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Abstract 

In humans, up to 80% of the information received from the outside world is 

processed by the visual pathway. The visual cortex devoted to each degree of visual 

angle decreases in an approximately linear manner with retinal eccentricity, visual 

information in the peripheral visual field is processed differently from such information 

in the central visual field. Most visual performance shows a decline with eccentricity 

(eccentricity effect). However, degraded recognition for complex stimuli does not 

always follow predictions from cortical size-scaling and acuity measures. One strategy 

of the visual system is to exploit information about surface textures and object 

boundaries, or contours, as cues to image segmentation and object shape. Therefore, in 

this research, we used simple stimuli to investigate dependency of contour shape 

recognition on retinal eccentricity of visual field. 

Firstly, to reveal the dependency of the fundamental elements of the contour shape 

on retinal eccentricity. A regular polygons discrimination task was used as we changed 

the size, the line width and the exposure duration of stimuli. The stimuli size and the 

line width showed a large dependency on retinal eccentricity of visual field. But the 

exposure duration of stimuli showed a small dependency on retinal eccentricity of 

visual field. 

Secondly, to further clarify the contour shape recognition mechanism of the central 

and peripheral vision field. Radial frequency (RF) patterns, which have frequently been 

used to investigate aspects of shape processing, were used as target stimuli here. We 

examined the dependence of the pattern radius on deformation modulation amplitude 

to discriminate the RF patterns from a circle by a modulation amplitude discrimination 

task. The deformation threshold vs. radius functions for the constant circular contour 

frequency (CCF) RF patterns showed different functional forms dependent on the CCF 
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(0.159, 0.239 and 0.358 cycles/cl-deg). The high CCF, 0.358 cycles/cl-deg, resulted in 

a monotonically increasing function, the middle CCF, 0.239 cycles/cl-deg, resulted in 

a gradually increasing function, and the low CCF, 0.159 cycles/cl-deg, resulted in a 

flattened function. The different functional forms could be ascribed to the different 

eccentricity effects of the processing units responsible for encoding the RF patterns. 

The deformation threshold vs. radius functions for the magnified RF patterns were all 

relatively flattened for all radial frequencies (4 ~ 18 cycles/360 deg) used, indicating 

that the eccentricity effects observed for the high and middle CCF RF patterns were 

neutralized by retinocortical mapping. 

Thirdly, to further explore the processing mechanism of RF patterns. Using a radial 

frequency discrimination task that has not been tested in many previous studies, we 

examined the dependence of the pattern radius (4 to 16 deg) on discriminable radial 

frequency thresholds of two different frequency RF patterns. Our results suggest that 

the radial frequency discrimination is processed by a radial frequency-selective 

channels mechanism that is subject to the orientation of the RF patterns or a polar angle-

selective channels mechanism that is subject to polar angles between two points of 

maximum curvature of the RF patterns. 

Lastly, to investigate important visual factor affect the processing mechanism of 

contour shape. We measured the contrast discrimination threshold of circular contour 

patterns on retinal eccentricity of the visual field. The contrast discrimination thresholds 

for the standard stimuli increased with increasing the retinal eccentricity. However, 

those for the cortically magnified stimuli remained constant irrespective of change of 

retinal eccentricity. 

According to the current situation, future studies will focus on improving 

experiment method (e.g. brain imaging study) to uncover the cerebral cortex 
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mechanism of RF patterns processing and to provide further important basis for our 

behavioral experiment here.
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Chapter 1 Introduction 

 

Summary 

This chapter introduces the visual perception and visual field. The previous studies 

related to the central and peripheral visual field have also been summarized here. At 

last, the purpose and contents of the thesis are briefly explained. 
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1.1 Visual perception 

In humans, up to 80% of the information received from the outside world is 

processed by the visual pathway. The process of visual perception begins when an 

image of the external world forms on the retina in the back of the eye [1] and is projected 

to the visual cortex through the lateral geniculate nucleus. The visual cortex of the brain 

is the part of the cerebral cortex responsible for processing visual information. More 

than a century ago Inouye, an ophthalmologist, and then Holmes, a neurologist, 

observed strong correlations between visual field deficits and the location of lesions 

within human visual cortex (V1). Their analyses of these correlations defined the visual 

field map in human primary visual cortex, V1, and established several important 

principles. During the 50 years from 1940 to 1990, the number of reported visual field 

maps grew enormously. Subsequent advances in magnetic resonance instruments, 

experimental methods, and data analysis algorithms produced a significant amount of 

new data about the organization of human visual field maps [2]. 

So far, the visual cortex is divided into two pathways: The ventral stream begins 

with V1, goes through visual area V2, then through visual area V4, and to the inferior 

temporal cortex (IP cortex). The ventral stream, sometimes called the "What Pathway", 

is associated with form recognition and object representation. It is also associated with 

storage of long-term memory; The dorsal stream begins with V1, goes through visual 

area V2, then to the dorsomedial area and visual area MT (also known as V5) and to 

the posterior parietal cortex. The dorsal stream, sometimes called the "Where Pathway" 

or "How Pathway", is associated with motion, representation of object locations, and 

control of the eyes and arms, especially when visual information is used to guide 

saccades or reaching. 
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1.2 Visual field 

The human visual system does not process all parts of an image equally. The 

central segments of the image, which fall on the retinal fovea, are processed with a 

higher resolution than the segments that fall in the periphery. According to this 

characteristic, visual information in the peripheral visual field is processed differently 

from such information in the central visual field [3]. For example, peripheral vision 

prefers coarser information, while central vision prefers finer details.  

There are already a lot of previous studies about the central and peripheral vision 

field focused on human object recognition, such as buildings, faces. For example, when 

we recognize the face, the building and the scene, we use the central vision field. 

However not only the central vision field but also the peripheral vision field is used for 

building recognition [4]. And for the recognize of the scene, the peripheral vision field 

is even more important than central vision field. Revealing the object recognition 

mechanism demands us to clarify the functions of the central and the peripheral vision 

field. For instance, from the central vision field to the peripheral vision field, the 

recognition of the face dropped rapidly while that of the building stayed nearly constant. 

It is considered the spatial frequency as the reason why the recognition of the building 

stayed nearly constant. Evidence from behavior performance and neuroimaging results 

indicates that the ability of the visual system to discriminate and identify objects 

decreases as eccentricity increases [5]. 
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Fig. 1.1 The geometric model for retinal map (top) and visual field maps of V1 

(down). 
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As shown in Fig. 1.1, the cortical magnification hypothesis has been posited: the 

visual cortex devoted to each degree of visual angle decreases in an approximately 

linear manner with retinal eccentricity, and therefore scaling the stimulus appropriately 

might achieve similar cortical representations, regardless of retinal eccentricity [6]. 

Most visual performance shows a decline with eccentricity (eccentricity effect): 

luminance-increment threshold [7, 8, 9], temporal order detection threshold [10], visual 

detection and resolution [11], visual acuity [12], spatial frequency sensitivity [13], 

motion detection threshold [14, 15], and differential motion detection and velocity 

discrimination [16].  

However, degraded recognition for complex stimuli does not always follow 

predictions from cortical size-scaling and acuity measures [17]. Additionally, cortical 

magnification fails to explain contour interactions in peripheral vision [18, 19, 20]. 

One strategy that the visual system uses is to exploit information about surface 

textures and object boundaries, or contours, as cues to image segmentation and object 

shape [21]. Psychophysical and theoretical studies indicate that the visual system 

indeed uses such cues in image segmentation and object recognition. Therefore, in this 

research, we used simple stimuli to investigate dependency of contour shape 

recognition on retinal eccentricity of visual field. 

1.3 The purpose of the present dissertation 

The aim of this thesis studies was to investigate the contour shape recognition 

mechanism of the central and peripheral vision field with regular polygons 

discrimination behavioral experiments and radial frequency patterns detection and 

discrimination behavioral experiments under constant circular contour frequency 

(CCF) and magnified conditions. 
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1.4 The contents of the dissertation 

This dissertation mainly investigates the contour shape recognition mechanism 

across visual field with visual detection and discrimination in vary visual stimulus. 

Chapter 1 introduces of the visual perception and visual field, related previous 

studies. The aim and contents of the thesis are also briefly described. 

Chapter 2 describes the first experiment. To reveal the dependency of the 

fundamental elements of the contour shape on retinal eccentricity. 

Chapter 3 describes the second experiment. To further clarify the contour shape 

recognition mechanism of the central and peripheral vision field. Visual detection of 

radial frequency patterns task was designed under constant circular contour frequency 

(CCF) and magnified conditions. 

Chapter 4 describes the third experiment. To further explore the processing 

mechanism of RF patterns. Visual discrimination of radial frequency patterns task was 

designed that has not been tested in many previous studies under constant circular 

contour frequency (CCF) and magnified conditions. 

Chapter 5 describes the fourth experiment. In this experiment, an important visual 

factor affects the processing mechanism of contour shape was investigated using 

behavioral experiment in contrast discrimination task. 

Chapter 6 provides a general conclusion based on the findings of the four 

experiments and future challenges.
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Chapter 2 Regular polygons recognition of central and 

peripheral vision field 

 

Summary 

Previous neuroimaging studies of the visual recognition have found that 

mechanism of recognition is different on retinal eccentricity of visual field. For example, 

when we recognize the face, the building and the scene, we use the central vision field. 

However not only the central vision field but also the peripheral vision field is used for 

building recognition. And for the recognize of the scene, the peripheral vision field is 

even more important than central vision field. Revealing the object recognition 

mechanism demands us to clarify the functions of the central and the peripheral vision 

field. The purpose of this study is the first step to reveal the contour shape recognition 

mechanism of the central and the peripheral vision field. We analyze the dependency 

of the fundamental elements of the objects on retinal eccentricity. The retinal 

eccentricity is the degree of the gap between the central and the peripheral vision field. 

Basically, we measured the dependency of recognition on retinal eccentricity of visual 

field as we changed the elements and the exposure duration of stimuli. The fundamental 

elements of the objects are the stimuli size and the line width of the stimuli. The stimuli 

size and the line width of the stimuli showed a large dependency on retinal eccentricity 

of visual field. But the exposure duration of stimuli showed a small dependency on 

retinal eccentricity of visual field.  
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2.1 Background 

There are already a lot of previous studies about the central and peripheral vision 

field focused on human object recognition, such as buildings, faces. For example, when 

we recognize the face, the building and the scene, we use the central vision field. 

However not only the central vision field but also the peripheral vision field is used for 

building recognition [4]. And for the recognize of the scene, the peripheral vision field 

is even more important than central vision field. Revealing the object recognition 

mechanism demands us to clarify the functions of the central and the peripheral vision 

field. For instance, from the central vision field to the peripheral vision field, the 

recognition of the face dropped rapidly while that of the building stayed nearly constant. 

It is considered the spatial frequency as the reason why the recognition of the building 

stayed nearly constant. Evidence from behavior performance and neuroimaging results 

indicates that the ability of the visual system to discriminate and identify objects 

decreases as eccentricity increases [5]. The variance in these abilities is thought to be 

related to the smaller cortical magnification and larger receptive field size in the 

peripheral visual cortex; the visual system represents central stimuli with a fair degree 

of fidelity, but it more crudely encodes stimuli in the peripheral visual field.  

Human object recognition on retinal eccentricity of visual field is affected by 

various parameters. In previous studies stimulation contains so many influencing 

factors that we cannot distinguish one by one. However, one strategy the visual system 

uses is to exploit information about surface textures and object boundaries, or contours, 

as cues to image segmentation and object shape [21]. Psychophysical and theoretical 

studies indicate that the visual system indeed uses such cues in image segmentation and 

object recognition. Therefore, in this research, we used simple stimuli to investigate 

dependency of regular polygons recognition on retinal eccentricity of visual field. 
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2.2 Methods 

2.2.1 Participants and experiment environment 

Four participants participated in the study, mean age 22 years. All subjects were 

right-handed and had normal vision. The experiments were undertaken with the written 

consent of each subject.    

The experiment is carried out in a dark silence room. Human eyes cannot suddenly 

adapt to the change of the environment, since the rod cells are very sensitive to light, 

but cone cells are less sensitive to dim light. it is necessary to adapt to the experimental 

environment. It was taken 10 minutes for dark adaptation and 3 minutes for light 

adaptation before formal experiment. 

Participant was asked to sit on the chair and put their chin on the chin stand to 

ensure that the head does not move. The distance between the subject and the display 

is 1500 millimeter. Since this experiment is performed with both eyes, the presentation 

position in the peripheral vision field is set to 32 deg considering the limit of 40 deg 

which can be recognized by both eyes. The central vision field was set to 12 deg to 

avoid blind spots. We used three displays to show the fixation point and the stimuli at 

12 deg and 32 deg on retinal eccentricity of visual field as the Fig. 2.1 shows. The 

presentation position and the line of sight of the subject intersect horizontally and 

vertically. Imaging was performed using iiyama - ProLite B2888UHSU-B1 display. 
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Fig. 2.1 Position of the participants and the display. 

 

2.2.2 Stimuli and task 

Physical factors that influence the recognition ability of an object are various such 

as form (2-dimensional, 3-dimensional), type of object, size, lighting condition, color 

and observation situation. In this research, we focus on the most basic physical factors. 

We used simple regular polygons as the Fig. 2.2 A shows. And regular hexagon in the 

red box was used as the standard stimuli, the target stimuli were regular triangle, regular 

tetragon, regular pentagon whose interior angle is smaller than the standard stimuli 

regular hexagon, regular hexagon, regular octagon, regular dodecagon, and circle 

whose interior angle is bigger than the standard stimuli regular hexagon. The interior 

angles of stimuli are 60 deg, 90 deg, 108 deg, 120 deg, 13 deg and 150 deg and for 

analysis the regular circle was used as 180 deg. The subject task was to compare the 

size of interior angle between the standard stimuli and the target stimuli. According to 

the ability of identification and differential perception of subjects, we investigate 

dependency of regular polygons recognition on retinal eccentricity of visual field. 

After the dark adaptation and light adaptation, the subject was shown two stimuli: 

standard stimuli and target stimuli with an interval 2000ms between them. Fig. 2.2 B 

shows the subject task that subject was asked to compare the size of interior angle 
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between the standard stimuli and the target stimuli. For instance, when subject see the 

regular triangle, regular tetragon, regular pentagon, whose interior angle is smaller than 

the standard stimuli regular hexagon, they were told to press response button1. 

Otherwise the regular octagon, regular dodecagon, and circle whose interior angle is 

bigger than the standard stimuli regular hexagon called response button3. When the 

target stimuli and the standard stimuli were the same as the regular hexagon, response 

button2 was asked to be pressed. During the experiment, the subjects asked to look at 

the middle of the two red crosses, and we monitored the eye movement of subjects. 

 

 

Fig. 2.2 Stimuli and experiment task. 

 

2.2.3 Stimuli parameter 

In this research, we surveyed three factors of stimuli that influence the recognition 

of regular polygons: stimuli size, line width of the stimuli and exposure duration. 

Therefore, two of the three parameters are fixed, and the other parameter is measured 

by using as a variable. 

The stimulus size is based on the diameter of the regular circle passing through the 
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apex of the regular polygon as shown in Fig. 2.3 A. Two types of stimuli size of 2 deg 

and 4 deg were used in this experiment. The width of the line is the distance between 

the blue arrows as shown in Fig.4B, and three types of stimuli line width 0.05 deg, 0.1 

deg and 0.2 deg were used in this experiment. 

 

 

Fig. 2.3 Sample of stimuli size and line width. 

 

In the stimulus size experiment, the line width of stimuli was set to 0.2 deg and 

the presentation time was set to 50 milliseconds. As shown in Fig. 2.4 A, two types of 

stimuli size of 2 deg and 4 deg were used. The stimuli were presented at position 12 

deg and 32 deg. Since each stimulus was presented ten times, there were 140 tasks in 1 

run.  

In the line width of stimuli experiment, the stimulus size was set to 4 deg and the 

presentation time was set to 50 milliseconds. As shown in Fig.2.4 B, we used three 

types of line width: 0.05 deg, 0.1 deg and 0.2 deg. Each stimulus was presented ten 

times, there were 210 tasks in 1 run. 

In the exposure duration experiment, the line width of stimuli was set to 0.2 deg, 

the stimulus size was set to 4 deg, and the exposure duration was set to 4 types of 50 

milliseconds, 100 milliseconds, 200 milliseconds, and 400 milliseconds. Each stimulus 
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was presented ten times, there were 280 tasks in 1 run. 

 

 

Fig. 2.4 Stimuli parameter of stimuli size and line width. 

 

2.3 Results 

In this study, the logistic curve is used as an approximate curve in the analysis 

method, a logistic curve is a common S shape (sigmoid curve).  

The logistic curve finds applications in a range of fields [22]. 

It will be described with examples of actual experimental results. In actual 

experiments, since 10 times were requested for the same condition, the experiment 

result is expressed as a frequency distribution as shown in Table 2.1. It shows the 

correspondence between target stimuli and the response of subject. For example, the 

column of octagon shows that there are nine times to determine more, once judged to 

be equal in ten reactions. 

To draw the logic curve, it is necessary to standardize the reaction of the subject 
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to Table 2.2. The closer to 0, the higher the ratio of target stimuli reacting as less as 

compared with standard stimuli; The closer to 0, the higher the ratio of target stimuli 

reacting as more as compared with standard stimuli; When responding to equal reaction 

on all trials, the value of response is 0.5 as the column of hexagon in Table 2.2 shows. 

Fig. 2.5 shows the logistic curve. The points are the actual experiment result of the 

response; and the line is the logistic approximate curve. The horizontal axis is the 

interior angle of the target stimuli; and the vertical axis shows the response. 

 

Table 2.1 Sample of experiment result. 

 

 

Table 2.2 Sample of standardized experiment result. 

 

 

 

Fig. 2.5 Logistic curve of subject response. 

as triangle quadrilateral pentagon hexagon octagon dodecagon circle

less 9 10 10 0 0 0 0

equal 1 0 0 10 1 0 0

more 0 0 0 0 9 10 10

triangle quadrilateral pentagon hexagon octagon dodecagon circle

response 0.05 0 0 0.5 0.95 1 1
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According to the logistic curve, we got two important values[22]. One is the value 

that obtained by subtracting the minimum value from the maximum value of the 

approximate curve. Here we called the value of (max - min) that used as a criterion to 

judge if the subjects can recognition the regular polygons or not. We used 0.6 as a 

baseline. If the value of (max - min) is less than 0.6, we thought the subject has been 

unable to recognition the regular polygons. Another value that we got from the logistic 

curve is the slope of the approximate curve as the value of β in formula(1). Slope shows 

the discrimination threshold of the interior angle between the standard and the target 

stimuli. The greater the value of slope, the harder it is to make the right judgment. 

Subjects need a larger difference of the interior angle to distinguish the difference 

between the standard stimuli and the target stimuli. We used these two values to 

investigate dependency of regular polygons recognition on retinal eccentricity of visual 

field. 

2.3.1 Stimuli size 

Experiment results of stimuli size are shown in Fig. 2.6 and Fig. 2.7. The vertical 

axis shows the value of (max - min) in Fig. 2.6, and the value of slope in Fig. 2.7. The 

horizontal axis is stimuli size and the depth axis are stimuli presentation position in 

both Fig. 2.6 and Fig. 2.7. The other two variables used here were 0.2 deg in line width 

and 50 milliseconds in exposure duration. 

As shown in Fig. 2.6, the values of (max - min) are all more than 0.6 in all 

conditions. So, stimuli size 2 deg, 4 deg in both presenting position 12 deg and 32 deg 

can be recognition, but the discrimination became lower at presenting position 32 deg. 

The value of slope has significant difference between stimuli size 2 deg and 4 deg 

at position 32 deg as shown in Fig. 2.7. At position 32 deg the stimulus size influences 

the regular polygons recognition. It was more difficult to distinguish the difference 
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between the two regular polygons in conditions stimuli size 2 deg and 4 deg at position 

32 deg. 

 

 

Fig. 2.6 Value of (max-min) on the stimuli size. 

 

 

Fig. 2.7 Value of slope on the stimuli size. 
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2.3.2 Line width 

Experiment results of stimuli line width are shown in Fig. 2.8 and Fig. 2.9. The 

vertical axis shows the value of (max - min) in Fig. 2.8, and the value of slope in Fig. 

2.9. The horizontal axis is line width of stimuli and the depth axis is stimuli presentation 

position in both Fig. 2.8 and Fig. 2.9. The other two variables used here were 4 deg in 

stimuli size and 50 milliseconds in exposure duration. 

As shown in Fig. 2.8, the values of (max - min) are more than 0.6 in the conditions 

line width of stimuli 0.1 deg, 0.2 deg Line width of stimuli 0.1 deg, 0.2 deg in both 

presenting position 12 deg and 32 deg can be recognition, but the discrimination 

became lower in 32 deg. However, the value of (max - min) condition line width of 

stimuli 0.05 deg is lower than the baseline 0.6, which means it cannot be recognition 

when the line width of stimuli is 0.05 deg at position 32 deg. Significant difference was 

observed between position 12 deg and 32 deg at line width of stimuli 0.2 deg as shown 

in Fig. 2.9. When the line width of stimuli was 0.2 deg it was more difficult to 

distinguish the difference between the two regular polygons at position 32 deg. 

 

 

Fig. 2.8 Value of (max - min) on the line width. 
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Fig. 2.9 Value of slope on the line width. 

 

2.3.3 Presentation time 

Experiment results of stimuli exposure duration are shown in Fig. 2.10 and Fig. 

2.11. The vertical axis shows the value of (max - min) in Fig. 2.10, and the value of 

slope in Fig. 2.11. The horizontal axis is exposure duration and the depth axis is stimuli 

presentation position in both Fig. 2.10 and Fig. 2.11. The other two variables used here 

were 4 deg in stimuli size and 0.2 deg in line width of stimuli. 

As shown in Fig. 2.10, the values of (max - min) are all more than 0.6 in all 

conditions. It can be recognition in all exposure duration conditions at both present 

position 12 deg and 32 deg. And there almost no change between both present position 

12 deg and 32 deg. It can be processed quickly regardless of the presentation time in 

regular polygons recognition. However, significant difference was observed between 

position 12 deg and 32 deg at exposure duration 100ms at the value of slope as shown 

in Fig. 2.11 and significant difference was observed between 50ms and 100ms at 

position 32 deg. When the exposure duration of stimuli was 100ms, it was more difficult 

to distinguish the difference between the two regular polygons at position 32 deg. And, 
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it was more difficult to distinguish the difference between the two regular polygons at 

position 32 deg when the exposure duration of stimuli was 100 milliseconds than when 

it was 50 milliseconds. 

 

Fig. 2.10 Value of (max - min) on the exposure duration. 

 

 

Fig. 2.11 Value of slope on the exposure duration. 
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2.4 Discussion 

The receptive field does not respond unless stimulated to a certain size [23]. 

Therefore, the smaller the stimulus size is the lower the recognition in the peripheral 

vision field. The value of (max - min) takes a value lower at the presentation position 

32 deg than the presentation position 12 deg by the stimulation size 2 deg. A significant 

difference appeared between the stimulus size of 2 deg and 4 deg when the presentation 

position was 32 deg in the value of slope, indicating that the smaller the stimulus size, 

the stronger the visual field dependence of regular polygons recognition [24, 25]. For 

the development of VR, it is not necessary to provide details of visual information in 

the peripheral vision field.  

Near central vision field, there are midget cells that look forward to high spatial 

frequency. In the peripheral visual field, there are parasol and ganglion cells which are 

respond to low spatial frequency. Therefore, the spatial frequency that can be 

recognized decreases at the peripheral vision field. The line width of stimuli 0.05 deg 

becomes 10Hz is converted into spatial frequency. It is a high spatial frequency; 

recognition was insufficient at the presentation position 12 deg The line width 0.1 deg 

becomes 5 Hz when converted to the spatial frequency, it was distinguishable near 

central vision field since the frequency was a little lower, but recognition fell a little in 

the peripheral visual field. The line width 0.2 deg becomes 2.5 Hz when it is converted 

to the spatial frequency. Since it is a low spatial frequency, the recognition did not 

change in the peripheral visual field.  

While flicker frequency has no dependence of recognition on visual field, there is 

a tendency that the peak value of the sensitivity moves to a high frequency toward the 

peripheral vision fields [26]. The reason why the polygon discriminating power has no 
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relation to the presentation time and does not depend on the presentation position is that 

the flicker frequency has no visual field dependence of recognition. Also, since the peak 

value of the sensitivity moves, the presentation time 100 milliseconds which was at the 

peak at the presentation position 12 deg that means the flicker frequency 10 Hz, the 

sensitivity decreases as it goes to the peripheral vision field, so a significant difference 

was observed between the presentation position 12 deg and 32 deg under the 

presentation time of 100 milliseconds. But it is too close that when the presentation 

time was 50ms, it was not changed even in the peripheral vision field. The flicker 

frequency has no dependency on retinal eccentricity of visual field. The regular 

polygons recognition is irrelevant to the presentation time. 

2.5 Conclusions 

In this research, we used the simplest stimuli to investigate the dependency of 

regular polygons recognition on retinal eccentricity. It was confirmed that the stimulus 

size and the line width of the stimuli affect the recognition in the peripheral visual field, 

and it can be processed quickly regardless of the presentation time. In the future, we 

will improve the stimuli and increase the retinal eccentricity of visual field to elucidate 

the human recognition mechanism about central and peripheral vision field for the 

development of virtual reality.
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Chapter 3 The eccentricity effect in deformation detection for 

concentric radial frequency patterns in the 

peripheral field 

 

Summary 

We measured the eccentricity effect of deformation thresholds of circular contours 

for two types of the radial frequency (RF) patterns with their centers at the fixation 

point: constant circular contour frequency (CCF) RF patterns and constant radial 

frequency magnified (retino-cortical scaling) RF patterns. We varied the eccentricity, 

by changing the pattern radius of the RF patterns. Sensitivity for such shape 

discrimination falls off as the moderate and high CCF patterns are presented on more 

eccentric sites but does not as the low CCF patterns. However, sensitivity holds constant 

as the magnified RF patterns are presented on more eccentric sites, indicating that the 

eccentricity effects observed for the high and moderate CCF patterns were neutralized 

by retinocortical mapping. Notably, sensitivity for the magnified RF patterns with large 

radii (4 to 16 deg) presented in the peripheral field revealed a similar radial frequency 

dependence observed for RF patterns with small radii (0.25 to 1.0 deg) presented at the 

fovea in previous studies  
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3.1 Background 

Radial frequency (RF) patterns, introduced by Wilkinson, Wilson, and Habak [27], 

have frequently been used to investigate aspects of shape processing. The simple 

mathematical definition of RF patterns has made them popular stimuli in 

psychophysical, physiological, and imaging studies [28,29,30,31]. However, Wilkinson 

et al. explained the mathematical limitations of RF patterns and stressed their 

differences from Fourier shape descriptors [28], which can in principle be used to create 

any kind of closed, two-dimensional shapes. Recently, Schmidtmann and Fruend 

demonstrated that compound RF patterns can represent only a very small subset of 

natural and synthetic shapes, but the RF patterns are not cited as universal shape 

descriptors utilized by the visual system [32]. Schmidtmann and Fruend also noted that 

it is important to keep in mind that studies of RF patterns implicitly restrict them to 

only certain ranges of perceptually meaningful dimensions. Despite this limitation, 

there remains the possibility that accumulating structural properties of the visual 

performance of RF patterns may lead to deep insight into the shape encoding 

mechanism of the visual system [32]. 

Here, we provide an additional test of the eccentricity effect in the shape 

discrimination performance for RF patterns presented in the peripheral visual field. We 

asked the following three questions regarding the eccentricity effect in the deformation 

threshold of circular contour concentric RF patterns: How does the deformation 

threshold vary with eccentricity? Can spatial scaling (the retinocortical transformation) 

neutralize the eccentricity effect? Is there a difference in the deformation threshold as 

a function of radial frequency between foveal and peripheral stimulus presentation? 

Achtman, Hess and Wang reported that the performance of RF patterns with radii 

of 0.5 or 1.0 deg declined with eccentricity for all radial frequencies (4 ~ 10 cycles/360 
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deg) [33]. In contrast to their eccentric presentations of RF patterns, in the present study, 

we used concentric presentation of RF patterns whose stimulus locations were varied 

by changing the mean radius of the RF patterns. Our stimulus sizes, defined by the 

physical length of a single cycle of RF patterns used, were 2.8~6.3 deg, larger than 

those by Achtman, Hess and Wang [33]. 

In the present study, using constant circular contour frequency (CCF) concentric 

RF patterns with different radii, which are considered to almost equally activate all parts 

of the retinal area, and constant radial frequency magnified concentric RF patterns with 

different radii, which are considered to equally activate all parts of the cortical area, we 

examined the effects of RF pattern radii from 4 to 16 deg (stimulus locations) on the 

deformation thresholds of circular contours. 

As a consequence, we found different eccentricity effects from those of Achtman, 

Hess and Wang in terms of the circular contour frequencies. However, in terms of the 

scaling, our results were similar to those of the above study [33]. 

Peripheral sensitivity for radial frequency discrimination  

Regarding variation in sensitivity to RF patterns, Schmidtmann et al. showed that 

peripheral sensitivity was isotropic for orientation and curvature, but significantly 

better at discriminating shapes (small RF patterns with a radius of 0.5 ~ 1.5 deg) 

throughout the lower visual field compared to elsewhere. For faces, peak sensitivity 

was found in the lefty visual field. Note here that the visual field preference for the 

shape (RF patterns) was observed for small visual stimuli. To the best of our knowledge, 

no study on large RF stimuli such as our experimental stimuli (8 ~ 32 diameter stimuli) 

has not been conducted. No one knows a  low field preference also exists for our large 

RF stimuli. This issue is interesting, but beyond the scope of the present study. 

3.2 General Methods 
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3.2.1 Participants 

The participants included one of the authors and five healthy students (three males, 

27.7±3.8 years old). All participants had normal vision or corrected-to-normal vision 

and provided written informed consent for the procedure, which was previously 

approved by the ethics committee of Okayama University and was organized to ensure 

conformity to the Declaration of Helsinki. 

3.2.2Apparatus 

MATLAB (MathWorks, Inc.) and the Psychophysics Toolbox [34], which provides 

high-level access to the C-language Video Toolbox [35], were used to generate the 

custom stimuli used in this experiment. The program was run on a ThinkPad T540p 

notebook (Lenovo). Stimuli were presented on a SHARP-PN455 (SHARP) display 

with a 60 Hz frame rate, 8-bit colors and 1920×1080 pixels. The gamma nonlinearity 

of the screen was corrected using a look-up table that was obtained via calibration 

through a KONICA-MINOLTA CS-100A (Konica Minolta Japan, Inc.) 

spectroradiometer. The color of the stimuli was set to CIE 1931, x = 0.34, y = 0.33, and 

the mean luminance of the screen was 175 cd/m2. The stimulus luminance was 

modulated around a mean luminance of 175 cd/m2 about each eccentricity, while the 

remainder of the screen was maintained at the mean luminance. 

The participants viewed the display monocularly under dim room illumination at 

a distance of 80 cm. Each display subtended 63.3 deg horizontally and 38.2 deg 

vertically. The participants were instructed to sit in a chair, put their chin on a chin stand 

to ensure that the head did not move and was maintained at the above distance from the 

screen, and keep their fixation on the fixation point presented in the center of the display 

during the presentation of the target stimuli. In the additional experiments, the 

participants’ fixation points were monitored by LiveTrack Lighting, Cambridge 
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Research Systems. 

3.2.3 Base Stimuli 

The base pattern used in this study was a circular contour with a cross-sectional 

luminance profile defined by a radial fourth derivative of a Gaussian (D4). The pattern 

used in this study was the same as that used by Wilkinson et al. (1998). 

The equation for the circle is 

D4(r) = C × exp (−
(r−r0)2

σ2 ) × (1 − 4
(r−r0)2

σ2 +
4

3

(r−r0)2

σ2 )    (3.1) 

where C is the pattern contrast, which was 100% through all the present 

experiments; r0 is the mean radius of the stimulus, whose center was located at the 

fixation point; and σ determines the thickness of the cross-sectional profile. The base 

circle was deformed by applying a radial sinusoidal modulation to the radius r0 in 

equation (3.1) such that the radius of the deformed pattern at polar angle θ (in radians) 

was 

r = 𝑟0(1 + 𝐴 cos(𝜔𝜃 + 𝜑))       (3.2) 

where r0 is the mean radius, A is the radial modulation amplitude, and ω is the 

radial frequency. The angular phase of the pattern is determined by φ. The radial 

modulation amplitude (A) is not permitted to exceed 1.0, and the radial frequency is 

always an integer value. 

3.2.4 Procedure 

In an experimental trial, by manipulating the modulation amplitude of the target 

stimulus, the amplitude thresholds to detect the deformations of the base circles were 

measured. The measurements were carried out by a double-random staircase method 

with trials from two independent staircases randomly intermixed to prevent the 

participants from anticipating the next modulation amplitude of the target. The staircase 

method is extremely efficient for determining perceptual thresholds [36]. To investigate 
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the effects of the radius change itself by eliminating the effects of the other spatial cues 

as much as possible, the target stimuli were tested using fixed-phase conditions, in 

which the local elements were considered to have the least spatial uncertainty, resulting 

in the lowest deformation-detection thresholds (the highest sensitivity) for RF patterns 

[37, 38]. 

There was a five-minute dark adaptation to the dim room and a three-minute light 

adaptation to the mean luminance of the display. This procedure was performed to 

acclimate the participant’s eyes quickly to the mean luminance of the experimental 

display. After that, each session began with the presentation of a black fixation point 

followed by the presentation of a 50 ms flash cue (a white point that replaced the black 

fixation point) and a 200 ms target stimulus, as shown in Fig. 3.1. Two examples are 

shown here: one shows the unmodulated stimulus (A=0 or below the deformation 

threshold stimulus) and the other shows the modulated stimulus (the amplitude A of the 

pattern illustrated is twenty times greater than the threshold). The participant was 

required to make a binary decision about the various amplitudes of the stimuli based on 

their own judgment. The participant judged whether the stimulus was modulated or 

unmodulated by pressing one of two buttons. First, the participant set the starting point 

of the down staircase at which the target deformation clearly appeared by adjusting the 

modulation amplitude of the target, while the starting point of the up staircase was set 

to zero. Thus, the two starting points bracketed the set of amplitudes containing the 

modulation amplitude threshold value. Next, each staircase independently followed the 

same rule for step size: the step size was 10% of the difference between the two starting 

points before the first reversal and 5% after the first reversal. The “modulated” response 

was followed by a constant decrement in the modulation amplitude of the RF pattern, 

whereas the “unmodulated” response was followed by a constant increment. Each 
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staircase was terminated when five reversals were made. The modulation amplitude 

threshold was determined by the average of the last three peaks and three valleys in the 

resulting sequences (e.g., the last three values from each staircase). The cue 

presentation and the participant’s responses (the setting of the starting points and the 

‘modulated’ or ‘unmodulated’ responses) were marked by auditory tones. The next trial 

began after the up and down staircases were terminated. The stimulus radii (4, 8, 12 and 

16 deg) were randomly presented across trials. One session was composed of four trials. 

The other stimulus parameter, the CCF, was held constant within a session but was 

varied across sessions. Three sessions were carried out for each participant.      

 

Fig. 3.1 Time course of the deformation detection experiment. 

 

3.3 Experiment 1 

3.3.1 Experimental stimuli: Constant CCF RF pattern stimuli 

To examine the eccentricity effect of deformation thresholds for detecting RF 
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patterns, we used concentric RF patterns with different radii but a constant circular 

contour frequency and determined the deformation threshold as a function of pattern 

radius. 

The circular contour frequency (CCF) is defined by the number of radial cycles 

per deg of unmodulated contour length measured in deg of viewing angle and is an 

important factor in determining the deformation thresholds of RF patterns because, 

regardless of the RF or radius, the radial deformation thresholds are closely matched 

across the entire range of circular contour frequencies [39]. 

The constant CCF RF patterns in Experiment 1 were created by covarying the 

radius and radial frequency such that the patterns had an identical CCF regardless of 

the pattern radius. 

Fig. 3.2 (a) shows a schematic example pair of constant CCF RF patterns. The two 

RF patterns have different radii and RFs but the same CCF. Moreover, the σ of the two 

RF patterns remains constant. These two RF patterns, whose cycle of modulation 

travels the same length in physical space, are considered to activate the retinal area 

almost equally, making it possible to compare the discriminability between different 

concentric presentations of RFs. Fig. 3.2 (b). shows examples of unmodulated (A=0) 

stimuli and three series of modulated (the amplitude A of the patterns illustrated are ten 

to twenty times greater than threshold) stimuli (CCF = 0.159, 0.239 and 0.358 cycles/cl-

degree, respectively). The CCF of the RF patterns were held constant within a session 

but were different across sessions. 
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Fig. 3.2 Constant circular contour frequency (CCF) patterns in Experiment 1. 

3.3.2 Threshold metrics 

If the visual system responds linearly to RF patterns as described by equation (2), 

the response differences for two RF patterns with different modulation amplitudes are 

represented as follows: 
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Response difference = K × r0(1 + AT cos(ωθ + φ)) − K × r0(1 + AR cos(ωθ + φ))(3.3) 

For a target RF with modulation amplitude AT and a reference circle (AR =0), 

Response difference = K × r0(1 + AT cos(ωθ + φ)) − K × r0 = K × r0(AT cos(ωθ + φ)) (3.4) 

The maximum response differences are represented only by r0AT, which indicates 

the spatial distances of the peak positions of the target RF patterns from the reference 

circle in the retinal field. In the deformation detection experiment, the data obtained are 

described by the metrics of r0AT for the constant CCF condition. 

3.3.3 Results 

In Fig. 3.3, the mean of the absolute modulation thresholds (r0AT) for the six 

participants are plotted against the radius of the pattern. It is clear that the deformation 

threshold vs. radius functions for the constant CCF RF patterns showed different 

functional forms dependent on the CCF (0.159, 0.239 and 0.358 cycles/cl-deg). The 

high CCF, 0.358 cycles/cl-deg, resulted in a monotonically increasing function, the 

middle CCF, 0.239 cycles/cl-deg, resulted in a gradually increasing function, and the 

low CCF, 0.159 cycles/cl-deg, resulted in a flattened function. 

To test for significant differences in the group data, we used two-way ANOVA 

models.  ANOVA with the radius and CCFs included as factors was used to test for 

any main effects. Based on the ANOVA results, no main effect of CCFs (F (2,10) 

=0.593, p=0.485) was found. However, a main effect of the radius (F (3, 15) =22.750, 

p<0.05) was found. There was a significant interaction effect (F (6, 30) =6.922, 

p<0.05), and post-hoc analysis revealed that there was significant difference between 

the radius when CCF were 0.239 and 0.358 cycles/cl-deg, but there was no significant 

difference between radius when CCF was 0.159. 
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Fig. 3.3 Results of deformation detection for Experiment 1. 

Mean deformation thresholds plotted against the pattern radius (4, 8, 12 and 16 deg). 

Error bars = 1 S.E. 
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3.3.4 Discussion 

The effect of the pattern contrast (100 %) 

We used the pattern contrast of 100 % through all present experiments. 

The relationship between the physical variables and circular deformation 

detections does not always involve a simple one-to-one mapping between the two 

variables. The other stimulus characteristics which are likely to modify the relationship 

include the contrast and spatial frequency of the base stimulus. We used the stimulus 

contrast of 100 % and the peak spatial frequency of 0.45 c/deg in the Experiment 1. The 

perceived contrast of the Gabor patches decreases with increasing eccentricity (0 ~ 13 

deg) even partially compensating by scaling stimulus size in the periphery (Vanston et 

al., 2018). The shape deformation threshold of RF pattern of 4 cycles/360 deg from a 

circle decreases with increasing stimulus contrast from about 20 ~ 100 % for the 

condition of spatial frequency = 1cpd and radius = 2.5 deg, but not for the condition of  

spatial frequency 5 ~ 10 cpd and radius = 2.5 or 1 deg) (Ivanov and Mullen, 2012). The 

deformation threshold of RF pattern decreases with increasing stimulus contrast from 

12.5 ~ 100% for the condition of radial frequency of 5 ~ 12 cycles, but not for the 

condition of radial frequency of 2 ~ 4 cycles/360 deg (Wilkinson et al.,1998).  

This implies that the reduction in the perceived contrast with increasing 

eccentricity may result in increase of the circular deformation thresholds with 

increasing eccentricity. However only the reduction in the perceived contrast with 

increasing eccentricity cannot explain our result indicating the constant deformation 

thresholds regardless of eccentricity change for the condition of CCF = 0.159. However, 

this assertion dose not exclude the possibility that the reduction in the perceived contrast 

effect may explain our results shown in Fig.3, because CCF condition may affect the 

reduction in the perceived contrast, the lower CCF yielding the smaller contrast 
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reduction. 

Eccentricity effect in the deformation threshold for constant CF RF patterns 

Jeffrey et al. showed that the deformation threshold decreased as a linear function 

of CCF when plotted on a log-log scale before reaching a plateau at 1.3~2.6 cycles/cl-

deg and were closely matched at a given CCF [39], resulting in a simple converged 

functional form regardless of RF (2~16 cycles/360 deg) or radius (0.125~4 deg). For a 

comparison of our results with the results for Jeffrey et al., we replotted our results into 

Fig. 3.4 with the threshold now plotted as a function of CCF on a log-log scale of 

cycles/cl-deg [39]. 

 

 

Fig. 3.4 Thresholds vs. Circular contour frequency (CCF) on a log-log scale 

The mean deformation thresholds for the six participants are plotted against the CCF 

(0.159, 0.239 and 0.358 cycles/cl-deg). Error bars = 1 S.E. 

 

The function for the radius of 4 deg is similar to the converged function obtained 

by Jeffrey et al. However, our functions for radii of 8 ~ 16 deg are quite different from 

the abovementioned converged functions. Our functions diverge as the contour 
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frequency increases. It is clear that the rule obtained by Jeffrey et al. in the radius range 

of 0.125 ~ 4 deg does not apply to our range of 4 ~ 16 deg, indicating different 

eccentricity effects for different CCF RF patterns [39]. 

An increase in the contour frequency represents a decrease in the physical length 

of a single cycle of an RF pattern and presumably a decrease in the size of the receptive 

field responsible for encoding the RF pattern. The narrow-band radial frequency shape 

channel hypothesis suggests that high radial frequency and low radial frequency 

patterns are processed by separate channels [40]. Low radial frequency patterns may be 

processed by units with larger receptive fields than those that process higher radial 

frequency patterns. 

The receptive field of the shape channels responsible for encoding RF patterns 

used here may be largest for the CCF of 0.159 cycles/cl-deg and smallest for the CCF 

of 0.358 cycles/cl-deg. 

There have been several previous studies on different eccentricity effects in the 

sensitivity of the processing units (neural channels) with different receptive field sizes. 

Investigating the eccentricity effect of different-sized spotlight stimuli, Khuu and 

Kalloniatis showed that contrast thresholds decreased more rapidly with increasing 

eccentricity for a small target than for a large one [41]. 

Regarding the eccentricity effect of stimuli of different spatial frequencies, Tyler 

showed that the sensitivity (periodic Vernier acuity) to sinusoidal curvatures at 10 deg 

in the periphery, compared with the sensitivity at the fovea, was greatly reduced for 

high spatial frequencies but showed little reduction at low frequencies [42]. 

Robson and Graham (1981), Pointer and Hess (1989), Peli, Yang and Goldstein 

(1991) and Baldwin, Meese and Baker (2012) showed a more rapid fall-off in sensitivity 

with increasing eccentricity for high spatial frequencies compared to low spatial 
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frequencies [43, 44, 45, 34]. Pointer and Hess (1989) showed that in absolute terms, 

there was a more rapid fall-off in sensitivity with increasing eccentricity for higher 

spatial frequencies (1 ~ 12 c/deg) compared with low spatial frequencies (0.2 ~ 0.8 

c/deg) and that for the lowest spatial frequencies (0.05 and 0.1 c/deg), the sensitivity 

was constant regardless of increasing eccentricity [44]. Note here that the size of a 

single cycle of the spatial frequency pattern subtends the visual angle calculated by the 

inverse of the spatial frequency. That is, spatial frequencies of 1 ~ 12 c/deg subtend 

visual angles of 0.8 ~ 1 deg, spatial frequencies of 0.2 ~ 0.8 c/deg subtend visual angles 

of 1.3 ~ 5 deg, and spatial frequencies of 0.05 ~ 0.1 c/deg subtend visual angles of 10 

~ 20 deg. 

The above studies indicate that in terms of sensitivity, the eccentricity effect 

strongly depends on stimulus parameters such as stimulus size and spatial frequency 

and, presumably, on the receptive field size of the processing units responsible for 

encoding the stimuli. This implies that smaller stimuli and higher spatial frequency 

stimuli may be processed by units with smaller receptive fields than those that process 

larger stimuli and lower spatial frequency stimuli. This implication is true for our 

experimental stimuli as well. The sensitivity to high CCF (0.358 cycles/cl-deg) RF 

patterns, processed by units with the smallest receptive fields, decreases with increasing 

eccentricity; For middle CCF (0.239 cycles/cl-deg) RF patterns, processed by units with 

medium-sized receptive fields, the sensitivity decreases gradually with increasing 

eccentricity; and for low CCF (0.159 cycles/cl-deg) RF patterns, processed by units 

with the largest receptive fields, the sensitivity is relatively constant regardless of 

eccentricity change. 

Regarding the eccentricity effect of different radial frequency (RF) patterns, 

Actman, Hess and Wang (2000) showed that deformation thresholds for RF patterns 
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with a radius of 0.5 or 1 deg and for RF patterns of 4, 6 or 10 cycles/360 deg increased 

as a linear function of eccentricity of the presentation position of the stimulus plotted 

on a log-log scale, regardless of RF or radius. The slopes of the fitted linear functions 

for three participants were approximately 0.5 ~ 1.25, depending on radial frequency. 

The increasing slopes for the low radial frequency (4 cycles/360 deg) were lower than 

those for the high radial frequency (10 cycles/360 deg). The CCFs of their stimuli were 

0.64 ~ 3.25 cycles/cl-deg, which are higher than those of our stimuli (0.159 ~ 0.358 

cycles/cl-deg). The slopes of our fitted linear functions are zero for the lowest CCF 

(0.159 cycles/cl-deg), 0.5 for the middle CCF (0.239 cycles/cl-deg) and 1.0 for the 

highest CCF (0.358 cycles/cl-deg), as shown in Fig. 3.5. The results we obtained for 

the 0.239 and 0.358 cycles/360 deg CCFs share the same general trends as the 

observations by Actman, Hess and Wang [33]. On the other hand, our results for the 

0.159 cycles/360 deg CCF are consistent with the findings by Pointer and Hess [44], 

who showed that the contrast sensitivity for 0.1 c/deg spatial frequency patterns (where 

a single cycle of the patterns subtends 10 deg of viewing angle) was constant regardless 

of eccentricity. 
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Fig. 3.5 Comparison of the slopes of the fitted lines in Fig. 3 (1), (2) and (3). 

Each histogram represents the average slope of the responses from the six participants 

at different CCFs (L-R: 0.159, 0.239 and 0.358 cycles/cl-deg). Error bars = 1 S.E. 

 

Consequently, our finding that the relationship between modulation threshold and 

radius function strongly depends on the CCF can be well explained by the different 

eccentricity effects ascribed by processing units with different receptive field sizes. 

3.4 Experiment 2 

3.4.1 Experimental stimuli: Magnified RF pattern stimuli 

In Experiment 1, the deformation threshold vs. radius functions for the constant 

CCF RF patterns showed different functional forms dependent on the CCF (0.159, 

0.239 and 0.358 cycles/cl-deg). The high CCF, 0.358 cycles/cl-deg, resulted in a 

monotonically increasing function, and the middle CCF, 0.239 cycles/cl-deg, resulted 

in a gradually increasing function, indicating the presence of the eccentricity effect in 

deformation detection. Experiment 2 was designed to test whether spatial scaling (the 

retinocortical transformation) can neutralize the eccentricity effect observed in 

Experiment 1. 
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To this end, we constructed a series of magnified patterns with different radii that 

had the same form in the V1 field and examined the dependence of the radial frequency 

discrimination thresholds for these magnified patterns on the stimulus radius. 

The magnified RF patterns were created using Schwartz’s retinocortical mapping 

function. Schwartz showed that the two-dimensional retinocortical mapping functions 

are represented with complex variables as in equation (5) [46]: 

W(Z) = k × log(Z + a)       (3.5) 

where the complex variable Z represents a point in the retinal plane; the complex 

variable W represents a point on the cortical plane; a defines the extent of the foveal 

singularity; and k is a scaling constant. For the value of a, there is rough consensus that 

the primate visual cortex is, to a first approximation, a complex logarithmic structure 

characterized by a foveal constant ranging from a = 0.3 deg to a = 0.9 deg (Wilson et 

al., 1990). In this study, we used a = 0 for the retinocortical function, because our 

experimental condition was focused on z ≥ 4 deg. 

If one changes r0 and σ in proportion to the changing eccentricity while 

maintaining A and ω constant, then the changed patterns have a similar form; however, 

their radii are different and are linearly dependent on eccentricity. If these changed 

patterns, as shown in Fig. 3.6 (a) (the magnified RF patterns), are transformed from the 

retinal plane into the cortical plane using equation (5), the transformed patterns are in 

different positions; however, they have the same forms and radii, which implies that all 

transformed patterns activate their respective cortical areas equally. 

In this experiment, we used the magnified RF patterns with identical radial 

frequencies. The radial frequency (4, 6, 9 and 18 cycles/360 deg) was held constant 

within a session but was different across sessions, as shown in Fig. 3.6 (b). In addition, 

to determine whether the difference in pattern thickness affected the deformation 
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thresholds, we measured the thresholds for the two conditions of thickness (σ =1.0 deg, 

the peak frequency = 0.45 deg and the bandwidth = 1.24 octaves at half amplitude) and  

(σ = 0.5 deg, the peak frequency = 0.9 deg and the bandwidth = 1.24 octaves at half 

amplitude), for three participants. 
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Fig. 3.6 Magnified patterns in Experiment 2. 
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3.4.2 Threshold metric 

If the visual system responds linearly to the magnified patterns, the response 

differences for two magnified RF patterns with different modulation amplitudes are 

represented as follows: 

Magnified response difference = K × log(r0 × (1 + A𝑇 cos(ωθ + φ))) − K × log (r0 ×

(1 + A𝑅cos(ωθ + φ)))       (3.6) 

For a target RF with modulation amplitude AT and a reference circle (AR=0), 

Magnified response difference = K × log (1 + A𝑇cos(ωθ + φ))  (3.7) 

In this instance, K is a response sensitivity constant. Equation (3.7) implies that 

the modulation thresholds, which are related to the maximum response difference, are 

independent of the radius. In this experiment, the obtained data were described by the 

modulation amplitude (AT) thresholds for the magnified condition. 

3.4.3 Results 

Fig. 3.7 shows the means of the modulation thresholds for the six participants 

plotted against the radius. The modulation thresholds remained constant at all radii. 

To test for significant differences in the group data, we used two-way ANOVA. 

ANOVA with factors of radius and RFs were used to test for any main effects. Based 

on the results of ANOVA, no main effect of radius (F (3,15) =0.677, p=0.497) was 

found. However, a main effect of RFs (F (3, 15) =20.224, p<0.05) was found. 
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Fig. 3.7 Results of deformation detection for Experiment 2. 

Mean deformation thresholds for six participants plotted against the radius (4, 8, 12 and 

16 deg). Error bars = 1 S.E. 

 

Fig. 3.8 shows the means of the modulation thresholds for the three participants 

plotted against radius, and the modulation thresholds remained constant at all radii. To 

test for significant differences in the group data, we used a three-way ANOVA. ANOVA 

with factors of RFs, pattern thickness and radius were used to test for any main effects. 

Based on the results of ANOVA, no main effect of radius (F (3, 6) =2.12, p=0.282) or 

thickness (F (1, 2) =1.235, p=3.82) was found. However, a main effect of RFs (F (1, 2) 

=24.306, p<0.05) was found. 
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Fig. 3.8 Results of deformation detection for 100% and 50% thickness. 

Mean deformation thresholds for six participants plotted against the radius (4, 8, 12 and 

16 deg). Error bars = 1 S.E. 

 

3.4.4 Discussion 

Cancelling out of eccentricity effect by retinocortical scaling 

The eccentricity effect observed in Experiment 1 may reflect the spatial property 

of the cortical level. Thus, Experiment 2 was designed to test whether retinocortical 

scaling can cancel out the eccentricity effect. The deformation thresholds that showed 



Chapter 3 Deformation Detection for Concentric Radial Frequency Patterns 

45 

 

increasing functions of radius for the constant CCF RF patterns in Fig. 3.3 (b) and (c) 

were no longer present in the functions for the magnified patterns, as shown in Fig. 3.7. 

It is clear that retinocortical scaling neutralizes the eccentricity effect observed in 

Experiment 1. This finding is similar to the findings of Achtman et al. (2000), which 

showed that once scaling was taken into account, sensitivity was similar at all 

eccentricities. Note here that our experimental stimuli were concentric presentations of 

RF patterns, different from the eccentric stimuli used by Achtman et al. (2000). 

3.5 General discussion 

Compliance for eyemovements 

In experiment 1 and 2, we used a short cue for informing of the presentation of the 

stimulus and a brief presentation of 200 ms for subjects’s fixation compliance without 

eye movement. However, we did not monitor fixation and record eye-movements. So, 

for fixation compliance, we carried out the additional experiments while measuring 

eyemovements with an eye tracker (LiveTrack Lighting, Cambridge Research Systems). 

If there was the eyemovement during the measurement of deformation thresholds, the 

result of the measurement was ignored.  

Additional experiments were performed to determine whether the properties 

obtained in the experimental results of Experiments 1 and 2 were contaminated by eye 

movements. The additional experiments were performed for three conditions of 

Experiment 1 and two conditions of Experiment 2 for two patinas. 

In Fig.9, the absolute deformation thresholds (r0A) are plotted against the 

logarithmic of the radius of the pattern (eccentricity), for three different CCFs for each 

participant. 

The deformation threshold vs. radius functions showed different functional forms 

dependent on the CCF (0.159, 0.239 and 0.358 cycles/cl-deg). To compare the relative 
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fall-offs in sensitivity for the different conditions, we fitted straight lines to the log/log 

plots in the figure. Fig. 10 which is counterpart of Fig. 5 shows that the slope of the 

fitting straight line increases with increasing the radial frequency of CCF patterns. 

There is a clear significant effect of CCF.  

Fig. 11 shows the deformation thresholds plotted against the radius for different 

radial frequencies for each participant. The deformation thresholds remained constant 

across all radii but are significantly dependent on the radial frequency. The thresholds 

for the lower radial frequency 4 cycles/360 deg are higher than those for the higher 

radial frequency 9 cycles/360 deg. 
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Fig. 3.9 Results of additional experiment for Experiment 1 
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Fig. 3.10 Comparison of the slope of the fitted line in Fig. 9 (1), (2) or (3). 

Each histogram represents the slope of the fitted line for the CCF (L-R: 0.159, 0.239 or 

0.358 cycles/cl-deg).  
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Fig. 11 Results of additional experiment for Experiment 2 

The general trends obtained in Experiment 1 and 2 are also observed in Fig. 3.9, 

Fig. 3.10 and Fig.3.11, respectively. Thus, one could say that our finding obtained in 

Experiment 1 and 2 may not be contaminated by eye movements. 

Dependence on radial frequency for magnified RF patterns 

Fig. 12 shows the means of the deformation thresholds for the four radii plotted 

against the radial frequency, which were replotted from Fig. 7. The deformation 

thresholds decrease with increasing radial frequency. The threshold decreases from 

0.9% to 0.3% as the radial frequency increases from 4 to 18 cycles/360 deg. The 

improvement in performance as the radial frequency increases has been reported in 

previous studies (Wilson et al., 1997; Wilkinson et al., 1998; Mullen and Beaudot, 

2002 ;Mullen et al., 2011; Ivanov and Mullen, 2012). Some of the previous studies 
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(Mullen and Beaudot, 2002; Mullen et al., 2011; Ivanov and Mullen, 2012) showed a 

U-shaped dependence of the shape discrimination threshold on radial frequency, with 

optimum performance occurring at approximately 3 ~ 6 cycles/360 deg, while others 

(Wilson et al., 1997; Wilkinson et al., 1998) did not detect a deterioration in 

performance at high radial frequencies, indicating that the deformation threshold 

remains constant in the high radial frequency range regardless of the radial frequency. 

The discrepancy in the dependences of the deformation threshold on radial frequency 

may be in part due to the stimulus contrast used. The group showing a U-shaped 

dependence used low contrast stimuli (5-fold contrast deformation threshold), while the 

group that did not detect a deterioration in performance at high radial frequencies used 

100% contrast. We also used 100% contrast stimuli and did not detect a deterioration 

in performance at high radial frequencies either. Notably, the deformation thresholds 

for the magnified RF patterns with large radii (4 ~ 16 deg) and presented in the 

peripheral field reveal a similar radial frequency dependence as the thresholds for RF 

patterns with small radii (0.25 to 1.0 deg) presented in the fovea. 

 

Fig.3. 12 The means of the deformation thresholds for four radii. 

Consequently, the deformation performances of circular contours do not reveal a 
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specialized function limited to foveal vision.  

3.6 Conclusion 

We found that sensitivity decreases with eccentricity are dependent of radial 

frequency of CCF. However, this eccentricity effect was neutralized by retinocortical 

mapping of RF patterns. Feng et al. (in press), using the similar stimuli as our stimuli 

and the radial frequency discrimination task different from our task, showed that 

eccentricity effect was observed for the constant CCF patterns and that the eccentricity 

effect was neutralized by retinocortical mapping of RF patterns. The both findings may 

provide a deep insight into the understanding of the intermediate stage of shape 

processing. 

Dependence on radial frequency for magnified RF patterns 

Fig. 3.9 shows the means of the deformation thresholds for the four radii plotted 

against radial frequency, replotted from Fig. 7. The deformation thresholds decrease 

with increasing radial frequency. The threshold decreases from 0.9% to 0.3% as the 

radial frequency increases from 4 to 18 cycles/360 deg. The improvement in 

performance as radial frequency increases has been reported in previous studies [27, 47, 

48, 49, 50]. Some of the previous studies showed a U-shaped dependence of the shape 

discrimination threshold on radial frequency, with optimum performance occurring at 

approximately 3 ~ 6 cycles/360 deg, while others did not found a deterioration in 

performance at high radial frequencies, reporting that the shape discrimination 

threshold remains constant in the high radial frequency range regardless of radial 

frequency. A reason for the different dependences of the shape discrimination threshold 

on radial frequency may be the stimulus contrast used. The group showing a U-shaped 

dependence used low contrast stimuli (5-times contrast detection threshold), while the 

group that did not find a deterioration in performance at high radial frequencies 100% 
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contrast. Our experiment, which also used 100% contrast stimuli, did not find a 

deterioration in performance at high radial frequencies either. Notably, the deformation 

thresholds for the magnified RF patterns with large radii (4 ~ 16 deg) and presented in 

the peripheral field reveal a similar radial frequency dependence as the thresholds for 

RF patterns with small radii (0.25 to 1.0 deg) presented in the fovea. 
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Chapter 4 Frequency Ratio Determines Discrimination of 

Concentric Radial Frequency Patterns in the 

Peripheral Visual Field 

 

Summary 

Using a radial frequency discrimination task that has not been tested in many 

previous studies, we examined the dependence of the pattern radius (4 to 16 deg) on the 

radial frequency thresholds of two different types of concentric radial frequency (RF) 

patterns: constant circular contour frequency (CCF) RF patterns with different radii, 

which have the constant physical length of modulation cycle in external real-world 

space, and constant radial frequency magnified RF patterns with different radii, which 

have the constant cortical length of modulation cycles. These two types RF patterns 

used as the reference stimuli had an equal maximum orientation difference from 

circularity regardless of change in radius. 

The discrimination threshold expressed by the frequency ratio between RF 

patterns of different frequencies vs radius functions for the constant CCF RF patterns 

indicated different functional forms dependent on the modulation amplitude of the RF 

patterns. The thresholds increased with increasing pattern radius for small modulation 

amplitude RF patterns but were relatively flattened for large amplitude RF patterns. 

This dependence was ascribed to the eccentricity effect wherein the deformation 

thresholds for discriminating the RF pattern from a circle increase with increasing 

stimulus eccentricity. 

The discrimination thresholds vs radius functions for the magnified RF patterns 

were also flattened for different modulation amplitudes and frequencies. The thresholds 
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(frequency ratio) were similar at all eccentricities. Cortical magnification neutralized 

the eccentricity effect observed for the constant CCF patterns. 

A radial frequency-selective channel model or a polar angle-selective channel 

model could explain our findings that the discrimination thresholds between different 

frequency-magnified patterns were determined by the frequency ratio and also the ratio 

of the maximum orientation difference from circularity of the two patterns, regardless 

of the different pattern radii and reference frequencies. 

Our results suggest that the radial frequency discrimination is processed by a radial 

frequency-selective channels mechanism that is subject to the orientation of the RF 

patterns or a polar angle-selective channels mechanism that is subject to polar angles 

between two points of maximum curvature of the RF patterns. 
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4.1 Background 

Radial frequency (RF) patterns, which were introduced by Wilkinson, Wilson, and 

Habak [27], have frequently been used to investigate aspects of shape processing. The 

simple mathematical definition of RF patterns has made RF patterns a popular stimulus 

in psychophysical, physiological, and imaging studies [51,52,53,54]. However, 

Wilkinson et al. [27] explained the mathematical limitation of RF patterns and stressed 

their differences from Fourier shape descriptors, which can in principle be used to create 

any kind of closed two-dimensional shapes. Recently, Schmidtmann and Fruend (2019) 

demonstrated that compound RF patterns can represent only a very small subset of 

natural and synthetic shapes, but the RF patterns are not suited as universal shape 

descriptors utilized by the visual system. Schmidtmann and Fruend (2019) also noted 

that it is important to keep in mind that studies of RF patterns implicitly restrict them 

to only certain ranges of perceptually meaningful dimensions. Despite this limitation, 

there remains the possibility that accumulating structural properties of the visual 

performance of RF patterns further by using a wider range of stimulus condition and a 

different visual task and by exploring a possible model may open a new perspective and 

lead to deep insight into the shape encoding mechanism. 

Here, we provide an additional test on the discrimination performance of RF 

patterns presented in the peripheral visual field. We asked four questions regarding the 

visual performance to concentric RF patterns with a radius that varied from 4 to 16 deg, 

using a frequency discrimination task: What are the most important factors to determine 

the discrimination between different RF patterns? How does the discrimination 

performance vary with eccentricity? How can spatial scaling (the retinocortical 

transformation) account for the eccentric properties of the discrimination performance? 

What type of the model can explain the discrimination performance well? 
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RF patterns are constructed by applying a radial sinusoidal modulation to the 

radius r0 such that the radius of the deformed pattern at polar angle θ in radians is: 

r = 𝑟0(1 + 𝐴 cos(𝜔𝜃 + 𝜑))       (4.1) 

where r0 is the mean radius, A is the radial modulation amplitude, and ω is the 

radial frequency. The primary parameters of visual performance for RF patterns are 

modulation amplitude (A) on the radial coordinate and radial frequency (ω) on the 

angular coordinate. These two parameters are in an orthogonal relationship with each 

other. They can be varied independently. However, they cannot affect the salience of 

the modulation independently. Properties such as local curvature and the maximum 

local orientation difference from circular vary with both of these parameters. Most 

previous studies have used a deformation threshold task in which the modulation 

amplitude threshold to discriminate the RF pattern from a circular pattern is measured 

by manipulating the modulation amplitude. In previous studies, the radial frequency of 

RF patterns was used as an important parameter that affects visual performance. 

Surprisingly, to our knowledge, radial frequency discrimination tasks, in which the 

discrimination threshold to detect the difference in the frequency between two RF 

patterns is measured by manipulating the radial frequency of the RF patterns, has rarely 

been studied; some exceptions, however, include psychophysical studies that have used  

radial frequency identification tasks [27, 55,56,57]. The frequency discrimination 

threshold task used in this study may plausibly shed new light on the aspect of the visual 

performance of RF patterns. The radial frequency discrimination task may be useful to 

examine the sensitivity to changes in the angular coordinate of RF patterns and the 

frequency selectivity in the processing of RF patterns. 

Achtman, Hess and Wang (2000), Zolubak and Garcia-Suarez (2017, 2018), and 

Zolubak, Schmidtmann and Garcia-Suarez (2018) reported that the performance of RF 
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patterns presented in the peripheral retinal location decreased[58,59,60], and Achtman 

et al. (2000) showed that the eccentricity effect could be neutralized by scaling with 

respect to cortical magnification factors. In this last study, the researchers used a 

deformation task. In the present study, we tested the eccentricity effect for magnified 

and nonmagnified concentric presentations of RF patterns using the radial frequency 

discrimination task. 

As for the possible models to explain the discrimination performance well, we 

sought a model to explain our experimental results measured by the radial frequency 

discrimination task concerning the radial frequency discrimination between the RF 

patterns with different radial frequency vs eccentricity. We explored an appropriate 

metric to represent the radial frequency discrimination as a function of eccentricity and 

the requisitions for the models proposed. We proposed a radial frequency-selective 

channels model and a polar angle-selective channels model. Our radial frequency-

selective channels model was assumed based on the suggestion that the detection of the 

RF pattern may be processed by several RF channels, each channel selectively sensitive 

to a limited band of radial frequencies. This suggestion was provided by previous 

findings of radial frequency-selective effects, such as masking effects [56,61], 

adaptation effects [62,63], and subthreshold summation effects [64]. On the other hand, 

our polar angle-selective channels model was assumed based on the suggestion by Bell, 

Dickinson, and Badcock (2008) that the polar angle at which local curvature features 

appear, in addition to the angular extent of curvature feature at that location, are both 

critical parameters for coding specific RF shapes, and on the suggestion by Dickinson, 

Bell, and Badcock (2013) that difference in a single cue, the periodicity of the corners 

(specifically the polar angle between two points of maximum curvature) was sufficient 

to allow discrimination of two patterns near their thresholds for detection and that 
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patterns could be considered as labeled for this measure. In this study, we compared the 

predictions based on these two models with our experimental results. 

In the present study, using constant circular contour frequency (CCF) patterns with 

different radii, which have the constant physical length of modulation cycle in external 

real-world space, and constant radial frequency magnified RF patterns with different 

radii, which have the constant cortical length of modulation cycles, we examined the 

effect of the RF pattern radius (between 4 to 16 deg) on radial frequency discrimination 

thresholds. As a consequence, we found that the discrimination thresholds between 

different frequency-magnified patterns were determined by the frequency ratio of the 

two patterns, regardless of different pattern radii and reference frequencies. Then, we 

showed the possibility of a radial frequency-selective channels model and a polar angle-

selective channels model developed to explain our findings.  

4.2 General Methods 

4.2.1 Participants 

The participants included one of the authors and four healthy students (three males, 

27.7±3.8 years old). All participants had normal vision or corrected-to-normal vision 

and provided written informed consent for the procedure, which was previously 

approved by the ethics committee of Okayama University and was organized to ensure 

conformity to the Declaration of Helsinki. 

4.2.2 Apparatus 

MATLAB (MathWorks, Inc.) and Psychophysics Toolbox (Brainard, 1997), which 

provides high-level access to the C-language Video Toolbox (Pelli, 1997), were used to 

generate the custom stimuli used in this experiment. The program was run on a 

ThinkPad T540p notebook (Lenovo). Stimuli were presented on a SHARP-PN455 

(SHARP) display with a 60 Hz frame rate, 8-bit colors and 1920×1080 pixels. The 
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gamma nonlinearity of the screen was corrected using a look-up table that was obtained 

via calibration through a KONICA-MINOLTA CS-100A (Konica Minolta Japan, Inc.) 

spectroradiometer. The color of the stimuli was set to CIE 1931, x = 0.34, y = 0.33, and 

the mean luminance of the screen was 175 cd/m2. The stimulus luminance was 

modulated around a mean luminance of 175 cd/m2 about each eccentricity, while the 

remainder of the screen was maintained at the mean luminance. 

The participants viewed the display monocularly under dim room illumination at 

a distance of 80 cm. Each display subtended 63.3 deg horizontally and 38.2 deg 

vertically. The participants were instructed to sit on a chair, put their chin on a chin-

stand to ensure that the head did not move and maintained the distance from the screen, 

and keep their fixation at the fixation point presented in the center of the display during 

the presentation of the target stimuli. 

4.2.3 Base Stimuli 

The base pattern used in this study was a circular contour with a cross-sectional 

luminance profile defined by a radial fourth derivative of a Gaussian (D4). The pattern 

used in this study was the same as that used by Wilkinson et al. (1998). 

The equation for the circle is 

D4(r) = C × exp (−
(r−r0)2

σ2 ) × (1 − 4
(r−r0)2

σ2 +
4

3

(r−r0)2

σ2 )    (4.2) 

where C is the pattern contrast, which was 100% through all current experiments; 

r0 is the mean radius of the stimulus, the center of which was located at the fixation 

point; and σ determines the thickness of the cross-sectional profile. 

The base circle was deformed by applying a radial sinusoidal modulation to the 

radius r0 in equation (4.2) such that the radius of the deformed pattern at polar angle θ 

in radians was as shown in equation (4.1). 

The angular phase of the pattern is determined by φ. The radial modulation 
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amplitude (A) was not permitted to exceed 1.0, and the radial frequency was always an 

integer value. 

4.2.4 Peripheral isotropic sensitivity for radial frequency discrimination  

Schmidtmann, Logan, Keendy, Gordon, and Loffler (2015) tested the hypothesis 

of enhanced sensitivity to a range of stimuli within the lower visual field by measuring 

discrimination sensitivity for orientation, curvature, shape (radial frequency patterns), 

and faces at various para-central locations (horizontal, vertical, and main diagonal 

meridians) and eccentricities (5 deg, 10 deg). Closed contour shapes showed a lower 

visual field preference with higher sensitivity along all tested locations in the lower 

visual field. Faces were best discriminated when they are presented in the lefty visual 

field. However, orientation and curvature discrimination showed isotropic behavior 

with similar sensitivities along the vertical and horizontal meridians. Our radial 

frequency discrimination which is closely related to orientation or curvature 

discrimination is isotropic in sensitivity in the peripheral visual field. 

4.2.5 Procedure 

The thresholds to discriminate the target radial frequency from the reference 

frequency were measured using a three-alternative forced-choice procedure and the 

method of constant stimulus. In the frequency discrimination experiments, there were 

seven radial frequencies for the target stimuli with constant modulation amplitude: one 

frequency was the same as the reference frequency (for example 9 cycles/360 deg), 

three frequencies were higher (10, 11 and 13 cycles/360 deg for the reference frequency 

of 9 cycles/360 deg), and three frequencies were lower (6, 7 and 8 cycles/360 deg). 

They were arranged at nearly equal intervals on a logarithmic scale. When the target 

and reference have the same radial frequency, the participants may feel substantial 

difficulty in making a binary decision, e.g., “target has a higher radial frequency than 
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the reference”, or “target has a lower radial frequency than the reference”. To 

circumvent this problem, we used the three-alternative forced-choice procedure rather 

than the two-alternative forced-choice procedure used by the majority of previous RF 

pattern research, in which the participants may select a third choice “target and 

reference have the same radial frequency”. Additionally, we used the three-alternative 

forced-choice procedure rather than the two forced-choice procedure because the latter 

is known to present with a potential difficulty: at low signal intensities (small 

differences in frequency between target and reference), the participant (particularly a 

naïve observer) is often truly uncertain about the correct answer from a two-alternative 

forced-choice task. Being forced to make a choice even when one does not have the 

slightest idea regarding which response is correct may introduce an uncomfortable 

aspect to this task. This may be particularly important in situations in which the 

participant is confronted for the first time with this task or where it is infeasible to dispel 

the reluctance of the participants to act randomly because it would require too much 

explanation and might reduce the confidence of the participants in the seriousness of 

the investigation [65]. The feasibility of using a "guess-button" in addition to the 

conventional response keys defined in 2FAC tasks has also been proved to yield a more 

precise result [66]. 

Participants were presented with a five-minute dark adaptation to the dim room 

and a three-minute light adaptation to the mean luminance of the display. This 

procedure was performed to acclimate the participant’s eyes to quickly adapt to the 

mean luminance of the experimental display. Each trial subsequently consisted of two 

200 ms stimulus presentation intervals with a 300 ms ISI and a response interval; one 

presentation interval contained the reference stimulus, while the other presentation 

interval contained one of the target stimuli. The presentation order of the reference and 
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target were randomized within a session. The phase of the stimuli was varied randomly 

between trials. This random-phase setting rendered it impossible for the subjects to 

predict the exact locations at which the maximum and minimum radial deviations 

would occur. The participants were instructed to indicate whether, compared to the first 

stimulus (S1), the frequency of the second stimulus (S2) was higher, lower or same 

using one of three buttons: one button for the S2 frequency being higher than the S1 

frequency, another button for the S2 frequency being lower than the S1 frequency, and 

a third button for S2 and S1 having the same frequency. (Fig. 4.1). With the participant’s 

self-paced starting signal, the next session began. Within a session, the seven radial 

frequency targets were randomly presented, with each presented 10 times, while the 

other stimulus parameters of the target and the reference were held constant. The four 

stimulus radii were randomly presented across sessions. 

 

 

Fig. 4.1 Time course of the radial frequency discrimination experiment. 
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4.2.6 Analysis 

We used a three-alternative forced-choice procedure. The responses of the 

participants were composed of “higher”, “lower” and “same” responses. Based on the 

“higher” and “lower” responses, we obtained the following logistic curve equation: 

y =  (1 + 𝑒𝛼+𝛽𝑥)
−1

       (4.3) 

where the responses of the participants are expressed from 0 to 100% on the 

ordinate. The abscissa corresponds to the target radial frequency from 6 cycles/360 deg 

to 13 cycles/360 deg, and 9 cycles/360 deg is the reference radial frequency (ωR). From 

the logistic curve, we obtained two key points on the abscissa: ωTH, the frequency where 

the participants achieved 75% on the ordinate, and ωTL, the frequency where the 

participants achieved 25% on the ordinate, as shown in Fig. 4.2. 

 

 

Fig. 4.2 Derivation of radial frequency discrimination thresholds. 

 

We calculated the radial frequency discrimination thresholds by using the following 

equation: 

Discrimination thresholds =
ln(ω𝑇𝐻)−𝑙𝑛(ω𝑇𝐿)

2
= 𝑙𝑛 ((

𝜔𝑇𝐻

𝜔𝑇𝐿
)

1

2
)   (4.4) 

Dickinson, McGinty, Webster and Badcock (2012) showed that the quantity that 
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was equated at thresholds for detection of modulation on RF patterns of different 

frequencies but with the same number of cycles of modulation was the maximum 

angular deviation from circularity. This was for patterns with relatively low frequencies 

of modulation that have been shown to exhibit integration of information across cycles, 

but not for patterns with higher frequency. It was consistent with the results of other 

study (Loffler et al., 2003). It is suggested that an important cue for the discrimination 

between RF different stimuli, regardless of information integration, may be the 

maximum angular deviation from circularity.  

The maximum angular deviation (orientation difference) between an RF and a 

circle occurs where an RF and a circle intersect each other and given by the following 

equation [67,68]. 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 (tan(𝛼)) = 𝐴𝜔    (4.5) 

Where α represents the angle between the tangential directions of an RF pattern 

and the circle at the crossing point. A and ω represent the modulation amplitude and the 

radial frequency of the RF pattern, respectively. The maximum orientation difference 

is abbreviated as MOD. 

Thus, the ratio of MODs between two RF patterns of equal radius and modulation 

with ω1 and ω2 is equal to the radial frequency ratio of the two patterns, implying that 

the ratio of MODs may be a critical cue to discriminate two different RF patterns as 

well. The discrimination thresholds in the equation (4.4) is expressed also by the ratio 

of MODs of the two patterns.  

4.3 Experiment 1 

4.3.1 Experimental stimuli: Constant circular contour frequency (CCF) RF 

pattern stimuli 

The CCF is defined by the number of radial cycles per deg of unmodulated contour 
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length measured in deg of viewing angle. This is an important factor in determining the 

deformation thresholds of RF patterns because regardless of the RF or radius, the radial 

deformation thresholds are closely matched across the entire range of circular contour 

frequencies, suggesting that the patterns with the same circular contour frequency 

should have the same radial deformation threshold (Jeffrey et al., 2002).  

To examine the dependence of the radial frequency discrimination thresholds on 

the radius (eccentricity), we used the RF reference patterns with constant CCF (r0/ω = 

constant) and constant absolute modulation amplitude (Ar0 = constant) for changes in 

radius (4 ~ 16 deg). The constant CCF RF patterns were created by covarying the radius 

and radial frequency such that they have an identical CCF regardless of the change in 

the radius. Fig. 4.3 (a) shows a schematic of an example of the constant CCF RF pair. 

The two patterns with different radii and RFs have the same CCF. Moreover, the σ of 

the two patterns remains constant. These two patterns’ cycles of modulation travel the 

same length in physical space. We used three series of constant CCF (CCF = 0.358 

cycles/cl-degree) patterns with different radii (4, 8, 12 and 16 deg) but the same 

thickness (σ = 1 deg) as the reference stimuli. Fig. 4.3 (b) shows the experimental 

reference stimuli used in this experiment. 

The absolute modulations (r0A) of the reference RF patterns were held constant 

(0.12, 0.24, 0.48 deg) within a session but were different across sessions. The product 

of r0A and the contour length reflects the size of a single cycle of the RF patterns. This 

indicates that the size of the stimuli was held constant within a session. 
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Fig. 4.3 Constant circular contour frequency (CCF) patterns. 
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4.3.2 Results 

In experiment 1, the discrimination thresholds were measured as a function of the 

radius over a range from 4 to 16 deg (14 deg instead of 16 deg when r0A = 0.12 deg, 

because of the impossibility of measurement otherwise) for the five participants. In Fig. 

4.4, the mean of the discrimination thresholds for the five participants is plotted against 

the radius. The thresholds vs. radius functions were strongly dependent on the stimulus 

conditions (r0A) of the target and reference stimuli. The thresholds substantially 

increased with increasing radius for the condition r0A = 0.12 deg, i.e., the small stimulus 

size and slightly increased for the condition r0A = 0.24 deg, while they remained 

constant for the condition r0A = 0.48 deg, i.e., the large stimulus size. In this instance, 

the increase in the threshold implied a decrease in the discrimination performance, 

which indicates a radius effect of the RF patterns. The radius effect was observed for 

the condition r0A = 0.12 deg, but not for the condition r0A = 0.48 deg. To test for 

significant differences in the group data, we used three one-way ANOVA. Based on the 

results, a main effect for the condition r0A = 0.12 deg, F (3, 12) = 9.627, p < 0.05; and 

the condition r0A = 0.24 deg, F (3, 12) = 23.606, p < 0.05 has been found. However, no 

main effect for the condition r0A = 0.48 deg, F (3, 12) = 0.197, p = 0.77 has been found. 
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Fig. 4.4 Results of radial frequency discrimination for experiment 1. 

Mean discrimination thresholds for the five participants plotted against the radius (4, 8, 

12 and 16 deg). Error bars = 1 S.E. 

 

4.3.3 Discussion 

As shown in Fig. 4.4, the discrimination thresholds between different-frequency 

RF patterns vs radius functions for the constant CCF RF patterns indicated different 

functional forms dependent on the modulation amplitude of the RF patterns. The 
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thresholds showed an increasing functional form for small modulation amplitude RF 

patterns (r0A = 0.12 and 0.24 deg) but a flattened function for large amplitude RF 

patterns (r0A = 0.48 deg). 

We used the pattern contrast of 100 % through all present experiments. 

The relationship between the physical variables and radial frequency 

discriminations does not always involve a simple one-to-one mapping between the two 

variables. The other stimulus characteristics which are likely to modify the relationship 

include the contrast and spatial frequency of the base stimulus. We used the stimulus 

contrast of 100 % and the peak spatial frequency of 0.45 c/deg in the Experiment 1. The 

perceived contrast of the Gabor patches decreases with increasing eccentricity (0 ~ 13 

deg) even partially compensating by scaling stimulus size in the periphery [69]. The 

shape discrimination threshold of RF pattern of 4 cycles/360 deg from a circle decreases 

with increasing stimulus contrast from about 20 ~ 100 % for the condition of spatial 

frequency = 1cpd and radius = 2.5 deg, but not for the condition of  spatial frequency 

5 ~ 10 cpd and radius = 2.5 or 1 deg) [70]. The shape discrimination threshold of RF 

pattern decreases with increasing stimulus contrast from 12.5 ~ 100% for the condition 

of radial frequency of 5 ~ 12 cycles, but not for the condition of redial frequency of 2 

~ 4 cycles/360 deg [27]. This implies that the reduction in the perceived contrast with 

increasing eccentricity may result in increase of discrimination thresholds observed at 

eccentricity of 16 deg  for the condition of r0A = 0.12 and 0.24 deg in Fig. 4. However 

only the reduction in the perceived contrast with increasing eccentricity cannot explain 

our result indicating the constant discrimination thresholds for the condition of r0A = 

0.48 deg regardless of eccentricity change.  

Pattern radius effects of radial frequency discrimination thresholds for constant 

CCF RF patterns 
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The path of the RF patterns is less salient as the radius of the RF pattern increases. 

It might be the case that for the patterns with r0A = 0.12 (and to a lesser extent 0.24) the 

larger receptive fields (lower spatial frequency preference) span cycles of modulation 

and smooth the percept of the path. This might result in an increase in the threshold. 

It is well established that the performance of visual discrimination, such as the 

frequency, orientation, temporal frequency, vernier acuity, blur, displacement and 

separation, is dependent on the signal strength, such as the contrast and size of a 

stimulus, with performance improving as the signal increases [71,72,73,74,75,76]. 

If radial frequency discrimination is processed by the orientation selective 

mechanism, our results may show common behavior with previous studies concerning 

orientation discrimination performance.  

Specifically, in experiments where the stimuli (grating, Gabor element) were small, 

increasing the contrast lowered the orientation threshold [72,73,77,78], whereas in the 

experiments when the stimuli were large, orientation discrimination thresholds were 

fairly contrast independent [71,73].  

In the experiments performed by manipulating stimulus size, orientation acuity for 

circular patches of sinusoidal gratings was lowest for the largest patch size and 

increased as the stimulus size was reduced [79]; the differential thresholds or JNDs in 

the orientation of a line stimulus at a given reference orientation (horizontal and 

oblique) decreased up to a stimulus length of 1 deg; over 1 deg, discrimination was not 

improved for the oblique orientation while for the horizontal orientation it improved 

gradually up to a length of 8 deg [80]. Mareschal and Shapley (2004), by varying 

systematically both contrast and size of a circular patch of grating, found that 

orientation discrimination thresholds increased as contrast was increased for stimuli 

roughly smaller than 0.5 ~ 0.8 deg in diameter, and as size was increased for stimuli 
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with less than 4 ~ 20 % grating contrast. The thresholds were saturated at constant level 

for larger stimuli than 1 deg in diameter and with greater than 20 % contrast.  

The general finding was that as the stimulus signals (contrast and/or size ) 

increased, the orientation discrimination thresholds for grating patches decreased 

rapidly at first, then gradually and finally asymptotically approached a saturated level. 

We asked whether the above context concerning the signal strength effect on 

orientation discrimination can explain the results from Experiment 1. 

We hypothesized that under strong signal strength (large modulation amplitude) 

conditions, frequency discrimination thresholds might not be as affected by the 

modulation amplitude and would remain constant at the saturation level whereas they 

would be increased under low signal strength (small modulation amplitude) condition.  

To test this hypothesis, we estimated the perceptual strength of the stimuli in 

Experiment 1, which is considered to correspond to the signal strength of the stimuli 

such as the contrast of the grating stimuli in orientation discrimination, and examined 

the dependence of radial frequency discrimination on perceptual strength. 

These estimations were carried out by dividing the stimulus modulation parameter 

r0A of the RF pattern by the amplitude thresholds to detect the deformation of the base 

circles which were reported in our other study. 
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Table 1 The deformation thresholds in our other study and the stimulus 

modulation amplitudes (A) in the present study. 

 

 

 Results of our other study   

Stimulus parameters for the radial 

frequency discrimination experiment  

Radius 

(deg) 

 Amplitude   

r0A = 0.12 

deg 

r0A = 0.24 

deg 

r0A = 0.48 

deg 

r0  threshold amplitude  perceptual amplitude (A /threshold) 

4  0.0041   7.3  14.5  29.1  

8  0.0042   3.6  7.2  14.4  

12  0.0041   2.5  4.9  9.8  

16  0.0042   1.8  3.5  7.1  

Table 1 lists the amplitude detection thresholds reported and the estimations 

represented as the multiples of the deformation threshold. The perceptual strength 

increases as the eccentricity decreases, from 1.8 to 7.3 for r0A = 0.12, from 3.5 to 14.5 

for r0A = 0.24 and from 7.1 to 29.1 for r0A = 0.48. If the asymptote at which the signal 

strength effect saturates is approximately 7 times the detection threshold, our 

hypothesis might suggest that above this level, the radial frequency discrimination 

thresholds may hold constant, whereas they may decrease with increasing signal 

strength up to the abovementioned asymptote.  

The exception to this suggestion is the lack of a decreasing in threshold for the RF 

patterns when the radius decreases from 8 deg to 4 deg and the signal strength increases 
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from 3.6 to 7.3 in the case of r0A = 0.12 deg. However, the hypothetical suggestion is 

true in all the other conditions. It is not unreasonable that the radius size effect of the 

radial frequency discrimination seen in experiment 1 can be well explained by the 

context concerning the signal strength effect on orientation discrimination. 

As a result, our finding that the radial frequency discrimination thresholds as a 

function of radius were dependent on the modulation amplitudes of the RF patterns is 

ascribed to the eccentricity effect reported in our other study. wherein the deformation 

thresholds required to discriminate the RF pattern from a circle increased with 

increasing stimulus eccentricity. Our results showed similar properties to previous 

studies concerning orientation discrimination performances, suggesting that the local 

contour orientation may be a critical cue for discriminating different frequency RF 

patterns.  

4.4 Experiment 2 

4.4.1 Magnified RF pattern 

In experiment 1, using a constant CCF RF pattern, the radial frequency 

discrimination thresholds as a function of radius were influenced by the eccentricity 

effect, wherein the deformation thresholds required to discriminate the RF pattern from 

a circle increased with increasing stimulus eccentricity. Experiment 2 was designed to 

test whether spatial scaling (the retinocortical transformation) can neutralize the 

eccentricity effect observed in experiment 1. 

There exist many magnification factors reported [81-89]. In the present 

experiment, we used Schwartz's retinocortical mapping function. 

We constructed a series of magnified stimuli with different radii that had the same 

form in the V1 field and examined the dependence of the radial frequency 

discrimination thresholds for the magnified patterns on stimulus radius. 
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The magnified RF patterns with the CCF being inversely proportional to the radius 

of the stimuli, were created using Schwartz’s retinocortical mapping function. Schwartz 

showed that the two-dimensional retinocortical mapping functions are represented in 

complex variables as in equation (4.6): 

W(Z) = k × log(Z + a)       (4.6) 

where the complex variable Z represents a point in the retinal plane; the complex 

variable W represents a point on the cortical plane; a defines the extent of the foveal 

singularity; and k is a scaling constant. For the value of a, there is rough consensus that 

the primate visual cortex is, to a first approximation, a complex logarithmic structure 

characterized by a foveal constant ranging from a = 0.3 deg to a = 0.9 deg [90]. In this 

study, we used a = 0 for the retina cortex function because our experimental condition 

was focused on z ≥ 4 deg. 

If one changes r0 and σ in proportion to the changing eccentricity while 

maintaining A and ω constant, then the changed patterns have a similar form; however, 

their radii are different and are dependent on eccentricity in a linear manner. If these 

changed patterns, as shown in Fig. 4.5 (a) (the magnified RF patterns), are transformed 

from the retinal plane into the cortical plane using equation (6), the transformed patterns 

are different in position in the cortical plane; however, they have the same forms and 

radii, which implies that all transformed patterns activate the cortical area equally. 

In this experiment, we used the magnified RF patterns with an identical reference 

RF. The reference RFs (9 and 18 cycles/360 deg) were held constant within a session 

but were different across sessions. The amplitude modulations (A) of the target and 

reference RF patterns were held constant within a session but were different across 

sessions (0.03 and 0.06), as shown in Fig. 4.5 (b). 
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Fig. 4.5 Magnified patterns in experiment 2. 
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4.4.2 Results 

For the magnified patterns, the thresholds were measured as a function of the 

pattern radius over a range from 4 to 16 deg. In Fig. 4.6, the means of the thresholds 

for the five participants are plotted against the radius under the four conditions (ωR = 9 

cycles/360 deg and A = 0.03; ωR = 9 cycles/360 deg and A = 0.06; ωR = 18 cycles/360 

deg and A = 0.03; and ωR = 18 cycles/360 deg and A = 0.06). As shown in Fig. 4.6, the 

thresholds remained constant across all radii, approximately 1.1, and regardless of the 

other stimulus parameters. To test for significant differences in the group data, we used 

a three-way ANOVA. ANOVA with the factors of radius, A and ωR, was used to test for 

main effects. Based on the results, no main effect for the three factors: radius, F (3, 12) 

= 4.771, p = 0.086; A, F (1, 4) = 0.25, p = 0.643; and ωR, F (1, 4) = 0.019, p = 0.896 

has been found. 

The radial frequency discriminability of the target stimuli from the reference 

stimulus is represented by the difference between the response frequencies 

corresponding to the “higher” responses and the “lower” responses. Fig. 4.7 shows the 

cumulative discriminability of the target from the reference stimuli versus the target 

radial frequency over all participants and the four radii for each magnified pattern (ωR 

= 9 cycles/360 deg and A = 0.03; ωR = 9 cycles/360 deg and A = 0.06; ωR = 18 

cycles/360 deg and A = 0.03; and ωR = 18 cycles/360 deg and A = 0.06). A positive 

value on the ordinates indicates the magnitude of discrimination performance for a 

target that the participants judge to have a higher frequency than the reference 

frequency (9 cycles/360 deg), whereas a negative value indicates the magnitude of 

discrimination performance for a target that the participants judge to have lower radial 

frequency than the reference frequency. Discriminability increases as the target radial 

frequency increases (or decreases) from the reference frequency of 9 cycles/360 deg. 
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The discriminability function shows a linear function of target frequency on the 

logarithmic scale within the frequency domain being presented. 

 

 

Fig. 4.6 Results of radial frequency discrimination experiment 2. 

Mean discrimination thresholds for the five participants plotted against the radius (4, 8, 

12 and 16 deg). Error bars = 1 S.E. 

 

4.4.3 Discussion 

Comparison of our discrimination thresholds with the identification 

accuracies in previous studies 

Wilkinson et al. (1998) found that participants were able to identify RF patterns of 

6 or less cycles with an accuracy of over 90% and 7 or more cycles with an accuracy 

of 60% or less. These identification accuracies were also observed by Poirier and 

Wilson (2006). The present study shows that the radial frequency discrimination 
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thresholds (frequency ratio) are approximately 1.1 for RF patterns with a large stimulus 

size (r0A = 0.48) and for the magnified stimuli, as shown in Fig. 4.4 (3) and Fig. 4.6, 

respectively. 

Although these results cannot be compared with the identification accuracies in 

studies by Wilkinson et al. (1998) and Poirier and Wilson (2006) because of the 

different stimulus conditions, the logarithms of the ratios of 5 cycles to 6 cycles (6/5 = 

1.2) and 6 cycles to 7 cycles (7/6 = 1.16) are larger than our radial frequency 

discrimination thresholds. This finding suggests that 5-cycle (or 6-cycle) RF patterns 

are easily discriminated from 6-cycle (or 7-cycle) RF patterns. The results obtained for 

the RF patterns in this study are not inconsistent with the identification accuracies from 

Wilkinson et al. (1998) and Poirier and Wilson. (2006). 

Radial frequency-selective channels model and requirements for the models 

Fig. 4.6 indicates that the radial frequency discrimination thresholds for the 

magnified RF stimuli were the same for two different reference frequencies (9 and 18 

cycles/360 deg), implying that the ability to discriminate between the two different  

stimuli depends primarily on the ratio of their radial frequencies over a wide range of 

absolute radial frequencies. That we found equally discriminable radial frequencies to 

differ by nearly the same ratio may suggest that the spacing and bandwidth of the 

processing units of RF patterns may be more uniform if expressed on a logarithmic 

rather than a linear scale. 
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Fig. 4.7 Discriminability of the target from reference stimuli versus target radial 

frequency. 

 

It should be mentioned here that the spatial frequency bandwidths of cortical cells 

turned to different spatial ranges have bandwidths that are roughly constant on a ratio, 

or logarithmic, scale [91]. Thus, equal logarithmic channel bandwidths have been 

reported for spatial frequency selectivity. 

Here we sought a possible model to well explain our experimental results that the 

radial frequency discrimination thresholds were found to be the same for a wide range 

of radial frequency (9 and 18 cycles/360 deg). We asked three questions: what are the 

most important metrics to quantitatively represent the radial frequency discrimination 

between different RF patterns? What are the requirements for the multiple channel 

model to explain the radial frequency discrimination performance of RF patterns? What 
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is the difference between a radial frequency selective model and a radial angle selective 

model? 

Previous findings of radial frequency-selective effects, such as masking effects 

[61,64], adaptation effects (Bell et al., 2008; Bell et al., 2009), and subthreshold 

summation effects [62,63], suggest that detection of the RF pattern may be processed 

by several RF channels, each channel selectively sensitive to a limited band of radial 

frequencies. These channels may also be involved in the suprathreshold perception of 

radial frequency and of the waveforms of RF patterns. If this is so, the ability to 

discriminate between different radial frequency patterns as measured in the present 

study might be determined by the activity difference of the multiple channels for the 

different patterns. 

Our model is assumed to consist of three hierarchical processing stages. 

The first stage is the encoding of radial frequency information by multiple 

channels. The second stage is the estimation processing of perception of radial 

frequency based on the response profiles of multiple channels. The third stage is the 

discrimination processing which compares the estimated perceptions of two different 

stimuli in the second stage. 

First, we explore a perceptual metric to represent visual performance for a stimulus 

in the second stage. There is an important idea for the metric in the previous researches 

about spatial frequency multiple channels. It is well known that the higher spatial 

frequency desensitizes the higher spatial frequency channels, whereas the lower spatial 

frequency desensitizes the lower frequency channels, and that the desensitization 

causes the changes of the response profile of the multiple channels, resulting in spatial 

frequency adaptation effects (perceived frequency shifts) [92]. Fig. 4.8 illustrates a 

possible explanation for the spatial frequency adaptation effects based on the multiple 
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channels model and our proposed centroid model. We here proposed the centroid of the 

responsive channels as a perceptual metric to represent the discrimination performance 

between different stimuli. 

A simple metric to quantitatively represent the center of the response profile is the 

centroid of the responsive channels, expressed as follows: 

𝐶𝑒𝑛𝑡𝑟𝑜𝑖𝑑𝑠 𝑓𝑜𝑟 𝑎 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 ` s ` between 8 and 10.6 cycles/deg =

(𝑆𝑃1×𝐶𝐻1(𝑠)+𝑆𝑃2×𝐶𝐻2(𝑠)+𝑆𝑃3×𝐶𝐻3(𝑠)+𝑆𝑃4×𝐶𝐻4(𝑠))

(𝐶𝐻1(𝑠)+𝐶𝐻2(𝑠)+𝐶𝐻3(𝑠)+𝐶𝐻4(𝑠))
     (4.7) 

where SP1, SP2, SP3 and SP4 denote the position on the logarithmic scale of the 

central frequencies of CH1, CH2, CH3 and CH4, respectively. CH1(s), CH2(s), CH3(s) 

and CH4(s) denote the response to stimulus 's' of each channel.   

By simple calculation, it is clear that the centroid calculated following a high-

frequency (14 cycles/deg) grating adaptation is 7.5 cycles/deg, lower than that (8.5 

cycles/deg) after a low-frequency (4.5 cycles/deg) grating adaptation.  

One method to estimate the center of the response file is to find the best fitting 

function for response profile by using maximum likelihood method. To make it possible, 

a priori knowledge of shape of function is required. However, no such a priori 

knowledge exists. At present, the center of gravity theorem is considered to be an 

appropriate method. Based on this idea, we hypothesized that a perceptual metric to 

represent visual performance for a stimulus is the centroid of response profile of the 

radial frequency channels. The discrimination between different stimuli is assumed to 

be the difference between the centroids of response profiles for the two stimuli. 
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Fig. 4.8 Estimation of perceived frequency of grating stimulus by the centroid model. 

 

Our proposed centroid model is designed to estimate the centers of response profile 

which corresponds to the perception of a stimulus. The parsimonious figures of spatial 

frequency channels are based on the graphs in Landy’s Lecture Notes [93].  

Based on this idea, we hypothesized that an important metric for our 

discrimination task for RF stimuli may be the centroid of the response profile of the 
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radial frequency channels. 

We assumed the following hypothetical model in the first stage. 

Radial frequency selective channels are responsive to stimuli with small radial 

frequency differences, such as our target (6~13 cycles/360 deg) and reference (9 

cycles/360 deg) stimuli. The sensitivity functions are expressed by a normal distribution 

function: 

Relative sensitivity = exp (−
(𝑙𝑛(ω𝑇)−𝑙𝑛(ω𝐶))2

2(
𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

2
)

2 )    (4.8) 

where ωT denotes the stimulus frequency, and ωC denotes the central frequency of 

each channel. The bandwidth, which indicates the responsive frequency range, is 

defined as four times the standard deviation of the normal function on a logarithmic 

scale. The area of the bandwidth range is 95.4%. The spacing denotes the logarithmic 

distance between neighboring channels. 

The most important factor in determining the discriminability between stimuli 

with different radial frequencies is the difference between the centroids of the responses 

of the multiple channels for the two stimuli. The tuning characteristics of a channel 

labeled by “CHX (X = 1, 2, 3, 4, 5)” as a function of the radial frequency (S) is assumed 

to be represented by CHX(S). The responses of the units’ sensitive to stimulus 

frequency S are expressed by CH1(S), CH2(S), CH3(S), CH4(S) and CH5(S) 

respectively. The centroid is expressed as follows. 

Centroid =  
(𝑥1×𝐶𝐻1(𝑆)+𝑥2×𝐶𝐻2(𝑆)+𝑥3×𝐶𝐻3(𝑆)+𝑥4×𝐶𝐻4(𝑆)+𝑥5×𝐶𝐻5(𝑆))

𝐶𝐻1(𝑆)+𝐶𝐻2(𝑆)+𝐶𝐻3(𝑆)+𝐶𝐻4(𝑆)+𝐶𝐻5(𝑆)
  (4.9) 

where x1, x2, x3, x4 and x5 denote the positions on the logarithmic scale of the 

central frequencies of channels CH1, CH2, CH3, CH4 and CH5, respectively. 

For a concrete prediction, we set the reference stimulus with a radial frequency of 

9 cycled/360 deg and the central frequencies of CH1, CH2, CH3, CH4 and CH5 to 2.5, 

5, 10, 20 and 40 cycled/360 deg, respectively. (x1 = ln(2.5) = 3.22, x2 = ln(5) = 1.60, 
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x3 = ln(10) = 2.30, x4 = ln(20) = 3.00, x5 = ln(40) = 3.69) 

Fig. 4.9 shows an example of the radial frequency channels model with a specific 

spacing 1 octave (1 octave = ln(21) = 0.693,) and bandwidth 2.4 octaves (2.4 octaves = 

ln(22.4) = 1.66,). 

In this example, the most sensitive channel to stimuli near the reference stimulus 

of 9 cycles/360 deg is CH3. CH2 and CH4 are less sensitive, and the least sensitive 

channels are CH1 and CH5. 

 

 

Fig. 4.9 A example frequency-selective channels model to explain the experimental 

properties observed for the magnified patterns. 

 

We estimated the centroid of the stimulus as a function of radial frequency by 

varying the bandwidth while keeping the spacing constant. Fig. 4.10 (a) shows the 
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predictions for the conditions of bandwidth = 1.2, 1.6 and 2.4 octaves and spacing = 1.0 

octave. The ordinate denotes the centroid of the responses of the frequency selective 

channels to a target stimulus. The abscissa denotes the radial frequency of the target 

stimulus. As shown in Fig. 4.10 (a), the centroids increase with increasing target 

frequency from 10 cycles/360 deg. The form of the increasing function is strongly 

dependent on the bandwidth. The function for the large bandwidth (2.4 octaves) is linear. 

However, for the small bandwidths (1.2 and 1.6 octaves), the relationship between 

predicted and actual target frequency is a nonlinearly increasing function. The deviation 

from the linear function increases as the bandwidth decreases from 2.4 octaves. These 

functions show the periodic characteristics every 1 octave frequency increase, implying 

that the periodicity is correlated to the spacing of the channels. The functions for larger 

bandwidths above 2.4 octaves that are not shown here are the same as the function for 

the 2.4-octave bandwidth. Fig. 4.10 (b) shows the predictions for the conditions of 

bandwidth = 0.6, 0.8 and 1.2 octaves and spacing = 0.5 octaves (the bandwidths and 

spacing are halved from those in Fig. 4.10 (a)). Except for the periodicity of the 

functions, the relationship between the predicted and actual target radial frequency 

exhibits similar characteristics as those shown in Fig. 10 (a). The periodicity is halved, 

corresponding to the halved value of the spacing (0.5 octaves). 

Using the prediction functions based on the frequency-channels model, we can 

calculate the difference between the centroids of the target and reference stimuli. We 

name here the prediction functions for spacing = 1 octave as Fn(f) for the narrow 

bandwidth (1.2 octaves), Fm(f) for the middle bandwidth (1.6 octaves) and Fb(f) for 

the broad bandwidth (2.4 octaves). Here, “f” denotes the radial frequency of the 

stimulus. 

The difference between the centroids of the target and reference stimuli are 



Chapter 4 Discrimination of Concentric Radial Frequency Patterns 

 

86 

 

calculated by the functions (Fn(t) - Fn(r)), (Fm(t) - Fm(r)), and (Fb(t)- Fb(r)) functions. 

Here, “t” and “r” denote the radial frequency of the target and reference stimuli, 

respectively. 

As shown in Fig. 4.7, the discriminability of the target from the reference stimulus 

increases with increasing target radial frequency in an approximately linear manner. 

Only the function (Fb(t)- Fb(r)), as a linear function of the target frequency “t”, is 

consistent with our experimental results, as shown in Fig. 4.7 (1) and (2). The functions 

(Fn(t) - Fn(r)) and (Fm(t) - Fm(r)), as a nonlinear function of the target frequency, are 

not consistent with our experimental results. 

The above statements were in reference to use of a reference stimulus of 9 

cycles/360 deg. However, similar statements are also applicable to use of a reference 

stimulus of 18 cycles/360 deg. If one assumes a frequency-selective channels model in 

which the frequency selective channels are responsive to target and reference stimuli 

with different parameters (13~25 cycles/360 deg and 18 cycles/360 deg, respectively) 

stimuli, similar predictions as shown in Fig. 4.9 can be obtained in the range of 14~25 

cycles/360 deg. Similarly, only the function (Fb(t)- Fb(r)) would be consistent with our 

experimental results, as shown in Fig. 4.7 (3) and (4). 

It is reasonable to consider that the radial frequency discrimination thresholds 

occur at levels that the difference between the predicted centroids of the target stimuli 

and the reference stimulus exceeds and that the threshold level is constant irrespective 

of different reference radial frequencies. 

As a result, a multiple channels model with a uniform logarithmic spacing and 

bandwidth of channels with spacing = 1.0 octave and bandwidth = 2.4 octaves can well 

explain our findings that the radial frequency discrimination thresholds were the same 

for two different reference frequencies (9 and 18 cycles/360 deg). Alternatively, the 
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model with the spacing and bandwidth parameters set to 0.5 and 1.2 octaves, 

respectively, can also explain our experimental findings. 

From our predictions, we cannot claim what is the most appropriate condition. 

However, in order to be consistent with the narrow bandwidth observed in previous 

findings on frequency-selective masking, adaptation and subthreshold summation 

effects, the spacing and the bandwidth in the ideal model may not be so large. The 

spacing of 0.5 octaves and the bandwidth of 1.2 octaves may be more appropriate than 

the spacing of 1.0 octaves and the bandwidth of 2.4 octaves. This is also consistent with 

the observation that radial frequency-selective effects such as adaptation, masking, and 

subthreshold effects are observed only in a small radial frequency range. 
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Fig. 4.10 Predictions based on the multiple frequency-selective channels model for 

the reference patterns of 9 cycles/360 deg. 
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A polar angle selective channels model and requirements for the model 

Bell, Dickinson, and Badcock (2008) indicated that the polar angle at which local 

curvature features appeared, in addition to the angular extent of the curvature feature at 

that location, were both critical parameters for forming specific RF shapes. Dickinson, 

Bell, and Badcock (2013) showed that difference in a single cue, the periodicity of the 

corners (specifically the polar angle between two points of maximum curvature) was 

sufficient to allow discrimination of two patterns near their thresholds for detection and 

that the patterns could be considered as labeled for this measure, suggesting that a small 

number of such labels might be sufficient to identify an object. The suggestion that 

shapes are discriminated by the angular separation of their corners is consistent with 

the proposition by Cardieu, Kouh, Pasupathy, Connor, Riesenhuber, and Poggio (2007), 

based on the physiological recordings of Pasupathy and Connor (2001; 2002), which 

shows neurons in V4 that respond selectively to curvature features at specific polar 

angles relative to the center of an object[94,95,96]. 

To explain our results, as shown in Fig. 4.6, we assumed a polar angle selective 

channels model in which RF patterns of different radial frequencies may be 

discriminated by a small number of curvature channels that process the polar angle 

between two points of maximum curvature in the RF patterns. The discrimination 

thresholds between different frequency patterns may be determined by the activities of 

channels selectively sensitive to the polar angle between two points of maximum 

curvature in the RF patterns rather than to the radial frequency. Here, we defined the 

response width of a polar angle selective channel as the range of polar angle for which 

its response stays within some fraction of its maximum and the central polar angle as 

the midpoint of the range on the logarithmic scale. Note here that the polar angle 

between two points of maximum curvature corresponds to the reciprocal of the radial 
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frequency of the RF pattern. The polar angle for an RF pattern of 5 cycles, for example, 

is 72 (360/5) deg.  

The polar angle selectivity and bandwidth of a polar angle-selective channel and 

the spacing between neighboring channels can be estimated by using the reciprocal 

relationship between the polar angle and the radial frequency of the RF pattern. 

Then, the prediction based on our polar angle-selective channel model can be 

carried out in a similar way as mentioned in the previous section. The properties of the 

predictions based on the polar angle-selective channel model, not shown here, are 

exactly similar to the predictions based on the radial frequency-selective channel model. 

As a result, a polar angle-selective channel model can also well explain our findings 

that the radial frequency discrimination thresholds were the same for two different 

reference frequencies (9 and 18 cycles/360 deg). This outcome is not inevitable, 

because of the reciprocal relationship between the polar angle and radial frequency of 

the RF pattern. 

4.5 Conclusion 

We found that the discrimination thresholds expressed by the frequency ratio 

between RF patterns of different frequencies vs radius functions for the constant CCF 

RF patterns indicated different functional forms dependent on the modulation 

amplitude of the RF patterns. This dependence was ascribed to the eccentricity effect 

wherein the deformation thresholds for discriminating the RF pattern from a circle 

increase with increasing stimulus eccentricity (Feng, et al. in review). 

And we found that the discrimination thresholds vs radius functions for the 

magnified RF patterns were flattened for different modulation amplitudes and 

frequencies. The thresholds were similar at all eccentricities. Cortical magnification 

neutralized the eccentricity effect observed for the constant CCF patterns. 
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A radial frequency-selective channels model and a polar angle-selective channels 

model could explain our findings that the discrimination thresholds between different 

frequency magnified patterns were determined by the frequency ratio and also the ratio 

of the maximum orientation differences from circularity of the two patterns, regardless 

of changes in radii and reference frequencies. 

Our results suggest that the discrimination between RF patterns of different radial 

frequencies is processed by a radial frequency selective channels mechanism that is 

subject to orientation of RF patterns or a polar angle selective channels mechanism  

that is subject to polar angle between two points of maximum curvature of RF patterns.
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Chapter 5 Contrast discrimination of circular contour 

patterns across visual field 

 

Summary 

The present study is aimed to promote a better understanding of the visual system 

which is indispensable to recognize objects, face, animal, building, and natural scene 

in the visual environment in daily lives. We are focused to study difference in perception 

between foveal and peripheral visual system. We asked here about dependency of 

contrast discrimination of circular contour patterns on retinal eccentricity of the visual 

field, using standard (non-magnified) and cortically magnified stimuli. The contrast 

discrimination thresholds for the standard stimuli increased with increasing the retinal 

eccentricity. However, those for the cortically magnified stimuli remained constant 

irrespective of change of retinal eccentricity. We concluded that contrast discrimination 

thresholds, once scaling by cortically magnification transformation, were similar at all 

eccentricities. 
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5.1 Background 

It is well-known that most visual performance shows a decline with eccentricity 

(eccentricity effect): luminance-increment threshold [97,98,99], temporal order 

detection threshold [100], visual detection and resolution [101], visual acuity [102], 

spatial frequency sensitivity [103], motion detection threshold [104,105], differential 

motion detection and velocity discrimination [106] and shape discrimination for RF 

pattern [107]. To account for the eccentricity effects, the cortical magnification 

hypothesis has been posited: the visual cortex devoted to each degree of visual angle 

decreases in an approximately linear manner with retinal eccentricity, and therefore 

scaling the stimulus appropriately might achieve similar cortical representations, 

regardless of retinal eccentricity [108].  

There are already a lot of previous studies about the central and peripheral vision 

field focused on human object recognition, such as buildings, faces. For example, when 

we recognize the face, the building and the scene, we use the central vision field. 

However not only the central vision field but also the peripheral vision field is used for 

building recognition. And for the recognize of the scene, the peripheral vision field is 

even more important than central vision field. Revealing the object recognition 

mechanism demands us to clarify the functions of the central and the peripheral vision 

field. 

Radial frequency (RF) patterns are defined by a sinusoidal modulation of a radius 

(a circular contour stimulus) in polar coordinates [27]. The multiple RF components 

can be summed to form a single, complex pattern. It has commonly been used to 

examine aspects of the global shape processing for natural and artificial objects. As the 

first step of knowing the characteristics of how the RF patterns look, the present study 

is aimed to investigate the characteristics of the circular contour patterns which are the 
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base stimuli of the RF patterns. We investigate how the circular contour patterns look. 

We examine the contrast discrimination threshold for the circular contour pattern with 

varying the pattern radius over a range of 4 - 16 degrees. 

We ask three questions: How do the visual performances vary with pattern radius? 

Is there a difference in radius effect between contrast discrimination threshold? Can 

spatial scaling (retinocortical transformation) account for the radius effects on the visual 

performances?  

To this end, using standard (non-magnified) and cortically magnified stimuli with 

varying contour stimulus properties, we examined the effect of pattern radius with 

variation from 4 to 16 degrees on the visual performances (contrast discrimination 

thresholds). 

For measurement of visual performance in response to circular contour stimuli 

(standard stimuli) whose center is located at the fixation point we changed pattern 

radius over the ranges of 4-14 degrees while we kept thickness (Gaussian Constant) and 

contour spatial frequency of the circular pattern constant within a session but varied 

across session. 

For measurement of visual performance for spatial scaling stimuli, we constructed 

a series of magnified stimuli by using the retinocortical mapping functions so that they 

had the same form in the V1 cortical field.   

5.2 Method 

5.2.1 Participants  

Ten healthy students (eight males, 25.2±4.1 years old). All had normal vision or 

corrected-to-normal vision. All subjects provided written informed consent to the 

procedure, which was previously approved by the ethics committee of Okayama 

University, which is organized to ensure conformity to the Declaration of Helsinki.     
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5.2.2 Apparatus and experimental environment 

MATLAB (MathWorks, Inc.) and Psychophysics Toolbox, which provides high-

level access to the C-language Video Toolbox, were used to generate the custom stimuli 

used in this experiment. The program was run on a ThinkPad T540p notebook (Lenovo). 

Stimuli were presented on a display, a Display++ (Cambridge Research Systems), with 

a 120Hz frame rate, 10-bit colors and 1920×1080 pixels. The mean luminance of the 

screen was 86 cd/m2. The stimulus luminance was modulated around the mean 

luminance of 86 cd/m2 about each eccentricity, while the remainder of the screen was 

maintained at the mean luminance. 

Subjects viewed the display monocularly under dim room illumination at a 

distance of 65 cm. The display each subtended 56.6° horizontally and 34.2° vertically. 

Subjects were instructed to sit on a chair and put their chin on a chin-stand to ensure 

that the head did not move and to keep their fixation at the fixation point presented in 

the centre of the display during presentation of target stimuli. 

5.2.3 Stimuli 

The base pattern used in this study was a circular contour with a cross-sectional 

luminance profile defined by composite function of Gaussian function and sine function 

(G) as shown in Fig. 5.1 (a) and (b). The equation for the circle contour patterns is: 

G(r) = C × exp (-
(r-r0)2

2σ2 ) × sin (
cycle

u
× 2π × (r-r0))    (5.1) 

where r0 is the mean radius, C is the pattern contrast, σ determines the thickness 

of the stimulus and cycle/u determines the number of cycles of a sine wave in a 

Gaussian function period as shown in Fig.5.1.  
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Fig. 5.1 Circular contour pattern. 

(a) Example of the circular contour patterns used as the stimulus. (b) Cross-sectional 

luminance profile of the circular contour pattern, as indicated by the line in (a). 

 

The experimental stimuli were designed to examine the effect of pattern radius on visual 

performances of circular contour stimuli located at the fixation point. Two different 

types of circular contour patterns were tested: standard (non-magnified) and magnified 

pattern. 

As shown in Fig. 5.2 (a), the thickness and spatial frequency of the pattern are 

constant at all radius (4, 8, 12 and 14 degrees) for the standard condition. 

We also used magnified RF patterns, which were created by using Schwartz’s 

retino-cortical mapping function. Schwartz showed that the two-dimensional retino-

cortical mapping functions are represented in complex variables as equation (5.2): 

W(Z) = k × log(Z + a)       (5.2) 

where the complex variable Z represents a point in the retinal plane; the complex 

variable W represents a point on the cortical plane; a defines the extent of the foveal 

singularity; and ‘k’ is a scaling constant. For the value of a, there is rough consensus 

that the primate visual cortex is, a first approximation, a complex logarithmic structure 

characterized by a foveal constant a (0.3 to 0.9°) [18]. In this study, we use a=0 for the 

retinocortical function because our experimental condition is focused on z ≥ 4°. 
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Fig. 5.2 Examples of the stimuli. 

(a) Examples of the standard condition: the thickness of the pattern are constant at all 

radii (4, 8, 12 and 14deg). (b) Examples of the magnified condition: the thickness 

increases with increasing radius. 

 

5.2.4 Procedure 

In the present study, we performed contrast discrimination experiment under both 

the standard and magnified conditions. Fig. 5.2 shows examples of the stimuli for the 

standard and magnified conditions. Contrast discrimination threshold was measured. 

We described the discrimination threshold as a function of the radius of the pattern. In 

each experiment, four radii of the pattern were tested: 4 deg, 8 deg, 12 deg and 16 deg.  
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Table 1 the variables and the stimulus conditions 

Standard Condition 

Target(T) Reference(R) T and R 

variable C r0 σ 

CT 0.4 4 0.75 

CT 0.4 8 0.75 

CT 0.4 12 0.75 

CT 0.4 14 0.75 

CT 0.4 4 1 

CT 0.4 8 1 

CT 0.4 12 1 

CT 0.4 14 1 

Magnified Condition 

Target(T) Reference(R) T and R 

variable C r0 σ 

CT 0.4 4 0.75 

CT 0.4 8 1.5 

CT 0.4 12 2.25 

CT 0.4 16 3 

CT 0.4 4 1 

CT 0.4 8 2 

CT 0.4 12 3 

CT 0.4 16 4 
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The variables and the stimulus conditions in the experiment for the standard and 

magnified conditions are listed in Table 1. 

The Weber fractions to discriminate the target contrast from the reference contrast 

were measured by using a three-alternative forced-choice procedure and the method of 

constant stimulus. The reason why we used the three-alternative forced-choice 

procedure rather than the two-alternative forced-choice procedure used by the majority 

of previous threshold research was the following. One possible difficulty with the two-

alternative forced-choice task is that at low signal intensities the subject (especially a 

naïve observer) is often truly uncertain about the correct answer. The fact of being 

forced to make a choice even when one does not have the slightest idea which response 

is correct may introduce an uncomfortable aspect to this task. This may have unusual 

importance in situations in which the subject is confronted for the first time with such 

a method or where it is infeasible to dispel the reluctance of the subjects to act randomly 

because it would require too much explanation and might even reduce the confidence 

of the subjects in the seriousness of the investigation [109]. When a target and a 

reference have identical apparent contrast, the subjects may feel much difficulty in 

making a binary decision, e.g., “target has higher contrast than reference”, or “target 

has lower contrast than reference”, because the target and reference may appear to be 

the same in apparent contrast. To circumvent this problem, we used the three-alternative 

forced-choice procedure, in which the subjects may select the other choice “target and 

reference have the same contrast”. This would facilitate performance in the naïve 

observer, since the effects of stimulus uncertainty would be minimized. In the present 

contrast discrimination experiment, there were seven contrasts for the target (one 

contrast was the same as the reference contrast used as the centre, three contrasts were 

higher, and three contrasts were lower). They were arranged at almost equal intervals 
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on a logarithmic scale. 

 

Fig. 5.3 Time course of discrimination experiment. 

 

There was a five-minute dark adaptation to the dim room and a three-minute light 

adaptation to the mean luminance of the display. This procedure was done to acclimate 

subject’s eyes quickly adapt to the mean luminance of the experimental display. After 

that, each trial consisted of two 200 ms stimulus presentation intervals with 300 ms ISI 

and a response interval; one presentation interval contained a reference stimulus, while 

the other presentation interval contained a target stimulus. The presentation order of 

reference and target were randomized within a session. Before the stimulus presentation 

there was a 50 ms flash-cue as shown in Fig. 5.3. The subjects were instructed to 

indicate that comparing to the first stimulus (S1), the contrast of the second stimulus 

(S2) is higher, lower or same using one of three buttons: one button for the S2 being 

higher than the S1 in contrast, another button for the S2 being lower than the S1 in 

contrast, and the last button for the S2 and S1 being the same in contrast. Within a 

session, the seven contrast targets were randomly presented, with each presented 10 

times, while the other stimulus parameters of the target and the reference were held 

constant. The four stimulus radii were randomly presented across sessions. 
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5.2.5 Analysis 

According to the responses of the subjects in the contrast discrimination 

experiment, we obtained the following logistic curve equation: 

y = (1 + 𝑒𝛼+𝛽𝑥)
−1

       (5.3) 

The responses of the subjects are expressed from 0 to 1 on the ordinate. The 

abscissa marks the difference between the logarithm values of CT and CR. From the 

logistic curve, we obtain two key points, x1 and x2 on the abscissa, as the response of 

the subjects of 0.25 and 0.75 on the ordinate as shown in Fig.5.4 

 

Fig. 5.4 Logistic curve. 

 

The responses of the participants are expressed from 0 to 1 on the ordinate. The abscissa 

marks the difference between the logarithmic of stimuli contrast. 

We can calculate the Weber fraction as the equation: 

𝑊𝑒𝑏𝑒𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑥2−𝑥1

2
= ln

𝐶𝑇𝑅

𝐶𝑅
       (5.4) 

Where CTR is the threshold of the target contrast, and CR is the 

reference contrast. 

There may be different logistic curves when the radius changes, which indicates 

different discrimination thresholds as a measure of contrast discrimination. 
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5.3 Result 

5.3.1 Result for standard condition 

In the standard condition, by manipulating the contrast of the targets, the Weber 

fractions (minimum contrast differences) to discriminate the target contrast from the 

reference contrast were measured as a function of radius over a range from 4 to 14 deg 

for circular contour pattern the ten subjects. The σ of the target and the reference RF 

patterns held constant (0.75, 1 deg) within a session but were different across sessions. 

The σ is considered to reflect the thickness of the circular contour patterns. 

In Fig. 5.5 the mean of the Weber fractions for the ten subjects was plotted against 

radius. The Weber fraction vs. radius functions were dependent on the stimulus σ of the 

target and reference stimuli. The Weber fraction increased markedly with increasing 

radius for the condition σ 0.75 deg; it increased slightly for the condition σ 1 deg. In 

this instance, the increase in the threshold implied a decrease in the discrimination 

performance, indicating a radius effect of the circular contour patterns. To test for 

significant differences in the group data, we used two-way ANOVA. ANOVA with 

factors radius and σ were used to test for any main effects. Based on the results of 

ANOVA, there were main effects for the factors radius and σ. F (3, 27) = 6.596, p = 

0.022 for the factor radius; F (1, 9) = 22.435, p = 0.001 for the factor σ. 
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Fig. 5.5 Result for standard condition. 

 

5.3.2 Result for magnified condition 

In the magnified condition, by manipulating the target contrast, the Weber 

fractions (minimum contrast differences) to discriminate the target contrast from the 

reference contrast were measured as a function of radius over a range from 4 to 16 deg 

for the magnified circular contour patterns. The σ/r0 of the target and the reference RF 

patterns held constant (0.25, 0.19 deg) within a session but were different across 

sessions. The σ/r0 is considered to reflect the thickness of the circular contour patterns 

increased with the same ratio as the radius.  

In Fig. 5.6, the mean of the Weber fractions for the ten subjects was plotted against 

radius. the Weber fractions remained constant at all measurements. To test for 

significant differences in the group data, we used two-way ANOVA. ANOVA with 

factors radius and σ were used to test for any main effects. Based on the results of 

ANOVA, there was no any main effect for the factor radius or σ. F (3, 27) =3.117, p = 
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0.071 for the factor radius; F (1, 9) = 0.092, p = 0.43 for the factor σ. 

 

 

Fig. 5.6 Result for magnified condition. 

Mean Weber fraction thresholds for ten subjects plotted as function of the radius. The 

Error bars = 1 S.E. 
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We used stimuli contrast 0.4 at 16 deg as reference stimuli. We measured target 

contrast over range from 4 to 12 deg for magnified condition. In Fig.5.7 the mean of 

target contrast for three subjects was plotted against radius. It is still constant and nearly 

the same as the reference contrast at 16deg. 

 

 

Fig. 5.7 Result for magnified condition. 

Mean target contrast for three subjects plotted as function of radius. 

 

5.4 Discussion 

5.4.1 Eccentricity effects of discrimination threshold 

Khuu & Kalloniatis [110] showed that the size of a target spot affected the contrast 

threshold vs. eccentricity functions. Contrast detection thresholds decreased more 

rapidly with increasing eccentricity for a smaller target than a larger one. This difference 

in performance is accounted by the accompanying change in Ac with eccentricity (Ac: 

critical area of complete spatial summation (Ricco’s law)), beyond which Piper’s law 

(partial spatial summation) or less is observed. 

The visual performances are thought to be mediated by neural channels that 

function by pooling or summation the energy of visual signals falling within their 

receptive field [111, 112]. This process of spatial summation has been well-established 



Chapter 5 Contrast discrimination of circular contour patterns 

106 

 

to be dependent on both the size and temporal duration of the stimulus, as both are key 

factors in determining the amount of signal energy available to the visual 

performances[113,114,115].  

In addition, a large number of fMRI studies have well-demonstrated that in the 

V1-V4 areas, receptive fields increase in size with increasing stimulus eccentricity, in 

line with those obtained by others in macaque monkeys using neurophysiological 

methods[116].  

Based on these two well-established findings with respect to spatial summation 

and receptive field size dependent eccentricity, our experimental results concerning the 

effect of stimulus size might be accounted by an interdependence of the stimulus size 

and the receptive field size. When the size of the test stimulus is smaller than the 

receptive field size, elevated thresholds reflect spatial summation. Elevation depends 

the relative size relation between the test and the receptive field. Increasing eccentricity 

yield decreasing the relative test size to the receptive field, resulting in threshold 

elevation. This is the case with the conditions of the small size with σ 0.75 deg.  

When the stimulus size is larger than the receptive field size at all eccentricities, 

any threshold elevation does not occur due to saturation of spatial summation. This is 

the case with the conditions of the large stimulus sizes with σ 1 deg.  

It is suggested that the size effects shown in Fig. 6 may be well explained by an 

interdependence of the stimulus size and the receptive field size responsive to RF 

patterns. 

5.4.2 Equal visual performances by magnified condition 

The present first and second questions are whether the discrimination of contrast 

become increasingly less efficient as the target appears at more distal field eccentricity. 

The experiment for the standard condition shows that the discrimination performance 
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for the condition of the small stimulus size decreased with increasing eccentricity.  

The third question is whether the discrimination performance is aided by cortically 

magnifying the stimuli. It had clearly shown that both discrimination performance for 

the magnified condition remain constant at all eccentricities tested here. These finding 

provide a strong support to the hypothesis that the magnified patterns may yield equal 

visual performance at all eccentricities. 

5.5 Conclusion 

We measured the contrast discrimination threshold of circular contour patterns on 

retinal eccentricity of the visual field. The contrast discrimination thresholds for the 

standard stimuli increased with increasing the retinal eccentricity. However, those for 

the cortically magnified stimuli remained constant irrespective of change of retinal 

eccentricity. We concluded that contrast discrimination thresholds, once scaling by 

cortically magnification transformation, were similar at all eccentricities.
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Chapter 6 General conclusion and future projections 

 

Summary 

This thesis has investigated the dependency of contour shape recognition on retinal 

eccentricity of visual field used regular polygons discrimination and radial frequency 

patterns detection and discrimination task. Additionally, an important visual factor 

affects the processing mechanism of contour shape has also been measured with 

contrast discrimination task. In this chapter, our findings are summarized below. Further, 

some future projections are included. 
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6.1 General conclusions 

The current thesis includes four experiment studies. The first experiment is the 

first step to reveal the contour recognition mechanism of the central and the peripheral 

vision field. We analyze the dependency of the fundamental elements of the regular 

polygon discrimination on retinal eccentricity. The second experiment to investigate 

aspects of shape processing with a radial frequency pattern detection task was presented. 

The third experiment to further explore the processing mechanism of RF patterns with 

a radial frequency discrimination task we examined the dependence of the pattern 

radius (4 to 16 deg) on discriminable radial frequency thresholds of two different 

frequency RF patterns. In the fourth experiment, we designed a contrast discrimination 

task to evaluate the important visual factor affect the processing mechanism of contour 

shape. 

Chapter 2 describes the dependency of the fundamental elements of the regular 

polygon discrimination on retinal eccentricity. The regular polygon discrimination 

thresholds were measured on retinal eccentricity with vary elements of stimuli. The 

stimuli size and the line width showed a large dependency on retinal eccentricity of 

visual field. But the exposure duration of stimuli showed a small dependency on retinal 

eccentricity of visual field. 

Chapter 3 to further clarify the contour shape recognition mechanism of the central 

and peripheral vision field. Radial frequency (RF) patterns, which have frequently been 

used to investigate aspects of shape processing, were used as target stimuli here. We 

examined the dependence of the pattern radius on deformation modulation amplitude 

to discriminate the RF patterns from a circle by a modulation amplitude discrimination 

task. The deformation threshold vs. radius functions for the constant circular contour 

frequency (CCF) RF patterns showed different functional forms dependent on the CCF 
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(0.159, 0.239 and 0.358 cycles/cl-deg). The high CCF, 0.358 cycles/cl-deg, resulted in 

a monotonically increasing function, the middle CCF, 0.239 cycles/cl-deg, resulted in 

a gradually increasing function, and the low CCF, 0.159 cycles/cl-deg, resulted in a 

flattened function. The different functional forms could be ascribed to the different 

eccentricity effects of the processing units responsible for encoding the RF patterns. 

The deformation threshold vs. radius functions for the magnified RF patterns were all 

relatively flattened for all radial frequencies (4 ~ 18 cycles/360 deg) used, indicating 

that the eccentricity effects observed for the high and middle CCF RF patterns were 

neutralized by retinocortical mapping. 

Chapter 4 to further explore the processing mechanism of RF patterns. Using a 

radial frequency discrimination task that has not been tested in many previous studies, 

we examined the dependence of the pattern radius (4 to 16 deg) on discriminable radial 

frequency thresholds of two different frequency RF patterns. Our results suggest that 

the radial frequency discrimination is processed by a radial frequency-selective 

channels mechanism that is subject to the orientation of the RF patterns or a polar angle-

selective channels mechanism that is subject to polar angles between two points of 

maximum curvature of the RF patterns. 

Chapter 5 to investigate important visual factor affect the processing mechanism 

of contour shape. We measured the contrast discrimination threshold of circular contour 

patterns on retinal eccentricity of the visual field. The contrast discrimination thresholds 

for the standard stimuli increased with increasing the retinal eccentricity. However, 

those for the cortically magnified stimuli remained constant irrespective of change of 

retinal eccentricity. 
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6.2 Future projections 

According to the current situation, future studies will focus on improving 

experiment method (e.g. event-related potential (ERP) or functional magnetic 

resonance imaging (fMRI)) to uncover the cerebral cortex mechanism of RF patterns 

processing and to provide further important basis for our behavioral experiment here.



Publications 

112 

 

Publications 

1. International conference paper 

[1] Yang Feng, Qiong Wu, Keisuke Okamoto, Jiajia Yang, Satoshi Takahashi, 

Yoshimichi Ejima, Jinglong Wu. A basic study on regular polygons recognition of 

central and peripheral vision field for virtual reality, 2017 IEEE International 

Conference on Mechatronics and Automation (ICMA) , pp. 1738-1743, (2017). 

[2] Yang Feng, Qiong Wu, Jiajia Yang, Satoshi Takahashi, Yoshimichi Ejima, Jinglong 

Wu. Contrast Discrimination of Circular Contour Patterns Across Visual Field for 

Virtual Reality, 2019 IEEE International Conference on Mechatronics and 

Automation (ICMA) , pp. 1108-1113, (2019). 

[3] Yang Feng, Bin Wang, Jiajia Yang, Seiichiro Ohno, Susumu Kanazawa, Jinglong 

Wu. Neural connections between V6A and V1, 2, 3 in human visual areas: a 

diffusion tensor imaging study, International Conference on Complex Medical 

Engineering (ICME), pp. 26, (2017). 

2. Book Chapter 

[1] Jiayue Guo, Yang Feng, Meng Wang. Jinglong Wu. The Present Visual Equipment 

System and Its Application in fMRI, Improving the Quality of Life for Dementia 

Patients through Progressive Detection, Treatment, and Care. Hershey, PA, USA: 

IGI Global; 2017. pp. 249-266, (2017).



Acknowledgements 

113 

 

Acknowledgements 

Firstly, I would like to express my sincerely gratitude to Prof. Jinglong Wu for the 

continuous support during my Ph.D studies and related researches. Prof. Jinglong Wu 

helped me in all my research design and writing of this thesis. I could not complete my 

study of doctor course and finish this thesis successfully without his enlightening 

instruction. Impressive kindness and patience. His diligence gives me power not only 

during my present PhD scours, but also in my future life. In addition, Prof. Wu also 

helps me also for my daily life, and let my life in Japan much easier. 

 

Secondly, I also want to express my sincerely gratitude to my supervisor Prof. Satoshi 

Takahashi. I got a lot of comments from Prof. Satoshi Takahashi during I make my 

study plan, conduct my experiments.  

 

Thirdly, I would like to thank Prof. Yoshimichi Ejima for his insightful comments and 

encouragement. Prof. Yoshimichi Ejima also helped me a lot in my research design, and 

in writing published papers and this thesis. 

 

Last but not the least, I would also like to express my sincere thanks to Assistant 

Professor Jiajia Yang and Lecturer Qiong Wu, who provided me a lot of comments 

during I write my papers. I thank my fellow lab mates in for the stimulating discussions 

and for all the fun we have had together during these years. I would like to thank my 

parents and friends for supporting me spiritually throughout writing this thesis and my 

life general.



References 

114 

 

References 

[1] Masland RH. The fundamental plan of the retina. Nat Neurosci 2001; 4: 877-

86. 

[2] Mina Kim, Mathieu Ducros, Thomas Carlson, Itamar Ronen, Sheng He,Kamil 

Ugurbil, Dae-Shik Kim:Anatomical correlates of the functional organization 

in the human occipitotemporal cortex. Magnetic Resonance Imaging 24 (2006) 

583–590 ,Received 30 June 2005; accepted 9 December 2005 

[3] Bin Wang, Hiroki Yamamoto, Jinglong Wu and Yoshimichi Ejima. Visual 

Field Maps of the Human Visual Cortex for Central and Peripheral Vision. 

Neuroscience and Biomedical Engineering, 2013, 1, 102-110 

[4] A. Oliva and A. Torralba, "Building the gist of a scene: the role of global image 

features in recognition," Visual Perception, Pt 2: Fundamentals of Awareness: 

Multi-Sensory Integration and High-Order Perception, vol. 155, pp. 23-36, 

2006. 

[5] B. Wang, J. Guo, T. Yan, S. Ohno, S. Kanazawa, Q. Huang, et al., "Neural 

Responses to Central and Peripheral Objects in the Lateral Occipital Cortex," 

Front Hum Neurosci, vol. 10, p. 54, 2016. 

[6] Jinglong Wu, Tianyi Yan, Zhen Zhang, Fengzhe Jin, and Qiyong Guo. 

Retinotopic Mapping of the Peripheral Visual Field to Human Visual Cortex 

by Functional Magnetic Resonance Imaging. Human Brain Mapping 33:1727–

1740 (2012) 

[7] Aulhorn, E., & Harms, H. (1972). Visual perimetry. In: Visual psychophysics 

(pp. 102-145): Springer. 

[8] Barlow, H.B. (1958). Temporal and spatial summation in human vision at 

different background intensities. J Physiol, 141 (2), 337-350. 



References 

115 

 

[9] Harvey, L.O., Jr., & Poppel, E. (1972). Contrast sensitivity of the human retina. 

Am J Optom Arch Am Acad Optom, 49 (9), 748-753. 

[10] Westheimer, G. (1983). Temporal order detection for foveal and peripheral 

visual stimuli. Vision Res, 23 (8), 759-763. 

[11] Johnson, C.A., Keltner, J.L., & Balestrery, F. (1978). Effects of target size and 

eccentricity on visual detection and resolution. Vision Res, 18 (9), 1217-1222. 

[12] Lit, A. (1968). Visual acuity. Annu Rev Psychol, 19, 27-54. 

[13] Hilz, R., & Cavonius, C.R. (1974). Functional organization of the peripheral 

retina: sensitivity to periodic stimuli. Vision Res, 14 (12), 1333-1337. 

[14] Johnson, C.A., & Leibowitz, H.W. (1976). Velocity-time reciprocity in the 

perception of motion: foveal and peripheral determinations. Vision Res, 16 (2), 

177-180. 

[15] Tyler, C.W., & Torres, J. (1972). Frequency response characteristics for 

sinusoidal movement in the fovea and periphery. Perception & Psychophysics, 

12 (2), 232-236. 

[16] McKee, S.P., & Nakayama, K. (1984). The detection of motion in the 

peripheral visual field. Vision Res, 24 (1), 25-32. 

[17] Strasburger, H., Rentschler, I., & Juttner, M. (2011). Peripheral vision and 

pattern recognition: a review. J Vis, 11 (5), 13. 

[18] Bouma, H. (1970). Interaction effects in parafoveal letter recognition. Nature, 

226 (5241), 177-178. 

[19] Jacobs, R.J. (1979). Visual resolution and contour interaction in the fovea and 

periphery. Vision Res, 19 (11), 1187-1195. 

[20] Levi, D.M., Klein, S.A., & Aitsebaomo, A.P. (1985). Vernier acuity, crowding 

and cortical magnification. Vision Res, 25 (7), 963-977 



References 

116 

 

[21] J. Hegde and D. C. Van Essen, "Strategies of shape representation in macaque 

visual area V2," Visual Neuroscience, vol. 20, pp. 313-328, May-Jun 2003. 

[22] F. K. Hoehler, "Logistic Equations in the Analysis of S-Shaped Curves," 

Computers in Biology and Medicine, vol. 25, pp. 367-371, May 1995. 

[23] P. H. Schiller, J. H. Sandell, and J. H. R. Maunsell, "Functions of the on and 

Off Channels of the Visual-System," Nature, vol. 322, pp. 824-825, Aug 28 

1986. 

[24] S. O. Dumoulin and B. A. Wandell, "Population receptive field estimates in 

human visual cortex," Neuroimage, vol. 39, pp. 647-660, Jan 15 2008. 

[25] J. Freeman and E. P. Simoncelli, "Metamers of the ventral stream," Nat 

Neurosci, vol. 14, pp. 1195-201, Aug 14 2011. 

[26] S. S. Grigsby and B. H. Tsou, "Grating and flicker sensitivity in the near and 

far periphery: naso-temporal asymmetries and binocular summation," Vision 

Res, vol. 34, pp. 2841-8, Nov 1994. 

[27] Wilkinson, F., Wilson, H.R., and Habak, C. (1998). Detection and recognition 

of radial frequency patterns. Vision Res 38, 3555-3568. 

[28] Wilkinson, F., James, T.W., Wilson, H.R., Gati, J.S., Menon, R.S., and Goodale, 

M.A. (2000). An fMRI study of the selective activation of human extrastriate 

form vision areas by radial and concentric gratings. Curr Biol 10, 1455-1458. 

[29] Loffler, G. (2008). Perception of contours and shapes: low and intermediate 

stage mechanisms. Vision Res 48, 2106-2127. 

[30] Loffler, G. (2015). Probing intermediate stages of shape processing. J Vis 15, 

1. 

[31] Salmela, V.R., Henriksson, L., and Vanni, S. (2016). Radial Frequency 

Analysis of Contour Shapes in the Visual Cortex. PLoS Comput Biol 12, 



References 

117 

 

e1004719. 

[32] Schmidtmann, G., and Fruend, I. (2019). Radial frequency patterns describe a 

small and perceptually distinct subset of all possible planar shapes. Vision 

research 154, 122-130. 

[33] Achtman, R.L., Hess, R.F., and Wang, Y.Z. (2000). Regional sensitivity for 

shape discrimination. Spat Vis 13, 377-391. 

[34] Baldwin, A.S., Meese, T.S., and Baker, D.H. (2012). The attenuation surface 

for contrast sensitivity has the form of a witch's hat within the central visual 

field. Journal of vision 12, 23-23. 

[35] Pelli, D.G. (1997). The VideoToolbox software for visual psychophysics: 

transforming numbers into movies. Spat Vis 10, 437-442. 

[36] Cornsweet, T.N. (1962). The staircrase-method in psychophysics. Am J 

Psychol 75, 485-491. 

[37] Loffler, G., Wilson, H.R., and Wilkinson, F. (2003). Local and global 

contributions to shape discrimination. Vision Res 43, 519-530. 

[38] Green, R.J., Dickinson, J.E., and Badcock, D.R. (2017). Global processing of 

random-phase radial frequency patterns but not modulated lines. Journal of 

vision 17, 18-18. 

[39] Jeffrey, B.G., Wang, Y.Z., and Birch, E.E. (2002). Circular contour frequency 

in shape discrimination. Vision Res 42, 2773-2779. 

[40] Bell, J., and Badcock, D.R. (2009). Narrow-band radial frequency shape 

channels revealed by sub-threshold summation. Vision Res 49, 843-850. 

[41] Khuu, S.K., and Kalloniatis, M. (2015). Spatial summation across the central 

visual field: implications for visual field testing. J Vis 15, 15 11 16. 

[42] Tyler, C.W. (1973). Periodic vernier acuity. J Physiol 228, 637-647. 



References 

118 

 

[43] Robson, J.G., and Graham, N. (1981). Probability summation and regional 

variation in contrast sensitivity across the visual field. Vision Res 21, 409-418. 

[44] Pointer, J.S., and Hess, R.F. (1989). The contrast sensitivity gradient across the 

human visual field: with emphasis on the low spatial frequency range. Vision 

Res 29, 1133-1151. 

[45] Peli, E., Yang, J., and Goldstein, R.B. (1991). Image invariance with changes 

in size: the role of peripheral contrast thresholds. J Opt Soc Am A 8, 1762-

1774. 

[46] Schwartz, E.L. (1977). Spatial mapping in the primate sensory projection: 

analytic structure and relevance to perception. Biol Cybern 25, 181-194. 

[47] Wilson, H.R., Wilkinson, F., and Asaad, W. (1997). Concentric orientation 

summation in human form vision. Vision Res 37, 2325-2330. 

[48] Mullen, K.T., and Beaudot, W.H. (2002). Comparison of color and luminance 

vision on a global shape discrimination task. Vision Res 42, 565-575. 

[49] Mullen, K.T., Beaudot, W.H., and Ivanov, I.V. (2011). Evidence that global 

processing does not limit thresholds for RF shape discrimination. Journal of 

Vision 11, 6-6. 

[50] Ivanov, I.V., and Mullen, K.T. (2012). The role of local features in shape 

discrimination of contour-and surface-defined radial frequency patterns at low 

contrast. Vision Research 52, 1-10. 

[51] Wilkinson, F., James, T.W., Wilson, H.R., Gati, J.S., Menon, R.S., and Goodale, 

M.A. (2000). An fMRI study of the selective activation of human extrastriate 

form vision areas by radial and concentric gratings. Curr Biol 10, 1455-1458. 

[52] Loffler, G. (2008). Perception of contours and shapes: Low and intermediate 

stage mechanisms. Vision research 48, 2106-2127. 



References 

119 

 

[53] Loffler, G. (2015). Probing intermediate stages of shape processing. J Vis 15, 

1. 

[54] Salmela, V.R., Henriksson, L., and Vanni, S. (2016). Radial Frequency 

Analysis of Contour Shapes in the Visual Cortex. PLoS Comput Biol 12, 

e1004719. 

[55] Poirier, F.J., and Wilson, H.R. (2006). A biologically plausible model of human 

radial frequency perception. Vision Res 46, 2443-2455. 

[56] Bell, J., Badcock, D.R., Wilson, H., and Wilkinson, F. (2007). Detection of 

shape in radial frequency contours: independence of local and global form 

information. Vision Res 47, 1518-1522. 

[57] Dickinson, J.E., Bell, J., and Badcock, D.R. (2013). Near their thresholds for 

detection, shapes are discriminated by the angular separation of their corners. 

PLoS One 8, e66015. 

[58] Zolubak, A. B., Garcia-Suarez, L. (2017) Regional sensitivity for Shape 

Discrimination (SD) in colour vision: concentric and eccentric presentations 

of Radial Frequency (RF) patterns. 40th European Conference on Visual 

Perception ECVP 2017 

[59] Zolubak, A. B., Garcia-Suarez, L. (2018) Eccentricity Effect in Shape 

Discrimination Hyperacuity Compensated by Scaling Factors Lower than the 

Cortical Magnification Factor. The Association for Research in Vision and 

Ophthalmology ARVO Annual Meeting 2018 

[60] Zolubak, A.B., Schmidtmann, G. & Garcia-Suarez, L. (2018) Scale-invariance 

for radial frequency patterns in peripheral vision. 41st European Conference 

on Visual Perception ECVP 2018 

[61] Habak, C., Wilkinson, F., and Wilson, H.R. (2006). Dynamics of shape 



References 

120 

 

interaction in human vision. Vision Res 46, 4305-4320. 

[62] Bell, J., Dickinson, J.E., and Badcock, D.R. (2008). Radial frequency 

adaptation suggests polar-based coding of local shape cues. Vision Res 48, 

2293-2301. 

[63] Bell, J., Wilkinson, F., Wilson, H.R., Loffler, G., and Badcock, D.R. (2009). 

Radial frequency adaptation reveals interacting contour shape channels. Vision 

Res 49, 2306-2317. 

[64] Bell, J., Badcock, D.R., Wilson, H., and Wilkinson, F. (2007). Detection of 

shape in radial frequency contours: independence of local and global form 

information. Vision Res 47, 1518-1522. 

[65] Kaernbach, C. (2001). Adaptive threshold estimation with unforced-choice 

tasks. Percept Psychophys 63, 1377-1388. 

[66] García-Pérez, M.A. (2010), Denoising forced-choice detection data, British 

Journal of Mathematical and Statistical Psychology (2010), 63, 75–100. 

[67] Dickinson, J.E., Bell, J., and Badcock, D.R. (2013). Near their thresholds for 

detection, shapes are discriminated by the angular separation of their corners. 

PLoS One 8, e66015. 

[68] Schmidtmann, G. and Kingdom, F.A.A. (2017) Nothing more than a pair of 

curvatures: a common mechanism for the detection of both radial and non-

radial frequency patterns. Vision Research 134, 18-25. 

[69] Vanston ,J.E. and Crognale, M.A., (2018), Effects of eccentricity on color 

contrast. Journal of the Optical Society of America, Vol. 35, No. 4, B122-B129. 

[70] Ivanov, I.V., and Mullen, K.T., (2012) The role of local features in shape 

discrimination of contour- and surface-defined radial frequency patterns at low 

contrast. Vision Res. 52 1-10 



References 

121 

 

[71] Bowne, S. F. (1990). Contrast discrimination cannot explain spatial frequency, 

orientation or temporal frequency discrimination. Vision Research, 30, 449–

461. 

[72] Reisbeck, T. E., and Gegenfurtner, K. R. (1998). Effects of contrast and 

temporal frequency on orientation discrimination for luminance and 

isoluminant stimuli. Vision Research, 38, 1105–1117. 

[73] Skottun, B.C., Bradley, A., Sclar, G., Ohzawa, I., and Freeman, R.D. (1987). 

The effects of contrast on visual orientation and spatial frequency 

discrimination: a comparison of single cells and behaviour. Journal of 

Neurophysiology, 57, 773–786. 

[74] Webster, M. A., De Valois, K. K., and Switkes, E. (1990). Orientation and 

spatial-frequency discrimination for luminance and chromatic gratings. 

Journal of the Optical Society of America, 7, 1034-1049. 

[75] Westheimer, G., Brincat, S., and Wehrhahn, C. (1999). Contrast dependency 

of foveal spatial functions: orientation, vernier, blur and displacement 

discrimination and the tilt and Poggendorff illusions. Vision Research, 39, 

1631–1639. 

[76] Mareschal, I., and Shapley, R.M. (2004). Effects of contrast and size on 

orientation discrimination. Vision Res 44, 57-67. 

[77] Regan, D., and Beverley, K. I. (1985). Post adaptation orientation 

discrimination. Journal of the Optical Society of America, 2, 147–155. 

[78] Mcllhagga, W. H., and Mullen, K. T. (1996). Contour integration with colour 

and luminance contrast. Vision Research, 9, 1265–1280. 

[79] Henrie, J. A., and Shapley, R. M. (2001). The relatively small decline in 

orientation acuity as stimulus size decreases. Vision Research, 41, 1723–1733. 



References 

122 

 

[80] Orban, G. A., Vandenbussche, E., and Vogels, R. (1984). Human orientation 

discrimination tested with long stimuli. Vision Research, 24, 121–128. 

[81] Anstis, S. M. (1974). A chart demonstrating variations in acuity with retinal 

position. Vision Research, 14, 589–592. 

[82] Farrell, J. E., and Desmarais, M. (1990). Equating character-identification 

performance across the visual field. Journal of the Optical Society of America, 

7, 152–159. 

[83] Higgins, K. E., Arditi, A., and Knoblauch, K. (1996). Detection and 

identification of mirror-image letter pairs in central and peripheral vision. 

Vision Research, 36, 331–337. 

[84] Levi, D. M., Klein, S. A., and Aitsebaomo, A. P. (1985). Vernier acuity 

crowding and cortical magnification. Vision Research, 25, 963–977. 

[85] Rovamo, J., and Virsu, V. (1979). An estimation and application of the human 

cortical magnification factor. Experimental Brain Research, 37, 495–510. 

[86] Melmoth, D,R and Rovamo, J.M. (2003), Scaling of letter size and contrast 

equalises perception across eccentricities and set sizes, Vision Research 43 

(2003) 769–777. 

[87] Schwartz, E.L. (1977). The development of specific visual connections in the 

monkey and the goldfish: outline of a geometric theory of receptotopic 

structure. J Theor Biol 69, 655-683. 

[88] Watson, A. B. (1987). Estimation of local spatial scale. Journal of the Optical 

Society of America, 4, 1579-1582. 

[89] Whitaker D, Mäkela P, Rovamo J, and Latham K (1992). The influence of 

eccentricity on position and movement acuities as revealed by spatial scaling. 

Vision Research, 32,1913–1930. 



References 

123 

 

[90] Wilson, H.R., Levi, D., Maffei, L., Rovamo, J., and Devalois, R. (1990). The 

perception of form: Retina to striate cortex. 

[91] De Valois, R.L., and De Valois K.K. (1988). Spatial Vision. Oxford University 

Press, Oxford  

[92] Sekuler R. and Blake R. (1994) Perception 3rd edition 1994. McGraw-Hill 

Book Co 

[93] Landy, M. S. Perception Lecture Notes: Spatial Frequency Channels. 

https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/channel

s/channels.html  

[94] Cadieu, C., Kouh, M., Pasupathy, A., Connor, C.E., Riesenhuber, M., and 

Poggio, T. (2007). A model of V4 shape selectivity and invariance. J 

Neurophysiol 98, 1733-1750. 

[95] Pasupathy, A., and Connor, C.E. (2001). Shape representation in area V4: 

position-specific tuning for boundary conformation. J Neurophysiol 86, 2505-

2519. 

[96] Pasupathy, A., and Connor, C.E. (2002). Population coding of shape in area 

V4. Nat Neurosci 5, 1332-1338. 

[97] E. Aulhorn and H. Harms, "Visual perimetry," in Visual psychophysics, ed: 

Springer, 1972, pp. 102-145. 

[98] P. Borcherds, "Peripheral threshold of perceived contrast of the human eye," 

Optica Acta, vol. 20, pp. 137-146, 1973. 

[99] L. O. Harvey, Jr. and E. Poppel, "Contrast sensitivity of the human retina," Am 

J Optom Arch Am Acad Optom, vol. 49, pp. 748-53, Sep 1972 

[100] G. Westheimer, "Temporal order detection for foveal and peripheral visual 

stimuli," Vision Res, vol. 23, pp. 759-63, 1983. 

https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/channels/channels.html
https://www.cns.nyu.edu/~david/courses/perception/lecturenotes/channels/channels.html


References 

124 

 

[101] C. A. Johnson, J. L. Keltner, and F. Balestrery, "Effects of target size and 

eccentricity on visual detection and resolution," Vision Res, vol. 18, pp. 1217-

22, 1978. 

[102] A. Lit, "Visual acuity," Annu Rev Psychol, vol. 19, pp. 27-54, 1968. 

[103] R. Hilz and C. R. Cavonius, "Functional organization of the peripheral retina: 

sensitivity to periodic stimuli," Vision Res, vol. 14, pp. 1333-7, Dec 1974. 

[104] C. A. Johnson and H. W. Leibowitz, "Velocity-time reciprocity in the 

perception of motion: foveal and peripheral determinations," Vision Res, vol. 

16, pp. 177-80, 1976. 

[105] C. W. Tyler and J. Torres, "Frequency response characteristics for sinusoidal 

movement in the fovea and periphery," Perception & Psychophysics, vol. 12, 

pp. 232-236, 1972. 

[106] S. P. McKee and K. Nakayama, "The detection of motion in the peripheral 

visual field," Vision Res, vol. 24, pp. 25-32, 1984. 

[107] R. L. Achtman, R. F. Hess, and Y. Z. Wang, "Regional sensitivity for shape 

discrimination," Spat Vis, vol. 13, pp. 377-91, 2000. 

[108] H. Strasburger, I. Rentschler, and M. Juttner, "Peripheral vision and pattern 

recognition: a review," J Vis, vol. 11, p. 13, Dec 1 2011. 

[109] C. Kaernbach, "Adaptive threshold estimation with unforced-choice tasks," 

Percept Psychophys, vol. 63, pp. 1377-88, Nov 2001. 

[110] S. K. Khuu and M. Kalloniatis, "Spatial summation across the central visual 

field: implications for visual field testing," J Vis, vol. 15, p. 15 1 6, Jan 12 2015. 

[111] H. B. Barlow, "Temporal and spatial summation in human vision at different 

background intensities," J Physiol, vol. 141, pp. 337-50, Apr 30 1958. 

[112] P. Hallett, "Spatial summation," Vision Research, vol. 3, pp. 9-24, 1963 



References 

125 

 

[113] S. Hecht, S. Shlaer, and M. H. Pirenne, "Energy, Quanta, And Vision," J Gen 

Physiol, vol. 25, pp. 819-40, Jul 20 1942. 

[114] R. A. Weale, "Retinal summation and human visual thresholds," Nature, vol. 

181, pp. 154-6, Jan 18 1958. 

[115] W. G. Owen, "Spatio-temporal integration in the human peripheral retina," 

Vision Res, vol. 12, pp. 1011-26, May 1972. 

[116] A. T. Smith, K. D. Singh, A. L. Williams, and M. W. Greenlee, "Estimating 

receptive field size from fMRI data in human striate and extrastriate visual 

cortex," Cereb Cortex, vol. 11, pp. 1182-90, Dec 2001. 

 


