius).   

 

3.2. Procedure 

Each trial began with the adaptor displayed for 160 ms.  This was followed 

by a 500 ms inter-stimulus interval (previous research has shown that RF after-

effects can last for several seconds -  Dickinson, Han, et al., 2010) during which a 

blank screen containing only the fixation point was presented.  The test stimulus was 

then displayed for 160 ms, after which only the fixation point remained until the 

participant responded.  Data were collected using the method of constant stimuli 

(MOCS) with nine MOCS steps around a modulation amplitude of 0.1 and with a 

step size of 0.006.  The centre of the MOCS was offset for conditions where the AE 

was larger so as to ensure that a complete psychometric function was obtained.  The 

adaptor RF3 was presented in a fixed rotational phase across all conditions and trials 

(depicted in Figure 1 as 0° phase stimulus).  The test RF3 patterns (modulation 

amplitude = 0.1 ± MOCS step) were presented in eight sinusoidal phase difference 

conditions with intervals of 45°.  Conditions were completed by participants in a 

random order.  Each phase difference condition included five blocks of 90 trials, 

creating a total of 450 trials per experimental condition. 

Participants were required to indicate which of the two RF3 patterns 

presented, the adaptor (  = 0.1), or the test (  = 0.1+ Δ ) was most deformed from 

circularity.  The data reflect the probability of responding that the test pattern was of 

greater amplitude than the adaptor for each phase difference condition.  A cumulative 

normal distribution was fitted to the psychometric function describing the observed 
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response as a function of test pattern amplitude.  The mean of the distribution (the 

point of subjective equality – PSE) indicates the amplitude at which the test pattern 

was perceived to have the same amplitude as the adaptor.  The PSE provides an 

estimate of the modulation amplitude required to null the after-effect.  If the PSE is 

less than 0.1, then the after-effect is causing an increase in the perceived amplitude 

of the test pattern. In other words, the adaptor is distorting the test and making it 

appear more distorted from circularity than it actually is. 
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Figure 1. These graphs show the amplitude of test RF3 deformation required for the 

test to appear as distorted as the adaptor (referred to as the PSE) for four participants.  

A lower PSE (less than 0.1) indicates that the amplitude of test pattern modulation 

looks larger than it actually is.  Zero degrees phase difference means that the test and 

adaptor are both oriented the same way (pointing down, see 0° on inset).  When the 

phase difference in the sinusoid is 180°, the test is in the opposite phase to the 

adaptor (the adaptor is still pointing down, but the test is now pointing up, see 180° 

on inset).  Error bars indicate the 95% confidence intervals. 
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3.3. Results and Discussion 

 There was no effect of phase difference on the slope of the psychometric 

functions for any of the participants (range was 0.0054 – 0.017).  These data show 

that as the phase difference between the test and adaptor RF3 stimuli was increased, 

the magnitude of perceived deformation in the test stimulus also increases, from a 

minimal after-effect when the phase difference is 0°, to a maximum after-effect when 

it is 180°.  A repeated measures ANOVA using phase difference as a factor showed a 

significant effect of phase difference on the amplitude of the test stimulus 

deformation required to counter the after-effect (F(7,21) = 23.83, p < 0.01).  The 

maximum after-effect occurred when the modulation of the test pattern was 180° out 

of phase with that of the adaptor.  The size of the after-effect at this point was 

between 17 and 32% of the adaptor amplitude, which is consistent with previous RF 

research using adaptation (Anderson et al., 2007; Bell & Badcock, 2009; Dickinson, 

Han, et al., 2010).  Previous studies have not directly assessed the effect of phase in 

this way since they have only focused on the anti-phase after-effect of an adaptor on 

an undeformed circle (Anderson et al., 2007; Bell et al., 2008; Dickinson, Han, et al., 

2010).  It is worth noting here that while the baseline percept for both test and 

adaptor patterns is shifted as a result of rapid adaptation, this should not affect 

discrimination of the differences in perceived amplitude between the two shapes as 

they are both affected equally.  Additionally, Bell and Badcock (2009) demonstrated 

that detection of threshold-level RF patterns was phase invariant.  As such, it is 

unlikely that there would be an effect on the baseline for adaptation in the current 

study.   

If rotation information was encoded by multiple channels, then we would 

have expected that adapting to one channel would alter the sensitivity of nearby 



52 
 

channels maximally (Blakemore & Campbell, 1969; Habak et al., 2006).  In the 

context of the current experiment, this would suggest that the largest after-effect 

should be observed when the phase difference between the test and adaptor is 

smallest (e.g. the zero degree, or near-zero, phase difference conditions).  Our results 

do not support this, since RF adaptation caused a maximal after-effect on the furthest 

channel possible (180° out of phase with the adaptor), and therefore a set of phase 

specific channels cannot explain this effect.  The rest of this paper is dedicated to 

determining whether the tilt AE, and therefore a local explanation, can account for 

the pattern of rotational phase dependence observed in Experiment 1. 

 

4. Experiment 2: A Tilt After-Effect Model for the RF Shape After-Effect 

 If adaptation is occurring at the level of the local image attributes, such as 

orientation, then the tilt AE might be responsible for the adaptation observed in 

Experiment 1.  The tilt AE is the change in the apparent orientation of a test line 

following adaptation to a slightly tilted adaptor line (see Figure 3 for an example).  

The appearance of the test line is distorted such that it appears to be angled away 

from the initial adaptor when the difference between test and adaptor lines is between 

0° and 50°.  Outside this range, weak attraction can occur between the orientation of 

the two lines, depending on the stimulus configuration (Clifford et al., 2000; 

Wenderoth & Johnstone, 1987). 

In order to determine whether local orientation after-effects can account for 

the phase dependence of the RF shape AE, a model needs to be constructed based on 

the magnitude of the tilt AE.  This model would need to predict the distortion caused 

by an adaptor, based solely on the local effects of orientation.  It would also need to 

take into account the fact that the after-effect would vary for adaptor/test line pairs 
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that differ in orientation.  Experiment 2 assesses the magnitude and direction of the 

tilt AE at the same average eccentricity that the contours of the test and adaptor RF3s 

in Experiment 1 were presented.  The tilt AE data generated in here will then form 

the basis of a model to describe the tilt AE as a function of the orientation difference 

between local sections of the test and adaptor stimuli.  This will allow for predictions 

to be made about all possible angular differences. 

 

4.1. Stimuli 

 The stimulus was a single luminance-defined line segment with a Gaussian 

luminance profile.  The full width of the border at half maximum contrast was the 

same as it was for the RF stimuli in Experiment 1 (4.71’).  Lines were presented on 

the right half of the display at 4° eccentricity from a central fixation point so that 

they were consistent with the average eccentricity of the RF3 contour in Experiment 

1.  The test and adapting lines both subtended 0.5° of visual angle in length.  In order 

to match the range in local distance between the test and adaptor contours used in 

Experiment 1, the positions of both test and adaptor lines were independently jittered 

within a range of ±24’.  This is consistent with the maximum possible difference in 

radial contour location between a test and adaptor in Experiment 1 which was 48’ 

(when two RF3s were 180° out of phase, their maxima were separated by 48’). 

 

4.2. Methods 

Participants were required to judge the apparent tilt of a test line following 

adaptation and determine whether it was clockwise or anti-clockwise from vertical.  

This differs slightly from the task described in Experiment 1, where the two shapes 

were compared instead of one being compared to an internal standard.  Eleven 
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different adaptor orientation conditions were used.  The adapting stimulus was 

oriented 0, 5, 10, 20, 40, 80° either clockwise or anti-clockwise from the test line 

which was always close to vertical.  As in Experiment 1, the adapting line was 

presented for 160 ms, followed by a 500 ms inter-stimulus interval.  The test 

stimulus was then presented for 160 ms.  Sekuler and Littlejohn (1974) demonstrated 

that the tilt AE plateaus after just 18 ms of adaptation, and that this was equivalent in 

magnitude to the after-effect produced by 1000 ms of adaptation. The 160 ms 

adaptor durations used here are therefore considered sufficient to elicit a substantial 

rapid tilt AE.   

Participants completed three blocks of each different adaptor orientation 

condition using the method of constant stimuli.  Each block included a total of 180 

trials, 20 for each of the nine MOCS steps.  The step size for test line orientations 

was 0.75°, and the test orientation range was offset for conditions where the tilt AE 

was larger so as to ensure that a complete psychometric function was obtained.  The 

point of subjective vertical following adaptation was obtained for each condition by 

fitting a cumulative normal distribution to the data.  These are plotted in Figure 2 

below. 

 

4.3. Results and Discussion 

 Figure 2 shows that each individual’s tilt AE function peaked between 10 - 

20° separation, and that the maximum tilt AE produced was approximately 2°.  Both 

the peak tilt AE and the pattern of results across other adaptor angles was consistent 

with existing research using longer adaptor durations (Clifford et al., 2000; Mitchell 

& Muir, 1976; Wolfe, 1984).  These studies using prolonged adaptation commonly 

provided three minutes of initial adaptation followed by several seconds of ‘top-up’ 
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adaptation between test trials.  One key difference between this study and those using 

prolonged adaptation durations was in the maximum tilt AE magnitude.  The 

maximum tilt AE reported here after 160 ms of adaptation was approximately 2°, 

whereas studies using prolonged adaptation have reported the tilt AE to be closer to 

4° (Clifford et al., 2000).  This indicates that adaptation might not necessarily have 

reached a plateau with the 160 ms adaptor as might be anticipated from Sekuler and 

Littlejohn (1974), although it should be mentioned that others have shown growth 

over extended adaptor durations (Greenlee & Magnussen, 1987).  Despite the fact 

that the tilt AE may not have peaked following 160 ms of adaptation, the data 

produced in Experiment 2 are directly equivalent to the results of Experiment 1 

which used the same adaptor duration for RF adaptation.  This is all that is required 

to make the tilt AE predictive model for the current study.   

 

 

Figure 2. Tilt AE magnitude for two participants.  On the x-axis, a positive 

separation angle means that the adaptor location is rotated clockwise from the test, 

and a negative angle is rotated anti-clockwise.  Negative values on the y-axis show 

that that the appearance of the test line has been shifted clockwise (positive = 

anticlockwise shift).  A D1 (the first derivative of a Gaussian) function was fitted to 

the data (red line).  Error bars are 95% confidence intervals. 
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A D1 was used to allow predictions to be made for all orientation differences 

between test and adaptor.  The D1 is a function of the angular difference between test 

and adaptor ( X ) in degrees and is given by: 

 

                 
 

  
        

    
    

     
 
    (2) 

 

The scalar constant (C) which adjusts the amplitude of the function was 57.56° on 

average (46.27° and 68.84° respectively for VB and ED) and the average standard 

deviation (σ), which defines the width of the D1 function, was 18.34° (18.43° and 

18.25° respectively).  The D1 function fit these data well with R
2 

values of 0.95 and 

0.93 obtained for VB and ED respectively.  The averaged values for the constant and 

standard deviation obtained here are used in Experiment 2 to predict the effect of 

local orientation after-effects (tilt AE) on a closed contour RF pattern. 

 

4.4. The Tilt After-Effect Model 

 In order to examine the effect of local orientation adaptation on a closed 

contour, a predictive model based on the tilt AE was created.  The purpose of this 

model was to determine whether the tilt AE can be used to explain the phase 

dependence observed in RF adaptation.  By taking the averaged tilt AE function 

generated in Experiment 2, the model can be used to predict the change in perceived 

amplitude that could be expected based on local orientation after-effects alone (see 

Figure 3 for an example).  The predicted percept was calculated by treating each 

closed contour as a succession of very short, connected straight line segments.  The 

short lines were used to approximate a smooth contour in the model.  The adaptor 

and test stimuli used to create the prediction were RF patterns with three cycles of 
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deformation (RF3).  The RF patterns were constructed according to Eq. 1.  For this 

prediction, the amplitude of deformation used was 0.1 and the un-modulated radius 

of both the adaptor and the test was 4° visual angle.  This was equivalent to the 

stimulus parameters in Experiment 1. 

 

 

Figure 3.  Adaptation to RF patterns causes an after-effect in the opposite direction to 

the adapting pattern (Anderson et al., 2007).  This figure shows that adapting to an 

RF3 will distort the perception of a circle away from the adapting shape.  The result 

appears to be distorted in the direction of an RF3 180° in anti-phase to the adaptor.  

If the shape is represented as a collection of small oriented line segments, then the 

apparent shape AE can be determined by combining these local tilt AEs. 

 

 The model starts with the assumption that the fixation points in the previous 

experiments provide an exact retinotopic alignment along each radius.  To predict the 

influence of the tilt AE at each point on the contour, we first determine the 

orientation difference between the test and adaptor contour at each point in turn.  A 

point of inflection on the modulating sinusoid of the test pattern serves as the starting 

point for the model.  The model then projects the perceived contour anti-clockwise in 
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very small steps (0.01’).  A small step size was used to ensure that the overall shape 

approximated a smooth contour despite the fact that it was constructed from linear 

segments. 

To allow us to determine the orientation difference between the adaptor and 

test patterns at each point on the contour we first calculate the gradient of the 

modulating sinusoid by determining the differential of Eq. 1, where the RF pattern is 

originally defined (Dickinson, Almeida, et al., 2010).  The angle relative to the 

tangential orientation to a circle is then calculated by taking the arctangent of this 

differential divided by the ratio between the local radius at that point and the 

unmodulated radius (4° visual angle) as follows: 

 

                  
               

    
     (3) 

 

where   and   define the contour in polar co-ordinates,    is the un-modulated radius 

of the shape,   is the amplitude of deformation (assumed to be 0.1 for both test and 

adaptor), and   is the radial frequency number (three cycles).  The angle at each step 

around the contour is calculated for the test and adaptor patterns separately, and the 

phase of the test pattern is varied by adjusting   (the adaptor phase is fixed at 0). 

The orientation difference (which is the angular difference between test and 

adaptor) is then determined by subtracting one angle from the other.  This difference 

is used to compute local after-effects at each point using the tilt AE function 

generated in Experiment 2.  Following the application of the tilt AE function, an 

orientation value for the perceived contour in a Cartesian frame of reference is 

generated.  The predicted contour is then projected a small distance in the direction 

indicated by this orientation value.  With a small enough stepsize and a symmetrical 
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shape this does result in the perceived contour ‘joining up’ once it has propagated 

360 degrees.  The Cartesian position at the end of this small line segment is then 

determined and converted to a polar position.  This process is repeated for successive 

line segments until the contour is complete – having propagated anti-clockwise for a 

full 360°.  Figure 4 provides a diagram depicting this process.  The completed pattern 

represents the perceived shape of the test pattern following adaptation.  By adjusting 

the phase of the test pattern, this model was used to make predictions for each of the 

phase difference conditions employed in Experiment 1. 
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Figure 4.  This figure provides a graphical representation of the small steps taken to 

determine the effect of the tilt AE on each individual line segment, as well as how 

successive elements are linked to form a contour.  Firstly, a start point is plotted and 

a small projection (s) is made along a tangent of the contour (r).  The orientation 

predicted by the tilt AE is then applied to the angle of the line and the process is 

repeated for the next s, beginning at the end point of the first segment.  This process 

of projection and re-orientation is repeated until the full 360° of contour is complete. 

 

To determine how deformed the perceived test generated by the model would 

appear to an observer, we calculated the maximum distortion amplitude of the model 

prediction relative to a circle.  These amplitude values are effectively showing what 

the amplitude of the shape AE could be if it was caused by the tilt AE alone and not 

by any additional global mechanisms.  Figure 5 includes the actual data points 

showing the change in the after-effect associated with phase difference variation 
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(derived in Experiment 1), along with the predicted after-effect based on the tilt AE 

model described here. 

It is worth noting that this is not necessarily how the visual system would 

tackle a problem of this nature.  The model is an approximation which starts at an 

arbitrary point on the contour and works sequentially from there.  In contrast, the 

visual system would likely converge on a solution by considering all points 

simultaneously.  This distorted local representation (due to the TAE) would then be 

passed on to higher, more global processing regions and processed normally. 

 

 

Figure 5. Averaged data from all observers from Experiment 1 is represented by the 

dashed grey line.  The individual data are presented with the baseline deformation at 

zero degrees difference removed, and 95% confidence intervals are indicated. The 

solid black line indicates the tilt AE model prediction. 

 

 A Chi-square test to assess goodness of fit revealed that there was no 

significant difference between the amplitude of deformation predicted by the tilt AE 

model and the actual individual data, χ
2
(6, n = 4) = 0.014, p > 0.05.  The fit of the 

phase dependence data to the model described here demonstrates that local 
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orientation after-effects could indeed account for the phase dependence of the RF 

shape AE.  This finding supports other recent work which suggests that some of what 

is considered to be global adaptation may be attributable to local tilt AE mechanisms 

instead (Dickinson, Almeida, et al., 2010). 

 

5. General Discussion 

 The experiments presented here make a case for local orientation after-effects 

being primarily responsible for the apparent shape AE observed following adaptation 

to RF patterns.  The local tilt AE model can account for the variation in the 

magnitude of the RF shape AE associated with rotational phase difference.  

Explaining shape adaptation as a collection of local orientation after-effects provides 

an alternative explanation to the global models conventionally used to address this 

issue (Anderson et al., 2007; Bell & Kingdom, 2009).  It is however, important to 

note that these results do not necessarily preclude the existence of any global shape 

AE.  There remains the possibility that global effects are simply much smaller and 

might therefore be masked by the larger, or more dominant, local after-effects.  The 

results reported here do not allow for local and global shape information to be 

reliably discriminated from one another, and neither does much of the existing shape 

after-effect literature (but see Susilo, McKone, & Edwards, 2010a, 2010b). 

Since local after-effects are tightly tuned for position (Gibson & Radner, 

1937), a spatially invariant after-effect could potentially reveal global adaptation 

(Roach et al., 2008).  Suzuki and Cavanagh (1998) presented evidence for such a 

global after-effect by displaying their test and adaptor stimuli in spatially distinct 

regions with no overlap.  The magnitude of their after-effect appears to be a great 

deal smaller than the after-effect reported here (their participants reported that ~85% 
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of total test stimuli presented were distorted anti-phase to the adaptor, but a shift in 

the PSE between test and adaptor was not assessed so the exact magnitude of their 

after-effect is unknown).  Therefore it remains possible that some global adaptation 

is being induced in the current study, but that the local effects are larger and 

therefore render the global effects immeasurable. 

 Local information must, at some point, be integrated to form a coherent 

global structure or pattern.  A major reason for global integration is efficiency of 

cortical processing, Lennie (1998) argued that encoded information is passed on at 

each stage, making it more compact the further it is processed.  Using fMRI, the 

more anterior occipito-temporal regions involved in object recognition have been 

shown to use a smaller cortical area to represent an object compared to earlier 

regions, such as V1 (Ostwald, Lam, Li, & Kourtzi, 2008).  V4 is one of the earliest 

regions in the visual pathway that responds differentially to whole shapes as distinct 

units, and it is thought that this might be where global shape is first processed 

(Pasupathy & Connor, 2001, 2002; Wilkinson et al., 2000).  The local model for 

describing RF shape AEs would suggest that adaptation is causing changes in the 

earlier V1 response, and that this distorted local information is then passed on to 

higher, more globally focused cortical regions. 

Our results imply that there are some limitations to using adaptation as the 

main tool for investigating the properties of global shape coding.  Future research 

into global shape processing mechanisms should either take local after-effects into 

account when using adaptation, or consider using different experimental techniques.  

An alternative to adaptation is employing shape detection or discrimination tasks 

with near-threshold stimuli to avoid the complications introduced by adaptation.  If 

adaptation were to continue to be used as a technique for investigating global shape, 
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then these results would strongly reinforce previous calls for the introduction of 

measures to avoid interference from local after-effects, such as spatially offsetting 

the target and adaptor.  This approach would require very precise monitoring of eye 

movements as local after-effects have been shown to build up extremely rapidly 

(Dickinson, Han, et al., 2010). 
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Chapter 3 

Briefly Presented Shapes can Induce Visual After-

Effects that Last for up to a Day 
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Summary 

Visual after-effects arise following exposure to adapting stimuli.  In after-

effects, the difference between the test and adaptor stimulus is exaggerated (see 

upper left, Figure 1)  Adaptation is thought to allow neurons with a limited dynamic 

range to respond to a greater range of inputs (Barlow & Földiàk, 1989).  Early 

experiments with orientation after-effects have suggested that the size of the after-

effect increases with up to an hour of adaptation (Greenlee & Magnussen, 1987) and 

causes a distortion to subsequent images which can endure for up to a week (Wolfe 

& O'Connell, 1986). 

However, recent experiments remind us that after-effects can also occur 

following much shorter adaptor presentations (Dickinson, Han, et al., 2010; Suzuki, 

2001).  For example, the tilt after-effect occurs after only 30 ms of adaptation 

(Sekuler & Littlejohn, 1974).  Previously, the decay of the shape-induced after-effect 

following rapid adaptation using simple luminance-defined shapes has been 

measured to five seconds post-adaptation.  The current study examines the time-

course of the shape after-effect and its decay across the 24 hours following a set of 

30 ms adaptation periods.  Following adaptation, we show that the shape after-effect 

decays according to a power function, and survives across several hours.  Critically, 

interaction with the world between testing sessions does not extinguish the after-

effect, but presentation of a circular mask between the adaptor and test does.  The 

robust after-effect following very rapid adaptor presentations may be an artefact of 

the mechanism specialised for facilitating the detection of shape change. 
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Main Text 

 A radial frequency (RF) pattern is a closed circular contour with a sinusoidal 

deformation applied to the radius.  RF patterns have been used to investigate the 

intermediate level of form processing in human vision (Loffler, 2008; Wilkinson et 

al., 1998) since perceived changes in the test stimulus can be easily measured in 

terms of change in the amplitude of modulation (Loffler et al., 2003).  The adapting 

stimulus here had three cycles of sinusoidal modulation (RF3, see Figure 1) and the 

threshold modulation amplitude of the test stimulus was measured for each observer. 

Five participants adapted to an RF3, where the adaptor was oriented such that 

it was always pointing right.  The adaptor was displayed for 30 ms and was followed 

by a 150 ms inter-stimulus-interval (ISI).  A test shape was then displayed for 30 ms.  

A single-interval was presented and participants then indicated whether the test 

appeared to be pointing left or right.  There were nine different levels of test 

amplitude modulation including: 0 (an unmodulated circle) and ±1, 2, 3 or 4 small 

steps in amplitude.  Step size was chosen on an individual basis to optimize coverage 

of the full psychometric function.  Positive steps increased the deformation from 

circular (but maintained pattern orientation – or phase – equal to the adaptor).  

Negative steps appeared to increase the deformation in the opposite orientation (180° 

phase).  Participants were exposed to a total of 16.2 s of adaptation (in 30 ms epochs, 

separated by ~1 s including the test interval) across 540 adapting trials. 

Once the adaptor condition was complete, participants left the darkened 

testing room (room surface luminance <1 cd/m
2
) and returned at regular intervals to 

complete three blocks of 180 test-only trials.  A blank fixation screen was presented 

for 30 ms in place of the adaptor for the test-only trials.  Apart from this, the timings 

and stimuli were identical to the adaptor condition.  The amplitude where 
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participants were equally likely to respond ‘left’ or ‘right’ (point of subjective 

equality, PSE) was determined by fitting a cumulative Gaussian to the data and 

finding the mean, as this represents the magnitude of deformation required for the 

test stimulus to appear undistorted.  Figure 1 shows the magnitude of residual after-

effect (PSE) as a function of time since initial adaptation.  The after-effect gradually 

declined over 24 hours.   
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Figure 1. Upper left panel demonstrates the effect of adaptation on a circular test, 

with the ‘Percept’ showing an approximation of the initial after-effect following 

adaptation to an RF3.  Individual data from participants decreased according to a 

power-law function (      ).  Each datum represents the PSE from a single run.  

The average slope ( ) for five participants was -0.193, and all slopes were 

significantly different from zero (p < 0.05), as shown by the 95% confidence around 

the slope (included in square brackets). 
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 These results indicate that the shift in PSE caused by adapting to a briefly-

presented simple shape lasts a great deal longer than shown by some previous 

adaptation experiments (Dickinson, Han, et al., 2010).  After 30 minutes, the average 

amount of initial shape after-effect remaining is 42% of the original.  Clearly, 

exposure to a variety of natural scenes while observers were outside the laboratory 

did not remove the after-effect.  A second experiment was therefore conducted to 

examine whether the adaptation effect could be modified by exposure to a particular 

shape.  A circular mask was employed because unmodulated RF patterns are circles 

(Bell et al., 2008).  Since a circle contains no variation in radius it may return the 

perceptual bias that has been introduced by adaptation to being biased in neither 

direction.  Other shapes may effectively reduce this after-effect, such as the inverse 

RF3 pattern, however a circle with the same base radius carries no risk of inducing 

its own competing after-effects on an RF3 test pattern. 

To produce a strong rapid after-effect, participants adapted to the RF3 for 160 

ms (see Supplementary section for full details).  After adaptation, a 160 ms circular 

mask was introduced for either one, two or three repetitions.  Apart from this, the 

stimuli and task remained the same.  The results showed that masking significantly 

decreased the remaining after-effect, with each mask presentation reducing the effect 

by a half.  Three presentations caused the after-effect to be diminished by a factor of 

eight. 

The obvious question that these findings raise is why should rapid adaptation 

have an effect on perception?  It has been suggested that shape-specific adaptation is 

perceptually advantageous since it enhances the differences between similar shapes 

in future presentations (Barlow & Földiàk, 1989).  This could be beneficial for 

highlighting things like changes in facial expression or viewpoint.  Interaction with 
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similar shapes needs to have a rapid effect if shape discrimination is to be enhanced 

by these after-effects (Dickinson, Han, et al., 2010). 

This study also demonstrates the long-lasting nature of perceptual distortions 

caused by rapid adaptation.  The shape after-effect persists, even when participants 

leave the testing room and interact with the visual world, unless the effect is reduced 

by returning the perceptual bias to an undistorted position using masking.  A shape 

enhancement system would not account for the persistent nature of these after-

effects.  The slow decay may instead be an artefact of the system that we live with 

because the short-term benefits to shape discrimination are so great.   
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Supplemental 

 

The test and adapting stimuli were defined according to the following 

equation based on Wilkinson, Wilson and Habak (Wilkinson et al., 1998): 

 

                                  (1) 

 

where   and   are the radius and angle of the contour in polar co-ordinates,    is the 

base radius of the shape,   is the amplitude of deformation expressed as a proportion 

of the mean radius,   is the frequency of modulation (RF number), and   is the 

phase of the modulator.  The RF pattern used here was an RF3 (roughly triangular) 

and the test stimuli were based around a circle (A=0).  The orientation of each RF 

pattern was controlled by varying the phase, which determined the ‘direction’ that 
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the RF3 was pointing.  The amplitude describes the extent of shape deformation 

relative to an unmodulated circle.  The adaptor amplitude used here is defined as: 

 

   
 

     
         (2) 

 

which for the RF3 stimulus equalled 0.1.  This particular amplitude leads to the 

adapting RF3 having no concavities between the points of maximum curvature. 

In the masking experiment, participants adapted to an RF3 for 160 ms.  After 

adaptation, a masking condition was presented with either one, two, or three 

repetitions of the circular mask.  The masking interval was 800 ms.  It was preceded 

by 500 ms of blank fixation (no stimulus) and followed by a further 500 ms of blank 

fixation.  In the one mask condition, a single mask was presented for 160 ms in the 

middle of the masking interval.  In the two masks condition, a circular mask was 

presented for 160 ms at the beginning and then again at the end of the 800 ms 

masking interval.  Lastly, when there were three masks presented, the masks were 

displayed with 160 ms of blank fixation between them, and the first mask onset 

coincided with the beginning of the masking interval.  Whenever the masks were not 

displayed, a fixation cross was presented. 

It is worth noting here that we trialled several other types of masks, all of 

which were unsuccessful in masking the RF-induced shape after-effect.  The trialled 

masks were comprised of fields of other RF patterns.  The RFs in the masking field 

were of various frequencies, phases, and radii, including that of the adaptor.  RFs in 

this masking field were distributed randomly and always overlapped with the spatial 

location of the adaptor on the screen. 
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 The magnitude of shape after-effect remaining after masking was assessed 

using the same method of constant stimuli procedure as the first experiment.  Figure 

1 shows the effect of the masks for four participants.  The change in PSE caused by a 

given number of circular mask presentations was well captured (R
2 

values between 

0.94 and 0.98) by fitting the following function: 

 

                  (3) 

 

where k is a constant representing the magnitude of the shape after-effect (   ) 

present with no mask, and x is the number of mask presentations. 

While the after-effect reported in this experiment is extremely persistent in 

the absence of masking (decaying slowly according to a power function across a 24 

hour period), it is still possible that differences in the period between the adaptor and 

the onset of the first mask could be affecting the magnitude of the after-effect.  The 

interval between the adaptor and the first mask could vary by up to 320 ms in the 

masking experiment, depending on the number of masks being presented.  To 

determine if there was an effect of this period on the after-effect, observers VB and 

ED completed a control experiment.  In the timing control masking experiment, the 

onset of the first mask was always in the earliest possible masking interval (500 ms 

post-adaptor) and any other masks were presented with 160 ms between them and the 

preceding mask.  This meant that the interval separating the adaptor and first mask 

was now identical for all three masking conditions.  Paired-sampled t-tests were 

conducted in order to compare the original timing data with the control experiment 

data for observers VB and ED (see grey points in upper graphs of Figure 1).  There 

was no significant effect of the different mask timing on the magnitude of the after-
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effect between the original and control experiments (ED: t(3) = 0.11, p = 0.92; VB: 

t(3) = 1.04, p = 0.38).  This suggests that the critical factor is the number of mask 

presentations. 

 

Figure 1.  The change in the PSE associated with a different number of circular mask 

presentation for four observers.  The black circles represent the after-effect amplitude 

following one, two, and three mask presentations with the original timing.  The grey 

squares represent the after-effect size in the timing control masking condition.  95% 

confidence intervals are indicated. 
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Abstract 

It is thought that the human visual system processes closed contour shapes by both 

identifying the corners and the polar angle separating them.  This study examines the 

relative importance of these two critical features, and investigates the time course of 

shape processing using event-related potentials (ERPs).  Contours were created by 

aligning 225 Gabor patches in an array to form Radial Frequency (RF) patterns, 

where an RF pattern is a circular contour with a sinusoidal deformation applied.  

Continuous electroencephalogram was recorded while participants discriminated 

between two RFs defined by the arrangement of corners, all with the same local 

curvature.  Response times were significantly slower, and accuracy was lower, when 

the polar angles subtended by the two shapes were the same, compared to the 

condition where the polar angles differed.  This finding suggests that discrimination 

was more difficult for supra-threshold stimuli matched on this feature and it 

highlights the importance of angular separation.  The N2 deflection in the ERP 

waveform elicited following the presentation of random noise and circles was 

smaller than the N2 elicited in response to shapes containing corners, providing an 

electrophysiological marker of the presence of corners to the cortical representation 

of shape. 
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1. Introduction 

 The human visual system is capable of efficiently processing the visual 

information in a scene to reliably recognise critical objects.  The processing of local 

orientation information, critical for detecting shape boundaries, begins in area V1 of 

the visual cortex (Blakemore & Campbell, 1969; Campbell & Robson, 1964; Loffler, 

2008).  This visual representation is then processed through a cortical hierarchy of 

areas (Op de Beeck, Torfs, & Wagemans, 2008), each with increasing receptive-field 

sizes (Felleman & Van Essen, 1991; Grill-Spector & Malach, 2004; Lennie, 1998), 

which continue through to size- and viewpoint-invariant representations of shape in 

the lateral occipital cortex (LOC) (Grill-Spector, Kourtzi, & Kanwisher, 2001; 

Kourtzi & Kanwisher, 2000; Sawamura, Georgieva, Vogels, Vanduffel, & Orban, 

2005).  The intermediate processes whereby discrete local elements are combined to 

form a global shape are not yet fully understood. 

Many shapes can be captured as deformations of a circular prototype 

(Dumoulin & Hess, 2007; Loffler & Wilson, 2001; Wilkinson, Wilson, & Habak, 

1998) and there is strong evidence to suggest that these intermediate shape processes 

may be based in visual area V4 of the extrastriate cortex (Ungerleider, Galkin, 

Desimone, & Gattass, 2008).  Single cell recordings in macaque V4 support this 

conclusion by showing that a significant proportion of V4 neurons are selective for 

concentric, as opposed to parallel or random, patterns (Gallant, Connor, Rakshit, 

Lewis, & VanEssen, 1996; Gallant, Shoup, & Mazer, 2000).  Pasupathy and Connor 

(2001, 2002) also suggest a population code for V4 neurons consistent with a circular 

prototype.  In their model, shape is defined based on the specific deviations from 

circularity along the contour.  They identified curvature (e.g. convex or concave) and 

the location of each feature with respect to the object’s centre as the key components 
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to shape construction (Connor, 2004; Pasupathy & Connor, 2002).  The number of 

points of maximum curvature (corners) on the boundary of a closed contour is 

thought to be particularly critical for shape detection (Loffler, Wilson, & Wilkinson, 

2003; Wang & Hess, 2005; Wilkinson et al., 1998).  However recent psychophysical 

evidence (Bell, Dickinson, & Badcock, 2008; Poirier & Wilson, 2010) suggests that 

the angle separating corners is actually most important, which would be consistent 

with the V4 model proposed by Pasupathy and Connor (2001, 2002). 

The aim of the current study was to examine the contribution of the number 

of corners and the angle between corners to shape discrimination, as well as to 

determine the time course of global shape processing based on the presence or 

absence of these specific features.  Fields of Gabor patches were used to create a set 

of stimuli in which the average local orientation information remained approximately 

constant regardless of the shape formed by aligning a subset of elements (Wang & 

Hess, 2005).  While a side effect of this was that it reduced the magnitude of local 

luminance adaptation, this was not the primary purpose. 

Similar Gabor field stimuli have previously been used to investigate contour 

integration mechanisms for collinear strings of elements which create a snake-like 

path in noise (randomly oriented Gabor patches) (Field, Hayes, & Hess, 1993; Hess, 

Hayes, & Field, 2003).  Observers’ detection of a closed, collinear path is more 

likely to be due to global mechanisms than local ones, since contour closure (e.g. a 

circle compared to an ‘S’ shape with the same curvature and number of elements) 

has a detection performance advantage both as a solitary path and in a field of noise 

(Mathes & Fahle, 2007). 

In the current experiments, radial frequency (RF) patterns were used to define 

the contour for a shape.  These patterns were originally used by Wilkinson et al. 
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(1998) as precisely controlled stimuli for investigating sensitivity to global shape.  

An RF pattern is a sinusoidal modulation applied to the radius of a circle, where the 

frequency of the function determines how many cycles of modulation would be 

required to cover the full extent of the circumference.  RF patterns with fewer than 

10 cycles of deformation have been shown to involve global processing, whereas 

deformation in shapes with higher RF numbers is detected locally (Bell & Badcock, 

2009; Loffler et al., 2003). 

Recordings of the brain’s electrical activity in response to the presentation of 

different stimulus types are used here to investigate the time course of the cortical 

response to specific features.  Mathes, Trenner, and Fahle (2006) previously 

measured the electrophysiological response to basic shapes, where a contour was 

defined by aligning Gabor elements to form a path in a background of noise.  They 

found that the presence of a shape in the field was associated with an increased 

negativity across the occipital and parietal electrodes (the N1 component).  In 

addition to this, a complete contour such as a circle produced a larger N1 than an 

incomplete contour at the occipital electrodes (Tanskanen, Saarinen, Parkkonen, & 

Hari, 2008).  This suggests that the N1 is one of the earliest cortical indicators of 

global shape, and that it can be used to determine whether a closed contour is present 

amongst noise elements. 

The N1 amplitude is generally thought to be modulated by the global 

arrangement of elements within a stimulus.  A coherent structure in a Glass pattern 

(fields of random dot stimuli where the dot pairs are oriented to form a coherent 

global structure; Glass, 1969) increases the component amplitude more than a 

random pattern at occipital electrode sites, and a concentric coherent arrangement 

elicits a larger amplitude than either radial or parallel arrangements (Ohla, Busch, 
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Markus, & Herrmann, 2005; Ostwald, Lam, Li, & Kourtzi, 2008; Pei, Pettet, 

Vildavski, & Norcia, 2005; Swettenham, Anderson, & Thai, 2010).  Therefore it is 

likely that the N1 is affected by global orientation coherence in the Glass pattern 

stimuli, despite a lack of connected or continuous contours. 

 A later negativity occurring in the event-related potential (ERP) waveform is 

the posterior N2 component, which peaks approximately 220 ms post-stimulus 

presentation.  This component has been linked to global processing by several studies 

which have demonstrated that the N2 is the first indicator of a divergence between 

global (whole shape) and local (components from which the shape is constructed) 

levels in object processing (Evans, Shedden, Hevenor, & Hahn, 2000; Heinze & 

Munte, 1993).  Previous studies using contour closure to elicit global shape 

processing place the neural generator of the N2 in occipito-temporal regions 

corresponding to the intermediate shape area V4 (Doniger et al., 2000; Gallant et al., 

1996; Pasupathy & Connor, 2001, 2002).  If the N2 is an indicator of the shape 

integration processes occurring in area V4, then it might show selectivity for 

intermediate shape features, such as curvature discontinuities on a contour.   

In the current study we predict that the presence of any global arrangement 

within a Gabor array should lead to an enhanced early negativity (N1), and if there is 

an effect of the specific shape attributes, such as the number and placement of 

corners on the contour, it may be evident in the later components (N2).  

Behaviourally, if the total number of corners is critical to shape representation, then 

it should be harder to discriminate between shapes where the number of corners is 

the same but the angle between the corners differs.  Also, if the angular difference 

between corners is important, then shapes should be harder to tell apart when the 

angle between corners is the same - regardless of the total number of corners present. 
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2. General Methods 

2.1. Participants 

 Twenty-one participants volunteered for this study.  Participants ranged in 

age from 19 to 46 years of age (mean age 22.4 years).  Nine participants were male, 

and one participant was left-handed.  All participants provided written informed 

consent, and no re-imbursement or payment was provided.  This study was approved 

by the Human Research Ethics Committee at the University of Western Australia.  

All participants reported normal or corrected to normal vision.  

Electroencephalogram (EEG) data from four participants were excluded due to high 

impedances across several sites of interest. 

 

2.2. Stimuli 

Shapes were constructed by aligning Gabor patches (where a Gabor patch is a 

luminance-defined sinusoidal grating weighted by a Gaussian window; Daugman, 

1984) according to an underlying contour embedded in a field of random elements.  

The spatial frequency of the carrier gratings in this experiment was 5.1 cycles/degree 

and all patches were in cosine phase.  The diameter of the circular Gaussian window 

at the point of half contrast was 0.25 degrees of visual angle.  Eq. 1 defines the RF 

patterns used to create the shape contours: 

 

                                (1) 

 

where   and   are the radius and angle (which will be expressed in radians) of the 

contour in polar co-ordinates,    is the mean radius of the shape,   is the amplitude 

of deformation expressed as a proportion of the mean radius,   is the frequency of 
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modulation (RF number), and   is the phase of the shape.  The RF patterns used here 

include RF3 (triangular) and RF4 (square), as well as a circle (RF0, or A=0).  The 

rotation of each RF pattern was randomised by varying the phase.  For the current 

study the amplitude is defined as: 

 

   
 

     
         (1a) 

 

This amplitude leads to all non-circular shapes having the same curvature at each of 

the points of maximum curvature (corners) and no concavities between the corners.  

Therefore differences between shapes cannot due to the local differences in 

curvature, or the presence of indentations. 

 For shape stimuli where the radial deformation was only applied to a fraction 

of the whole contour, a smoothing function was applied to avoid the sharp transition 

between deformed and non-deformed segments of the contour.  This smoothing 

function was created by Loffler et al. (2003) where it was applied to a continuous RF 

contour.  Here, the smoothing function is applied to the position and orientations of 

Gabor patches along the implied contour.  A D1 (the first derivative of a Gaussian) 

was fitted to the contour segment on the transition between deformation and the un-

deformed remainder (circular).  In shape conditions where only a segment of contour 

was deformed, the pattern was defined as follows (Loffler et al., 2003): 
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91 
 

             
  

 
         

       (2)  

  for:          
   

 
            

   

 
  

              

 
                

 
  

 

         elsewhere 

 

where         is the central location of the deformed segment of contour and   is the 

number of cycles.  The   and   parameters of the D1 function were set to match the 

sine wave’s maximum and minimum deviations from the base circle and its 

maximum slope.  Eq. 2 is defined for an odd number of cycles and the angular 

phases for the D1 were: 

 

                    

 
          (2a) 

 

The pattern phase ( ) was set to create a zero-crossing at         : 

 

                     (2b) 

 

 Each shape was defined by 24 individual Gabor patches aligned to an RF 

contour.  The contour was surrounded by randomly oriented noise elements, resulting 

in the appearance of a field of Gabor elements with an embedded contour (see Figure 

1).  The Gabor patches were arranged in a 15x15 element grid with 1° separating the 

centres of adjacent cells on the grid.  The entire Gabor field thus subtended 15°, with 

each patch located within a 1° square in the 225 element array.  In experimental 
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conditions where a shape was present in the field, the 24 patches nearest to the 

contour path were replaced by the contour elements.  The position of individual noise 

Gabors was jittered within the square by up to half the width of the square to prevent 

the appearance of a regular grid.  This constraint was introduced to ensure that there 

was no overlap between adjacent elements in the field. 

  

2.3. Experimental Conditions 

Five experimental conditions were employed and the participant’s task was to 

make a comparison between two different stimuli selected from the set presented in 

Figure 1.  In every condition, one of the two target stimuli presented was an RF3.  

The second shape depended on the condition, and is referred to here as the 

comparison stimulus.  When a stimulus appeared on the screen, participants were 

asked to identify which shape was present and respond by pressing one of two keys. 
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Figure 1.  Sample stimuli presented across five experimental conditions.  In each 

condition the comparison shape (left) and the RF3 pattern (right) were presented with 

equal frequency. 

 

 In the first condition (RF3 vs. noise) the comparison stimulus consisted 

entirely of randomly oriented Gabor patches.  In this condition, a correct response 

required only the detection of any non-random arrangement of Gabor elements on 

the screen to distinguish between the two different stimuli.  This was expected to be 

the simplest task behaviourally because only the earliest stages in the visual 

processing hierarchy would need to be accessed before a judgement can be reached.  

For example, a response could be made by detecting the presence of any 

approximately collinear Gabor patches in the stimulus, where the collinearity has 

occurred with higher frequency than in the noise field - in which accidental 

alignment can still occur. 

 The second condition (RF3 vs. circle) required a comparison between two 

stimuli that both contained a closed contour shape.  In this condition participants 

needed to engage in shape comparison to make the discrimination, as opposed to 

contour-fragment detection in the RF3 vs. noise comparison.  The key difference 

between an RF3 and a circle is change in curvature due to variation in the radius 

along the implied contour.  A circle has a constant rate of curvature, while an RF3 

has three points of curvature maxima so successful discrimination between these two 

stimuli could involve processing the contour curvature to detect any curvature 

variation. 

 The remaining conditions were designed to assess the relative influences of 

the number of corners, and the polar angle separating the corners, on shape 
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discrimination.  In the third condition, the shapes presented (RF3 vs. RF4) differed 

both in the polar angle subtended by adjacent corners and also in the total number of 

corners present.  This condition thus provides a performance baseline against which 

the subsequent two conditions, which independently vary the degree of angular 

separation and the number of corners, can be compared.  In condition four, the 

number of corners was the same in both shapes whereas the degree of angular 

separation was varied.  This was done by comparing the RF3 to an RF4 with only 

three of the corners present (3-cycle RF4).  The angular separation between each 

point of maximum curvature in the 3-cycle RF4 was 90 degrees, while in the RF3 it 

was 120 degrees.  The fifth condition controls for the angular difference between 

corners by comparing an intact RF3 with a 2-cycle RF3.  In this condition the 

angular separation between corners is the same for both shapes (120 degrees), but the 

total number of corners on the contour is different with three points of maximum 

curvature on the RF3 shape and two points of maximum curvature on the 2-cycle 

RF3. If participants encode angular separation as a more important feature than the 

number of corners in this shape discrimination task, we would expect this condition 

to be more difficult than condition four (RF3 vs. 3-cycle RF4). 

  

2.4. Apparatus 

 Testing was completed in a darkened room (less than 1 cd/m
2
) with 

participants seated 60 cm from an NEC MultiSync V500 CRT monitor.  The 

background luminance of the stimuli was 9.14 cd/m
2
 and the Michelson contrast was 

0.967.  Stimuli were displayed using Presentation (Neurobehavioural Systems 

version 14.5) on a PC and participants responded via key-press on a standard 
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QWERTY keyboard.  The PC was running an NVIDIA RIVA TNT2 Model 64 

graphics card and feedback tones were played using Auriga stereo speakers. 

 

2.5. Behavioural Task and Procedure 

 Participants completed a single interval, forced choice reaction time task, 

with separate data collated for each of the two choices.  Task instructions were 

presented on the screen prior to starting each condition.  Each trial commenced with 

a small white fixation cross displayed in the centre of the screen for 500 ms, 

following which the stimulus (RF3 or comparison) was presented for 160 ms.  After 

the stimulus offset the screen remained blank until a response key was pressed.  Once 

a response had been made there was a 500 ms pause before feedback was provided to 

indicate either a correct (1000 Hz tone) or incorrect (500 Hz tone) response.  Within 

each condition there were a total of 200 trials presented, in which the two shape 

stimuli were each presented 100 times and the order of presentation was random.  

Self-paced breaks were available between each condition, and the order that 

conditions were completed in was randomized.  Participants were instructed to 

respond with either a left (‘Z’) or a right (‘/’) button-press depending on which shape 

was presented on the screen: the RF3 or the comparison.  Both speed and accuracy 

were emphasized, and the keyboard allocation for the different stimuli was counter-

balanced across participants. 

 Median response times for each participant, across each condition, were 

extracted to minimize the impact of skew in the distribution.  These provided the 

behavioural measure of the comparison difficulty within a condition.  An increase in 

response time (RT) would suggest that a particular comparison is more difficult and 

either shape processing is significantly slower, or the representation needs to be 
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processed further before a decision can be reached.  RTs are particularly suited for an 

ERP task where the stimulus needs to be well above the detection threshold level 

used in many psychophysical experiments investigating shape perception.  

2.6. Electrophysiological Recording 

 The EEG was recorded from electrodes positioned according to the 

International 10-20 system at sites FP1, FP2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, 

FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, O1, 

Oz, O2 using a 32-channel Compumedics Quik-cap.  Eye blinks were monitored 

with vertical electro-oculogram (VEOG) by electrodes placed two centimetres above 

and below the left eye.  The ground electrode was placed at AFz and continuous data 

were referenced to the linked mastoids with an averaged reference computed offline.  

Scalp electrode impedances were reduced below 5 kΩ prior to recording using saline 

gel.  The signal was sampled at 250 Hz and an online bandpass filter was applied 

with a low frequency cut-off at 0.05 Hz (6 dB/octave roll-off) and a high frequency 

cut-off at 30 Hz (24 dB/octave roll-off).  An additional offline filter (50 -70 Hz, 96 

dB/octave roll-off) was applied to the data to remove potential electrical interference 

from the monitor and the mains power.  The EEG was recorded with a Synamps 32 

channel amplifier. 

 Offline analysis of the ERP waveform was completed in SCAN 4.3 

(Compumedics Neuroscan, Charlotte, North Carolina, USA).  The ERP epoch was 

defined as 100 ms pre-stimulus to 500 ms post-stimulus and baseline corrected 

around the 100 ms pre-stimulus interval.  Epochs where the waveform was 

contaminated by eye blinks were corrected using the in-built algorithm.  Artifact 

rejection was applied to exclude all epochs where the voltage exceeded ±100 μV. 
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2.7. ERP Data Analysis 

 ERP averages were calculated for all five conditions separately for both the 

RF3 and comparison shapes.  Therefore there are ten different averages reported here 

(two different shapes for each of the five conditions).  There were no systematic 

effects of behavioural accuracy on the stimulus-locked ERPs at any electrode sites, 

demonstrated by average intra-class correlations greater than 0.95 between the ERPs 

elicited in response to correct only and incorrect only trials.  This suggests that the 

differences in behavioural accuracy are not affecting early perceptual processes in 

the ERP waveforms.  The ERP analyses reported in this study therefore include all 

trials regardless of behavioural response accuracy. 

 

3. Behavioural Results 

 To determine the effect of the comparison shape, the response accuracy and 

RT elicited by both shapes in each of the five comparison conditions were compared.  

There was no significant effect of shape type (RF3 vs. comparison shape) on either 

accuracy or reaction time within any of the five conditions.  Since there was no effect 

of shape type within conditions, the behavioural results reported here only use the 

response to the RF3 stimulus to make comparisons between conditions.  Therefore 

any differences observed between conditions are attributable to the type of 

comparison made within each condition and not to physical differences in the 

stimuli.  Summary statistics are presented in Figure 2.  A one-way repeated measures 

ANOVA found that there was a significant overall effect of condition on accuracy; 

F(4,80) = 14.38, p < 0.01, partial-η
2
 = 0.42.  Paired-samples t-tests with Bonferroni 

correction showed that performance for the condition with the 2-cycle RF3 
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comparison pattern was significantly lower than all other conditions.  There were no 

differences in accuracy between any of the other conditions. 

A one-way repeated measures ANOVA showed a significant overall effect of 

the comparison condition on RT as well; F(4,80) = 34.38, p < 0.01, partial-η
2
 = 0.69.  

Bonferroni corrected, paired-samples t-tests (see Figure 2) indicated that participants 

were slower to respond when the comparison shape was a circle compared to noise.  

Participants were also slower when responding to the RF3 in the 3-cycle RF4 

comparison condition compared to the RF3 in the RF4 comparison condition, 

suggesting that the number of cycles is important.  Lastly, participants were slower 

again when the comparison shape was a 2-cycle RF3 compared to 3-cycle RF4.  

Since it was harder to discriminate between two shapes where the angle between 

corners is the same than it was to discriminate between shapes where the number of 

corners is the same (slower when the comparison shape was a 2-cycle RF3 than 

when it was a 3-cycle RF4), it is suggested that the angular separation between 

corners is a more salient shape feature than the total number of corners. 

To confirm this we conducted two paired-samples t-tests separately 

comparing the 3-cycle RF4 and 2-cycle RF3 conditions with the baseline (RF4) 

condition.  There was an increase in RT relative to the baseline condition when 

participants had to discriminate between the RF3 and 3-cycle RF4 (Cohen’s d = 

0.46), as well as when they had to discriminate between the RF3 and 2-cycle RF3 

(Cohen’s d = 1.79).  These results show that although manipulation of both features 

affects the time taken to respond to the stimuli, the effect size is larger when the 

comparison stimuli are matched on angular separation instead of the number of 

corners.  The accuracy data also supports this since the 2-cycle RF3 condition is 

significantly lower than the baseline, but the 3-cycle RF4 is no different. 
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Figure 2.  Accuracy and RT means for the five conditions in response to the RF3 

stimuli only, where the y-axis labels indicate the comparison shape in each condition.  

95% confidence intervals are displayed.  One asterisk (*) indicates that there was a 

significant difference between the conditions, with p < 0.05, and two asterisks 

indicate it is significant to p < 0.01. 

 

4. Electrophysiological Results 

4.1. N1 Component 

 Figure 3 shows the averaged waveforms at occipital electrode sites for each 

of the five experimental conditions, superimposing the waveforms elicited by the 

RF3 stimulus (dashed line) and each comparison shape (solid line).  The N1 
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component was defined here as the most negative amplitude between 130 and 170 

ms (Herrmann & Bosch, 2001; Itier & Taylor, 2004; Ohla et al., 2005).  The mean 

amplitudes of the N1 peak are summarised in Table 1. 
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Conditions:   RF3   Comparison shape 

(RF3 vs. )  Mean  S.D  Mean  S.D   

Electrode O1 

Noise   -9.51  4.17  -9.14  3.88  

Circle   -9.48  4.55  -9.76  4.22 

RF4   -8.91  3.72  -8.87  3.85 

3-cycles RF4  -9.00  4.12  -9.37  4.22 

2-cycles RF3  -9.67  4.47  -9.75  4.54 

            

Electrode Oz 

Noise   -12.75  4.52  -12.07  4.57 

Circle   -12.58  5.15  -12.71  4.73 

RF4   -12.02  4.38  -11.88  4.24 

3-cycles RF4  -12.02  4.07  -12.20  4.29 

2-cycles RF3  -12.81  4.84  -12.30  4.80 

            

Electrode O2 

Noise   -10.82  4.28  -10.18  4.21 

Circle   -10.51  4.80  -11.06  4.81 

RF4   -10.15  4.03  -10.02  3.95 

3-cycles RF4  -10.48  4.53  -10.54  5.22 

2-cycles RF3  -11.25  4.88  -10.87  4.91 

            

Table 1.  Means and Standard Deviations (SD) for N1 peak amplitude in microvolts 

(μV) across all five conditions for both the RF3 and the comparison shape. 
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A three-factor, repeated measures ANOVA was conducted to determine the 

effects of condition (five levels based on the five different comparison conditions), 

shape (within each condition there were two different shapes used: RF3 and 

comparison), and site (three levels: O1, O2, Oz electrodes) on the N1 peak 

amplitude.  This analysis revealed no main effect of condition or shape, suggesting 

that the comparison between different shape stimuli was not affecting the N1 

amplitude.  There was a significant effect of site on amplitude (F(2,32) = 10.41, p < 

0.01, partial-η
2
 = 0.39), with the largest peak reported at the midline electrode Oz.  

There were no significant interactions between any of the factors.  The amplitude of 

the N1 therefore does not appear to differ as a function of the underlying shape or 

number of curvature maxima on the comparison stimulus.   
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Figure 3.  Grand average waveforms at lateral occipital electrodes O1 and O2 and 

midline site Oz are presented in the first three columns.  ERPs elicited in response to 

the presentation of RF3 stimuli are represented by the dotted line and ERPs elicited 

in response to the comparison shape are represented by the solid line.  The 

comparison shape varied depending on the condition, where the five comparison 

shapes are noise, circle, RF4, 3-cycle RF4, and 2-cycle RF3 respectively.  The y-axis 

represents electrical activity in microvolts (in increments of 1 μV, ranging from +6 to 

-12 μV, negative up) and the x-axis represents time in milliseconds, starting 50 ms 

prior to the onset of the stimulus and extending to 350 ms post-stimulus in 

increments of 100 ms.  Difference waveforms (RF3 – comparison stimulus ERPs) are 

shown in the far right-hand column (y-axis from -3 to +4 µV). 
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4.2. N2 Component 

The N2 component is evident at the occipital electrodes as was the earlier N1 

component.  The latency range over which mean amplitudes were measured was 

identified using the analysis of difference waveforms across conditions (Guthrie & 

Buchwald, 1991) and the N2 was quantified as a mean amplitude from 200 – 228ms.  

The mean N2 amplitudes over this interval are summarised in Table 2. 
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Conditions:   RF3   Comparison shape 

(RF3 vs. )  Mean  S.D  Mean  S.D   

Electrode O1 

Noise   -2.39  5.69  -0.45  5.13  

Circle   -2.16  5.41  -1.36  4.76 

RF4   -0.70  5.62  -0.65  5.37 

3-cycles RF4  -0.80  4.93  -0.51  5.05 

2-cycles RF3  -1.23  4.45  -1.37  5.10 

            

Electrode Oz 

Noise   -3.08  5.44  -0.94  4.74 

Circle   -3.21  4.75  -2.23  4.31 

RF4   -1.52  5.37  -1.29  5.05 

3-cycles RF4  -1.44  4.60  -1.08  4.87 

2-cycles RF3  -2.16  4.76  -1.81  4.63 

            

Electrode O2 

Noise   -2.61  5.96  -0.95  5.15 

Circle   -2.94  5.18  -1.95  4.40 

RF4   -1.14  5.71  -1.00  5.22 

3-cycles RF4  -1.43  5.01  -1.00  5.22 

2-cycles RF3  -1.87  5.17  -1.83  4.53 

            

Table 2.  Means and Standard Deviations (SD) for N2 mean amplitude in microvolts 

(μV) across all five conditions for both the RF3 and the comparison shape. 
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A three-factor, repeated measures ANOVA was conducted with the factors 

condition (five levels), shape (two levels: RF3 and comparison), and site (three 

levels: O1, O2, Oz electrodes).  As with the N1, the N2 was largest at Oz (F(2,32) = 

3.27, p = 0.051, partial-η
2
 = 0.17).  However, unlike the N1, there was a significant 

main effect of shape type (F(1,16) = 28.25, p < 0.01, partial-η
2
 = 0.64) on the mean 

amplitude of the N2.  The main effect of shape suggests that the N2 might be used as 

an indicator for the type of shape arrangement present in the Gabor field arrays.  

There was also an interaction between condition and shape (F(4, 64) = 8.47, p < 

0.01, partial-η
2
 = 0.35), but no main effect of the condition.  Because of this, post-

hoc two-factor repeated measures ANOVAs were conducted for each condition, with 

site and shape as factors. 

In the RF3 vs. noise condition there was a main effect of shape on the N2 

amplitude (F(1, 16) = 48.81, p < 0.01, partial-η
2
 = 0.75), with the RF3 stimuli 

eliciting a significantly larger negative amplitude than the noise array.  There was no 

effect of site or interaction between site and shape.  There was also a significant main 

effect of shape in the RF3 vs. circle condition (F(1, 16) = 13.33, p < 0.01, partial-η
2
 

= 0.46) with the RF3 eliciting a significantly larger N2 amplitude than the circle.  

This provides electrophysiological evidence for the N2 being sensitive to the specific 

shape arrangement within the Gabor field.  There was also a main effect of site 

(F(2,32) = 6.17, p < 0.01, partial-η
2
 = 0.28), with the largest peak again occurring at 

the midline electrode Oz.  There was no interaction between shape and site for the 

RF3 vs. circle condition.  There were no significant effects of either site or shape for 

any of the remaining three conditions (RF3 vs. RF4, RF3 vs. 3-cycle RF4, and RF3 

vs. 2-cycle RF3). 
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5. General Discussion 

The aim of this study was to determine the significance of points of 

maximum curvature and the separation in polar angle to the internal representation of 

global shape, and to then identify the electrophysiological correlates in the human 

brain using EEG.  The behavioural results support the conclusion that, once the 

corners are defined, a critical shape feature is the angular separation between the 

points of maximum curvature (or corners) on the boundary of a shape.  We have 

demonstrated that the RTs for discriminating between two shapes with the same 

number of corners, but different angular separation between those corners, were 

quicker than for two shapes with the same angular separation and a different number 

of corners.  In other words, once the angle between corners has been matched, 

discriminating between two shapes becomes much more difficult.  The current 

findings support existing behavioural research which demonstrates that points of 

maximum curvature are critical for shape construction (Attneave, 1954) in both 

threshold (Loffler et al., 2003) and supra-threshold level (Kristjansson & Tse, 2001) 

discrimination experiments.  Specifically, we show here that the polar angle 

separating the points of maximum curvature on a closed contour is more important 

for discriminating between basic supra-threshold shapes than the number of corners.  

This is consistent with the argument suggesting polar coding of shape information 

(Bell et al., 2008; Dickinson, Han, Bell, & Badcock, 2010; Pasupathy & Connor, 

2001). 

One possible explanation for the apparent shape effects reported here is that 

they are due to the local differences between stimuli, and are not the result of global 

shape mechanisms.  Curvature information along the contour of an RF pattern can 

either be integrated by local processes or by global shape mechanisms and studies 
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have shown that RF patterns with frequencies greater than 8-10 cycles have higher 

detection thresholds that are best explained by independent detection of the local 

information.  RF patterns with modulation frequencies less than this number have 

been shown to be globally pooled, with detection thresholds well within the range of 

hyperacuity (Bell & Badcock, 2009; Hess, Wang, & Dakin, 1999; Loffler et al., 

2003; Wilkinson et al., 1998).  Therefore, the specific RF patterns used in this study 

(RF3s and RF4s) should all be processed within the global range. 

There was also no difference in the local information contained in the corners 

of the Gabor-sampled RF contours used here, since the local curvature maxima were 

the same across all non-circular patterns used, including those with different RFs.  

The amplitude of deformation used ensured that the local curvature at each corner 

was the same across different RF patterns.  In addition to this, all the contours were 

constructed from the same number of identical Gabor elements - so there was no 

variation in the average path luminance or contrast.  The length of the illusory 

underlying path to which the Gabor patches were aligned varied slightly depending 

on the shape presented, but the pattern of changes observed was inconsistent with the 

pattern of results observed here (the component amplitude effects did not correlate 

with path length).  Based on this, it can be concluded that the local image attributes 

are unlikely to be responsible for the effects reported here. 

 All RF patterns are created by modulating the radius of a base shape, which 

in this case is a circle.  Since the defining shape feature has been shown to be the 

presence and variation of curvature deviations on a contour (Kristjansson & Tse, 

2001; Pasupathy & Connor, 2001, 2002), any shape lacking these defining features 

(such as a circle) might need to be considered separately from other shapes.  The 

importance of circles as a template for further shape construction, and in wider visual 
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perception, is not a new idea.  Historically, mathematicians have viewed the circle as 

a ‘perfect’ shape and devoted much time to the study of it.  More recently, statistical 

image analysis of the spatial content in visual scenes has revealed a prevalence of 

smooth closed contours - circles and ellipses in particular (Chow, Jin, & Treves, 

2002; Sigman, Cecchi, Gilbert, & Magnasco, 2001).  Since receptive field profiles 

have been shown to reflect the properties of natural images (Falconbridge, Stamps, & 

Badcock, 2006) it is possible that exposure to the world has led to the development 

of a system primed to detect such closed contours. 

The current experiment identified an electrophysiological marker of global 

shape by examining differences in the ERP response to simple shapes constructed of 

aligned elements within a field.  We present evidence which demonstrates that the 

N2 component is selective to patterns where the local elements in the field form a 

concentric structure, rather than noise.  This finding is consistent with previous ERP 

research assessing global shape specificity using coherent texture structure in Glass 

patterns (Ohla et al., 2005).  The reason for the enhanced electrophysiological 

response to concentric Glass patterns (as opposed to random or parallel patterns) is 

thought to be the global pooling of local orientation information in cortical area V4 

(Wilson, Wilkinson, & Asaad, 1997).  Similar results have also been found using 

multiple concentric RF contours (Wilkinson et al., 2000).  Using fMRI they showed 

that activation in V4 was enhanced for the concentric contours (again compared to 

parallel structure). 

In addition to an enhanced N2 for the presence of global structure in an array, 

we present the novel finding that the N2 differentiates between shapes with corners 

and those without.  The enhanced N2 response to shapes with corners provides 

additional support for the notion of a circular prototype and an encoding system 
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based on deviation from circularity (Bell, Wilkinson, Wilson, Loffler, & Badcock, 

2009; Kristjansson & Tse, 2001; Loffler et al., 2003).  V4 is an excellent candidate 

region for the integration of local orientation information in RF patterns to form a 

basic representation of shape (see Gallant et al., 1996; Pasupathy & Connor, 2002 for 

primate studies and Gallant, Shoup & Mazer, 2000 for a human comparison).  In 

population coding models of V4 (Pasupathy & Connor, 2001, 2002) and the early 

stages of inferotemporal cortex in primates (Brincat & Connor, 2004, 2006) shape is 

coded nonlinearly based on the location of convexities and concavities around the 

boundary of the shape.  Using single cell recordings, V4 neurons have been shown to 

be sensitive to different boundary arrangements, such as a specific convexity 

followed by a concavity (Pasupathy & Connor, 2001).  The sensitivity of the N2 

component to shapes containing corners reported here is consistent with the model of 

a population code tuned to curvature changes.   

In this study participants responded to an RF3 and a comparison shape in 

each condition, so across the five conditions they would have seen the RF3 five times 

more often than any one of the comparison shapes.  One possible criticism is that 

repeated viewing of the RF3 may be affecting the results.  Repeated exposure to the 

same visual stimulus can lead to a reduced neural response for the familiar stimulus, 

but not for an unfamiliar stimulus across extrastriate visual cortex (Epstein, Parker, 

& Feiler, 2008; Sayres & Grill-Spector, 2006).  However, it is unlikely that greater 

familiarity for the RF3 due to repeated exposure could be causing the N2 variation 

across conditions, since the order of condition presentation was counter-balanced so 

any effect would be evenly distributed across conditions.   

 In conclusion, the results from this study show that the N2 can provide an 

electrophysiological marker for the differences in neural processing between 
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different concentric shapes based on the presence of critical shape features (curvature 

maxima – or corners).  It should be noted here that we have only assessed the role of 

curvature maxima, and as such this does not rule out other critical shape features 

such as inflections, points of zero curvature, etc.  Our results support the idea of a 

circular prototype for shape, where the addition of curvature change to a circle is 

being encoded, since circles elicit a reduced N2 compared to shapes with corners.  

Further research using higher spatial resolution imaging techniques such as fMRI or 

MEG could investigate the link between cortical area V4 and the 

electrophysiological N2 shape component.  Such research could provide further 

support for the role of V4 in intermediate shape processing and provide an 

understanding of how local contour information is integrated into a global percept. 
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Abstract 

The human ability to detect deformation on continuous closed contours provides 

evidence for global pooling of the local information contained on the contour.  It has 

been suggested that the threshold elevation arising from the introduction of breaks to 

a contour may reflect disruption of global processing, but this has not been assessed 

directly.  This study directly examines the extent of integration on non-continuous 

contours when discriminating shape.  Contours composed of discrete Gabor patches 

within an array of 225 randomly-oriented patches formed Radial Frequency (RF) 

patterns, paths deformed from circularity by sinusoidally modulating the radius.  

Shape was formed either by aligning both the patch position and orientation to form 

a path, or aligning the orientation of all elements to form a distributed texture.  In a 

texture there was no discrete contour present, but the orientations of all pseudo-

randomly positioned Gabors were tangential to the RF structure.  The detection 

threshold was the point where the RF amplitude (or implied amplitude in the texture 

stimuli) was identifiably deformed from circularity.  Global integration was signalled 

when the rate of threshold improvement for 1, 2, and 3 cycles of RF3 deformation 

was greater than the rate predicted by probability summation.  The results show that 

global integration occurred when shape was defined by a path, and also when it was 

defined by a texture.  While degrading the shape signal either by introducing breaks 

to a contour, or by using a texture, did not disrupt global integration, it did elevate 

the deformation thresholds. 
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1. Introduction 

 Shape processing in the human cortex begins with a dense sampling of local 

image attributes in primary visual cortex (V1) (Barlow, 1981).  Individual V1 

neurons are broadly tuned to respond maximally to specific attributes within the 

boundary of their receptive fields (Hubel & Wiesel, 1968).  It is still not clear how 

the information from these discrete local filters is then integrated to form a 

perceptual whole, since the local signal dimensions need to be demultiplexed before 

being grouped correctly to create global form. 

While contour integration on a path can largely be explained by the lateral 

connections between orientation-sensitive V1 neurons, global shape detection is 

thought to involve neural populations in area V4 more specifically tuned for global 

structure (Pasupathy & Connor, 2001, 2002).  Physiological studies of V4 neuron 

response sensitivities suggest that they are selective for both the presence, and 

locations, of corners on the contour of a shape.  These studies propose that the 

population coding in area V4 is tuned to detect abrupt changes in curvature around 

the boundary of a shape (Carlson, Rasquinha, Zhang, & Connor, 2011; Pasupathy & 

Connor, 2001).  Abrupt changes in curvature (particularly points of maximum 

curvature, which we refer to here as corners) on a closed contour are thought to be 

one of the critical features used to define a specific shape (Kristjansson & Tse, 2001; 

Loffler, Wilson, & Wilkinson, 2003).   

 The number and relative position of corners contained on a closed contour 

affects whether or not it is processed globally by the visual system.  A useful 

stimulus for manipulating these particular shape features is the Radial Frequency 

(RF) pattern since the position of curvature information on the contour can be 

precisely controlled.  An RF pattern is created by modulating the radius of a circular 
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contour as a sine function of polar angle.  The number of cycles required to fully 

populate the closed contour is used as the identifying RF number (Wilkinson, 

Wilson, & Habak, 1998).  The detection of deformation from circularity in RF 

patterns with less than 10 cycles of modulation has been shown to involve global 

processing mechanisms, whereas shapes with higher RF numbers are thought to be 

detected locally (Bell & Badcock, 2009; Loffler et al., 2003).  Global integration has 

been determined by examining the rate of decrease in deformation thresholds 

(integration slopes) as more cycles of a particular RF number are added to a circular 

contour.  If the detection of local curvature features in isolation is all that is required 

for shape detection, then there should be no added benefit to representing a whole 

shape (such as an RF3 with all three cycles of deformation present). Studies suggest 

that this is not the case since the deformation thresholds for globally integrated 

shapes decreased more steeply than would otherwise be predicted by local 

mechanisms alone (Bell & Badcock, 2009; Dickinson, Han, Bell, & Badcock, 2010; 

Loffler et al., 2003; Rainville & Wilson, 2005).  

Although there has been some contention as to whether local orientation 

information alone could be responsible for the processing of threshold-level RF 

stimuli (see Mullen, Beaudot, & Ivanov, 2011), several studies have reported 

integration slopes steeper than would be predicted by probability summation for 

continuous, closed contour shapes (Bell & Badcock, 2009; Hess, Wang, & Dakin, 

1999; Loffler et al., 2003).  The introduction of breaks to a contour both increases 

deformation thresholds and degrades the stimulus discriminability – particularly  

when breaks occur at the corners (Loffler et al., 2003).  Dickinson et al. (2010) have 

recently demonstrated that despite having higher thresholds, global integration still 

occurs in non-continuous, Gabor-sampled paths where the individual elements were 
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aligned tangentially to an underlying contour.  Since the stimuli they used all 

contained motion, in Experiment 1 we replicate Dickinson et al. (2010) using static, 

Gabor-sampled RF patterns to confirm that global integration does not require a 

continuous contour, and in also to provide a baseline for further comparisons. 

It is reasonable to expect that a path of aligned Gabor patches would produce 

global integration since the elements form a clear contour.  It is less certain what 

happens when you either degrade, or remove the path entirely from a shape 

definition.  Studies have shown that the detection thresholds for circular contours 

embedded in noise are significantly higher than when they are presented without 

noise (Casco, Robol, Barollo, & Cansino, 2011; McKendrick, Weymouth, & Battista, 

2010).  Since higher deformation thresholds can be used to indicate a lack of global 

shape processing (Achtman, Hess, & Wang, 2003; Loffler et al., 2003), it is possible 

that the noise may reduce, or even remove global integration entirely.  In Experiment 

2, we embed a Gabor-sampled RF contour in a field of randomly oriented 

background noise to assess whether this has any effect on global integration. 

So far we have been discussing shape where both the position and orientation 

of the constituent Gabors is consistent with an underlying contour.  However, it is 

also possible for the path to be removed entirely when representing a shape through 

the use of a texture (similar to a Glass pattern).  Glass patterns are formed by 

orientating the local elements in an image, traditionally dot pairs, according to an 

underlying structure while the positions of the elements are randomised (Badcock, 

Clifford, & Khuu, 2005; Dakin, 1997; Glass, 1969).  The percept of global form in a 

Glass pattern must therefore be the result of integrating local orientation information.  

The proportion of local elements which conform to the structure is often used to 

indicate the presence of global processing in a Glass pattern.  Using this approach, it 
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has been shown that concentric or radial structures are easier to detect than parallel 

or translational ones (Aspell, Wattam-Bell, & Braddick, 2006; Dakin & Bex, 2002; 

Dickinson, Broderick, & Badcock, 2009; Kurki & Saarinen, 2004; Wilson & 

Wilkinson, 1998).  This suggests that a global advantage exists for the processing of 

concentric shapes, since a smaller population of elements needs to conform to the 

underlying concentric structure in order for correct identification to occur.  Looking 

at the changes in detection or coherence thresholds can be indicative of global 

processing in Glass patterns, since global integration of local elements is required to 

detect the structure.  However, these threshold experiments do not test the strength of 

global integration in different texture patterns.  In the experiments reported here we 

intend to determine the extent of global integration of multiple cycles of modulation 

around an RF pattern.  To do this we assess whether the integration observed for 

different patterns is steeper than that which would be predicted by the linear addition 

of more signal information (probability summation). 

The aim of the current study is to determine whether global integration is 

restricted to integrating around a contour, or whether it can be extended to include 

distributed texture-defined shapes.   Experiments 1 and 2 test for the presence of 

global integration in single aligned contours, where both the local position and 

orientation information is compatible with an underlying RF3 path.  In Experiment 3, 

Gabor field arrays similar to Glass patterns (referred to here as texture patterns) were 

used to test whether a discrete path is a requirement for global integration.  In the 

texture patterns, the positions of all patches were inconsistent with forming an 

oriented path, but the assigned orientations conformed to an RF3 structure.   
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2. General Methods 

2.1. Participants 

In total, four people participated in these experiments, including two of the 

authors (VB and ED) and two other experienced psychophysical observers (KT and 

RO) who were naive to the purpose of the experiments.  Three participants 

completed Experiment 1, VB, ED and KT, and all four were observers in 

Experiments 2 and 3.  All participants had normal or corrected to normal vision 

except for ED who had a divergent squint and therefore completed testing with 

monocular viewing (he also had normal visual acuity).  Ethical approval was 

obtained from the University of Western Australia Human Research Ethics 

Committee. 

 

2.2. Apparatus 

 The stimuli were created and presented in MATLAB 7 on a Pentium 

computer with the images loaded onto a ViSaGe graphics system (Cambridge 

Research System).  Images were displayed on a Sony Trinitron G520 monitor, which 

had a refresh rate of 100 Hz and a screen resolution of 1024 x 768 pixels.  The 

viewing distance for observers was 65.5 cm, at which distance one pixel on the 

monitor subtended two minutes of visual angle.  A chinrest was provided to ensure 

that the observer viewing distance was maintained and background luminance in the 

testing room was less than 1 cd/m
2
.  Participants responded to the stimuli by pressing 

either a left or a right button on a Cambridge Research System CB6 button box. 
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2.3. Stimuli 

 The stimuli used in these experiments were arrays of Gabor patches, where 

either a subset of the patches (Experiments 1 and 2) or all the patches (Experiment 3) 

were oriented and/or aligned according to an underlying RF structure.  A Gabor 

patch is a luminance-defined, sinusoidal grating weighted by a Gaussian window.  

The luminance distribution (   is defined with respect to the centre of the patch, 

where   and   are measured in degrees of visual angle and   is the angle that the 

grating makes with the x-axis. 

 

                                       
  

      

     
   (1) 

 

The spatial frequency ( ) of the grating in these experiments was 3.75 cycles/degree 

and all of patches were in cosine phase (maximum luminance at the centre of the 

patch).  The full width, half-height diameter of the Gaussian window was 18.84’ (  = 

8’). 

225 Gabor patches were arranged to form a 15x15 element grid.  There was 

one degree of visual angle (°) separating the centres (horizontally and vertically) of 

adjacent cells on the grid.  The entire Gabor field subtended 15° and each patch was 

located within a 1° square cell in the array.  In the sampled-contour conditions 

(Experiments 1 and 2), where there was a single RF contour present either with or 

without background noise present, the 24 patches nearest to the patches in the 

contour path were replaced by the contour elements.  The centre-to-centre distance 

for Gabors in the path was 1.31°.  All other patches in the field were randomly 

oriented background noise.  The position of each noise Gabor was jittered by up to 

half the width of the cell in which it was contained, so that there was no perceptible 
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regular underlying positional structure and no overlap between adjacent Gabor 

elements in the field.  In Experiment 3 a texture stimulus was used, where the 

orientation of every Gabor in the field was aligned tangentially to an underlying RF 

structure.  The position of all the elements was spatially jittered, again by up to half 

the width and height of the cell. 

The contours used in Experiments 1 and 2, and the underlying structure in 

Experiment 3, was an RF pattern.  An RF pattern is defined as a sinusoidal 

modulation of radius applied to a circle.  The frequency of the function determines 

how many cycles of modulation are required to cover the full extent of the 

circumference.  The RF pattern is defined as follows: 

 

                                  (2) 

 

where   and   specify the path of the contour in polar co-ordinates.     is the base 

radius of the shape,   is the amplitude of deformation expressed as a proportion of 

the base radius,   is the frequency of modulation (RF number), and   is the phase of 

the modulator.  The rotation of each RF pattern was randomised by varying phase 

( ).  RF3 modulation was used in these experiments to ensure that the shape was 

able to be globally integrated (Loffler et al., 2003).  The base radius of the RF 

patterns used was five deg to ensure that each individual Gabor patch comprising the 

contour was large enough to be clearly resolved. 

The centre of the RF pattern in the Gabor-sampled contour experiments 

(Experiments 1 and 2) was positioned in a random location within ±25% of the base 

pattern radius from the centre of the screen (equal to ±1.25°), which is consistent 

with the jitter used by Loffler et al. (2003).  This ensured that all of the elements 



128 
 

required to form the RF pattern were within the confines of the stimulus array.  There 

was no discernible path in the oriented Gabor field pattern, and the lack of a path 

allowed the centre of the patterns to be jittered by up to 200’ (3.33°) from the centre 

of the screen (since there was no longer a risk that part of the path could move 

beyond the array). 

In some conditions the radial deformation was only applied to a limited 

portion of the contour resulting in a reduced number of cycles of the RF pattern 

being present on the contour.  In these conditions a smoothing function was applied 

to avoid the sharp transition between deformed and non-deformed sections of the 

contour.  This smoothing function was used by Loffler et al. (2003), where they 

applied it to a continuous RF contour instead of a Gabor-sampled contour or oriented 

Gabor field pattern as we did here.  The smoothing function is applied to the position 

and orientations of Gabor patches along the implied contour (Experiments 1 and 2) 

and to the orientations only in the oriented Gabor field patterns (Experiment 3).  The 

first derivative of a Gaussian was fitted to the contour segment on the transition 

between deformation and the un-deformed remainder such that it matched the 

amplitude and maximum slope of the sine wave to be smoothed. 

 

2.3. Procedure 

 The method of constant stimuli (MOCS) was employed in these experiments 

with a temporal, two-alternative, forced choice response paradigm.  Participants were 

required to indicate which of two intervals contained a stimulus that was deformed 

from circularity.  Each stimulus was presented for 160 ms and the inter-stimulus 

interval was 500 ms, during which a blank gray screen was displayed.  Individual 
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trials began when the participant pressed one of two response buttons and there was 

no feedback given. 

In each of the experiments reported here, participants completed three 

separate conditions.  There were separate conditions for stimuli where the RF3 

modulation extended to one, two, or three cycles of deformation on the target 

stimulus (the reference stimulus was always circular).  Within a condition, there were 

three repetitions or runs of the task and thresholds were estimated separately for each 

run and then averaged.  In each run there were nine different amplitudes of 

modulation presented (  in Eq 2) and each was repeated 20 times resulting in a total 

of 180 trials per run.  A Quick function (Quick, 1974) was fitted to the resulting 

individual data where the threshold was the value of   corresponding to 75% correct 

performance. 

 

3. Experiment 1: Integration on Gabor-Sampled Contours 

 The aim of Experiment 1 was to confirm that global integration can occur in 

shapes represented by a non-continuous path.  Global integration means that the local 

information is being combined in a way which facilitates performance.  More shape 

information is added to the RF contour by increasing the number of cycles of 

modulation present on the contour (one, two and three cycles of an RF3).  If there 

was no global pooling of the local information then we would expect the 

improvement in performance associated with adding more cycles of deformation to a 

circle to be due to probability summation (Graham & Robson, 1987; Robson & 

Graham, 1981).  If there is global integration present, then the improvement 

associated with the addition of more cycles would be steeper than that predicted by 

probability summation alone. 
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 Individual deformation thresholds were calculated for each observer using 

one, two, and three cycles of RF3 deformation applied to a circular contour 

constructed by aligning 24 elements in the Gabor field (see Figure 1).  The thresholds 

were derived by fitting the modified Quick function: 

 

        
     

 

 
 
 
 
       (3) 

where   is the amplitude of deformation,   is the deformation threshold for a 75% 

correct response when discriminating between the test and reference patterns, and   

is a measure of the slope of the psychometric function (Wilson, 1980). 

The decrease in threshold associated with increasing the number of cycles of 

modulation conforms to a power function: 

 

                  (4) 

 

where   is the number of cycles of modulation,   is a free parameter which 

corresponds to the threshold for a single cycle in the fit, and   is the index or slope of 

the power function in Eq 4.  The reciprocal of the averaged   values for one, two and 

three cycles of modulation provided the slope for the probability summation 

prediction (following Loffler et al., 2003). 
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Figure 1. A: 225 element array containing a full 3-cycle RF3 embedded in 

background noise (Experiment 2).  B-D: Examples of one, two, and three cycles of 

deformation respectively on an RF3 contour without background elements present 

(Experiment 1). 

 

3.1. Results and Discussion 

 Figure 2 presents the data from three participants.  A paired-samples t-

test shows that overall the slope from each individual’s observed data is significantly 

steeper than the slope of their individual probability summation predictions (t(2) = 

4.49, p < 0.05).  The actual slopes versus the predicted slopes for each participant 

were -1.003 (vs. -0.425), -0.815 (vs. -0.542), and -0.996 (vs. -0.471) for VB, KT, and 
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ED respectively.  These data demonstrate that there is global integration of 

information around an RF3 contour when it is constructed by aligning the position 

and orientation of 24 Gabor elements to form a path.  Deformation thresholds for a 

continuous RF3 contour are typically lower than for the Gabor-sampled RF3s 

presented here.  To confirm this, these results are compared to Loffler et al. (2003), 

who used a continuous luminance-defined RF pattern (but see also Bell and Badcock 

(2008) and Dickinson et al. (2010)).  We found that our data was comparable to that 

from the continuous RF3s used by Loffler et al. (2003), where the average 

integration slope reported here was -0.91 compared to theirs of -0.86.  However, the 

deformation detection thresholds for a full RF3 reported in the two studies were 

different (0.010 here compared to approximately 0.005).  One possible explanation 

for the differences between our results and those of Loffler et al. are the different RF 

sizes and spatial frequencies used (radius = 5 deg, peak SF = 3.75 cycles per degree 

here, vs. radius = 0.5 deg, peak SF = 8 cycles per degree in Loffler et al.).  This is 

relevant because, according to Mullen et al. (2011), although RF sensitivity is scale 

invariant it does show a dependence on size and spatial frequency. 

 The potential finding of a difference between continuous and sampled 

contours is inconsistent with Hess, Wang, and Dakin (1999), who compared sampled 

contour to continuous contours and found the thresholds to be similar.  However, in 

their study none of the shapes were embedded in background noise.  The higher 

thresholds reported here may reflect the degradation in shape signal when the 

contour is more sparsely sampled and embedded in a noise field.  Though even with 

a degraded signal global integration of the local orientation and position information 

is still occurring.  
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Figure 2.  The dashed line shows the probability summation prediction, estimated 

individually for each observer.  Each data point indicates the observer’s threshold for 

a given number of modulation cycles present on the contour, and the solid line is the 

power function fit to the actual data.  The filled circles represent the deformation 

thresholds for RF3 stimuli without background noise (Experiment 1) and the empty 

circles are for the RF3 embedded in background noise (Experiment 2).  95% 

confidence intervals are indicated.  The results from both Experiments 1 and 2 show 

that the slopes of the actual data are steeper than what was predicted by probability 

summation alone.  
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4. Experiment 2: Integration on Gabor-Sampled Contours in the Presence of 

Noise 

 Shape discrimination of a Gabor-sampled path has been shown to be poorer 

when the target contour is embedded in a field of background noise (Casco et al., 

2011; McKendrick et al., 2010).  The suggestion is that the addition of background 

noise introduces competing elements which may interfere with contour formation.  

The background elements do this by providing inappropriate groupings of elements 

which are inconsistent with the actual RF contour.  This experiment aimed to assess 

whether the introduction of background noise interferes with the global pooling of 

local information on a Gabor-sampled RF pattern.  The stimuli remained similar to 

Experiment 1, where there were 24 patches defining the RF3 contour, with the 

addition of 201 randomly orientated background elements. 

 

4.1. Results and Discussion 

 Figure 2 suggests that adding background elements had very little effect on 

the deformation thresholds.  A paired-samples t-test was conducted comparing the 

data from the three participants who did both Experiments 1 and 2.  It showed that 

there was no significant difference observed between with- and without-noise data, 

(t(2) = 1.86, p = 0.20).  However, the trend was in the direction predicted by previous 

studies (Casco et al., 2011; McKendrick et al., 2010), where the thresholds for a 

contour in background noise were slightly higher.  It is possible that there is an effect 

of noise on threshold, but if so, it is small and our primary focus here is on 

integration slopes and not absolute values.  Therefore, since the integration slopes 

remained significantly steeper than would be predicted by probability summation 

(t(3) = 6.32, p < 0.01), it can be concluded that global integration still occurs in the 



 

 

135 

 

presence of background noise.  We can conclude from this that the introduction of 

potentially competing contour cues is not preventing the global integration of shape. 

 

5. Experiment 3: Integration in Shapes Defined by Texture 

 The shape stimuli used in Experiments 1 and 2 included both position and 

orientation information consistent with an underlying RF3.  In Experiment 3, texture 

patterns were used, where the shape was represented purely by orientation 

information without any discernable path present in the elements (see Figure 3, 

Image A).  This experiment was designed to assess whether a shape defined by 

orientation information alone is processed globally, or if global shape integration 

only occurs when positional cues for shape are also present. 

 

 

Figure 3. ‘A’ is a texture array where the spatial positions of all elements are pseudo-

randomised and the underlying orientation is structured according to an RF3.  ‘B’ 

shows an RF3 where both the positions and the orientations of the 24 path elements 

are aligned according to the pattern and embedded in background noise. 
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5.1. Results and Discussion 

 The integration slopes were again steeper than probability summation alone 

would have predicted (t(3) = 5.60, p < 0.05), and are presented in Figure 4.  The 

actual slopes versus the predicted slopes for each participant were -1.004 (vs. -

0.526), -0.997 (vs. -0.723), -0.899 (vs. -0.674), and -0.987 (vs. -0.701) for VB, RO, 

KT, and ED respectively.  This shows that even when the only cue to shape is a 

diffuse global orientation structure with no path to detect, observers are still 

integrating the cycles of deformation on the contour better than probability 

summation would predict.  Although removing the spatial cues for shape did not 

affect global integration, it did elevate the deformation thresholds.  The deformation 

threshold for a texture-defined RF3 is roughly double that of a Gabor-sampled 

contour embedded in noise, with average thresholds of 0.019 and 0.010 respectively 

(averages calculated from the four participants who did both Experiment 2 and 3).  A 

paired-samples t-test comparing the thresholds from Experiment 2 (both spatial and 

orientation cues present) to Experiment 3 (orientation cues only) showed that this 

difference in threshold was significant (t(3) = 6.19, p < 0.01).  Poorer performance 

when detecting deviations from circularity for the texture stimuli suggests that 

positional cues are still important for defining shape.  It is worth noting here that 

while global integration occurs for both shapes defined by a contour and for textures, 

it may be that they are accomplished by distinct mechanisms. 
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Figure 4.  Results from four participants in Experiment 3.  Probability summation 

slopes (dashed line) were not as steep as the individual deformation thresholds (solid 

line) for texture patterns with one, two and three cycles of RF3 deformation applied.  

Standard errors are indicated for the four participants. 

 

7. General Discussion 

 The aim of this study was to investigate the extent of global integration when 

using non-continuous contours to define shape.  Global integration was determined 

by demonstrating that the integration slopes for one, two, and three cycles of RF3 

deformation were steeper than those predicted by probability summation.  We 

assessed the integration slopes for non-continuous contours constructed by aligning a 

path of Gabor patches both in orientation and spatial position in Experiments 1 and 2, 
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and for contours constructed by aligning the orientations of elements alone to form a 

texture in Experiment 3. 

The results from Experiments 1 and 2 support the existence of global 

integration on contours constructed by aligning a path of local elements (either with 

or without background noise elements present) (Dickinson et al., 2010).  This 

suggests that global integration does occur for RF contours, even when they are 

represented by a broken path, and that a continuous luminance-defined contour is not 

the only way to represent an integrated shape.  There was however a difference in the 

deformation thresholds reported in studies which used a continuous contour and the 

current study where the contour was broken.  The introduction of breaks increased 

the deformation thresholds compared with those from the continuous contours 

reported by Loffler et al. (2003).  Loffler et al. (2003) also found that introducing 

breaks to a contour impaired detection performance, which is consistent with the 

results reported here.  The detrimental effect of introducing breaks to a contour 

depended on where the breaks where located, with breaks on the corners proving 

most disruptive to processing (Loffler et al., 2003).  The overall increase in 

deformation thresholds for non-continuous contours observed here may be explained 

by less shape signal information present on the contour, particularly at the corners.   

 Experiments 1 and 2 conclude that a continuous path is unnecessary for 

global integration when both the orientation and position information of local 

elements is consistent with the shape to be represented.  In Experiment 3 we show 

that the only prerequisite for global integration is the presence of local orientation 

information tangential to an underlying shape structure.  While removing the cue for 

shape that would be derived from the spatial position of elements did not affect 

global integration, it did increase the deformation thresholds and made it harder 
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overall to detect deformation from circularity in a texture.  This suggests that the 

positional information contained in local elements still plays a role in the shape 

representation, but the orientation information is more crucial (Wang & Hess, 2005).  

These findings are supported by Day and Loffler (2009) who also used RF patterns 

to show that not only can orientation cues be dominant over positional cues, but in 

some cases the local orientation can alter the perceived position of elements on a 

path.  It is worth mentioning that previous studies already suspected that global 

integration must be occurring in Glass patterns and texture stimuli, otherwise 

observers would not be able to detect structure with such low coherence thresholds 

(Wilson & Wilkinson, 1998).  What is novel here is that we have quantified the 

strength of global RF pattern integration in textures. 

  Poirier and Wilson (2006) introduced a model to explain the process of 

global integration in RF patterns.  They proposed an object-centred approach, where 

the local elements are pooled in polar space relative to the centre of the shape.  In 

their model, the local outputs from V1 neurons are orthogonally filtered to encode 

curvature information.  The output of these filters is combined in a subsequent stage 

(Hess et al., 1999).  The shape of RF patterns is encoded in terms of curvature as a 

function of the polar angle with respect to the centre of the pattern.  In RF patterns 

the magnitude of curvature is periodic and therefore the signal sums in a radial 

frequency spectrum.  The model can also be used to determine the pattern centre of 

texture arrays where there is no critical radial positional information (Dickinson & 

Badcock, 2009; Wilkinson et al., 1998).  Wilson, Wilkinson, and Asaad (1997) have 

also provided evidence which fits the integration of coherent orientation in Glass 

patterns (similar to texture-defined) to the same global pooling model.  They showed 

that the global pooling would be somewhat insensitive to positional variation in the 
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elements (though only to a limited extent).  The results reported here add to Poirier 

and Wilson’s existing model by suggesting that the curvature detectors involved in 

shape processing do not require a collinear (or co-circular, Motoyoshi & Kingdom, 

2010) path.  This provides a plausible account for the presence of global integration 

in non-continuous contours, including those containing a small amount of 

inconsistent positional information (Badcock, Almeida, & Dickinson, 2006).   

Achtman et al. (2003) also proposed an extension to this model.  Using 

Gabor-sampled arrays (similar to the ones used here) they showed that coherence 

thresholds were unaffected by changes in the density, number, contrast, spatial 

frequency, or spatial positions of the Gabor elements.  The only factor that was 

shown to influence coherence thresholds was the orientation of the individual 

elements forming the shape.  They therefore suggested that the relative spatial 

position of the filters was not necessarily important to shape formation, and what 

mattered was that the orientation of the elements was tangential to the underlying 

structure of the shape.  In Experiment 3 an overall increase in the deformation 

thresholds for orientation-only texture patterns was reported (as opposed to the 

orientation plus position patterns in Experiments 1 and 2) which suggests that the 

addition of spatial information does contribute to the shape detection process.  This 

suggests that an increase in the uncertainty of matching local contour structure might 

be playing a role in the change to thresholds between the texture and the path-in-

noise stimuli. 

The results reported in Experiment 3 are consistent with those of Achtman et 

al. (2003) - in that global shape integration did occur for RFs constructed purely by 

aligning the orientations, but not positions, of Gabor patches.  However unlike 

Achtman et al., we assessed both probability summation and deformation thresholds 
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in order to quantify the global integration rather than relying on coherence thresholds 

alone.  Our results showed that, while observers are more sensitive to shapes defined 

by a continuous contour, paths defined by non-continuous elements are still globally 

integrated.  This study supports the existence of a global processing mechanism 

responsible for the integration of discrete local information to form shape.  The key 

requirement for a global shape is consistent orientation information, since the spatial 

information appears to be less influential with respect to global coding.  A likely 

candidate region for a global shape mechanism remains visual area V4.  Studies have 

shown that neurons here are sensitive to specific curvature configurations along the 

boundary of a shape (Pasupathy & Connor, 2001, 2002) although the specific stimuli 

employed here are yet to be used in a physiological examination of V4 properties.   
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Abstract 

The aim of this chapter was to replicate the N2 enhancement specific to corners that 

was observed in Chapter 4 and extend the scope to include shapes defined by texture.  

Using Radial Frequency patterns (RFs), we recorded the event-related potentials 

associated with either shape detection (RF3 vs. noise) or shape discrimination (RF3 

vs. circle).  Stimuli were defined by either a single Gabor-sampled contour or an 

orientation-defined texture (similar to a Glass pattern).  Twenty participants 

completed the four experimental conditions.  The N1 was found to be modulated by 

the presence of a global RF3 structure in the texture condition, but not in the single-

contour condition.  The N2 was larger for shapes containing corners compared to 

those without, as predicted, regardless of the type of array used to represent the shape 

(texture or single-contour).  Interestingly, the overall magnitude of the N2 

component was larger for textures compared to single-contours.  Source localisation 

using BESA was conducted for the N1 component.  The N1 was successfully 

localised to extrastriate regions V3/V4.  Overall, the results suggest that texture-

defined shape has a similar reliance on the presence of corners as aligned contours.  

However, presence of differences between textures and single-contours in the ERPs 

may imply the existence of separate global mechanisms for integrating the two 

stimuli. 
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1. Introduction 

To recognise objects in the visual world, we need to be able to combine 

information from a number of different sources in a meaningful way.  One way that 

objects can be represented is by arranging several basic shapes into an object-specific 

configuration (Attneave, 1954; Biederman, 1987).  An understanding of how basic 

shapes are constructed and perceived by the visual system is therefore an important 

step in the object recognition process.  Object processing is thought to work by 

representing increasingly complex information in an ascending pathway through the 

visual cortex (Loffler, 2008).  The low-level processes, where local orientation and 

spatial frequency information are integrated to form line segments and contours, 

have been fairly well studied (Cass & Spehar, 2005; Ledgeway, Hess, & Geisler, 

2005; Pettet, McKee, & Grzywacz, 1998; Wilson & Richards, 1989).  However, the 

way in which this local information is then combined to represent a single, global 

shape is still not fully understood. 

The border of a basic shape is often a continuous closed-contour path defined 

by luminance increments or decrements.  But shapes can also be represented by 

illusory contours (Herrmann & Bosch, 2001; Seghier & Vuilleumier, 2006), spatially 

aligned Gabor patches (Hadad, Maurer, & Lewis, 2010;   s & Julesz, 1993), or 

textures (Kurki & Saarinen, 2004; Wilson, Wilkinson, & Asaad, 1997).  Global 

integration of local shape information has been demonstrated in experiments using 

Radial Frequency (RF) patterns, where an RF pattern is a closed-contour with a 

sinusoidal modulation applied to the radius (Wilkinson, Wilson, & Habak, 1998).  

By varying the amplitude and number of cycles of deformation, numerous shapes can 

be created using RF patterns (Wilson & Wilkinson, 2002).  RFs with fewer than 

approximately ten cycles of deformation have been shown to be processed globally, 
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while patterns with more cycles of deformation are processed locally (Bell & 

Badcock, 2009; Loffler, Wilson, & Wilkinson, 2003).  These previous studies have 

demonstrated global integration using continuous contours.  In Experiments 1 and 2 

of Chapter 5 we extend on these studies to show that global integration can also be 

achieved for shapes defined by aligning the orientation and position of Gabor patches 

to form a sampled RF contour. 

It is also possible to represent shape by using a texture array containing the 

orientation information necessary for a specific shape.  Glass patterns (Glass, 1969) 

with circular structures have lower detection thresholds than patterns where the 

structure is either parallel or random (Achtman, Hess, & Wang, 2003).  Because of 

this difference it has been suggested that there is a global processing advantage for 

circular structures, which may include shapes such as those represented by RF 

patterns since they are also roughly circular.  The third experiment in Chapter 5 

confirms that global integration of local curvature information is present in RF 

patterns constructed by aligning the local orientation of pseudo-randomly positioned 

Gabor patches (similar to a Glass pattern). 

Studying the electrophysiology of responses to shapes can enhance our 

understanding of the time-course of neural activation, as well as help to identify the 

potential neural generators in the human brain.  The N1 component is the earliest 

indicator of global form in an array (Mathes & Fahle, 2006; Ohla, Busch, Markus, & 

Herrmann, 2005; Pei, Pettet, Vildavski, & Norcia, 2005), where a circular structure 

elicits a greater peak amplitude than random noise in the array.  A later negativity, 

referred to as the N2, is also selective for circular structure as opposed to radial or 

parallel structure (Tanskanen, Saarinen, Parkkonen, & Hari, 2008) as well as being 

enhanced when corners are present on a contour (Chapter 4).  It is not yet clear 
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whether the N2 is only sensitive to shapes defined by a single contour, or if implied 

curvature discontinuities in a texture will also affect the N2 amplitude.  The current 

experiment seeks to address whether the same N2 enhancement, which occurs in 

response to shapes containing corners, exists when the shape is defined by a texture. 

An additional aim is to identify where in the visual cortex global shape is 

processed.  To do this we will attempt to localise the source of both the N1 and N2 

components in the event-related potential (ERP) waveform.  ERP components can be 

localised by estimating the dipolar sources and calculating the activation that would 

be predicted by a given dipole model.  The estimated dipoles are then compared to 

the actual ERP distribution (Di Russo et al., 2005).  Checkerboard stimuli have often 

been used to localise the neural generators of early visual evoked potentials.  Based 

on these studies it has been concluded that the early response (50 – 100 ms) 

originates in V1 (Clark & Hillyard, 1996; Di Russo, Martinez, Sereno, Pitzalis, & 

Hillyard, 2002).  The negativity observed between 135 – 180 ms (equivalent to our 

N1 component) has been localised to areas including extrastriate regions V3 and V4 

(Buchner, Weyen, Frackowiak, Romaya, & Zeki, 1994; Di Russo et al., 2005).   

Pasupathy and Connor (2001, 2002) have shown that neurons in area V4 are 

selectively responsive to closed contour shapes, with curvature variation being one of 

the defining features (see also Carlson, Rasquinha, Zhang, & Connor, 2011).  It is 

possible that V4 is the intermediate shape processing region, where the local features 

extracted in V1 are integrated to form representations of basic shapes (Lennie, 1998; 

Loffler, 2008) before being processed further in the lateral occipital complex (Kim, 

Biederman, Lescroart, & Hayworth, 2009; Kourtzi, Tolias, Altmann, Augath, & 

Logothetis, 2003).  In a recent study, Mannion and Clifford (2011) demonstrated that 

areas V1 and V2 respond to local orientation changes in a texture-defined Glass 
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pattern, and only areas V3 and V4 are affected by changes to the global structure (see 

also Smith, Bair, & Movshon, 2002).  The global structure was manipulated by 

changing the polar form of circular or ‘starburst’ patterns. 

The aim of this study is to compare the electrophysiological response to 

shapes represented by an aligned, Gabor-sampled contour with shapes represented by 

a distributed orientation texture.  It is predicted that we will be able to replicate the 

results reported in Chapter 4 – where the N1 was not affected by the presence of 

corners on a contour, but the N2 was significantly enhanced by the presence of 

corners.  Chapter 5 demonstrated that both contour and texture-defined shapes are 

globally processed (as indicated by the presence of integration slopes steeper than 

would be predicted by the probability summation of local detectors alone).  

Therefore it is expected that, if the same mechanisms are involved in the global 

integration of shape for these two stimuli, then the pattern of electrophysiological 

results should be similar for texture and Gabor-sampled contour RF patterns.  It is 

also predicted that the N1 and N2 will localise to extrastriate regions of the visual 

cortex, such as area V4, which have been shown to be selective for the curvature 

information on a basic shape contour. 

 

2. General Methods 

2.1. Participants 

 Twenty people were recruited to participate in this study, including six males 

and 14 females.  The participants were between 18 and 46 years of age with a mean 

age of 25.2 years.  There were three left-handed participants, and all participants 

reported normal or corrected to normal visual acuity. The participants provided 

written informed consent and received a small stipend to reimburse them for their 
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time.  The study was approved by the Human Research Ethics Committee at the 

University of Western Australia.  EEG data from one participant was excluded due to 

high electrical impedances across several sites of interest. 

 

 2.2. Stimuli 

 The physical descriptions and mathematical parameters for the stimuli used in 

this experiment have already been described in the Methods sections of Chapters 4 

and 5.  In the current experiment a subset of the stimuli used in each of these 

Chapters were used to create four different experimental conditions.  The stimuli 

were fields of 225 Gabor patches, where either a subset of these elements was 

aligned to an underlying contour (Chapter 4) or the orientations of all pseudo-

randomly positioned patches were consistent with the shape (Chapter 5). 

 

2.3. Experimental Conditions 

 There were two different types of shape comparisons, and two different types 

of array used, creating a total of four experimental conditions (see Figure 1).  In the 

shape detection comparison, the stimulus presented either contained an RF3 or noise 

(no underlying shape structure).  The other comparison involved shape 

discrimination, where the participants had to identify the specific shape presented 

based on the presence or absence of corners.  The two shapes used in this condition 

were a circle and an RF3 with an amplitude of modulation of 0.1.  The shape 

detection task (RF3 vs. noise) makes it possible to assess the effect of the presence of 

a global structure in an array, while the shape discrimination task (RF3 vs. circle) 

allows for the influence of curvature variation and the presence of corners to be 

measured. 
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Figure 1. The top three figures show the stimuli used in the two texture conditions 

and the bottom three figures are the single-contour stimuli.  In each of the four 

experimental conditions there are two possible stimuli that can appear on the screen, 

one of which is always an RF3.  The comparison stimulus in the shape detection task 

is a noise array, where all 225 elements are randomly positioned and oriented.  The 

comparison stimulus in the shape discrimination task is a circle.  In the texture 

conditions, the orientations (but not position) of all elements are consistent with the 

shape.  In the single-contour conditions, both the position and orientation of 24 

patches is aligned according to the underlying shape structure and the remaining 

elements are randomised. 
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2.4. Apparatus and Procedure 

 Participants were tested in a darkened room and were seated 60 cm from an 

NEC MultiSync V500 CRT monitor.  Stimuli were displayed using Presentation 

(Neurobehavioural Systems) version 14.5 on a PC and participants responded via 

key-press on a standard QWERTY keyboard.  Feedback tones were played using 

Auriga stereo speakers.  The behavioural task used here was identical to that 

described in Chapter 4, where participants were required to identify which of the two 

stimuli was presented on the screen (single interval, forced-choice procedure). 

 

2.5. Electrophysiological Recording 

 The EEG was recorded from electrode sites positioned according to the 

International 10-20 system at sites FP1, FP2, F7, F3, Fz, F4, F8, FT9, FC5, FC1, 

FCz, FC2, FC6, FT10, T7, C3, Cz, C4, T8, TP9, CP5, CP1, CP2, CP6, TP10, P7, P3, 

P4, P8, PO9, O1, O2, PO10, Iz using a 40-channel Easy cap (Falk Minnow Services) 

with Ag/AgCl electrodes.  Eye blinks were monitored with vertical electro-

oculogram (VEOG) by electrodes placed two centimetres above and below the left 

eye.  The ground electrode was placed at AFz and continuous data were referenced to 

the right mastoid.  A common averaged reference was later computed offline for the 

source localisation analysis.  Scalp electrode impedances were reduced below 5 kΩ 

prior to recording using saline gel.  The signal was sampled at 250 Hz and an online 

bandpass filter was applied with a low frequency cut-off at 0.05 Hz (6 dB/octave 

roll-off) and a high frequency cut-off at 30 Hz (24 dB/octave roll-off).  The EEG was 

recorded with a Nuamps 40 channel amplifier. 

 Offline analysis of the ERP waveforms was completed in SCAN 4.3 

(Compumedics Neuroscan, Charlotte, North Carolina, USA).  The ERP epoch was 
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defined from 100 ms pre-stimulus to 500 ms post-stimulus and was baseline 

corrected around the 100 ms pre-stimulus interval.  Epochs where the waveform was 

contaminated by eye blinks were corrected using the in-built algorithm.  Artifact 

rejection was applied to exclude all epochs where the voltage exceeded ±100 μV. 

 

3. Behavioural Results 

Shape detection (RF3 vs. noise) and shape discrimination (RF3 vs. circle) 

data were analysed separately.  Inspection of the Q-Q normal distribution plots 

revealed that the median reaction times and the accuracy data were approximately 

normally distributed.  Firstly, to determine if there was an effect of shape detection, 

the response accuracies (%) and reaction times (ms) for the RF3 vs. noise conditions 

were analysed.  Two-factor, repeated measures ANOVAs were conducted on both 

the accuracy and reaction time data (for means see Figure 2: A - B), with array type 

(two levels: single-contour and texture) and shape (two levels: RF3 and noise) as 

factors. 

Overall participants performed this task with a high degree of accuracy.  

There was a significant main effect of shape presence in the array on the response 

accuracy (F(1,19) = 10.31, p < 0.05, partial-η
2
 = 0.35), where participants were more 

accurate when responding to the noise than the RF3 stimuli.  There was no effect of 

the array type on accuracy and also no significant interaction between the two 

factors.  The reaction time ANOVA results indicated no significant main effects of 

either shape presence or array type in the detection task.  Again, there was no 

interaction between shape presence and array type. 

In order to assess the effects of shape and array type in the shape 

discrimination task, where participants were required to discriminate between an RF3 
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and a circle, two-factor, repeated measures ANOVAs were again conducted (for 

means see Figure 2: C - D).  The factors were array type (two levels: single-contour 

and texture) and shape (two levels: RF3 and circle).  There was a significant effect of 

shape type on the response accuracy (F(1,19) = 8.88, p < 0.05, partial-η
2
 = 0.32), 

where participants were more accurate responding to the circle than to the RF3.  

There was also a main effect of the array type on the accuracy (F(1,19) = 6.53, p < 

0.05, partial-η
2
 = 0.26), where responses to the single-contour stimuli were 

significantly more accurate than to the texture.  There was no significant interaction 

between the two factors.  The reaction time ANOVA results indicated significant 

main effects of both shape type and array type (F(1,19) = 14.74, p < 0.05, partial-η
2
 

= 0.44; F(1,19) = 14.00, p < 0.05, partial-η
2
 = 0.42 respectively).  Reaction times for 

the circle stimuli were consistently faster than responses to the RF3, and the 

responses to the single-contour stimuli were also significantly faster than to the 

texture stimuli.  Again, there was no interaction between shape and array type.  The 

behavioural results for the shape discrimination task show that participants were 

faster and more accurate when identifying the circle compared to the RF3 stimuli.  

They were also significantly quicker and more accurate when the shape was 

constructed from a single-contour of aligned Gabor patches compared to the same 

shape represented by a texture. 
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Figure 2.  Graphs A and B show the response accuracy and reaction times (ms) for 

the RF3 compared to noise stimuli.  Graphs C and D show the accuracy and reaction 

times for the RF3 compared to circle stimuli.  Means for both the texture and single-

contour array types are provided, with 95% confidence intervals (between-subjects) 

provided. 

 

4. Electrophysiological Results 

The full electrode montages for the single-contour and texture conditions are 

presented in Figures 3 and 4 respectively.  Figures 3 and 4 show a large amount of 

overlap between the conditions, and they also show that the early negativities 

associated with the N1 and N2 were maximal at posterior sites.  Electrodes O1, Iz, 

and O2 were therefore selected to be analysed in further detail (O1 and O2 were also 
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used in Chapter 4).  Further analyses were conducted to determine whether there 

were any significant differences both within and between the different conditions. 
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Figure 3.  Averaged electrical activity elicited at all electrode sites in response to the 

single-contour stimuli.  The green line represents the noise stimuli and the red line 

represents the RF3 stimuli in the shape detection condition.  The blue line represents 

the circle stimuli and the black line represents the RF3 stimuli in the shape 

discrimination condition. 
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Figure 4.  Averaged electrical activity elicited at all electrode sites in response to the 

texture stimuli.  The green line represents the noise stimuli and the red line represents 

the RF3 stimuli in the shape detection condition.  The blue line represents the circle 

stimuli and the black line represents the RF3 stimuli in the shape discrimination 

condition.   
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4.1. N1 Component 

 The N1 is defined here as the most negative deflection occuring between 130 

and 170 ms post-stimulus presentation.  To determine whether shape presence in the 

detection task affected the amplitude of the N1 component, a three-factor, repeated-

measures ANOVA was conducted.  The three factors included electrode site (three 

levels: O1, O2, and Iz), array type (two levels: single-contour and texture) and shape 

(two levels: RF3 and noise).  The ANOVA results are presented in Table 1. 

There was a significant main effect of the electrode site, where the amplitude 

of the N1 was largest at electrodes Iz and O2 (see Table 3 for means).  Electrode site 

interacted significantly with both array type and shape, and there was also a three-

way interaction present between array type, shape and site.  There were significant 

main effects of both the array type and shape presence on the N1 peak amplitude.  

The N1 response to the texture array (which contained 225 elements oriented 

tangentially to the underlying shape structure) was larger than the response to the 

single-contour array (aligned path of 24 elements), and the RF3 stimuli elicited a 

greater negativity than the noise (see Table 3 for means). 

 Since there was a significant three-way interaction, further post-hoc analyses 

were conducted to clarify the nature of this effect.  ANOVAs with shape as a factor 

were run separately for each array type.  There was a significant effect of shape 

presence on the N1 for the texture array condition at electrode sites O1 and O2 

respectively (F(1,18) = 46.97, p < 0.05, partial-η
2
 = 0.72; F(1,18) = 18.43, p < 0.05, 

partial-η
2
 = 0.51).  There was no significant effect of shape presence in either array 

condition at electrode site Iz, and there was also no effect on N1 amplitude when the 

array type was a single-contour.  These results suggest that the effect of shape 

presence was dependent on the shape being presented in a texture array (see Figure 
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5).  The N1 was largest at Iz and O2, but the shape presence effect was evident only 

at electrodes O1 and O2, suggesting different topographies.  It is possible that the 

modulation due to shape presence is not affecting the N1 per se, but might be related 

to another component overlapping with the N1. 

To determine whether there was a significant effect of shape discrimination 

between an RF3 and a circle on the N1, a second three-factor, repeated-measures 

ANOVA was conducted (see Table 1 for results).  The factors were electrode site 

(three levels: O1, O2, and Iz), array type (two levels: single-contour and texture) and 

shape (two levels: RF3 and circle).  There was a significant effect of electrode site, 

where the N1 amplitude at O2 and Iz was again larger than at O1 (see Figure 5 for 

means).  There was also a significant effect of array type, with the texture array 

eliciting a greater N1 amplitude.  There was no effect of shape type on the amplitude 

of the N1 component and the only significant interaction was between site and array 

type.   

Overall, the N1 results show that the presence of a coherent global structure 

in a texture array (but not in a single-contour array) enhances the peak amplitude of 

the N1 component.  However, this component is not able to provide an indicator of 

the type of shape presented since there was no effect of shape type (RF3 vs. circle) in 

the discrimination condition, at least for the shapes used in this experiment.  This 

finding is consistent with the single-contour results presented in Chapter 4, which 

also showed no effect of the presence of corners on the N1 peak amplitude. 
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Table 1. Three-factor, repeated-measures ANOVA results for the N1 including F-

value, degrees of freedom and partial eta squared.  * indicates p < 0.05. 

Factors     F  d.f  partial η2
  

     Shape detection (RF3 vs. noise)   

electrode site    9.24*  2,18  0.34 

array type    11.03*  1,18  0.38 

shape     12.27*  1,18  0.41 

array type x shape   15.44*  1,18  0.46 

electrode site x array type  5.18*  2,36  0.22 

electrode site x shape   11.74*  2,36  0.40 

electrode site x shape x array type 7.15*  2,36  0.28 

     Shape discrimination (RF3 vs. circle)   

electrode site    5.52*  2,18  0.24 

array type    15.08*  1,18  0.46 

shape     0.17  1,18  0.01 

array type x shape   0.15  1,18  0.01 

electrode site x array type  7.86*  2,36  0.30 

electrode site x shape   0.03  2,36  0.00 

electrode site x shape x array type 3.12  2,36  0.15 

            

 

4.2. N2 Component 

 Since the N2 overlapped with the descending slope of the N1, the mean 

amplitude was used to measure the N2 component.  The latency range for the mean 

amplitude was identified using the analysis of difference waveforms across 
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conditions (Guthrie & Buchwald, 1991).  The latency range identified for the N2 

component in Chapter 4 was 200 – 228 ms.  The latency range here was determined 

for both the texture and single-contour conditions separately.  In the texture 

condition, the difference was only significant between 220 – 280 ms, while in the 

single-contour condition it was significant from 196 – 268 ms.  Because the ranges 

identified for texture and single-contours were different, we used the 60 ms interval 

with the largest difference to ensure that the same length interval was used.  For the 

single-contour condition, the N2 latency became 200 – 260 ms, where the onset 

matched the equivalent single-contour condition from Chapter 4.  The texture 

condition latency remained unchanged. 

As with the N1 component, both shape detection (RF3 vs. noise) and shape 

discrimination (RF3 vs. circle) conditions were assessed to determine the effect of 

array type and shape on the mean amplitude of the N2 component (see Figures 5 and 

6 for ERP waveforms).  For shape detection, the factors included electrode site (three 

levels: O1, O2, and Iz), array type (two levels: single-contour and texture) and shape 

(two levels: RF3 and noise).  All ANOVA results are presented in Table 2.  The 

electrode site had a significant effect on the N2 amplitude for shape detection (RF3 

vs. noise), where the component was more negative at the midline site Iz than either 

O1 or O2.  Electrode site significantly interacted with both array type and shape.  

There was also a three-way interaction present between electrode site, shape and 

array type.  

There was an effect of shape presence in the array on the mean amplitude of 

the N2 component, where the N2 was enhanced in response to the RF3 relative to 

noise stimuli (see Table 4 for means).  There was also a significant effect of the array 

type on the N2 component, where the texture array elicited a significantly larger 
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(more negative) N2 than the single-contour array.  There was no interaction between 

the array type and shape in the shape detection analysis. 

For the shape discrimination condition (see Figure 6) the N2 amplitude was 

analysed using a three-factor, repeated measures ANOVA with electrode site (three 

levels: O1, O2, and Iz), array type (two levels: single-contour and texture) and shape 

(two levels: RF3 and circle).  There was a significant main effect of electrode site on 

amplitude, with Iz again eliciting the largest negativity.  There was also a large main 

effect of the specific shape presented in the array (RF3 or circle) on the amplitude of 

the N2 component, where the N2 was reduced for the circle stimulus (see Table 4).  

This finding is consistent with the results from Chapter 4, where we also showed that 

the N2 amplitude was reduced in response to the circle compared to the RF3 stimuli 

in a single-contour array only.  As with the shape detection condition, there was a 

significant main effect of the array type on the mean N2 amplitude.  A larger N2 was 

elicited when the shape was presented in a texture array rather than as a single-

contour.  Electrode site interacted significantly with shape, but not with array type, 

and there was a significant three-way interaction between the factors. 

Since there was a significant three way interaction present, several post-hoc 

ANOVAs were conducted to determine the nature of this effect.  These ANOVAs 

had shape as a factor and were conducted separately for each array type and 

electrode site.  The results revealed a significant effect of shape type for both single-

contour and texture arrays at all three electrode sites.  Further inspection of the N2 

means shows that the interaction was due to a larger difference between RF3 and 

circle stimuli for the single-contour compared to the texture condition.  Therefore, 

while the RF3 elicits a significantly larger negativity than the circle regardless of the 



166 
 

array type used to construct the shape, the effect of corners on the N2 is greater in the 

single-contour array than it was in the texture array.   

To summarise, when shape was constructed by aligning the orientations of all 

local elements in an array (texture) the N2 amplitude was larger than when the shape 

was constructed from a single path of 24 elements.  The mean amplitude of the N2 

was always larger when the shape presented was an RF3 as opposed to a circle, and 

this difference was largest when the shape was represented by an aligned path. 
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Table 2. Three-factor, repeated-measures ANOVA results for the N2 including F-

value, degrees of freedom and partial eta squared.  * indicates p < 0.05. 

Factors     F  d.f  partial η2
  

     Shape detection (RF3 vs noise)   

electrode site    10.69*  2,18  0.39 

array type    18.86*  1,18  0.53 

shape     40.63*  1,18  0.71 

array type x shape   4.19  1,18  0.20 

electrode site x array type  5.18*  2,36  0.22 

electrode site x shape   15.32*  2,36  0.47 

electrode site x shape x array type 3.82*  2,36  0.18 

     Shape discrimination (RF3 vs circle)   

electrode site    6.08*  2,18  0.26 

array type    24.14*  1,18  0.59 

shape     39.18*  1,18  0.70 

array type x shape   6.49*  1,18  0.28 

electrode site x array type  2.25  2,36  0.12 

electrode site x shape   6.89*  2,36  0.29 

electrode site x shape x array type 3.95*  2,36  0.19 
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Table 3. Means and Standard Deviations (SD) for N1 peak amplitude (μV) in 

response to the shape detection condition (RF3 and noise stimuli) for both single-

contour and texture arrays.     

   Single-contour          Texture 

Shape   Mean  S.D  Mean  S.D   

O1 

RF3 vs.  -7.63  6.26  -9.82  5.80 

Noise   -7.03  6.14  -7.59  5.58 

 

RF3 vs.  -7.95  5.77  -9.49  5.81  

Circle   -8.03  5.83  -9.25  5.76 

            

Iz 

RF3 vs.  -10.07  4.62  -10.88  4.85  

Noise   -9.80  4.56  -10.42  4.59 

 

RF3 vs.  -10.11  4.49  -10.54  4.12  

Circle   -9.92  4.24  -10.61  4.50 

            

O2 

RF3 vs.  -9.37  5.32  -11.59  5.93  

Noise   -8.50  5.60  -9.35  5.54 

 

RF3 vs.  -9.05  5.78  -11.17  5.68  

Circle   -8.80  5.54  -11.32  5.86   
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Table 4. Means and Standard Deviations (SD) for N2 mean amplitude (μV) in 

response to the shape detection condition (RF3 and noise stimuli) for both single-

contour and texture arrays.     

   Single-contour          Texture 

Shape   Mean  S.D  Mean  S.D   

O1 

RF3 vs.  -1.02  5.42  -4.16  4.77 

Noise   0.56  5.38  -1.64  4.77 

 

RF3 vs.  0.61  4.95  -2.24  4.54  

Circle   2.31  5.80  -1.47  4.84 

            

Iz 

RF3 vs.  0.62  5.62  -1.55  5.57  

Noise   3.00  5.52  2.03  5.10 

 

RF3 vs.  2.46  5.15  -0.19  5.65  

Circle   4.09  5.78  0.71  5.90 

            

O2 

RF3 vs.  0.82  6.23  -2.13  5.51  

Noise   3.28  6.31  2.17  6.14 

 

RF3 vs.  2.36  5.36  -0.79  6.09  

Circle   4.96  6.40  0.32  6.72   



170 
 

 

Figure 5. The graphs depict the electrical activity at electrode sites O1, Iz and O2 

from 50 ms prior to stimulus presentation, to 350 ms post-stimulus presentation (x-

axis marked in 100 ms intervals).  The y-axis represents electrical activity in 

microvolts (increments of 1 μV, ranging from +8 to -12 μV, negative up).  The solid 

line refers to the response to the noise stimuli in each condition, and the dashed line 

refers to the RF3 stimuli.  The left pair of graphs represents stimuli constructed from 

aligning 24 elements according to a single-contour.  The graphs on the right 

represent the stimuli constructed from aligning the orientation of all elements to form 

a texture.  Difference waveforms (RF3 - noise ERPs) are shown in red for each 

electrode site (y-axis from -5 to +3 µV). 
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Figure 6. The graphs depict the electrical activity at electrode sites O1, Iz and O2 

from 50 ms prior to stimulus presentation, to 350 ms post-stimulus presentation (x-

axis marked in 100 ms intervals).  The y-axis represents electrical activity in 

microvolts (increments of 1 μV, ranging from +8 to -12 μV, negative up).  The solid 

line refers to the response to the circle stimuli in each condition, and the dashed line 

refers to the RF3 stimuli.  The left pair of graphs represents stimuli constructed from 

aligning 24 elements according to a single-contour.  The graphs on the right 

represent the stimuli constructed from aligning the orientation of all elements to form 

a texture.  Difference waveforms (RF3 - circle ERPs) are shown in red for each 

electrode site (y-axis from -5 to +3 µV). 

 

4.3. Source Localisation 

 Using BESA 5.1.2 software, the sources of the N1 and N2 component were 

localised.  A four shell spherical head model was used to obtain the solution (Scherg, 

1992).  Localisation used the difference waveforms for each of the array type – 
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texture and single-contour, for both RF3 minus noise and RF3 minus circle 

conditions.  The ascending slope of the difference waveform at the N1 and N2 

latencies identified previously was used to specify the interval over which 

localisation was conducted.  To determine the source of the peak in each difference 

waveform, a single pair of symmetrical dipoles was used (there was no significant 

improvement in the residual variance accounted for when more dipoles were added).  

Sources were localised in standard x, y, z Talairach coordinates (Talairach & 

Tournoux, 1988), and the coordinates are presented in Table 5.  The Talairah atlas 

defines and catalogues the structure of the human brain in addition to providing a 

consistent terminology for labelling brain regions (Lancaster et al., 2000).  We used 

Talairach Daemon (Lancaster et al., 1997; Lancaster et al., 2000) to determine which 

cortical structures were associated with the co-ordinates generated here.  Using the 

ascending edge of the peak, the N1 (RF3 minus noise waveform) was localised to the 

Brodmann area 18 region in the occipital lobe for both the texture and single-contour 

arrays (see Figure 7).  The bilateral sources identified for the texture array were in 

the lingual gyrus, and accounted for 96.7% of the variance in the data.  The sources 

for the single-contour array were located in the middle occipital gyrus and accounted 

for 96.3% of the variance data.  All sources reported here did not vary when the 

initial dipole placement was moved prior to running the fit algorithm. 

Based on the definitions for visual areas taken from Hasnain et al. (1998), 

who produced mean locations of areas V1 to V5 using fMRI data from human 

participants, the dipole pair generated in the texture array for the RF3 minus noise 

difference waveform (shape detection) is within ±1 mm of the centre of the area 

defined as V4.  The dipole generated in the single-contour array for RF3 minus noise 

is within ±3 mm of the centre of the area defined as V3. 



 

 

173 
 

 

Table 5. Talairach coordinates (in mm) for foci across conditions forming the N1 

component.  Bilateral sources are indicated. 

       Single-contour          Texture 

Comparison Shape   x y z  x y z  

Noise    ±32 -82 1  ±24 -76 -9 

Circle    ±38 -75 -15  . . . 

           

  

 Source localisation was also attempted for the shape discrimination data to 

determine a source of the activation specific to the presence of corners.  The RF3 

minus circle waveform in the single-contour array produced a source with 96% of the 

variance accounted for.  This source was in the declive located in the posterior lobe, 

which is within ±1 mm of the area defined as V4 by Hasnain et al. (1998).  

Unfortunately, the difference waveforms between the RF3 and circle stimuli did not 

yield a reliable source for the texture array condition.  The condition means showed 

that the difference between the RF3 and circle stimuli was smaller than it was for the 

shape detection task, and also that there was also less of a clear peak present (see 

difference waveforms in Figure 6).  Localisation attempts were therefore not able to 

reduce the level of residual variance below 10% and obtain a reliable source for the 

texture array condition. 
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Figure 7.  Source localisation of the difference potentials for shape detection (RF3 

minus noise) and shape discrimination (RF3 minus circle) conditions.  Difference 

potentials obtained are mapped against a standard MRI template image to represent 

the locations of the sources identified.   

 

5. General Discussion 

 The aim of this study was to determine the electrophysiological parallels to 

behavioural judgements of shape, and to identify the potential locations of the 

cortical regions responsible for those judgements.  To assess this, the 

electrophysiological and behavioural responses to shape stimuli constructed by 

aligning Gabor patches in a field were compared.  The N1 peak amplitude was found 
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to be greater when there was a global RF3 structure in the Gabor field compared to 

noise (random orientations), however it was not modulated by the type of curvature 

arrangement on the contour (no difference between RF3 and circle).  The finding of 

an enhanced N1 for global concentric structure in a texture pattern is consistent with 

previous research using Glass patterns (Ohla et al., 2005; Pei et al., 2005; 

Swettenham, Anderson, & Thai, 2010).  It is interesting to note that the effect of 

global structure on the N1 was only significant here when the array was a texture, 

and not when it was a single-contour (see Chapter 4 for a similar finding with single-

contour stimuli only). 

The main finding from Chapter 4 was that the N2 is more negative when 

observers are presented with a shape that contains corners instead of a circle, a result 

which has been replicated in the current study.  Here we have extended on Chapter 4 

by demonstrating that the curvature specific N2 response occurs regardless of 

whether a shape is defined by a diffuse texture or an aligned contour.  The finding 

that there is similar processing of the two types of stimuli is consistent with previous 

psychophysical results (reported in Chapter 5).  In Chapter 5 it was demonstrated that 

shape is still processed globally even when it is defined by orientation information 

alone in a texture pattern.  Based on the combined findings of the psychophysical and 

electrophysiological experiments reported both here and in Chapters 4 and 5, it can 

be concluded that when shape is defined by texture it is globally pooled and the 

neural response is somewhat similar to that of a single-contour. 

There were however, some differences between the electrophysiology of the 

texture and single-contour shapes with respect to the relative size of their elicited 

components.  The overall amplitudes of both the N1 and N2 were larger (more 

negative) when the stimuli were defined by a texture rather than a single aligned 
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contour.  One possible explanation for this relates to the difficulty in discriminating 

between the shapes represented by each type of array.  Previous research has shown 

that the amplitude of the N2 component is increased with increasing discrimination 

difficulty in a visual task (Brodeur, Lepore, & Debruille, 2006; Shedden & 

Nordgaard, 2001).  The enhanced N2 for texture patterns in the current study could 

possibly be the result of an increased difficulty discriminating the structure in the 

texture patterns compared to the single-contour patterns. 

One way of demonstrating increased discrimination difficulty is to compare 

the reaction times and accuracies between conditions.  The speed of processing has 

been shown to be affected by discrimination difficulty in Glass patterns, with 

reaction times increasing when the structure in a Glass pattern is harder to detect 

(Tanskanen et al., 2008).  Participants in the current study were also slower and less 

accurate when responding to texture stimuli than to single-contour stimuli, though 

only in the shape discrimination (RF3 vs. circle) task.  This partially supports the 

argument that the enhanced N2 is due to increased difficulty since the N2 was largest 

in the condition where the behavioural performance was poorest.  

 Taken together, these results suggest that increased task difficulty could 

account for the enhanced N2 elicited by texture patterns in the shape discrimination 

condition.  However, Senkowski and Herrmann (2002) have clearly demonstrated 

that task difficulty in a visual discrimination task affects the amplitude of the N2 

component but not the N1.  So while task difficulty could potentially explain some of 

the N2 differences, the larger N1 amplitude elicited when responding to texture 

stimuli still remains unaccounted for. 

A possible reason for the enhanced N1 when viewing texture-defined shapes 

is a change in the dynamic allocation of attention.  It is thought that attention can 



 

 

177 
 

work as a kind of ‘zoom lens’, where it is focused on an attended region or stimuli 

(Eriksen & St James, 1986).  Luck et al. (1994) found that the N1 was larger in 

response to attended, as opposed to unattended, stimuli in a visual discrimination 

task.  Incongruent distractors in a face discrimination task are also associated with a 

larger N1 because they are thought to be competing for resources and attracting more 

attention (Sreenivasan & Jha, 2007).  Therefore a smaller attentional window would 

seem to be associated with a smaller N1 component.  This conclusion is supported by 

ERP studies where larger attended areas led to larger N1 amplitudes (Korth & 

Nguyen, 1997; Torriente, Valdes-Sosa, Ramirez, & Bobes, 1999).   

In the current study, the physical size and number of local elements in each of 

the different arrays was the same, but the area that needed to be attended to in order 

to see the shape signal differed.  In texture arrays, the orientations of all Gabor 

patches in a 15° square were aligned to the underlying shape.  But for the single-

contour arrays, the average diameter of the shape was only 10° and the rest of the 

elements not making up the contour were randomly positioned and oriented.  

Because the single-contour RF3s had a maximum radial modulation equal to 10% of 

the total radius, there was an annular region of 1° around the centre of the pattern 

where aligned elements would be predicted to occur.  In addition to this, the centre of 

the contour was spatially jittered by ±1.25° which increased the possible shape signal 

annulus to 3.5° in width (inner radius 3.25°, outer radius 6.75°).  Dickinson, 

Broderick and Badcock (2009) recently demonstrated that attention can be allocated 

to an annular region if the location of the target information is predictable.  For the 

current experiment, successful discrimination of the texture array required 

integration of all the local information.  However, the single-contours only needed a 

smaller attentional window due to the restricted annular region where relevant shape 
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information consistently appeared.  Therefore the broader allocation of attention may 

be the cause of the larger N1 amplitude for texture-defined stimuli. 

However, it could be argued that a texture array is just a collection of single-

contours occupying a larger area.  If this was the case, then a texture might only need 

a limited window similar to the single-contour arrays used here.  It is unlikely that 

this is the case though, since Dickinson et al. (2009) have previously demonstrated 

that available signal in a texture stimuli is integrated over the whole array when the 

signal is distributed across the whole texture.  Also, the positions of the local 

elements in the texture array here are spatially jittered and this precludes the 

existence of an aligned path in the field. 

 Source localisation was also conducted in an attempt to clarify the cortical 

regions associated with shape detection and shape discrimination.  It should be noted 

here that the source localisation conducted only provides an estimate of the source 

model.  The global processing associated with Glass patterns has previously been 

localised to areas external to the primary visual cortex (Ohla et al., 2005; Vreven & 

Berge, 2007), with a recent high-density MEG study suggesting a generator in area 

V3a (Swettenham et al., 2010).  Mannion and Clifford (2011) have shown that both 

V3 and V4 were involved in processing global arrangements in Glass patterns.  V4 

has also been identified as an area of importance for processing global shape defined 

by a continuous contour (Gallant, Shoup, & Mazer, 2000), particularly when that 

processing involves curvature information (Carlson et al., 2011; Gustavsen & 

Gallant, 2003).  For the current data, sources were successfully obtained for the 

shape detection (RF3 minus noise) difference waveform, with a peak difference close 

to or in V4 for the texture-defined stimuli and V3 for the single-contour defined 

stimuli.  Localising the difference between specific shapes was more difficult, since 
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the overall magnitude of the difference was smaller.  However, V4 was identified as 

the source of the difference between a single-contour shape with corners and one 

without.  This supports the V4 coding system based on the presence and arrangement 

of curvature discontinuities suggested by Pasupathy and Connor (2001, 2002).  

However, it is acknowledged that it is difficult to discriminate between V3 and V4, 

and V1 and V2 since they lie very close together (Ales, Yates, & Norcia, 2010; 

Hasnain et al., 1998). The conclusion is not made here that V4 is the only region 

involved, simply that it might be one of the earlier regions involved in shape 

processing. 

 The source localisation conducted here is based on a relatively small number 

of electrodes.  While more channels could have improved sensitivity somewhat, 

sensible answers can be produced with smaller numbers of electrodes, particularly 

when a clear region of interest is defined (early extrastriate visual cortex in this case).  

Several other previous studies have found sensible source solutions with 32 channels 

or less (Cuffin, Schomer, Ives, & Blume, 2001; Makeig et al., 2002; Zhukov, 

Weinstein, & Johnson, 2000).   

 In conclusion, the electrophysiological results reported here provide a 

replication of the N2 effect first reported in Chapter 4 – where the N2 is larger for 

shapes containing corners compared to those without.  This effect does not appear to 

be removed when shape is represented by diffuse orientation information instead of 

by a discrete contour.  However, there are differences in the behavioural and 

electrophysiological results reported here for textures and contours, such as the 

increased component magnitudes for textures and differences in reaction times.  

These differences could suggest that, while both are globally integrated, separate 
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mechanisms may be involved in the processing of shapes represented by textures and 

aligned contours. 
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 The central aim of this thesis was to further our understanding of how the 

human visual system integrates local information to form a basic object 

representation.  Many complex objects can be deconstructed to a collection of basic 

shapes, such as circles, with a specific arrangement (Biederman, 1987).  Here, Radial 

Frequency (RF) patterns were used to assess the role that changes in curvature play 

in global shape processing.  RFs provide a template with which the curvature 

information on a shape can be manipulated in a systematic manner (Bell, Badcock, 

Wilson, & Wilkinson, 2007; Loffler, Wilson, & Wilkinson, 2003; Wilkinson, 

Wilson, & Habak, 1998).  Changes in curvature around the boundary of a closed 

contour are reflected in a shape’s neural representation, located in the intermediate 

visual processing areas, such as V4 (Connor, Brincat, & Pasupathy, 2007; Pasupathy 

& Connor, 2001, 2002).  Psychophysical experiments support these physiological 

findings, and provide further evidence for the polar coding of curvature on an RF 

pattern (Bell, Dickinson, & Badcock, 2008; Wilkinson et al., 1998). 

 The presence of global coding in shape can be assessed using adaptation 

experiments (e.g. Roach, Webb, & McGraw, 2008) or by measuring the decrease in 

deformation thresholds for an RF pattern as more cycles of deformation are 

systematically added (Loffler et al., 2003).  A shape is considered to be globally 

integrated when the decrease in threshold caused by adding more cycles of 

deformation to complete the contour for a specific RF number is significantly steeper 

than the probability summation of local detectors alone would predict.  Points of 

maximum curvature, or corners, are identified as critical features by both 

psychophysical and electrophysiological studies (Loffler et al., 2003; Pasupathy & 

Connor, 2001, 2002) and one aim of this thesis was to determine the specific effects 
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of varying the information contained in corners on global processing using several 

different tasks. 

The research presented in this thesis can be separated into three main 

sections.  The first part assessed the limitations of adaptation as a tool for 

investigating global shape processing in RF patterns.  The second part introduced 

Gabor-sampled contours as an alternative stimulus, and investigated the critical 

features of global shape using both electrophysiological and psychophysical 

experimental techniques.  This section identified the event-related potential 

components related to specific shape features and examined whether a continuous 

contour was required to show the global processes being measured.  The final section 

in this thesis determined whether an aligned contour was necessary to evoke global 

shape processes, or whether orientation information alone could be sufficient. 

 

1.1. The Limitations of Adaptation in Determining Global Shape 

 The initial part of this thesis was focused on evaluating the suitability of 

adaptation as a tool for investigating the properties of global shape.  Previous 

research has interpreted RF shape after-effects as a global phenomenon (Anderson, 

Habak, Wilkinson, & Wilson, 2007; Suzuki & Cavanagh, 1998), though it is also 

possible to account for RF after-effects with local mechanisms (Dickinson, Almeida, 

Bell, & Badcock, 2010).  Dickinson et al. (2010) introduced a tilt after-effect model 

to explain the appearance of an anti-phase shape after-effect on a test circle following 

adaptation to an RF3. 

Chapter 2 showed that the magnitude of the shape after-effect is dependent on 

the rotational phase difference between test and adaptor RF3 patterns.  The tilt after-

effect model was applied to our data and it was found that this model could 
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accurately predict the size and direction of the after-effect as the rotational phase is 

varied.  While we cannot discount the possibility that there are global after-effects 

being masked by the more dominant local orientation effects, since there still remain 

some properties of shape after-effects that do not fit with a local explanation (Bell & 

Kingdom, 2009),  this study does raise some questions about the use of adaptation as 

a tool for investigating global shape mechanisms.  Chapter 2 also rules out a set of 

phase-specific shape channels as an explanation, since the after-effect was maximal 

when the test and adaptor rotational phases were most different.  Adaptation alters 

the responses of channels nearest to the adaptor, so nearby phases should have been 

maximally influenced if there were multiple phase channels.   

A further problem with adaptation studies was introduced in Chapter 3, where 

the after-effects generated by repeated rapid adaption (30 ms intervals) were shown 

to persist for up to a day in the absence of targeted masking.  Together, Chapters 2 

and 3 raise several important questions about adaptation that should be addressed.  

Firstly, why have previous studies concluded that global mechanisms are responsible 

for shape after-effects when a local explanation can also account for the effect?  To 

answer this question it is important to consider the basis for concluding global 

processing in past studies. 

A major argument in favour of global processes is the presence of non-

retinotopic adaptation.  This is when adaptation occurs outside of the range of the 

local feature detector’s (V1) receptive fields (Barlow, Kaushal, Hawken, & Parker, 

1987; Zeki, 1978).  Both Roach et al. (2008) and Suzuki and Cavanagh (1998) have 

demonstrated adaptation effects spatially distanced from the adaptor and concluded 

from this that global mechanisms must be involved.  However, considering that 

adaptation not only saturates very rapidly (Dickinson, Han, Bell, & Badcock, 2010; 
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Sekuler & Littlejohn, 1974), but also that after-effects to rapid adaptation are very 

robust and persist over several hours (Chapter 3), an alternative explanation can be 

suggested.  It is possible that the results of experiments demonstrating small, 

spatially invariant after-effects are due to a ‘smearing’ of the local after-effect over 

space, since even when fixating on a stationary point, involuntary eye movements do 

occur (Carpenter, 1988).  Research has suggested that these eye movements can 

cover up to several degrees of visual angle (Crossland, Culham, & Rubin, 2004; 

Martinez-Conde, Macknik, Troncoso, & Dyar, 2006).  These involuntary movements 

may result in the appearance of a less retinotopic after-effect than actually exists. 

 A second question about adaptation more generally is: why should the visual 

system adapt so quickly and pervasively at all?  The answer to this question can be 

found by considering adaptation as a component mechanism in a more general shape 

enhancement system.  Adaptation changes the sensitivities of populations of neurons 

by suppressing the responses to units preferentially tuned to a particular stimulus 

(Barlow & Földiàk, 1989; Dhruv, Tailby, Sokol, & Lennie, 2011).  One consequence 

of this process is that the neurons in nearby channels have their sensitivity increased 

(Muller, Metha, Krauskopf, & Lennie, 1999).  This increased sensitivity allows 

observers to make finer discriminations between different stimuli when they are 

presented in sequence (Clifford & Langley, 1996; Wainwright, 1999).  Therefore the 

adaptation likely serves to enhance our ability to discriminate between different 

shapes, particularly those produced by animate objects in motion – e.g. faces while 

talking. 

 The reason why adaptation persists for such a long time may be linked to how 

our brain’s become calibrated to the natural environment that we find ourselves in.  

For example, Webster and Mollon (1997) examined the effects of being exposed to 
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different colour distributions in different natural environments on individual’s 

perceptions of colour.  They found that there was a shift in the perception of colours, 

such as greens, depending on their prevalence in the surrounding environment.  

Long-term adaptation to the natural image statistics (such as the prevalence of 

circles) may be necessary for maintaining an accurate representation of the visual 

world (Webster, 2011). 

 

1.2. The Importance of Corners for Shape Processing 

Since adaptation does not appear to be an ideal tool for investigating the 

properties of global shape, an alternative stimulus was sought.  Gabor fields, where 

the alignment of a subset of the local patches forms the shape representation (e.g. 

Casco, Robol, Barollo, & Cansino, 2011), were introduced since they allow for the 

local and global features to be manipulated independently.  In Chapter 4 it was 

determined that the angle separating corners was more critical than the overall 

number of corners for discrimination performance.  This fits well with polar models 

of RF encoding (Bell et al., 2008), as well as neural population models where basic 

shape is defined by the curvature variation around a closed contour (Carlson, 

Rasquinha, Zhang, & Connor, 2011; Gallant, Connor, Rakshit, Lewis, & VanEssen, 

1996; Pasupathy & Connor, 2001, 2002).  We also presented electrophysiological 

evidence in Chapter 4 (and replicated the findings in Chapter 6) which supported the 

importance of changes in curvature for shape construction.  This was done by 

demonstrating the presence of an enhanced negativity over the occipital lobe 

following the presentation of an RF3, but not following a circle.  We suggest that this 

early cortical response (the N2, which occurs approximately 220 ms post-stimulus) is 

selective to the presence of corners on a contour. 
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Since there is a large quantity of redundant information in the visual world, a 

system that focuses on identifying the points of change in an image is one which 

would be particularly efficient (Simoncelli & Olshausen, 2001).  In such a system, 

the most salient features are enhanced and receive preferential processing - such as 

the edges for boundary detection (Lamme, Rodriguez-Rodriguez, & Spekreijse, 

1999), or the areas with abrupt changes in curvature (Heitger, Rosenthaler, 

Vonderheydt, Peterhans, & Kubler, 1992).  As the image representation progresses 

from V1 through to V4 the irrelevant information is discarded, allowing the visual 

system to remain sensitive to the information that is most relevant (Gardner et al., 

2005). 

The information contained in corners is particularly relevant when it comes to 

forming an object representation.  We know this because occluding or disrupting 

corners substantially impairs detection performance on a threshold task (Loffler et 

al., 2003).  Reaction times for visual searches are also slower when observers are 

trying to find a shape lacking corners in amongst shapes with corners, as opposed to 

the other way around (Kristjansson & Tse, 2001).  Identification of common objects 

(e.g. a teacup) is impaired more when contour removal is concentrated on the 

vertices instead of the mid-segments (Biederman, 1987).  Therefore corners, or 

curvature maxima, appear to contain particularly vital information for the formation 

of shapes, and therefore objects. 

 

1.3. Are There Separate Mechanisms for Texture- and Contour-Defined 

Shapes? 

 The orientation information contained in a texture can give rise to the percept 

of a global shape, despite a lack of consistent positional cues (Aspell, Wattam-Bell, 
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& Braddick, 2006; Glass, 1969; Kurki, Laurinen, Peromaa, & Saarinen, 2003).  In 

Chapter 5, the extent of this global texture processing was assessed by looking at the 

integration slopes for increasing cycles of deformation on an RF3 pattern, and 

determining if these were significantly steeper than what would arise from 

monitoring the output of local detectors alone (Graham & Robson, 1987; Loffler et 

al., 2003; Robson & Graham, 1981).  Global integration was found to be present for 

both aligned contours and texture-defined RFs.  The current model of how RF 

detection works suggests that both RF and Glass patterns (similar to the texture-

defined stimuli used here) are processed by similar mechanisms (Poirier & Wilson, 

2006).  The presence of global integration in both reported here would appear to 

support this conclusion.  But there were also some differences in the overall 

thresholds for detecting deviation from circularity between the two types of stimuli.  

As reported in Chapter 5, the thresholds for texture-defined shapes were 

approximately twice those of single aligned RF contours.   

 Therefore, the possibility that global integration in the two types of stimuli is 

derived from different underlying mechanisms should also be considered.  Previous 

research has shown that Glass pattern detection is differentially affected by the 

luminance polarity (increment or decrement) of the dot-pairs making up a texture 

(Badcock, Clifford, & Khuu, 2005), and Bell and Badcock (2008) have shown that 

there is no such detection asymmetry for RF patterns.  They used the lateral masking 

paradigm developed by Habak, Wilkinson, Zakher, and Wilson (2004) to show that 

an in-phase RF5 mask still improved detection performance, regardless of the 

contrast polarity.  In addition to this, Badcock, Almeida, and Dickinson (2006) 

directly assessed the interaction between the localisation of the centres of Glass 

patterns and RF patterns and discovered that localising the centre of a Glass pattern 
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was not affected by the presence of a continuous RF contour in the stimulus.  Taken 

together, these studies suggest that separate neural mechanisms may be required to 

process shapes defined by a path (either continuous or Gabor-sampled contour) and 

shapes defined by a texture.  Here we have shown that, despite these differences, 

both types of pattern evoke global integration processes. 

 In Chapter 6 the electrophysiological responses elicited by Gabor-sampled 

texture stimuli are directly compared.  There were several differences in the patterns 

of activation following the presentation of these two types of stimuli.  Firstly, there 

was no significant effect of shape presence on the N1 component amplitude when 

shape was defined by a single aligned contour (Chapters 4 and 6).  However, when 

the shape was defined by a texture, the N1 was enhanced for RF3 structure compared 

to the noise array.  This early difference may reflect the separate processing of 

texture and RF patterns discussed previously (Badcock et al., 2006; Bell & Badcock, 

2008).  The N1 component was localised to the area around V3/V4 of the extrastriate 

cortex (Chapter 6), which may suggest that the separation of texture and aligned 

contour processing occurs after the local image attributes have been extracted in area 

V1 (Lennie, 1998; Loffler, 2008). 

 

1.4. Enhancing Psychophysics with the Addition of Electrophysiology 

 Integrating the findings from electrophysiological and psychophysical studies 

which are investigating the same phenomena can introduce a unique set of 

challenges.  Often the two approaches are complementary (Clifford & Langley, 

1996; Stockman, Sharpe, Zrenner, & Nordby, 1991), where the electrophysiological 

findings are used to support the existing psychophysical research.  For example, 

human responses to visual stimuli have been successfully predicted by modelling the 
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receptive fields of the relevant neurons (e.g. Ingling & Drum, 1973).  A further 

example is the strong correlation between the visual-evoked potentials for contrast 

stimuli and the contrast sensitivity function determined through psychophysics 

(Souza, Gomes, Saito, da Silva, & Silveira, 2007).  While the relationship between 

electrophysiology and psychophysics is not always straightforward, on the whole 

there tends to be good agreement between the two (Angelaki, Gu, & DeAngelis, 

2009; Westwood & Goodale, 2011). 

 In this thesis I have attempted to address the issues of global shape 

integration from both electrophysiological and psychophysical perspectives.  These 

two lines of evidence have both added unique contributions, which together can 

enhance our understanding of basic shape processing in the human visual system.  In 

Chapter 4, the results from an analysis of the ERP components elicited by different 

basic shapes are presented.  This analysis identified an event-related potential 

component that was associated with the presence of corners (the N2), which supports 

the idea that corners are a particularly important shape feature.  However, the N2 

component amplitude was unable to be used to differentiate between the different 

angular separation conditions.  All that could be concluded from looking at the ERP 

results alone was that the shapes containing curvature maxima are processed 

differently to those without.  The behavioural results contributed further information, 

and with them it was possible to determine exactly what feature of the curvature 

maxima was important (it was found that the polar angle separating points of 

maximum curvature was critical for defining an RF pattern).  The combination of 

both electrophysiological (N2 component) and behavioural (reaction times) evidence 

has provided us with a more detailed understanding of the role that curvature plays in 

global shape processing. 
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 A similar result was found when comparing the psychophysical and 

electrophysiological data related to texture pattern processing in Chapters 5 and 6.  

The psychophysical integration slopes reported in Chapter 5 confirmed the presence 

of global integration in RF-based texture patterns as well as in aligned contour RFs.  

However, the overall detection thresholds were higher for texture patterns.  This 

suggested that there might be more differences between the two stimuli, and so the 

electrophysiological differences were examined.  Both patterns were found to 

produce the enhanced N2 in the presence of shapes with corners, but in addition to 

this, the texture patterns evoked a consistently larger N2 compared to the aligned 

contour patterns.  The results reported here support the idea that textures and 

contours, while superficially similar in that they both exhibit global integration, are 

processed by different underlying mechanisms.  More research is required in this 

area to get a better idea of the extent of these differences, the neural architecture 

underlying them, and the effect that they have on both the construction and 

perception of objects. 

In this thesis, the psychophysical data revealed the key features involved in 

shape processing, while the electrophysiological data added details of the time-

course of perception, as well as the cortical locations of the activation.  Overall these 

studies have enhanced our understanding of how the local information in a scene is 

combined to form global images, which the human visual system is primed to detect 

and discriminate between with a high degree of accuracy. 
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