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Abstract. The visual system constructs a surface as a proto-object by segregating scenes into figure and ground (FG). We 
investigated what spatial structure of FG evokes neural responses that correspond to a surface or figure. We proposed a new 
method based on the spike-triggered average for the estimation of the optimal FG organization of neurons rather than the 
conventional luminance-based optimal stimulus. The estimated optimal FG organization represents the receptive-field structure 
in response to figure and ground (FG-RF). We applied this method to the neural responses recorded from monkey V4 while 
presenting  a number of natural images. The computed FG-RFs exhibited an antagonistic structure with the preferred region in 
and around the classical receptive field (CRF) and the non-preferred region in the surround of the CRF. The normalized mean 
FG-RF across neurons showed a concentric antagonistic structure with the extent up to several times larger than the CRF. We 
showed, for the first time, that individual neurons in V4 code the local structure of FG. Our results also suggested that a few, 
up to several tens of, V4 neurons are capable of representing the FG structure of objects. 
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1 Introduction 

The visual system decomposes scenes into pixels in the retina, and gradually constructs a model of the outside world in 
the cortex from the pixels. The formation of surfaces from pixels plays a crucial role in the construction of scenes with 
which perceptual organization is a set of phenomenological rules that govern the formation of surfaces. A surface has 
been considered to represent a proto-object that is a basis for the representation of an object [1], which could be further 
refined by knowledge and memory to enable object recognition. Neurons in V2 exhibit the selectivity to border ownership 
(BOS) which tells the direction of figure from the border. A spike-triggered stimulus averaging(STA) has estimated their 
spatial characteristics of the receptive fields [8]. Although BOS tells the direction of figure along a contour, the neural 
mechanism underlying the construction of surface and the perceptual organization of figure and ground have not been 
clarified. Physiological studies have suggested that the neurons in the intermediate-level visual cortical areas, such as V4, 
are sensitive to the organization of figure and ground (FG) [2, 3]. However, the neural mechanisms underlying the pref-
erence to FG have not been revealed. It has not been even clarified what spatial organization of images actually evokes 
the FG-dependent responses.  
 We investigated what spatial structure and extent of FG evoke the FG-dependent responses in V4 neurons. We 
have recently reported that neurons in monkey V4 exhibit FG-dependent responses to natural image patches [4]. Here, 
we analyzed these neurons with FG-dependent responses in order to estimate the spatial extent and structure of their 
classical receptive fields (CRFs) and surrounding regions in response to FG. An established method for estimating the 
structure of RF is STA which is the reverse correlation between white-noise stimuli and the evoked spikes [5]. A conven-
tional STA has revealed the luminance-based receptive field structure of V1 simple cells [5]. However, the conventional 
STA estimates an optimal luminance organization, but not optimal FG organization. We proposed a new method to esti-
mate the optimal spatial organization of FG. Specifically, we applied STA to the responses to a variety of natural images 
with the veridical FG-organization obtained from human psychophysics. The estimated optimal FG organization exhib-
ited a preferred region around the CRF center with the extent of the entire CRF, and a non-preferred region that extended 
beyond the CRF with the extent up to the limit of the present measurement (three times larger than the CRF extent).  

2 Experimental Design and Stimuli 

Electrophysiological recordings from the visual area V4 of two macaque monkeys (Macaca fuscata) were conducted from 
the Laboratory for Cognitive Neuroscience of Osaka University [4]. During experiment sessions, the monkeys were an-
algesized and immobilized. Spiking activities of single neurons were isolated from signals recorded using a 32-channel 
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single-shank electrode. All animal experiments were performed in accordance with the guidelines of the National Institute 
of Health (1996) and the Japan Neuroscience Society, and were approved by the Osaka University Animal Experiment 
Committee (certification no: FBS-13-003). 

 Stimuli presented to the monkeys were comprised of two sets of small patches, which were generated from 
natural images included in Berkeley Segmentation Dataset (BSD) [6], as similar to our previous experiment [4]. Example 
stimuli are shown in Figure 1. The first set consisted of natural image patches (natural patches). We chose 105 sub-regions 
(69×69 pixels) from the BSD that included the contours passing through the center of the patches. Because the distribution 
of contour curvatures is highly non-uniform in natural scenes, we controlled the distributions of the degree of convexity, 
closure, and symmetry of contours [7]. The second set consisted of natural contours with one side filled with the preferred 
color of the cell (either white, black, red, green, yellow, or blue) and the other with the opposite color (filled patches). 
The color-inverted stimuli were also included in the set. We used Human Marked Contour (HMC) available in BSD that 
were drawn by 10 human participants. We also used mirrored images of the natural and filled patches (a total of 630 
patches: 210×2+105×2). The images were mirrored with respect to the tangent of the contour at the patch center. The 
colors were also inverted in the mirror images so as to keep contrast polarity. To obscure the boundary of stimulus and 
background, we attenuated contrast towards the periphery with a Gaussian. A few examples are shown in Figure 1. The 
patch stimuli were scaled to cover the classical receptive fields (CRFs) of the cell under recording, more than three times 
larger than the rough estimate of the CRF diameter, yielding a stimulus size between 2.5 and 20 degrees. The stimuli were 
presented for 200ms with a blank interval of 200ms in random order with 10 repetitions.  

3 Results 

The recording data included the responses of 1118 neurons of which 281 neurons showed significant visual response and 
their CRF center fell onto the stimulus patches. We tested whether these 281 neurons exhibited significantly different 
responses to figures and grounds (FG significant; ANOVA p<0.05). Sixty-eight and 39 neurons showed FG significance 
with the filled and natural patches, respectively. Among them, 16 neurons showed FG significance to both filled and 
natural patches. We examined these 107 FG-significant neurons in the following analyses. The distributions of the CRF 
centers of the neurons were shown in Figure 2.  

 
3.1 Estimation of Receptive-Field Structure in response to Figure-Ground Configuration by Spike-triggered 

Average 

Spike-triggered average (STA) is an established method for estimating the spatial structure of linear receptive fields by 
computing the reverse correlation between a stimulus (luminance) and the number of spikes observed shortly after the 
stimulus presentation [5]. Specifically, the presented stimuli were averaged with weights corresponding to the number of 
spikes. Here, we tried to estimate the FG configurations, rather than the luminance, that evoked the strongest responses 

Figure 1. A few example stimuli. Natural image patches (top row) and their variants with figure and ground regions filled 
with white and black (bottom two rows). The original patches (left set) include contour passing through their center. The 
mirror patches were generated with their symmetry axis set to the tangent of the contour at the patch center. The color of 
the mirror patches was reversed to preserve the polarity of color contrast. 

 

Natural

original
(crip from BSD)

Filled

mirror
(contrast/contour inverted)
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to single neurons. The receptive field structure corresponding to figure and ground (FG-RF) cannot be estimated by the 
conventional STA that average stimulus luminance. To estimate FG-RF, we propose to compute the reverse correlation 
between the number of spikes and the FG configuration of the stimulus. Specifically, we provided FG-labeled images 
where the stimulus was binarized with regard to figure and ground (+1 and -1 for figure and ground, respectively), and 
computed their weighted average based on the recorded spikes. FG-RF is thus defined by:  

FG-RF = &'#𝑠𝑝𝑖𝑘𝑒(𝑖) × 𝑆𝑡𝑖𝑚45(𝑖)
6

7
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7
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#𝑠𝑝𝑖𝑘𝑒(𝑖) and 𝑆𝑡𝑖𝑚45(𝑖) are the number of spikes and the FG-labeled image of the i-th stimulus, respectively. N is a 
total number of stimulus. The spatial distribution of FG across FG-labeled images was almost uniform but not perfectly, 
thus, we compensated this non-uniformity by subtracting the simple ensemble average of FG-labeled images from the 
computed FG-STA divided by the total number of spikes. This subtraction will result in a zero FG-RF if a neuron exhib-
ited the same number of spikes for each stimulus. A similar method has been applied to estimate the receptive field 
structure of border ownership-selective neurons in V2 [8]. Note that regions, where neither figure or ground can be as-
signed by the contour passing through the patch center, were labeled as zero in the FG-labeled images, and that the 
periphery of the images was blurred by a Gaussian. Because the location of the CRF center varies across neurons, STA 
for each neuron was computed with its center matched with the CRF center of the neuron. The veridical labels of FG were 
given by human psychophysical experiments [7].  

 The responses of an example neuron to a variety of stimulus patches are shown in Figure 3. This example neuron 
was FG significant for filled and natural patches, and preferred ground. A number of patches that evoked strong responses 
had a ground region around the CRF center (See the figure caption for details). This tendency is observed in the responses 
to both filled and natural patches. The estimated FG-RFs for this example neuron are shown also in Figure 3. The FG-
RFs for filled and natural patches show similar structures, indicating that this neuron signals figure and ground independ-
ent of the image characteristics in the patches such as color and texture. The FG-RFs exhibit an antagonistic structure; a 
ground-responsive region (suppressive for the figure) around the CRF center and a figure-responsive region (facilitative) 
above the ground-responsive region. Most of FG significant neurons showed similar antagonistic structures with the re-
gion responsive to the preferred side (figure or ground) around the CRF center and that to the non-preferred side far from 
the center.  

 

Figure 2. The distribution of the CRF centers of the neurons being analyzed, superimposed onto an example stimulus. Red and 
blue crosses show the CRF centers of figure- and ground-preferred neurons, respectively. The left and right panels show the dis-
tributions of the neurons that showed significantly different responses to FG in filled and natural stimuli, respectively. The CRF 
centers were distributed across the extent of the patches. 
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Figure 3. The responses and estimated FG-RF of an example neuron. Patches in the top blocks show the presented stimuli in rank 
order of responses. The contrast of patches is proportional to the response (spike/s). The left and right blocks include filled and 
natural patches. The middle block shows the FG organization of the patches with black and white being figure and ground, respec-
tively. The bottom panels show the estimated STA (FG-RF) for the filled (left) and natural (right) patches. Bluish and reddish 
colors show the ground- and figure-preferred regions, respectively. Squares with dotted lines indicate the estimated extent of the 
CRF. We observe that this cell had an antagonistic structure with a ground-preferred region on and around the CRF and a figure-
preferred region in the periphery. 

10 ICONIP2019 Proceedings

Australian Journal of Intelligent Information Processing Systems Volume 17, No. 2



Spatial Structure of RFs in Response to Local FG in Monkey V4   5 
 

 
3.2 Population Analysis of Figure-Ground Receptive-Field 

The estimated FG-RFs showed antagonistic structures; a preferred region around the CRF center and a non-preferred 
region aside. However, this linear antagonistic structure might be evoked by the constraints in stimulus dimensions (small 
patches) and contour location (passing through the stimulus center, not the CRF center). For instance, if the patch centers 
were projected onto the CRF center, a circular preferred region would appear around the CRF center, and a concentric 
non-preferred region would appear in the periphery of the preferred region. On the other hand, if the patch centers were 
projected onto the bottom of the CRF center, no stimulus was projected onto to the top, and thus the non-preferred region 
should appear only in a lower region. Because of these constraints, our estimates of FG-RF for single neurons could not 
fully represent the structure. To overcome this possible distortion, we computed the mean FG-RF across neurons with 
normalization that compensates this distortion.  

 The direction of an estimated non-preferred region with respect to the CRF center would vary depending on the 
direction of the CRF center with respect to the patch center. The distribution of the direction of the CRF centers with 
respect to the patch was not uniform across the recorded neurons. Thus, we computed the ensemble average of FG-RFs 
across neurons with the normalization based on the distribution of the direction of the CRF center. The computed mean 
FG-RFs for the figure- and ground-preferred neurons are shown in Figure 4. We observe a preferred region around the 
CRF center, and a concentric non-preferred region in the periphery of the preferred region. The non-preferred region 
extending beyond the CRF indicates a crucial role of surround suppression. The extent of the non-preferred region was at 
least three times larger than that of the CRF. Note that the extent of the patch was set to three times larger than the CRF. 
It may be plausible that non-preferred regions extend beyond this range.  

4 Discussions 

We investigated the optimal spatial structure of figure and ground (FG-RF) that evoked the FG-dependent responses in 
V4 neurons. We proposed a new method for estimating the optimal spatial organization of FG by taking the reverse 
correlation between the number of spikes and the FG configuration of the stimulus. We showed, for the first time, that 
FG-RFs exhibited antagonistic structures with a preferred region in and around the CRF and a non-preferred region in the 
periphery of the preferred region. The normalized ensemble average of FG-RFs across neurons showed a concentric 
structure with a preferred region around the center and a non-preferred region in the periphery. The regions extending 
beyond the CRF indicate a crucial role of surround modulation [9]. These results indicate that individual neurons in V4 
are capable of detecting local FG within the extent of several times larger than their CRFs. This result further suggests 
that a small number of V4 neurons, perhaps a few or up to several tens, are capable of representing FG even for natural 
objects, supporting a population coding of FG in the intermediate-level visual area.  
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Figure 4. The estimated mean FG-RFs across neurons with figure- (A) and ground-preference (B). (A) The top row shows the 
normalized mean FG-RFs estimated from the filled (left) and natural patches (right). The bottom row shows the Mexican-hat 
Gaussians that best fit the estimated FG-RFs. The ellipses below the 3D Gaussian plot indicate the 2SD of the excitatory (figure-
preferred) Gaussian. (B) The same conventions as (A) except for the ellipses at the bottom indicating the 2SD of the inhibitory 
(ground-preferred) Gaussian.  
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