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rest of recording session was maintained by a combination of 70% N2O and 30% O2 and 

thiopental sodium as noted above. Paralysis was maintained by continuous infusion of 

Ravonal, gallamine triethiodide (10 mg.kg-1.h-1) in lactated Ringer's solution containing 

50% glucose (40 mg.kg-1.h-1). Body temperature was maintained near 38.3 degrees C 

with the use of a servo-controlled heating pad. After securing the animal, a craniotomy 

was performed to access the central representation of the visual area 17 or 18 

(Horsley-Clarke P4 L2.5 for recordings of A17, A3 L3 for A18). The dura was removed 

carefully to allow insertion of microelectrodes. Pupils were dilated with atropine (1%), 

and nictitating membranes were retracted with phenylephrine hydrochloride 

(Neosynesin, 5%). Contact lenses of appropriate power with 4 mm artificial pupil were 

placed over the corneas. 

   The area of recording was primarily determined by the coordinate of electrode 

penetrations, although histological confirmation of recorded areas were conducted for 

the majority of animals. There is a possibility that a small fractions of neurons, 

especially from long penetrations, may be classified into a wrong cortical area. However, 

we did not eliminate those neurons (for which we were not completely certain of the 

area) from our analyses, because they still represent important and valid samples for 

purpose of this study and there were no obvious areal differences. 

 

Experimental apparatus 

   Tungsten microelectrodes (A-M Systems, 5MΩ) were used for recording spike 

activities extracellularly. To increase the chance of encountering cells, two electrodes 

were mounted in parallel in a protective single guide tube and driven by a common 

microelectrode drive (Narishige). After confirming under a microscope that the 
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peaks.  

Alternatively, the same frequency domain may be referenced by a pair of 

orthogonal axes, along the vertical and horizontal directions corresponding to the 

diagonals of the square domain (Fig. 3B). These dimensions are defined as the disparity 

frequency and the frontoparallel frequency for vertical and horizontal axes, respectively 

(see Appendix). Interestingly, the 4 quadrants of the domain may be assigned to either 

disparity frequency tuning or frontoparallel frequency tuning. Top and bottom quadrants 

represent tuning for disparity, as indicated by two spectral peaks in Fig. 3D.  The 

locations of the peaks in these domains allow extraction of such parameters as the 

optimal disparity frequency and binocular RF tilt.  Left and right quadrants, on the 

other hand, will have substantial peaks only for separable neurons, and represent spatial 

frequency tuning of combined input from the two eyes. Therefore, the peaks in these 

quadrants define the optimal frontoparallel frequency. 

The process of determining binocular RF parameters in the frequency domain is 

illustrated further in Fig. 4. Based on the observation that substantial peaks are present 

in the left and right quadrants only for separable RFs, we define an index of separability 

of receptive field in XL-XR domain, the binocular separability index (BSI), as follows. 

FD

FD

RR
RRBSI

+
−

−= 1  (1) 

where RD is the peak response amplitude in the bottom quadrant. RF is the response in 

the left quadrant along the cross-section parallel to the left frequency axis going through 

the peak in the bottom quadrant, and taken at the same right frequency (inset of Fig. 4a). 

The left rather than the right quadrant is selected arbitrarily, as the profiles in the left 

and right quadrants are symmetrical about the origin. The value of BSI ranges from 0 to 
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1. Based on the disparity energy model, simple cells will exhibit high BSI and complex 

cells will show BSI close to 0. Therefore, neurons with BSI greater than 0.5 are defined 

as the separable type, otherwise the inseparable type. The cut-off criterion for the BSI, 

0.5, gave the most consistent agreement with our visual inspection; neurons that have 

BSI higher than 0.5 have visually separable profiles for binocualr RF and vice versa. Of 

course, the value being a good middle number also was a factor. 

Using the same spectral profile of the binocular RF as above, the "tilt" of the 

binocular RF, θ, may be defined as the angular deviation of the spectral peak from the 

disparity frequency axis, connecting the top and bottom corners of Fig. 4C. If the 

spectral peak is exactly on the disparity frequency axis, original binocular RF has zero 

tilt. A non-zero θ indicates a corresponding tilt of binocular RF. 

To estimate peak frequencies with greater accuracy, we interpolated the Fourier 

spectrum by cubic spline before evaluating the binocular RF tilt. A spatial frequency 

step of 0.005 (cycles/deg) is used as the resolution of interpolation for all neurons. In 

order to determine the step size for interpolation, we calculated percent errors for 

binocular RF tilts for various resolutions of interpolation by simulations. Fourier 

transforms are performed on simulated binocular RF data obtained from model 

binocular complex cells with various interocular spatial frequency ratios (fL/fR=0.66 to 

1.5), and various disparity frequencies (fdisparity =0.07 to 0.5, see Appendix). The data 

array is set to the same size as that in our experiments (20x20 grid). Then, interpolations 

are tested for various final resolutions (0.005 to 0.1 cycles/deg). On average, a 

sufficiently small error level (0.96±0.03% percent error) for binocular RF tilt is obtained 

with the interpolation resolution of 0.005 cycles/deg. The percent error increased to 

13.43±0.17% at the 0.1 cycles/deg resolution.  
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Because there is always a spectral peak in the bottom quadrant regardless of 

binocular RF separability, the calculations outlined above are applicable both to 

separable and to inseparable type of neurons. Note that cross sections going through the 

spectral peak that are parallel to the left and right frequency axes depict monocular 

spatial frequency tuning curves, as estimated from the binocular RF data.  These 

tuning curves are illustrated at bottom left and right insets of Fig. 4C. The "tilt" angle of 

the binocular RF, θ, may be determined from the peak coordinate of the binocular RF, 

( f0L, f0R ), as follows: 

    
OR

OL

f
f

=+ )45tan( θ  (2) 

The line that goes through the spectral peak and the origin is defined as the cardinal 

disparity axis for the neuron. 

   Binocular RF tilt, θ, is transformed into disparity gradient, which is more commonly 

used to quantify slants of oriented surfaces in 3D. Disparity gradient represents surface 

slant independent of viewing distance. It is usually defined as 

 
γ

BA ddd −
=∆    (3) 

where dA and dB are binocular disparities for two observed objects, and γ is the angular 

separation between the directions for the two objects as viewed from the cyclopean eye, 

i.e., the midpoint between the two eyes (Burt and Julesz 1980). Therefore, a slant in 

actual space can be represented as disparity gradient, which may take on a value 

between -2.0 and 2.0.  Disparity gradients at these limiting values indicate the cases 

where two objects lie on a common line of sight for one eye. It was reported that 

absolute value of disparity gradient for two dots must be less than 1~2 for binocular 
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fusion depending on exact dot parameters (Burt and Julesz 1980; Prazdny 1985; Trivedi 

and Lloyd 1985). For this reason, we would expect most neurons to be encoding 

disparity gradient within these limits, if neural encoding of surface slants is constructed 

in an efficient manner. Note that the disparity gradient in equation 3 defines a property 

of the stimulus configuration. What we wish to estimate here instead is a property of a 

binocular neuron, i.e., its preferred disparity gradient given the cell's binocular RF 

profile. This may be obtained from the binocular RF tilt, θ, as described in equation 4. 

)45tan(1
)45tan(12

θ
θ

−+
−−

×=∆d   (4) 

For intuitively grasping the relationship between these metrics of surface slants, 

consider a following realistic example. When the binocular RF tilt, θ, is 10 degrees, the 

disparity gradient is 0.35, which corresponds to about 80 degree of physical surface 

slant at 57 cm of viewing distance. Using disparity gradient as defined above, we will 

quantify and summarize RF slant for all neurons below. 

 

   As illustrated in Figs. 3 and 4, simple and complex cells tended show different 

binocular RF profiles, binocularly separable and inseparable, respectively. However, 

simple/complex and separable/inseparable classifications are not the same. There are 

simple cells that are classified as inseparable, and vice versa. For the reasons outlined 

below, we will employ the separable/inseparable type classification throughout the 

paper. However, before we set out to perform all the analyses based on this 

classification, we should examine the correlation between the two classification 

methods. 

Note that an ideal complex cell based exactly on the disparity energy model will have 
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(DeAngelis et al. 1993a, b). Open and filled symbols depict responses for the left and 

right eyes, respectively. Error bars represent the standard errors of the mean. A 

horizontal dashed line indicates the spontaneous firing rate. A Gaussian function of the 

following form is fitted to each tuning curve. 

baseline
ff

AfG +






 −
−×= 2

2
0

2
)(

exp)(
δ

 (5) 

Only those cells that had significantly modulated responses as a function of spatial 

frequency (ANOVA, p<0.05) are included in further analyses of spatial frequency 

tunings. From these fits, preferred spatial frequencies were obtained from the peak of 

Gaussian function (f0). We used two criteria for selection of spatial frequency tuning 

curves that have gone into the summary. First, the goodness of fit is more than 60%. 

Second, we selected only those responses that showed a band-pass tuning for the two 

eyes. Cells exhibiting low-pass spatial frequency tuning are excluded, because it is 

difficult to determine the peak spatial frequency accurately for these neurons. For a 

spatial frequency tuning to be considered as band-pass, there must be at least two data 

points below f0, the peak of the fitted Gaussian function. 

   For the cell presented in Fig. 6A, tilt of the binocular RF (as measured by the 

displacement of spectral peaks illustrated in Fig. 4C) is statistically significant (tilt = -7 

deg, p<0.05, bootstrap test). The bootstrap test for estimating significance of tilt is 

conducted as follows. Binocular RF mapping consists of trials, each of which contains a 

randomized sequence of complete permutations of left and right stimuli (Ohzawa et al. 

1997, 1990). From spike data for a total of N (typically 40) trials, N trials are randomly 

drawn while allowing duplications, from which a new binocular RF is constructed. For 

each neuron, this process was repeated 1000 times to obtain the estimates of variability 
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in the RF measurements (Efron 1982; Efron and Tibshirani 1993). When the mean tilt of 

the distribution of resampled binocular RFs was deviated from zero by more than 

1.96SD, the RF tilt was judged to be significant. With this criterion, the probability of 

RF tilt being on the opposite side of zero is less than 5%.  

  The binocular RF tilt determined as above is automatically reflected as a difference in 

the predicted spatial frequency tuning curves shown in Fig. 6A(middle). Predicted 

disparity gradient for this cell is 0.25, as calculated by equation 4. A similar statistically 

significant difference in the optimal spatial frequencies for the two eyes are also 

observed for the actual tuning curves measured by drifting sinusoidal gratings (Fig. 6A 

right; p<0.05, bootstrap test) in that the optimal spatial frequency for the right eye 

(vertical dashed line) is higher than that for the left eye (vertical solid line). Therefore, 

for this neuron, there is a good correspondence between the tilt of the binocular RF 

(measured by reverse correlation) and the interocular difference between the optimal 

spatial frequencies (measured by drifting gratings). 

Similar additional data from two separable binocular RF are shown in Fig. 6B and 

C in the same format as Fig. 6A. For these two cells (both of which were simple), tilt of 

binocular RFs, θ, were significantly different from zero (p<0.05, bootstrap test).  The 

tilt angles of binocular RF for Fig. 6B, C are -6.3 degs and –8.5 degs, which correspond 

to predicted preferred disparity gradients of -0.22, -0.3, respectively. Again, for these 

additional cells, the actual spatial frequency tuning curves measured by drifting gratings 

(right column) also show statistically significant difference between the eyes (bootstrap 

test, p<0.05). The ratios of optimal spatial frequencies (left/right) are 0.71, 0.69, and 

0.70 for cells in Fig. 6A-C, respectively. Again, the direction of the difference in 

predicted spatial frequency tuning profiles (middle column) corresponds well to that for 
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error translates into a disparity gradient of approximately 0.1. Distribution of disparity 

gradients for both separable and inseparable binocular RFs, and that of viewing distance 

errors are illustrated in Fig. 10B. The standard deviation, σ, of the error distribution is 

set such that 1.96σ=0.1. Statistical test for data and artifactual distributions is carried 

out by the F-test. Distribution of preferred disparity gradients is significantly wider than 

that of the error distribution (test for equal variance, F=13.4, p<0.001 for separable type; 

F=7.42, p<0.001 for inseparable type). Similarly, we also calculated possible 

contributions of interocular magnification differences.  

A 3% magnification difference between the two eyes ( assuming the power of the 

cat's eye of 78D, and |error in refractive correction in diopters| < 2D ) will result in a 

disparity gradient of ±0.03 (Hughes 1979). The standard deviation for this distribution is 

so small that we can essentially ignore the effect of refractive errors. Even considering 

the simultaneous contributions of the two factors, the variations of binocular RF tilts 

observed in our data cannot be accounted for by these artifactual sources (test for equal 

variance, F=6.7, p<0.001 for separable type; F=3.71, p<0.001 for inseparable type). 

These results suggest that the tilts of binocular RFs and spatial frequency differences are 

intrinsic neuronal characteristics, and are able to carry signals regarding 3-d orientations 

of surfaces in visual scenes. 

 

Relationship between disparity gradient and spatial frequency ratio 

In representative examples shown in Fig. 6-8, the spatial frequency differences 

across the eyes were generally correlated with the tilt of binocular RFs qualitatively. 

How does this correlation hold for the entire population of neurons? And, in general, 

how do other binocular tuning characteristics correlate with monocular tuning 
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properties? Fig.11 summarize the results relevant for addressing these questions. 

First, left and right preferred spatial frequencies, as obtained from tests using 

drifting sinusoidal gratings, are compared in Fig.11A and B for separable and 

inseparable binocular RF, respectively. Peak spatial frequencies are obtained from the 

peak of fitted Gaussian functions (equation 5). The identity relationship and one octave 

difference between the eyes are illustrated as solid and dotted lines, respectively. Circles 

and triangles indicate cells recorded from areas 17 and 18, respectively. Preferred spatial 

frequencies for the left and right eyes are well correlated (Pearson’s r=0.96, n=45 for 

separable type; r=0.96 n=90 for inseparable type, p<0.05). Differences of left and right 

spatial frequencies were within the range of ±1 octave regardless of separability. 

To examine the correlation between the interocular frequency difference and the 

tilt of binocular RF, the ratios of preferred spatial frequencies were computed as follows 

and compared with the disparity gradients. The frequency ratio is given by 

R

L

f
fRatioFrequency =  (6) 

where fL and fR are left and right preferred spatial frequencies from measurements with 

drifting gratings. The results of comparisons are illustrated in Figs. 11C and D for 

separable and inseparable cells, respectively. Cells recorded from areas 17 and 18 are 

plotted as circles and triangles, respectively. Black and gray symbols indicate cells that 

exhibited significant and non-significant tilts of binocular RF, respectively, as shown in 

Fig 9. Labeled symbols in Figs. 11C and D indicate example cells shown Fig. 6A-C and 

Fig. 7A, C, E, F, respectively. Error bars depict the standard deviations of disparity 

gradient. The frequency ratio and the disparity gradient were significantly correlated for 

inseparable neurons with significant binocular RF tilts (black symbols in Fig. 11D; 
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r=0.5, N=29, p<0.01: Spearman’s correlation coefficient). The correlation was not 

significant for separable neurons (black symbols in Fig. 11C; r=0.27, N=14 p>0.05: 

Spearman’s correlation coefficient). Since our initial interest was primarily on disparity 

selective complex cells, which tend to be inseparable binocularly, the number of 

separable cells are small in our sample. This may have affected the results. Solid line 

depicts the prediction based on the dif-frequency version of disparity energy model as 

illustrated in Fig. 1. The relationship for the theoretical curve is given as equation A8 

(see Appendix). The limits of artifactual variations of disparity gradient about the 

predicted value are illustrated as dotted lines (prediction ± 0.1, 1.96SD of artifactual 

distribution as shown in Fig. 10). Although the significance of correlation between two 

parameters suggests that the interocular difference in spatial frequency tuning underlies 

the tilted binocular RF structure, not all neurons lie on the theoretical line. Considering 

the variance in the data, 35.6% (16/45) of neurons fall within the dotted line for 

separable cells and 42.2% (38/90) for inseparable cells. Therefore, approximately only 

one third of neurons behave in a manner consistent with the prediction of the 

dif-frequency model. However, responses of many neurons cannot be accounted for by 

the dif-frequency disparity energy model. There are neurons with a clear and 

statistically significant interocular spatial frequency difference, and yet possessing 

clearly frontoparallel binocular RF, and vice versa. Therefore, in sections further below, 

we will examine possibilities of additional factors that may contribute to tilts of 

binocular RFs. 

An additional point was examined in relation to predicting binocular properties 

from monocular tuning characteristics. Figs. 11 E and F show the relationship between 

binocular disparity frequency and monocular preferred spatial frequency. The disparity 
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spectral amplitude profiles. 

a =
1

πσ f

, b =
1

πσ d

 

where σd and σf are standard deviations of the fitted Gaussian in the disparity and 

frontoparallel frequencies, respectively. The aspect ratio of a binocular RF is defined by 

the ratio of standard deviations as shown below. 

b
aratioAspect =  

The aspect ratio of less than 1 indicates that the envelope of binocular RF is 

elongated along the disparity axis.  If it is greater than 1, the envelope of binocular RF 

is elongated along the frontparallel axis. Therefore, if there are neurons with the 

hierarchical organization as illustrated in Fig. 12A, and B, we would expect aspect 

ratios of RFs for those neurons to be substantially greater than 1. The disparity energy 

model with no such pooling predicts the aspect ratio equal to 1. 

The distribution of aspect ratios for separable and inseparable RFs are shown in 

Fig. 13A and B. For most neurons, aspect ratios were greater than 1 for inseparable RFs 

(Fig. 13B). Mean aspect ratios are 1.15 and 1.67 for separable and inseparable RFs, 

respectively. The result for inseparable RFs, the majority of which are complex cells, 

indicates a substantial degree of spatial pooling, deviating highly from the prediction of 

disparity energy model. The relationship between the aspect ratio and the disparity 

gradient is presented in Fig. 13C and D. If the hierarchical organization hypothesis (Fig. 

12A) is correct as a basis for slant selectivity, neurons with highly elongated receptive 

fields should possess a wide range of disparity gradients. In contrast, neurons with 

aspect ratios close to 1 should show a narrow distribution for disparity gradients near 
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zero. However, our data show the opposite: Disparity gradients tended to be highly 

variable for neurons with low aspect ratios, but were relatively small for those with high 

aspect ratios for inseparable RFs (Separable: Man-Whitney’s U-test, p=0.74, N=45; 

inseparable: Man-Whitney’s U-test, p<0.01, N=90). 

It may be argued that the increased range of disparity gradients for neurons with 

small aspect ratios may simply reflect poorer reliability for estimating tilts for these 

cells. For example, orientations of ellipses may be determined more reliably for highly 

elongated ellipses than for nearly circular ones, given a constant level of noise or 

measurement errors. To examine this factor, we show the relationship between the 

confidence (standard deviation, i.e., the length of error bars in Fig 13 C, D) for 

estimates of the disparity gradient and the aspect ratio in Fig. 13E, F. The scales of the 

vertical axes are equal for Fig 13 C, D for comparison. Although there is a tendency for 

cells with smaller aspect ratios to have longer error bars (Pearson's r=0.5, p<0.01, 

N=37: black symbols in Fig. 13F), the error-bar length is much smaller than the mean 

value of disparity gradient. It is nearly a constant fraction (20%) of the absolute value of 

the disparity gradient for neurons with significant tilts (black symbols). Therefore, it is 

probably accurate to say that the variability of disparity gradient is almost independent 

of the aspect ratio. Therefore, these results indicate that highly tilted binocular RFs are 

not constructed by the spatial pooling process as shown in Fig. 12. Nevertheless 

however, 13.5% (5/37) of significantly tilted inseparable cells have substantially 

elongated binocular RF (aspect ratio ≥  2) indicating that pooling may play at least 

some role in constructing slightly tilted binocular RFs. 

The fact that the model of Fig. 12 is rejected should not be interpreted to mean 

that pooling is not important. Rather, it may play an important role in slant 
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Appendix 

The relationship between disparity gradient and slant in the actual world is 

described by Blakemore (1970). Here we extend the description of surface slant into the 

frequency domain, and derive the relationships among disparity gradient, tilt angle of 

binocular receptive field, disparity frequency, frontoparallel frequency, and monocular 

spatial frequencies. 

When two objects, A and B, are separated in three-dimensional space as shown in 

Fig. A1, disparity gradient for the line connecting the two objects, (∆d), is defined as the 

difference of binocular disparities for the two objects, (dA-dB), divided by their spatial 

separation in cyclopean space (γ). Thus, the disparity gradient is defined as, 

γ
BA ddd −

=∆      (A1) 

βα −=− BA dd , 
2

βαγ +
=   (A2) 

where visual angles α and β indicate the separation between the objects in the 

monocular retinal space for the left and right eyes, respectively. α and β are calculated 

from the viewing distance and the separation of eyes as, 

cb
a
+

=αtan , 
cb

a
−

=βtan , 
2

tanφac =  (A3) 

where a indicates the separation between left and right eyes, b is the distance to the 

fixation point from the subject, and c is the distance between the fixation point and the 

objects. φ is the slant angle in the real-world space. 

 

Similarly, slant of binocular RF may be expressed in terms of disparity gradient. 
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When the size of binocular RF for the left and right eyes are α and β, the binocular RF 

size is described as a function of slant of binocular RF, θ. 

)45tan( θβα −=   (A4) 

Therefore, by substituting α and β into equations A1 and A2, we obtain the disparity 

gradient as, 

)45tan(1
))45tan(1(2

θ
θ

−+
−−

=∆d   (A5) 

 

If a slanted surface contains n cycles of a grating, the spatial frequencies as viewed by 

the left and right eyes are written as, 

 
α
nfl = , 

β
nfr =       (A6) 

Therefore, the spatial frequency ratio is 

)45tan( θ
α
β

+===
r

l
ratio f

ff  (A7) 

The disparity gradient is rewritten in terms of the spatial frequency ratio as, 

1
)1(2

+
−

=∆
ratio

ratio

f
fd   (A8) 

The theoretical curve shown by solid line in Fig 11C, D is obtained from this equation. 

 

Disparity frequency and frontoparallel frequency of tilted binocular RF of complex 

cell are derived as follows. We begin with a model of complex cells based on a 

generalized disparity energy model (Ohzawa et al. 1997, 1990; Qian and Mikaelian 

2000) where the left and right spatial frequencies may be different. According to this 
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model, a complex cell receives input from quadrature pairs of simple cells.  Members 

of the quadrature pairs may be modeled as having left and right monocular RFs that are 

even (Weven) and odd (Wodd) symmetric, 

( )LL

x

Leven xfeW
L

πσ 2cos2

2

2
−

= , ( )ϕπσ +=
−

RR

x

ven xfeW
R

2cos2

2

2
Re   (A9) 

( )LL

x

Lodd xfeW
L

πσ 2sin2

2

2
−

= , ( )ϕπσ +=
−

RR

x

Rodd xfeW
R

2sin2

2

2   (A10) 

 

where σ is envelope width and fL, fR are spatial frequencies of the left and right RFs, 

respectively. ϕ depicts phase disparity. Response of the complex cell is the sum of 

squared sums of the left and right RF profiles.  

( ) ( )2
RoddLodd

2
RevenLeven  WW WW +++=clR  

( )RoddLoddRevenLeven
2

Rodd
2

Lodd
2

Reven
2

Leven WWWW2 W W W W +++++=    (A11) 

Figs. 1C and E are derived from this equation. 

  For presenting the binocular RF data, we remove the contributions of monocular 

terms by taking the difference of binocular RFs (measured with contrast-matched and 

mismatched stimuli) as described by Ohzawa et al. (1997), thereby extracting the pure 

binocular interaction component. The last term of A11, 2(WLevenWReven+ WLoddWRodd) is 

the binocular interaction component 

Therefore, 

( )RoddLoddRevenLevenint WWWW2 +=eractionR  

( ) ( ) ( ) ( ){ }ϕππϕππσ +++=
+

−

RRLLRRLL

xx

xfxfxfxfe
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( ){ }ϕπσ −−=
+

−

RRLL
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2cos2 2

22

2       (A12) 

 

We now rewrite Rinteraction in disparity and frontoparallel dimensions, by converting 

monocular positions, xL and xR, into binocular disparity (d) and fontoparallel position 

(h) (Tanabe et al. 2005). In performing this conversion, care must be used because the 

standard geometrical rules such as the Pythagorean theorem cannot be applied directly. 

That is, the disparity and frontoparallel dimensions are uneven as shown Fig. A2. For 

instance, when the left and right spaces span α degrees of visual angle, frontoparallel 

space, which is oriented 45 degrees from left position axis in Fig. A2B, also spans α 

degrees. In contrast, the disparity dimension is expanded 2 times from frontoparallel 

space, spanning 2α degrees. This unevenness is based on the definition of binocular 

disparity. The binocular disparity is described as the difference of left-right positions, 

and the frontoparallel position is defined as the average of left and right positions.  

LR xxd −= , 
2

LR xxh +
=     (A13) 

Therefore, left and right positions are written as,  

2
2 dhxL

−
= , 

2
2 dhxR

+
=    (A14) 

 

By substituting A14 into equation A12, Rinteraction is expressed as  

( ) 

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Therefore, based on this equation, frequencies in the frontoparallel and disparity 
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dimensions are 

RLllelfrontopara fff −= , 
2

RL
disparity

fff +
=    (A16) 

When the left and right spatial frequencies are equal, fL=fR=f , the frontoparallel term 

within the cosine of equation A15 is zero. This case is identical to that presented in 

previous studies (Ohzawa et al. 1997, 1990). 
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Fig. 3 

Binocular receptive fields and their Fourier spectra are shown for simple (A, B) and 

complex (C, D) cells, respectively. Binocular RF of simple cells tended to be separable 

in the (XL, XR) domain with 4 peaks in the spectrum, while those for complex cells 

tended to be inseparable and with 2 peaks in the frequency domain. There is a small but 

apparent tilt (θ) of the binocular RF in C. 

 

Fig. 4:  

Procedures are shown for computing binocular separability index (BSI) and binocular 

RF tilt angle (θ) from the spectra (see text). A: BSI is determined by a ratio of two 

spectral peak amplitudes, RF and RD, taken from a cross-sectional profile through the 

highest peak of the spectrum. When BSI is more than 0.5, neurons are classified as 

separable, and inseparable otherwise. BSI and θ for this cell (same as that for Fig. 3A, 

B) are 0.85 and 3 degs, respectively.  B: BSI for this complex cell (same as that for Fig. 

3C, D) is low (BSI=0.095), indicating clear inseparability. C: Tilt angle (θ) of the 

binocular RF is calculated from the angular position of the peak in the frequency 

domain, as the arctangent of the ratio of the peak frequencies for left and right eyes. The 

tilt angle was -4 degs for this cell. The same procedure is used for both separable and 

inseparable types. Cross sections going through the spectral peak that are parallel to the 

left and right frequency axes depict monocular spatial frequency tuning curves, as 

estimated from the binocular RF data. Monocular spatial frequency tuning for left and 

right are drawn as solid and dashed curve, respectively. The line that goes through the 

spectral peak and the origin is defined as the cardinal disparity axis for the neuron. 
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Fig. 16: 

Relationships are shown of binocular RF characteristics and ratio of spatial frequency to 

disparity frequency (SF/DF ratio). Since the disparity energy model predicts SF/DF=1, 

the ratio reflects discrepancy between the data and predictions by the model. A: 

Relationship between aspect ratio and SF/DF ratio is illustrated. Significant correlation 

(Separable r=0.0008, p>0.1, N=45; inseparable: r=0.44, p<0.001, N=90) is observed for 

inseparable RFs. B, C: Relationships between the SF/DF ratio and the binocular RF 

sizes in frontoparallel and disparity directions are illustrated, respectively. Circles and 

triangles indicate data for neurons recorded from areas 17 and 18, respectively. Open 

and filled symbols depict separable and inseparable RFs, respectively. 

 

Fig. A1: 

A: Schematic diagram is shown for illustrating the definition of disparity gradient. 

Since disparity gradient is a slope in the depth space, the horizontal distance between 

objects A and B is set arbitrarily equal to the distance between the eyes without losing 

generality for simplifying the derivation. B: Diagram illustrates the geometrical 

relationship between the sizes of binocular RF as viewed by the two eyes (α, β) and the 

tilt angle, θ, of binocular RF. 

 

Fig. A2: 

Relationships between the xL-xR domain and the disparity-frontoparallel dimension are 

shown. A: Geometry of binocular viewing condition is illustrated. The gray 

diamond-shaped area is the region of real space that is jointly covered by left and right 

receptive fields. B: The area corresponding to the diamond region in A is illustrated as 
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the Cartesian xL-xR domain. When the monocular viewing angle is α, the disparity axis 

spans 2α and the frontoparallel axis spans α.  Because of this asymmetry, the xL-xR 

domain and the disparity-frontoparallel domain cannot be transformed directly by 

standard coordinate rotations. 

 


