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ABSTRACT OF THE THESIS 

 

Psychophysical mapping of spatial interactions between visual stimuli 

 

by 

 

Sunwoo Kwon 

Master of Science in Biology 

 

University of California, San Diego, 2015 

Thomas D. Albright, Chair 

Nick Spitzer, Co-Chair 

 

Lateral interactions between visual stimuli were studied using luminance patterns 

that consisted of a low-contrast “center” and a high-contrast “surround.”  Contrast 

threshold for a center stimulus was measured in the presence of two surround stimuli. In a 

map of sensitivity changes created in the center by the surround, we found focal areas of 
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sensitivity increments: facilitatory “islands” whose positions in the maps depended on the 

spatial frequency and contrast of the surround stimuli. Numerical modeling of the center-

surround interactions suggested that such islands could only arise in a nonlinear system. 

By replacing the spatially extended center stimulus with a localized stimulus, we found 

that this nonlinearity is likely to have a sensory source rather than be associated with 

making sensory decisions. We complete this study by mapping the neural “field” created 

by the surround across spatial location and by studying how properties of the field 

depends on properties of the surround.  

 

 

 

 

 

 

 



1	  
	  

Introduction 

Center-surround interactions in perception  

Using visual information, we are able to rapidly perceive object’s shape, 

orientation, and identity and separate objects from the background. This process requires 

our visual system to segregate parts of the visual image, in a process known as figure-

ground segregation: an important function of visual perception. How does visual system 

implement this segregation?  

There are two types of these interactions between neurons: excitatory and 

inhibitory. The balance between excitatory and inhibitory neurons can either integrate or 

differentiate visual information. Individual neurons integrate visual information across 

spatial location over an area known as the classical receptive field (CRF). Generally, 

CRF is the region of visual space within which a stimulus evokes neuronal activity. There 

also exist suppressive interactions across spatial location, which decrease responses of the 

neurons. It is well established that neuronal responses to visual stimuli presented in CRFs 

can be modulated by the stimulation of the area surrounding the CRFs. This mechanism 

is often called center-surround interaction because the stimuli used to study this 

phenomenon are consisted of center and surrounding stimulus of various configurations. 

It is believed that this mechanism allows our visual systems to extract information about 

objects relative to the background in figure-ground segregation. The center-surround 

interactions play a significant role in everyday vision including the perception of natural 

images and boundary detection (Albright & Stoner, 2002; Braddick, 1993; Fitzpatrick 

2000; Tadin et al., 2003). 
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Mechanisms of center-surround interactions 

In visual psychophysics, center-surround interactions are explored by measuring 

the influence of visual context (the “surround”) on the perception of a “center” stimulus. 

Studies of center-surround interactions have shown that surround often reduces 

(suppresses) contrast sensitivity at the center (Bair et al., 2003; Fitzpatrick, 2000; Hunter 

and Born, 2011; Kuai and Yu, 2006; Serrano-Pedraza et al., 2012; Xing and Heeger, 

2000). The suppression is increased when the surround has the same orientation as the 

center. For example, surround gratings (sinusoidal waveforms of various spatial 

frequency, orientation, and contrast) in the orientation orthogonal to the center have a 

small or no effect on the center (Petrov et al., 2005; Polat and Sagi, 1993; Serrano-

Pedraza et al., 2012). However, some studies found facilitation on the contrast sensitivity 

at the center (Adini et al, 1997; Bonneh and Sagi, 1999; Huang et al., 2008; Katkov and 

Sagi, 2010; Manahilov, 1994; Livne and Sagi, 2010; Ozeki et al., 2004; Petrov and 

McKee, 2006; Petrov et al., 2006; Polat and Sagi, 1994; Polat, 1999; Tadin et al., 2003; 

Tadin et al., 2011; Usher et al., 1999). Overall, facilitatory effects in center-surround 

interaction are the strongest when the flankers are close to the boundary of the collinear 

center stimulus (Polat and Sagi, 1993; Polat and Sagi 1994).  

This modulatory effect of the surround on the center has been found to be 

suppressive in some cases and facilitatory in others. Furthermore, relative orientation, 

contrast, and spatial frequency of the center and surround also influence the magnitude of 

surround suppression and facilitation (Cannon and Fullenkamp, 1993; Pack et al., 2005; 

Tadin et al., 2003; Yu et al., 2001; Yu et al., 2002; Yu et al., 2003). In behavioral studies 

of human vision, such findings are often described in terms of interactions between 
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“spatial frequency channels,” mechanisms selective to different spatial frequencies. Such 

channels are not independent of one another as they receive both inhibitory and 

disinhibitory inputs from neighboring surround regions (Polat & Sagi, 1993).  

In physiological research, there is also considerable evidence that neuronal 

responses to visual stimuli within classical receptive field (CRF) are modulated by the 

stimuli presented outside the CRF. Neurophysiological studies revealed existence of 

lateral facilitation and surround suppression in awake non-human primates (Fitzpatrick, 

2000; Huang et al., 2008; Lamme, 1995; Pack et al., 2005; Tadin et al., 2011). 

Significantly, facilitatory surround effects have been found implicated in many visual 

processes that include contour integration, “pop-out” effects, and edge detection 

(Fitzpatrick 2000).  

Even though the modulation of neuronal responses by stimuli beyond the classical 

receptive field is a well-established phenomenon, the interpretation and the understanding 

of these effects in humans and monkeys remain controversial. For instance, some studies 

have shown that center-surround interactions suppress the contrast sensitivity at the 

center, and other studies have shown that center-surround interactions increase contrast 

sensitivity (Fitzpatrick, 2000).  

Inconsistencies in the literature confound our understanding of center-surround 

interactions in the visual system. Different studies have found different effects for the 

same parameters, such as spatial frequency, contrast, and orientation, and found similar 

effects for the different parameters. Here we attempted to understand relations between 

the many forms of center-surround interactions by studying them together, in the form of 

comprehensive maps 
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We measured and modeled effects of surround contrast and spatial frequency on 

the contrast threshold of center stimuli. We found that in a linear system, the effect of 

surround contrast would only have a monotonic effect on center sensitivity, either 

continuously increasing or continuously decreasing sensitivity of the center. In a 

nonlinear system, however, the effect of surround could be non-monotonic. In our first 

experiment, we have found a lack of monotonicity in the effect of surround contrast. We 

designed the next experiment to determine whether the nonlinearity arose from a sensory 

or decision process.  We replaced the grating stimulus with a line stimulus at the center in 

order to remove the decision nonlinearity associated with the binary decision about the 

stimulus based on the stimulus that engages multiple locations. We found the non-

monotonicity of the effect of surround contrast again, using the local stimulus, suggesting 

that the nonlinearity originates from the sensory process. We then turned to spatially 

mapping the effect of flankers by measuring the contrast threshold of a line placed at 

different spatial locations between the flankers. 
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Results 

Experiment 1: Peak of center facilitation matches surround spatial frequencies  

We measured contrast thresholds of the center using a configuration illustrated in 

Figure 2. Orientation discrimination task was performed for following orientations: 

collinear or parallel. Four different spatial frequencies of the center were used (1.0, 2.0, 

4.0, and 8.0 c/deg) while surround spatial frequencies (0.5, 1.0, 2.0, 4.0, and 8.0 c/deg) 

were varied (Figure 3). Therefore, in each plot in Figure 3, center and surround spatial 

frequencies may be the same or different.  

In Figure 3, contrast sensitivity (1/threshold) at different surround contrasts is 

plotted. All the plots in Figure 3 had fixed center spatial frequency at 1.0 c/deg, but each 

plot had different surround spatial frequencies of 1.0, 2.0, 4.0, and 8.0 c/deg respectively 

in that order. Strength of the surround contrast effect on the center was measured by 

computing the effect sizes between contrast sensitivity at center with flankers and center 

alone contrast sensitivity at surround contrast of 0.2. From top left to the bottom right, in 

this order, effect sizes of 2.4169, 3.3251, 0.3707, 1.4117, and 0.4583 were computed 

(Figure 3). Therefore, the smallest effect size was 0.4583 and the biggest effect size was 

3.3251. Importantly, the biggest effect size was computed when the center and surround 

had the same spatial frequency. In conclusion, addition of surround had a significant 

effect in change of contrast sensitivity of the center across the domain of surround 

contrast and spatial frequency as shown in Figure 3. 

All the plots in Figure 3 were used to create A1 of Figure 4. In the next step, the 

same procedure for Figure 3 was performed with different center spatial frequencies in 
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order to observe whether the similar trend of center-surround interaction holds at 

different center spatial frequencies. Figure 4 shows the results for two subjects. First 

column shows the results for one subject in collinear condition (A1-D1), second column 

shows the results for another subject in collinear condition (A2-D2), and third column 

shows the results for the first subject, shown in A1-D1, in parallel condition (A3-D3).  

Each panel logarithmic ratio r of contrast threshold in two conditions: with the surround s 

present and with no surround n, r = n/s, for each experimental condition as a function of the 

contrast of the surround. The color bar represents the range of different log threshold 

ratios of each condition; red represents the strongest facilitation (positive ratio), while 

blue represents the weakest facilitation or suppression (negative ratio).  

In the collinear conditions of both subjects, contrast thresholds for the center are 

substantially lower than contrast thresholds for the center alone, which shows higher 

values of log threshold ratio, indicating facilitation, when the center spatial frequency 

matched with the surround spatial frequency (Figure 4, A1-D1 & A2-D2). When the 

center spatial frequency is at 1.0 c/deg, the strongest facilitation occurs in the presence of 

surround spatial frequency of 1.0 c/deg (Figure 4, A1 & A2); the same can be observed in 

other center spatial frequencies (Figure 4, B1-D1 & B2-D2). However, as the surround 

spatial frequency deviates further from the center spatial frequency, the log contrast 

thresholds are decreased, indicating decline of facilitation and suppression. This showed 

that effect of surround is tuned to spatial frequency. A1 shows the peak of facilitation 

occurring at the range of 0.05 to 0.2 surround contrasts; however D1 shows the peak of 

facilitation occurring at the range of 0.4 to 0.8 surround contrasts (Figure 4). Same can be 

seen in A2 with the peak of facilitation occurring at the range of 0.05 to 0.2 surround 
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contrasts; however D2 shows the peak of facilitation occurring at the range of 0.4 to 0.8 

surround contrasts. In addition, the magnitudes of the peaks of the facilitation are 

different for both subjects in all conditions. A1 shows the magnitude of 0.4 while A2 

shows the magnitude of 0.32. 

Similarly, the parallel condition also shows lower log contrast threshold ratios, 

indicating facilitation in contrast sensitivity, when the center spatial frequency matched 

the surround spatial frequency (Figure 4, A3-D3). Moreover, similarly seen in the 

collinear conditions, as the surround spatial frequency deviates further from the fixed 

center spatial frequency, the contrast thresholds are increased and the contrast 

sensitivities are also decreased. However, the magnitudes of the peak of facilitation differ 

from the collinear orientation of the stimuli. This indicates that different orientations of 

center-surround stimuli, either collinear or parallel, give different magnitude of 

facilitation in human contrast sensitivity. 

In the center-surround interactions literature, it is well known that the high 

contrast of the surround has the suppressive effects on the center, which increases 

contrast sensitivity. However, as seen in Figure 4, depending on the spatial frequency of 

the center and surround, facilitation also occurs in the presence of higher contrast 

surround. As the matching spatial frequency of the center between surround increases to 

higher spatial frequencies, higher contrast of the surround is also required to guarantee 

the facilitatory effect on the center (Figure 4, C1-D1, C2-D2, and C3-D3). Furthermore, 

low contrast of the surround gives facilitatory effect when the matching spatial frequency 

is low; however, at the higher matching frequency, low contrast of the surround gives 

suppression (Figure 4, C1, C2, C3). Thus, the results in Figure 4 showed that center-
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surround interactions are heavily dependent on the relative spatial frequency of center 

and surround and the surround contrast. 

 

Peak of center facilitation is localized by surround contrast 

Figure 5 shows that each facilitatory region of the center is not only tuned to 

spatial frequency of the surround, but also to the contrast of the surround. The peaks of 

facilitation are drawn with top 10% of the highest logarithmic contrast threshold ratios 

that are normalized against the baseline conditions. Furthermore, the peak of facilitation 

does not occur throughout the entire ranges of surround contrast even when the center 

spatial frequency is the same as the surround spatial frequency; the peak of facilitation 

occurs within specific ranges of surround contrast. Furthermore, unlike monotonic 

increase or monotonic decrease of center contrast thresholds described in the center-

surround literature, our results for all conditions in Figure 4, except for C2, shows non-

monotonic relationship as the surround contrast increases; thus, center and surround 

showed nonlinear interactions and effect of surround was a non-monotonic function of 

surround contrast.  

 

Model of spatial interactions 

Multiple studies attempted to understand the neural mechanism of lateral 

interactions of cells in the visual system. Figure 6 shows several examples of the neural 

architecture that may underlie such interactions. At the most simple level, two 

populations of cells, excitatory (E) and inhibitory (I), make recurrent and reciprocal 

connections. Both receive the excitatory input driven by the center and lateral excitatory 
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input driven by the surround (Figure 6A). Figure 6B shows a more extensive network of 

both excitatory and inhibitory cells coupled across spatial location in small vicinity 

(“nearest neighbor coupling”). Figure 6C shows another version of neural model from 

Figure 6B. Here, one inhibitory cell affects multiple excitatory cells. Although we do not 

have a clear notion of what the neural architecture is, we do know that cells laterally 

interact with one another. 

What is the reason for non-monotonic relationship between center and surround 

we revealed in Experiment 1? In the following, I describe a model that demonstrates that 

such non-monotonic relationship cannot arise in a purely linear model.  

Let us consider a network activated by a stimulus that has the center-surround 

structure of the kind used in Experiment 1 (Figure 7). The cells excited by the higher 

contrast of the surround will induce changes in the neuronal activity of the cells excited 

by the lower contrast of the center. As a result, sensitivity at the location marked as 

“center” in the absence of “surround” will be different from the sensitivity at the location 

marked as “center” in the presence of “surround.”  

To model the interactions between the center and surround, we first simulated the 

activation of the network by the center stimulus and then by center and surround parts of 

the stimulus together. First consider the computation of center contrast threshold.  

We performed a convolution of the sinusoidal waveform that represents the center 

stimulus and waveform that represents the tuning of the detector: spatial filter. A 

maximal value of the convolution is obtained when the frequencies of the two waveforms 

match. This approach allows one to reveal the tuning of a mechanism even when its 

tuning is unknown and compute the activation energy of the neuronal representation 
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(Figure 8). We repeated this computation for various center contrasts. We found contrast 

thresholds simulating the condition at which the subject is able to do the task. This point 

is the contrast threshold in the baseline condition: for the center alone. 

To model the center-surround interactions, we assumed that surround creates 

activation in the part of the network that responds to the center that is added to the 

activation caused by the center alone. As a result, the “field” created by the surround 

changes the activation energy of the center.  

We learned from Experiment 1, that the effect of surround depended on its 

properties: contrasts and spatial frequency. We therefore assumed that the frequency of 

the field was similar to the frequency of surround and the amplitude of the field was 

proportional to the contrast of surround. Same process of finding the contrast threshold 

for the center alone was repeated in the presence of the surround to compute new 

thresholds of the center with the surround. 

Results of the simulations are shown in Figure 9. In Figure 9A, as the surround 

contrast increases (0.1, 0.2, 0.4, and 0.8), contrast threshold increased (0.144, 0.144, 

0.234, and 0.616), which shows monotonic suppression. In Figure 9B, as the surround 

contrast increases, contrast threshold is decreased (0.113, 0.113, 0.0886, and 0.0695), 

which shows monotonic facilitation. In other words, changes of the field parameters in 

the linear system can either monotonically increase or monotonically decrease the 

activation energy of the center.  

In Figure 10, we plot a more complete picture of the linear model for multiple 

values of surround contrast and surround spatial frequency. Unlike the non-monotonic 

trend we found in Experiment 1 (Figure 4).the simulation using a linear model can only 
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produce a monotonic decrease (Figure 10A) or a monotonic increase (Figure 10B) in the 

effect of surround contrast. Thus, outcomes of the linear model are similar to the results 

of Experiment 1, but it does not capture the non-monotonic effect of surround contrast 

discovered in Experiment 1.  

 

Experiment 2: Nonlinearity found using a line stimulus 

 In Experiment 1 we found that effect of surround contrast on center contains a 

nonlinearity. This nonlinearity could arise from the sensory processes or from the 

processes of making a decision based on the sensory information. In sensory processes, 

nonlinearity may be present in the activation of the nodes of the network that underlies 

responses to the center and surround parts of the stimulus. In decision making processes, 

nonlinearity may arise from the reduction of activity of multiple cells, across multiple 

locations to the binary decision required by the task (similar to the nonlinear thresholding 

operation).  

In the case of using grating stimulus as the center, we do not know whether the 

nonlinearity occurs from processes of making a decision. Therefore, in order to explore 

the source of nonlinearity, we replaced the grating stimulus with a line stimulus for the 

center in order to remove nonlinearity of decision making (Figure 11).  

 We measured contrast sensitivity of a line using a configuration shown in Figure 

11.  Location discrimination was used to detect the position of the line relative to the 

flankers. For both line distances (phase of 0 = 0.5o from flankers and phase of pi = 0.25o 

from flankers), non-monotonic trend of increasing and decreasing contrast sensitivity was 

observed for all subjects across the surround contrasts (Figure 12). However, the contrast 
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sensitivity of the line with the distance 0.25o from the flankers showed lower contrast 

sensitivity, in comparison to the contrast sensitivity of the line with the distance at 0.5o 

from the flankers, across all the surround contrasts. Furthermore, intermediate ranges of 

surround contrast (0.025 – 0.4) facilitated sensitivity for both line distances. Extreme 

ends of the lowest and the highest surround contrasts (0.01 and 0.8) decreased contrast 

sensitivity across all the subjects. Statistical analysis showed that the shift of the line 

distance relative to the flankers across surround contrasts was significant (t-value of 

7.016206 and p<<0.01) across the subjects in a linear mixed effects model. Therefore, 

using a line stimulus in presence of flankers with various surround contrasts showed the 

effect of surround contrast on localized stimulus was also non-monotonic. This suggested 

that nonlinearity has a sensory source from interactions of sensory neurons. 

 

Experiment 3: Spatial interactions between center and surround 

 In Experiment 2, we found that the source of nonlinearity comes from a sensory 

process rather than a decision process. We previously modeled the sensory aspect of 

center-surround interaction by assuming that the surround created a “field” superimposed 

on the center. Previous work and our present work indicated that such a field exists, but 

little is known about it properties. In this experiment we started to map out the properties 

of this field.  We did so by extending the design of Experiment 2. We placed a line at 

different spatial locations between the flankers and started to measure the effect of 

surround at the different locations.  

We varied the location of the line relative to the flankers with a fixed contrast. 

Same stimulus, as shown in Figure 11, was used. When the line was superimposed on the 
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edge of the flanker (0o from flankers), all the subjects showed the lowest contrast 

sensitivity at the line stimulus and had shown suppressive effect of surround (Figure 13). 

As the location of the line from the flankers increased, contrast sensitivity started to 

increase. For all subjects, the distance of 0.3o from flankers gave facilitatory effect of the 

flankers and line contrast sensitivity was increased above the baseline (Figure 13). When 

the line appeared at the center of the screen, equal distance from two flankers at the 

distance of 0.5o, all the subjects had shown the highest contrast sensitivity at the line. 

Furthermore, for all the subjects, the distance of 0 – 0.4o showed some linear increase, 

but the distance between 0.4 – 0.5o showed non-monotonicity.  

In conclusion, a study of local contrast sensitivity at different locations of the line 

relative to the flankers showed that the effect of surround is a non-monotonic spatial 

function: a field whose properties vary across location in the space between the surround 

stimuli (the flankers). 
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Figure 1. Example of an adaptive staircase procedure. Starting at an initially high contrast, 
the contrast of the stimulus is reduced as the subject makes continuous correct responses in 2 
AFC (two alternative forced choice) paradigm. However, after 2 reversals (2 incorrect responses), 
subject is required to make 3 successive correct responses in order to reduce the contrast of the 
stimulus. In contrast, one incorrect response will increase the contrast of the stimulus. After 30 
trials, the last 5 contrast values are averaged to give the contrast threshold for the respective 
experimental condition. 
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Figure 2. Example of grating stimuli used in Experiment 1. Left panel (A) shows the 
collinear orientation condition. Right panel (B) shows the parallel orientation condition. 
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Figure 3. Plot of contrast sensitivity across the surround contrasts for multiple spatial 
frequencies. Contrast sensitivity is represented as 1/threshold. Each red dot represents actual 
contrast sensitivity measured at respective surround contrasts. Red line represents the line of best 
fit through the contrast sensitivity values. Black line represents the baseline with standard 
deviation. Center spatial frequency was fixed at 1.0 c/deg for all the maps while 4 different 
surround spatial frequencies (1.0, 2.0, 4.0, and 8.0 c/deg) were used respectively. Each individual 
panel is used to find the log contrast threshold ratio (explained in Figure 4) to plot Figure 4 A1. 
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Figure 4. Effects of surround contrast and spatial frequency in lateral interactions between 
center and flankers in collinear and parallel orientation. Each panel shows logarithmic ratio r 
of contrast threshold in two conditions: with the surround s present and with no surround n, r = 
n/s, for each experimental condition. First panel (A1-D1) contains results in collinear orientation 
for one subject. Second panel (A2-D2) contains results in collinear orientation for the other 
subject. Third panel (A3-D3) contains results in parallel orientation from the first subject (A1-
D1). The range of color map is different for each subject but it is the same within columns. The 
color bar shows the range of ratio of contrast thresholds. High ratio indicates strong facilitation 
while low ratio indicates weak facilitation or suppression.  
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Figure 5. Shift of peak of facilitation from Figure 4. Each panel shows top 10% of the values 
plotted in Figure 4. The labels of each respective peak correspond to the panel labels in Figure 4 
(For example, the four regions in the first panel correspond to the first four panels in Figure 4). 
First panel (A1-D1) contains results in collinear orientation for one subject. Second panel (A2-
D2) contains results in collinear orientation for the other subject. Last panel (A3-D3) contains 
results in parallel orientation from the first subject (A1-D1).  
 

 



20	  
	  

	  
 

 

 

 

 

 

 

 

 

 

 

Figure 6. Diagram of spatial interactions in neural tissue model from different studies. 
Diagram of inhibition-stabilized network model of surround suppression is shown in A (from 
Ozeki et al., 2009). Diagram of spatial interactions model with both excitatory and inhibitory 
cells in multiple networking model is shown in B (from Wilson & Cowan, 1973). Diagram of 
lateral interactions with multiple excitatory cells with single inhibitory cell is shown in C (from 
Wilson, 1999). 
 

 

 

 

 

 

A B 

C 
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Surround	   Surround	  Center	  

 

 

 

 

 

Figure 7. Diagram of center-surround interactions. Cells excited by higher contrast of the 
surround induce changes in neuronal activity in the cells excited by the lower contrast of the 
center. Across spatial location, various excitatory and inhibitory cells interact with one another. 
Arrow and non-arrow symbols represent excitatory and inhibitory interactions respectively. There 
also exist recurrent networks. 
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Figure 8. Diagram of process for computing neural image in visual system. Convolution is 
performed between the sinusoidal wave stimulus and waveform that represents the tuning of the 
detector (spatial filter). A maximal value of the convolution is obtained when the frequencies of 
the two waveforms match. Neural representation of the stimulus (energy) is used to compute the 
activation energy of the center.  
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Figure 9. Computed contrast thresholds of center with surround in the linear model. Both 
panel A and B shows the contrast thresholds measured against the threshold (horizontal red line). 
In panel A, contrast threshold is increased (0.144, 0.144, 0.234, 0.616) as surround contrast 
increases (0.1, 0.2, 0.4, and 0.8), which shows monotonic suppression effect. In panel B, contrast 
threshold is decreased (0.113, 0.113, 0.0886, and 0.0695) as surround increases contrast (0.1, 0.2, 
0.4, and 0.8), which shows monotonic facilitatory effect.  
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Figure 10. Simulation of a linear model of spatial interactions that depend on surround 
contrast and spatial frequency. Panel A represents a map of suppression (as shown in Figure 
6A) and panel B represents a map of facilitation (as shown in Figure 6B).  In both A and B, 
monotonic decrease and increase in log threshold ratio (r=n/s, in Figure 4) as a function of 
increasing surround contrast show linear trend. Effect of surround on center causes either linear 
increase or decrease in log threshold ratio. Decline of log threshold ratio illustrates suppression in 
A while incline of log threshold ratio illustrates facilitation in B. Log threshold ratio higher than 0 
represents facilitation and log threshold ratio lower than 0 represents suppression. 
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Figure 11. Example of line stimuli conditions in Experiment 2 and 3. White line was 
presented between two square gratings. The position of the line was varied from the flankers. 
Both line and flankers were vertical in orientation and parallel to one another. The line appeared 
either above (A) or below (B) the fixation point at the center of the screen. 
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Figure 12. Effects of surround contrast to the line contrast threshold in two different spatial 
locations. Line stimulus was shown at two different distances (phase of 0 = 0.5o and phase of pi = 
0.25o) from the flankers. Contrast thresholds of the line stimuli were measured using location 
discrimination 2AFC paradigm. Contrast sensitivity was presented as 1/Threshold. Each row 
represents results for different subjects. Similar to the results of Experiment 1 in Figure 4, both 
line distances showed non-monotonic increase and decrease as surround contrast increased. 
Furthermore, the closer the line to the flankers (phase = pi), more suppression occurred on the 
center sensitivity. Intermediate surround contrast ranges of 0.025 – 0.4 generally shifted the 
sensitivity above the baseline (line without flankers) sensitivity. 
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Figure 13. Effects of spatial location of line with flankers. Line stimulus was shown at random 
distances away from the flankers. Contrast thresholds of the line stimuli were measured using 
location discrimination 2AFC paradigm. Contrast sensitivity was presented as 1/Threshold. Each 
row represents different subjects. As the line stimulus was presented further away from the 
flankers, sensitivity to the line increased; however, there also is nonlinearity between 0.4 - 0.5o 
from flankers. Facilitatory effect of flankers occurred at the line distance between 0.3 - 0.5o

 away 
from the flankers. 
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Discussion  

In this projected we investigated for a pattern in center-surround interactions. We 

have found nonlinearity of center-surround interactions across the space of spatial 

frequency, contrast, and orientation in static stimuli. In Experiment 1, the results of 

suppression and facilitation of log threshold ratio cannot be explained by monotonic 

relationship of the center and surround Not only was the surround spatial frequency 

modulated the center, surround contrast also had significant effect on facilitation or 

suppression of the center contrast sensitivity. Our linear model for spatial interactions 

could not explain the non-monotonicity found in Experiment 1. In Experiment 2 we 

asked whether the source of nonlinearity occurred from sensory processes or decision 

making process. We found that the source of nonlinearity was not in the decision making 

but in the sensory processes. 

To summarize, we have found that (a) effect of surround is tuned to spatial 

frequency and is a non-monotonic function of surround contrast; we showed the 

nonlinear increase and nonlinear decrease in sensitivity of the center as the surround 

contrast was increased; (b) peak of facilitation of sensitivity at the center occurred when 

the center and surround had the same spatial frequency for given surround contrasts;  (c) 

peak of facilitation shifted across the domain of spatial frequency and contrast;  (d) linear 

models can only predict a monotonic effect of surround contrast; (e) the effect of 

surround contrast on localized stimulus (“line”) was also non-monotonic, suggesting that 

nonlinearity arises from sensory and not decision stage; (f) we started to explore 
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properties of the “field” induced by the surround and we mapped the spatial profile of the 

field. 

Results of Experiment 2 confirmed previous findings of collinear facilitation in 

contrast detection tasks. Polat and Sagi (1993) showed that increasing the distance of 

collinear flankers from the center initially showed suppression, followed by facilitation at 

larger distances. In Experiment 2, we also found that varying distance of the line from 

flankers initially showed suppression effect followed by facilitation effect of the contrast 

threshold of the line (Figure 13). While Polat and Sagi measured the effect of the 

collinear surround as a function of distance between center and surround as the distance 

increased, we fixed the position of the flankers and varied the location of the line between 

the flankers. Using our approach, we were able to map out the properties of the field 

created by the surround between the flankers. However, we found that collinear condition 

of the center and surround at the spatial frequency of 8.0 c/deg can induce facilitation at 

high surround contrasts of 0.4 – 0.8 (Figure 4 D1 & D2). Also collinear condition of the 

center and surround at the spatial frequency of 2.0 c/deg can induce suppression at low 

surround contrasts of 0.025 - 0.05 (Figure 4 B2).  However, in Experiment 1, we found 

that applying the same orientation and the same spatial frequency for both the center and 

surround in collinear configuration can induce the strongest facilitation at different 

surround contrasts. Our results go beyond those of Polat and Sagi (1993), Tadin et al. 

(2003), and Petrov et al. (2006) by measuring the effect of center-surround interactions 

across the domain of surround spatial frequency and surround contrasts. Results from 

Experiment 1 might explain the inconsistencies found in center-surround literature and 

why different studies came to different conclusions about the effect of contextual 
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modulations (Figure 4). We have started to map the properties of the field created by the 

two flankers using the line stimulus introduced in Experiment 3. We continue measuring 

the field using different surround contrasts and spatial frequencies to elucidate the form 

of the sensory nonlinearity that is likely to explain the non-monotonic effect of surround 

contrast on the contrast sensitivity at the center.  
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Material and Methods 

Subjects 

Four adult observers with normal or corrected-to-normal vision served in part or 

all of the study. Three observers were experienced with psychophysical observations. 

Only one subject was aware of the purpose of the study. Two subjects participated in 

Experiment 1, three subjects participated in Experiment 2, and all subjects participated in 

Experiment 3. All the subjects took part in both the control and the experimental 

conditions of the experiments. Practice sessions were performed prior to the experiment.  

 

Apparatus 

The experiments were carried out in a dark room. The stimuli were presented on a 

21-inch monitor (SONY Color Graphic Monitor GDM-500PS) under the control of a PC 

running Matlab2010a (MathWorks) with a commercially available circuit that provided 

high gray-scale resolution of 14 bits (Li X et al., 2003). The monitor was gamma 

calibrated and had a resolution of 1600 x 1200 pixels (horizontal x vertical) with vertical 

frame rate of 160 Hz, a mean luminance of 24.65 cd/m2, and was observed binocularly 

from a distance of 57 cm from the screen. A chin rest was used to stabilize the subject’s 

head and to control the observation distance from the stimuli. 

 

Adaptive staircase procedure 

 Adaptive staircase procedure was used to measure the contrast threshold of the 

center in a given condition during experiments (Figure 1). Starting at initial contrast of 
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0.4, the contrast of the stimulus was reduced by 12% as the subject made correct 

responses in 2 AFC (two alternative forced choice) paradigm. If the subject made an 

incorrect response, then the contrast of the stimulus was increased by 12%. However, 

after two reversals (two incorrect responses), subject was required to make 3 successive 

correct responses in order to reduce the contrast of the stimulus. In contrast, one incorrect 

response increased the contrast of the stimulus. In addition, the contrast was either 

reduced by 3% or increased by 3% depending on the responses of the subject.  After 30 

trials, the last 5 contrast values are averaged to give the contrast threshold for the 

respective experimental condition. 

 

Experiment 1: Lateral interactions using a round grating stimulus 

Stimuli consisted of three static luminance gratings that were presented on the 

screen. Contrast thresholds of the center was measured either with or without (control) 

the flankers. Adaptive staircase ( 3 up, 1 down) was used to measure contrast detection 

thresholds of the center in a two-alternative forced choice (2AFC) paradigm. Stimuli 

were sinusoidal gratings with a diameter of 3 degrees of visual angle. Orientation 

discrimination was used to measure the contrast thresholds of the center. The center 

stimulus appeared randomly in one of two orientations: vertical or horizontal. The 

orientation of the center was either vertical (0o) or horizontal (90o) relative to the 

surround orientation while the orientation of the surround was fixed either in vertical or 

horizontal position. As a result, orientation of the center to the surround had two 

possibilities: collinear and parallel.  
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Each trial started with a fixation dot displayed at the screen center  for 250 ms, 

followed by the stimulus that was presented for 400 ms. In all conditions, the orientation 

of the center was randomized and the subject’s task was to indicate whether the center 

grating’s orientation was vertical or horizontal. A new trial was initiated only after the 

subject’s response; as a result, the experiment proceeded at a pace determined by the 

subject. 

In each experimental session, we fixed the spatial frequency of the center and the 

the surround. Phase was not varied; thus, center and surround were always in-phase. In 

the flanker conditions, different flanker contrasts (0.05, 0.1, 0.2, 0.4, and 0.8) were 

randomly presented. We measured the contrast detection thresholds for centers of 

different spatial frequencies (1.0, 2.0, 4.0, and 8.0 c/deg) and for surrounds of different 

spatial frequencies (ranges of 0.5 to 8.0 c/deg for all conditions and 12.0 c/deg for one 

experimental condition were used) around the frequency of the center. Contrast detection 

threshold was defined as the minimum contrast that is needed in order to distinguish the 

orientation of the center. Contrast detection thresholds were measured using adaptive 

staircase using a 2AFC paradigm. In general, between 8 and 12 mins were required per 

contrast detection threshold estimation. The staircase stopped after 40 trials per condition 

and three runs of each condition was collected from subjects. A total of 8,000 trials (5 

surround spatial frequencies x 5 surround contrasts x 40 trials per each surround contrast 

x 4 center spatial frequencies x 2 center-surround orientations, collinear and parallel) and 

a total of 40 conditions were tested with surround.  

 

 



34	  
	  

	  
 

Experiment 2: Lateral interactions using a line stimulus across surround contrasts 

 Stimuli consisted of a white line and two static luminance gratings that were 

presented on the center of the screen. Contrast thresholds of the white line were measured 

either with or without (control) the flankers. Adaptive staircase ( 3 up, 1 down) was used 

to measure contrast detection thresholds of the center in a two-alternative forced choice 

(2AFC) paradigm. Flankers were sinusoidal gratings with a diameter of 3 degrees of 

visual angle. Spatial frequencies of the flankers were fixed 2.0 c/degs. The edges of both 

flankers were 0.5o away from the center. Location discrimination was used to measure 

the contrast thresholds of the line. The vertical line appeared in two locations: above or 

below the fixation point. Flankers were always in vertical orientation. Furthermore, the 

location of the line was varied between the flankers in two locations: phase of 0 (0.5o 

from flankers) and phase of pi (0.25o from flankers).  

 Each trial started with a fixation dot displayed at the screen center for 100 ms, 

followed by the stimulus presented for 250 ms. In all conditions, the location of the line 

was randomized and the subject’s task was to indicate whether the line appeared above or 

below relative to the fixation point. A new trial was initiated only after the subject’s 

response; as a result, the experiment proceeded at a pace determined by the subject.  

In the line experiment to further test the effect of spatial location in detection of a 

line, we varied the location of the line relative to the flankers and varied the surround 

contrast. In the control condition, only the line was presented. In the flanker conditions, 

the line was randomly presented with different surround contrasts (0.01, 0.0167, 0.0278, 

0.0464, 0.0774, 0.1292, 0.2154, 0.3594, 0.5995, and 1.0). Contrast detection threshold of 

the line was defined as the minimum contrast that is needed in order to distinguish the 
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location of the line relative to the fixation point. The staircase stopped after 30 trials per 

condition and three runs of each condition was collected from subjects. A total of 1800 

trials (2 line locations x 30 trials per each surround contrast x 10 surround contrasts x 3 

runs) were tested with flankers.  

 

Experiment 3: Lateral interactions using a line stimulus across spatial location 

 Stimuli consisted of a white line and two static luminance gratings that were 

presented on the center of the screen. Contrast thresholds of the white line were measured 

either with or without (control) the flankers. Adaptive staircase ( 3 up, 1 down) was used 

to measure contrast detection thresholds of the center in a two-alternative forced choice 

(2AFC) paradigm. Flankers were sinusoidal gratings with a diameter of 3 degrees of 

visual angle. Spatial frequencies of the flankers were fixed 2.0 c/degs. The edges of both 

flankers were 0.5o away from the center. Location discrimination was used to measure 

the contrast thresholds of the line. The vertical line appeared in two locations: above or 

below the fixation point. Flankers were always in vertical orientation. Furthermore, the 

location of the line was varied between the flankers.  

 Each trial started with a fixation dot displayed at the screen center for 100 ms, 

followed by the stimulus presented for 250 ms. In all conditions, the location of the line 

was randomized and the subject’s task was to indicate whether the line appeared above or 

below relative to the fixation point. A new trial was initiated only after the subject’s 

response; as a result, the experiment proceeded at a pace determined by the subject.  

In the line experiment to further test the effect of spatial location in detection of a 

line, we varied the location of the line relative to the flankers and fixed the contrast of the 
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surround at 0.1. In the control condition, only the line was presented. In the flanker 

conditions, the line was randomly presented in different locations from the flankers (0, 

0.125, 0.25, 0.375, 0.4375, and 0.5o). Contrast detection threshold of the line was defined 

as the minimum contrast that is needed in order to distinguish the location of the line 

relative to the fixation point. The staircase stopped after 30 trials per condition and three 

runs of each condition was collected from subjects. A total of 540 trials (6 line locations 

x 30 trials per each surround contrast x 3 runs) were tested with flankers.  
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