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Lateral interactions between spatial filters were explored with a lateral masking paradigm. Contrast 
sensitivity (two-alternative forced-choice) for a Gabor signal in the presence of two flanking high 
contrast Gabor signals (masks) was measured. When the target to mask distance was less than 2 target 
wavelengths the contrast sensitivity decreased up to a factor of two relative to a no mask condition. 
At larger separations, up to eight wavelengths, an increase in contrast sensitivity occurred. This 
increase was maximal at separation distances of 2-3 wavelengths, where sensitivity increased by a 
factor of two. However, the enhancement magnitude and range was dependent on tie offset between 
the Gabor signal orientation and the direction defined by the virtual line connecting the two masks 
(global orientation). Maximal effects occurred when this offset was zero (100% increase in sensitivity) 
and 90 deg (50% increase). A 45 deg offset yielded only a small enhancement (20%). The enhancement 
dependence on spatial arrangement was found to be invariant across different global orientations 
(meridian). This pattern of interactions may be involved in grouping collinear line segments into 
smooth curves. 
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1. INTRODUCTION 

Due to the local nature of spatial filters, some visual 
processes may involve interactions between neighboring 
channels. Studies involving subjective contrast esti- 
mations yield experimental evidence for local spatial 
interactions (Cannon & Fullenkamp, 1991; Chubb, 
Sperling & Solomon, 1989; Sagi & Hochstein, 1985). 
Thus, the existence of local inhibitory connections be- 
tween spatial filters having similar orientation and 
spatial frequency selectivity was suggested (Sagi, 1990). 
An antagonistic connectivity field around each channel 
having excitatory and inhibitory connections, is ob- 
served when measuring contrast detection thresholds for 
a fovea1 Gabor signal flanked by two high contrast 
Gabor signals (Polat & Sagi, 1993). The results showed 
a suppressive region extending to a radius of 2 wave- 
lengths, in which the presence of the masking signals has 
the effect of increasing the target threshold, beyond this 
range a much larger facilitatory region (up to a distance 
of 10 wavelengths) was indicated in which contrast 
thresholds were found to decrease by up to a factor of 
two. The interactions between the fovea1 target and the 
flanking Gabor signals are spatial-frequency and orien- 
tation specific in both regions, but less specific in the 
suppression region. These findings were obtained when 
the target and masks assumed the same vertical orien- 
tation producing collinear configuration, suggesting a 
possible mechanism for line segmentation, filling-in 
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gaps, and illusory contours. Indeed, recent studies 
support the existence of similar interactions involved 
in integration of line segments (Morgan & Hotope, 
1989; Moulden & Zablocki, 1992; Field, Hayes & Hess, 
1993), perception of Glass patterns (Sagi & Kovgcs, 
1993) and in perceiving illusory contours (Dresp & 
Bonnet, 1991). 

The presence of long range lateral connections re- 
vealed by intracellular injections of horseradish peroxi- 
dase (HRP) (Gilbert & Weisel, 1979, 1983) suggest that 
visual cortical neurons integrate visual information from 
a region larger than the classical receptive field. Cross- 
correlation analysis, indicated excitatory interactions 
between pairs of cells with similar receptor field orien- 
tation preferences (Ts’o & Gilbert, 1988; Ts’o, Gilbert & 
Weisel, 1986). HRP labeling in the striate cortex of tree 
shrew, indicated stripe-like zones of neuronal intercon- 
nections over considerable distances (Rockland & Lund, 
1982). However, between these zones with long intercon- 
nections is another set of stripe-like zones which either 
have shorter or no connections. This led to the sugges- 
tion by Mitchison and Crick (1982) that a given cortical 
cell connects only to other cells of the same or similar 
orientation preference, and only along an axis in the 
visual space that is functionally significant for that cell. 
However, this suggestion is not supported, as of yet, by 
experimental results revealed from primate visual cortex 
(see LeVay, 1988). 

Here we explore the architecture of spatial interactions 
using a lateral masking paradigm (Polat & Sagi, 1993). 
Standard contrast detection tasks were used, under 
conditions of lateral masking. Three Gabor signals 
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(Gabor, 1946), a Gabor target located in the fovea1 
region between two masking Gabor signals positioned 
with identical eccentricity, were utilized. Changes in the 
detection threshold induced by the flanking masking 
signals as a function of their eccentricity were measured. 
In our earlier study target and masks were collinear, thus 
it was not possible to conclude about the architecture of 
the lateral interactions revealed by this paradigm. Here 
we vary the global configuration of the three Gabor 
signals so that the three signals can be parallel, diagonal 
or orthogonal to the global orientation produced by the 
triplet (Fig. I). Previous results for collinear configur- 
ations (Polat & Sagi, 1993) show two types of inter- 
actions; suppression (threshold elevation of the target in 

the presence of the mask), and facilitation (threshold 
reduction). The documented suppression effect is prob- 
ably the result of local (within filter) masking and is 
restricted to distances where the target and masks over- 
lapped, in agreement with earlier studies (Harvey & 
Doan, 1990; Legge & Foley, 1980; Phillips & Wilson, 
1984; Swift & Smith, 1983; Tolhurst & Barfield, 1978; 
Wilson, McFarlane & Phillips, 1983). However, the 
observed facilitatory effect reflects a larger range of 
spatial interactions, probably between filters as implied 
by the phase insensitivity of the effect (Polat & Sagi, 
1993). Herein, enhancement interactions between chan- 
neis, as a function of their spatial configurations, were 
examined, 

GLobal orlsnta tlon 
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FIGURE I. The configu~atjons and o~en~tions, both global (6,) and local (0,) of the stimuli used. (For diagonal 0, we used 
also 0, = I35 deg, however, this configuration is not presented in this figure.) Only one target to mask distance is depicted here, 

but several were tested. See Methods for more details. 
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Apparatus 

Stimuli were displayed as graylevel modulation on a 
Hitachi HM-3619A color monitor, using an Adage 3000 
raster display system. The video format was 56 Hz 
noninterlaced, with 5 12 x 5 12 pixels occupying a 
9.4 x 9.6 deg area. The mean display luminance [I in 
equation (2)] was 50 cd/m* in an otherwise dark environ- 
ment. Stimulus generation was controlled by a Sun- 
3/140 workstation and the stimulus display by the Adage 
local processor. Gamma correction was applied using 
1 O-bit lookup tables. 

Stimuli 

Stimuli consisted of three Gabor signals arranged in 
spatial configurations as depicted in Fig. 1. The lumi- 
nance distribution [L (x, Y Ix,, YO)] of a Gabor signal is 
determined by 

L (x, Y l&l, Yo) = cos 
( 

271 
--j- ((x - x,)cos 8, 
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x exp- 
( 

(x - xo)*~*(Y -Y,‘) (1) 

where x is the value of the horizontal axis, y of the 
vertical axis, & the orientation of the Gabor signal (in 
radians), I the wavelength and (7 the standard deviation 
of the Gaussian envelope. The stimuli used the sum- 
mation of three Gabor signals shifted by Ax and Ay, 
[equation (2)] are described by 

L(x, Y~X,,YO) = 4,,~k~lx,--Ax,~o-A~) 

- A,L (x, y Ix, + Ax, y. + Ay) + I. 

(12) 

A,,, and A, are the mask and target amplitudes, respect- 
ively. The three Gabor signals were positioned along the 
vertical, diagonal and horizontal meridians (global 
orientation, 6,) by varying Ax and Ay. The orientations 
of the Gabor signals were controlled by the parameter 
8, (local orientation). For each global orientation (8,) 
the local orientations (8,) of the three Gabor signals were 
identical. Only when the local and global o~entations 
coincide (0, = 6,) is a collinear confi~ration obtained. 
In the other configurations used herein the 0, and 8, 
differed by 45 or 90deg (Fig. 1). In all the experiments 
x0, y. coincided with the fixation point. The Gaussian 
envelope size (a = ;1 = 0.075 deg) was selected so that at 
least one cycle would be within a range of +a from the 
Gaussian center. The spatial frequency of the Gabor 
signal, target and mask, was 13.3 c/deg (L = 0.075 deg). 
Mask amplitude (A,) was 0.4 Z for radial test to mask 
distances >21, and 0.32 Z for smaller distances. 

Experimenter procedures 

A two-alte~ative temporal forced-choice paradigm 
was used. Each block consisted of 48 trials, in which the 

signal amplitude and the distance between the Gabor 
signals were kept constant. Each trial consisted of two 
stimuli presented sequentially, only one of which had a 
target. Before each trial, a small fixation cross was 
presented at the center of the screen. When ready, the 
observers pushed a key to activate the trial sequence. 
This sequence consisted of a no stimulus interval 
(360 + 270 msec), a stimulus presentation (90 msec), a no 
stimulus interval (846 f 270 msec), and a second stimu- 
lus presentation (90 msec). Screen luminance (Z) was 
kept constant during the stimulus and no stimulus 
intervals. Each stimulus display included two peripheral 
high contrast crosses (3.4 deg = 451 above and below the 
fixation cross), marking the target stimulus interval 
presentation. The observers’ task was to determine 
which of the stimuli contained the target. Auditory 
feedback, by means of a keyboard bell, was given on 
observers’ error immediately after response. A staircase 
method was used to determine the contrast threshold. 
Target contrast was changed every four trials according 
to the observers’ score on the previous four trials: on 
four correct responses (100% correct) contrast was 
reduced by lo%, on one error (75O/0 correct) no change 
was made, on two or more errors (chance level) contrast 
was increased by 20%. In each block, we set the initial 
contrast to the contrast threshold as estimated in the 
previous session. In this procedure, the observers’ re- 
sponses fluctuate around the threshold (75% correct 
response) during almost all trials in a block. Thresholds 
were estimated as the average stimulus contrast along a 
block, ignoring the first eight trials. This procedure was 
repeated 4-8 times for each stimulus and data presented 
are averages of these independent estimates (obtained on 
different days). Some measurements (data not presented 
here) were made also with fixed stimuli of different 
contrasts and psychometric curves were generated, yield- 
ing practically the same thresholds. In each session either 
0, or 0, was kept constant. 

Observers 

Three naive observers with normal vision in both eyes, 
participated in these experiments. The stimuli were 
viewed binocularly from a distance of 180 cm. 

3. RESULTS 

Data is presented here as the increase in threshold of 
the flanked target relative to that of an isolated target 
(log of the ratio of the mask and unmasked contrast 
thresholds). This presentation allows us to examine 
effects due to configurations regardless of the local signal 
orientation which may have different thresholds due to 
the system anisotropy (absolute thresholds for isolated 
targets are presented in the figure captions). The distance 
unit we use is A (one signal wavelength), since threshold 
elevation curves as a function of test to mask distance 
scale with signal wavelength and have the same shape for 
different wavelengths when distance is measured in 1 
units (Polat & Sagi, 1993). Typical results, obtained with 
observer AM using a vertical global orientation (0,) are 
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FIGURE 2. Dependence of target threshold on target to mask distance 
for observer AM (0, = vertical). Threshold elevation was computed 
relative to that of an isolated target. Isolated target thresholds were 
0.15 I, 0.16 Z and 0. Ii I for #, = vertical, diagonal and horizontal 

respectively. 

depicted in Fig. 2. For vertical local orientation (6,) the 
graph, has t;he same shape as previously reported (Polat 
& Sagi, 1993). The threshold reduction (enhancement) 
magnitude and the range of interactions for each local 
orientation differ. For instance, maximal effects were 
obtained with vertical (collinear) orientations, whereas 
smaller effects were obtained for orthogonal ones and 

only a slight enhancement occurred with a diagonal local 
orientation. Estimates of the maximal enhancement, for 

8, (vertical, diagonal and horizontal) as a function of (0,) 
were obtained from graphs like Fig. 2 for three observers 

(Fig. 3). The main result to note from Fig. 3 (a-c) is that, 
regardless of global orientation, maximal enhancement 
was always observed when the global and local orien- 
tations coincided (8, = 6,), i.e. collinear configuration. 
Less enhancement occurred when 6, = S, + 90 deg and 
when 0, = 19, + 45 deg the enhancement was only slight. 

Another interesting aspect of the data presented in 
Fig. 3 is that the maximal enhancement magnitude is 
independent of the isolated target sensitivity. The en- 
hancement values obtained for the different local orien- 
tations within the collinear configurations are about the 
same, although local target thresholds differ. Thus, the 
parameter affecting enhancement of target detection is 
the difference between global and local orientations and 
not some parameter that depends on the observers’ 
orientation sensitivity. 

Figure 4 summarizes the results and presents the 
maximal enhancement obtained from Fig. 3, but now 

a function 
T;g = 13, f 45 deg) 

of collinear (0, = 6,). diagonal 
and orthogonal (6, = Bi + 90 deg) 

configurations. Collinear configurations are always su- 
perior while the diagonal configurations are inferior. The 
enhancement for collinear configuration is slightly 
higher when eg was vertical than horizontal, which 
probably reflects a spatial interaction asymmetry for 
collinear configurations. This was most pronounced with 
observer GH. Practice appeared to increase enhance- 
ment when local and global orientations coincided, but 
not when the orientations differed by 45 deg (Sagi & 
Polat, 1992). In fact, the asymmetry observed with 
observer GH disappeared after practice. 

0 20 40 60 80 0 20 40 60 80 0 20 40 60 60 
Local orientation f&l 

FIGURE 3. Estimates of maximal enhancement for observers AM (O), RM (0) and GH (A) as a function of 0, for vertical 
(a), diagonal (b) and horizontal (c) (6,). The results in (a) were taken from Fig. 2 and in (b, c) from the same type of experiments 
as described for Fig. 2. The lines depict the average from three observers. The detection threshold amplitude of the isolated 
target (A,) was for observer AM, 0.15 Z, 0.16 Z, and 0.11 Z for @, = vertical, diagonal, and horizontal respectively; for observer 

RM, 0.091, 0.131, and 0.131; and observer GH, O.llZ, 0.141, and 0.101. 
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FIGURE 4. Estimates of maximal enhancement for collinear, diag- 
onal, and perpendicular configurations. Data points are the averages 

of three observers. 

Local spatial interactions involved in visual processes 
can be explored by monitoring contrast detection of a 
Gabor target in the presence of high contrast Gabor 
signals (masks). Sensitivity to the Gabor target can be 
increased when positioning the two masks at the right 
distance (Fig. 2; Polat & Sagi, 1993). We report here that 
the enhancement magnitude and range are a function of 
the offset between the Gabor target orientation and the 
direction defined by the virtual line connecting the two 
masks (Figs 2-4). Effects of a 100 and 50% increase in 
sensiti~ty were obtained when this offset was zero and 
90 deg, respectively. A 45 deg of&et yielded only a small 
enhancement. This enhancement of sensitivity was inde- 
pendent of the target and masks orientations and lo- 
cations (meridian). 

The pattern of the data obtained (Figs 2-4) suggests 
that lateral connections are arranged along a main 
direction that is aligned with the local orientation, less 
along the orthogonal direction, but not along diagonal 
directions. Psychophysical measures of illusory contour 
revealed threshold detection facilitation effect distant 
from the edges of the inducing elements (Dresp, Free & 
Bonnet, 1992), but only when the two inducing elements 
cooperated on the same induction axis. This supports 
collinear and cooperative boundary completion (Dresp 
& Bonnet, 1991). Studies of “collector units” (Morgan 
& Hotopf, 1989; Moulden & Zablocki, 1992), line 
integration (Field, Hayes & Hess, 1993) and Glass 
patterns (Sagi & Kov&s, 1993) are consistent with the 
findings presented herein. Recently observers were found 
to be capable of identifying the path of Gabor signals 
within randomly oriented elements, when the elements 
were oriented at angles up to +@deg relative to one 
another (Field et al., 1993). Aligning the elements or- 
thogonally reduced the observers’ ability to detect the 
path. This conforms to the pattern of spatial interactions 

observed herein, which suggests a mechanism for line 
segmentation. 

Field et al. (1993) claimed that their results for line 
integration also suggest a mechanism for curvature 
detection. In further experiments we carried out, when 
the Gabor target and the flanking masks were aligned 
along the curved line (Fig. 5) enhancement was not 
observed (observers AM and UP). Although we used a 
wide range of curvature parameters, our failure to find 
evidence for curvature mechanism may be a result of 
incomplete coverage of the Iarge parameter space. How- 
ever, note also that the tasks used in the different 
experiments differ in a significant way. In the exper- 
iments described herein, observers had to detect a single 
Gabor target at threshold, while in those of Field et al. 
(1993) the observers had to follow the path of 12 
suprathreshold Gabor signals, thus allowing for a higher 
level process to take effect, 

The architecture of the spatial interactions, as 
suggested by the results herein and as hypothesized by 
Mitchison and Crick (1982), may have an important role 
in tasks involving line segmentations, illusory contours 
and filling-in gaps. As such, these processes may take 
part in identif~ng object contours, however, we do find 
a significant interaction along the direction orthogonal 
to this contour. This orthogonal interaction seems to be 
of the same type as the main axis interaction, although 
the underlying neural mechanism may differ. Single ceil 
recordings from cat striate cortex indicate the existence 
of facilitatory interactions along the cell’s main axis and 
inhibitory interactions in the other directions (Nelson & 
Frost, 1985). Responses of orientation selective neurons 
in monkey’s Vl area can be suppressed by presenting 
flanking line segments of similar orientation, on either 
direction from the cell’s location (Van Essen, DeYoe, 
Olavarria, Knierim, Fox, Sagi & Julesz, 1989). In this 
case, our coaxial enhancement may be a result of strong 
neuronal facilitation, the orthogonal enhancement may 

FIGURE 5. Two configurations used to test the sensitivity of a Gabor 
signal (target) aligned along curvature. Target @, was vertical and mask 
#I was f 30 deg (a) or 30 deg (b). Target contrast is ennhanoed itere for 
illustration. Only one target to mask distance is depicted here, but 

several were tested. 
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be a result of d~sin~j~ition, and the absence of diagonal 
interactions may be a result of an i~hibitory~xcitatory 
balance. 
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