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Abstract

A psychophysical analog to cortical receptive-field end-stopping has been demonstrated previously in spatial filters
tuned to a wide range of spatial frequencies (Yu & Levi, 19The current study investigated tuning

characteristics in psychophysical spatial filter end-stopping. When a D6 (the sixth derivative of a Gaussian) target

is masked by a center mask (placed in the putative spatial filter center), two end-zone masks (placed in the filter
end-zones) reduce thresholds. This “end-stopping” effect (the reduction of masking induced by end-zone masks) was
measured at various spatial frequencies and orientations of end-zone masks. End-stopping reached its maximal
strength when the spatial frequency Aaodorientation of the end-zone masks matched the spatial frequenggrand
orientation of the target and center mask, showing spatial-frequency tuning and orientation tuning. The bandwidths
of spatial-frequency and orientation tuning functions decreased with increasing target spatial frequency. At larger
orientation differences, however, end-zone masks induced a secondary facilitation effect, which was maximal when
the spatial frequency of end-zone masks equated the target spatial frequency. This facilitation effect might be related
to certain types of contour and texture perception, such as perceptual pop-out.

Keywords: End-stopping, Psychophysics, Spatial-frequency tuning, Orientation tuning, Spatial filter, Pop-out
perception

Introduction tion effect produced by further increases of background length

Cells with end-zones in their receptive fields were first identified rgsembles the end-stopping effect in cortical end-stopped receptive

by Hubel and Wiesel (1965, 1968) in the cat and monkey visuaf"elds' Both physiological and psychophysical end-stopping take

cortex. These hypercomplex or end-stopped cells constitute a sié;lace beyond line ends, and both have an antagonistic effect on the

nificant portion of simple and complex cells (Dreher, 1972; SchillerSga\ggzg{i?negfg?ﬁgﬁg:lgnczggtesr'o-niﬁf:;ﬁ’egetsﬁ Zzliﬁgggnagg d
et al., 1976; Murphy & Sillito, 1987), and are tuned to not only the 9 9

stimulus width, but also the stimulus length. In psychophysical anqend-stopplng, respectively, in psychophysical perceptive fields or

computational theories, however, end-stopping is rarely ConSiderE%pzZﬂleiriirIZtin evidence supports the link between psvchophvs-
and pattern perception is often assumed to be realized by simple- g pp psychophy

cell like spatial filters or channels (e.g. Watson, 1983; Wilson & ical a_md phyS|oIog|_caI end-stopping. A cortlgal origin of psycho-_
Gelb, 1984). physical end-stopping was demonstrated by its steep spatial scaling

Evidence for end-stopping in psychophysical spatial filters hasfunction (Yu & Essock, 199), which resembles the cortical mag-
PpINg In psychophy P ification function, and by its dichoptic transfer (Yu & Levi, 1997

recently been suggested by a length Westheimer effect (Yu &g . oo .
; . . sychophysical end-stopping is relatively unaffected by the back-
Essock, 1996) and by masking experiments (Yu & Levi, 197 ground polarity (Yu & Levi, 1998), analogous to the phase insen-

For a small line target superimposed on a rectangular background, . . 4 . ! -
increment thresholds first increase (desensitization), then decreagletlvIty of physiological end-stopping (DeAngelis et al., 1994). It

(sensitization), with increasing background length (Yu & Essock is nearly abolished in humans with naturally occurring amblyopia

1996a). The desensitization effect caused by the elongated back(Yu & Levi, 1997b), which might reflect the general vulnerability

. . : of end- ing to abnormal postnatal visual conditions. Similar
ground can be easily understood as increased masking due to ar% end-stopping to abnormal postnatal visual conditions. Simila

summation within the center of a perceptive field or spatial filter\/fja]neraIblllty of end-stopped neurons was found in the visual cor-

. . . ... tex areas 17 and 18 of cats reared in stroboscopic light (Kennedy
responding to the target line. However, the antagonistic sensmza& Orban, 1983). The proportion of end-stopped cells in these cats

decreased from the normal level of 27-30% to 6—7%.
Psychophysical evidence for end-stopping in spatial filters was

Reprint requests to: D.M. Levi, College of Optometry, University of detailed in the spatial-frequency domain by masking experiments
Houston, Houston, TX 77204-6052, USA. (Yu & Levi, 1997a). For a wide range of spatial frequencies, when
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a D6 (the sixth derivative of a Gaussian function, Swanson &
Wilson, 1985) grating target is masked by another D6 mask of the
same spatial frequency but variable length, masking is maxima
when the mask is approximately 5—6 arcmin longer than the targe
regardless of the spatial frequency, suggesting central summati
in spatial filters. Masking is then reduced by further lengthening:
the mask, showing end-stopping. Unlike central summation, psy:
chophysical end-stopping is unaffected by the spatial phase of th:
mask placed in the putative end-zones, consistent with the phas
insensitivity of physiological end-stopping (DeAngelis et al., 1994).
These data clearly demonstrate the necessity of integrating ent
stopping in the modeling of spatial filters and pattern perception,
The current study investigated the tuning properties of psycho
physical end-stopping in spatial filters. Our results show that psy:-
chophysical end-stopping reaches its maximal strength when tl
spatial frequency and orientation of the end-zone masks mat
those of the target, suggesting that psychophysical end-stopping
tuned to target spatial frequency and orientation, similar to physrig. 1. stimulus configuration used to study the spatial-frequency tuning in
iological end-stopping (DeAngelis et al., 1994). Our results alsopsychophysical end-stopping. The target is a 10-arcmin-long D6 grating
suggest that the bandwidths of spatial-frequency and orientatiobentered on a composite masking background. The composite masking
tuning functions decrease with increasing target spatial frequencyackground was composed of a 18-arcmin-long sinusoidal grating “center
Results concerning orientation tuning in psychophysical end-mask” and two 11-arcmin-long sinusoidal grating “end-zone masks.”
stopping also reveal an interesting and unexpected phenomenon, in
that end-zone masks at larger orientation differences can induce a
secondary facilitation effect after producing peak thresholds at
certain orientation deviations. This facilitation effect is also tunedwidth dimension ¢ = 0.75 deg). The center mask shared the same
to the target spatial frequency, and may be related to certain typegpatial frequency and orientation as the D6 target. Either the spatial
of contour and texture perception, such as orientation-related pefrequency or the orientation of the end-zone masks was varied as
ceptual pop-out. an independent variable in the experiments, with other dimensions
the same as those of the center mask and target. To generate the
stimuli, the target and mask were actually presented in separate
frames which were interlaced to produce the required configura-
tion. In this way, the frame rate for the stimuli (58.5 Hz) was
actually half of the monitor frame rate, but was still fast enough to
Four observers (two males, CU and YC, and two females, LY andavoid any perceptible flicker. Both the center mask and end-zone
QL, aged 19-32 years) participated in this study. All had normal oimasks were presented at a contrast of 40%. The contrast of the D6
corrected-to-normal vision. LY, QL, and YC were experienced intarget was varied according to a staircase procedure. Viewing was
psychophysical observations and served as principle observers. guonocular by the dominant eye (right eyes for all observers), at a
had no previous experience, and substituted for QL in Experiviewing distance of 5.64 m.
ment 3. Only YC was aware of the purpose of the study.

Methods

Observers

Procedure

Apparatus and stimuli . . . .
PP A successive two-alternative forced-choice staircase procedure was

The stimuli were generated by a Vision Works computer graphicsised. The mask was presented in each of the two stimulus intervals
system (Vision Research Graphics, Inc., Durham, NH) and pre{300 ms each) separated by a 550-ms interstimulus interval. In one
sented on a U.S. Pixel Px19 monochrome monitor. The resolutiolof the two intervals the target was also presented for the same
of the monitor was 1024 512 pixels, with the size of each pixel duration. Each trial was preceded by a 6.3 arcixi.3 arcmin
being 0.28 mm horizontak 0.41 mm vertical. The frame rate of fixation cross in the center of the screen which disappeared 100 ms
the monitor was 117 Hz. Luminance of the monitor was madebefore the beginning of the trial. Audio feedback was given on
linear by means of a fifteen-bit look-up table. The mean luminancencorrect responses.
of the monitor screen was 62 4u?. Experiments were run in a Each staircase consisted of four practice reversals and six ex-
dimly lit room, with a low-Watt light on the back of the monitor. perimental reversals. The initial contrast of the target was usually
The basic stimulus configuration consisted of a spatially local-set at 20% but sometimes higher. The step size in practice reversals
ized vertical D6 target centered on, and simultaneously masked byas set at 0.75% and in experimental reversals at 0.25%. Each
a composite masking background (Figs. 1 and 3). The D6 target, aorrect response lowered target contrast by one step and each
a (window) length of 10 arcmin, had a 1.0-octave spatial-frequencyncorrect response raised target contrast by three steps, which re-
bandwidth, and was presented on the center of the 3.8>deg sulted in a 75% convergence level of the staircase. The mean of the
3.0 deg monitor screen. The composite masking background corsix experimental reversals was taken as the contrast threshold. An
sisted of a central sinusoidal grating which masked the center oéxperimental session usually consisted of 9-10 randomly pre-
the spatial filters (center mask), and two abutting sinusoidal gratsented conditions, and lasted for about 35 min. Each datum rep-
ings which masked the end-zones (end-zone masks). The centesents the mean of 4—6 replications for each condition, and the
and end-zone masks were blurred by a Gaussian window along therror bars represent1 standard error of the mean.
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Experiment 1: Spatial-frequency tuning but much less sensitive to the high spatial-frequency target, which
in psychophysical end-stopping is mainly detected by P cells (though the sensitivity of these P cells
could be much lower than that of M cells responding to end-zone

It has been reported that the spatial-frequency tuning of corticainasks). This large difference in sensitivity could lead to the short
receptive-field end-stopping is a bandpass function, the peak datency M pathway inhibiting the P pathway, aied a rapid shift
which coincides with the peak of the receptive-field center spatial-of attention to the end-zone masks from the target (thus elevating
frequency tuning (Tanaka et al., 1987; DeAngelis et al., 1994)contrast thresholds). The possibility of an attention shift due to M
This experiment investigated spatial-frequency tuning in psychoand P cell sensitivity differences has been discussed by Lennie
physical spatial filter end-stopping. (1993). At low target spatial frequencies, there is no large differ-

Contrast thresholds for a 10-arcmin-long D6 target centered oence in the visibility of the center mask and end-zone mask, and M
a composite masking background (Fig. 1) were measured. Theells would be sensitive to both the target and end-zone masks, so
composite masking background was composed of a sinusoidal grato attention shift occurs.
ing “center mask” and two sinusoidal grating “end-zone masks” To obtain further insights about the spatial-frequency tuning of
(see Methods). The center mask, which shared the spatial frgasychophysical end-stopping, the tuning function at each target
quency of the target, had a window length of 18 arcmin. For aspatial-frequency condition was fitted with a Gaussian function
10-arcmin-long D6 target, a mask at this specific length can pro{dotted lines in Fig. 2b). The full bandwidth of each function at
duce the maximal contrast threshold and thus may have fully maskehlf height is plotted as a function of the target spatial frequency
the length extent of the underlying spatial filter center (Yu & Levi, (Fig. 2c), and shows a slow decrease in bandwidth from 1.6 oc-
1997a). Two abutting end-zone masks each had a window lengthaves to 1.37 octaves as the target spatial frequency increases from
of 11 arcmin, which allowed these masks to fully cover the end-1.7 cpd to 8 cpd, and then a rapid decrease from 1.37 octaves to
zones of the underlying spatial filter (Yu & Levi, 1987 As a  0.71 octaves as the target spatial frequency further increases from
baseline measure, contrast thresholds were also measured unéeepd to 16 cpd. The slow bandwidth decrease (in terms of octaves)
“center-mask only” conditions producing peak contrast thresholdsit lower target spatial frequencies might suggest that spatial filters
in previous experiments, so that end-stopping could be representédned to these spatial frequencies scale their size in the width
as facilitation as compared to the baseline. The experiment wagimension with spatial frequency, such that filters’ shapes across
conducted at four target spatial frequencies from 1.7 cpd to 16.@he subregions remain relatively constant (i.e. the number of ON
cpd. Under each target spatial-frequency condition, the spatial freOFF subregions remains relatively constant). Note that for the 16
quency of the end-zone masks was varied to examine its effects arpd target spatial-frequency condition, the Gaussian fitting is based
facilitation (end-stopping), within a range of abaut octave from  on the baseline (no mask) level instead of the suppression level in
the target spatial frequency (except for the 16 cpd target frequencgrder to reduce bandwidth biases caused by suppression—possibly
condition in which the range was1 to 0.65 octaves). originating from processes unrelated to end-stopping (see above).

Fig. 2 shows contrast thresholds as a function of the end-zonklowever, this fitting might have made the estimated bandwidth
mask spatial frequency. Individual functions at each target spatialrarrower than its actual value because the pure effects of end-zone
frequency condition are presented in Fig. 2a and the mean resultsasking at low spatial frequencies are unavailable. Fitting the data
are summarized in Fig. 2b. For all individual and mean functions elative to the suppression level results in a wider bandwidth,
the strongest facilitation occurs consistently when the spatial frecomparable to that obtained at 4 and 8 cpd. In general, the pattern
quency of end-zone masks is equal or very close to the spatialf bandwidth change with spatial frequency in end-stopping is
frequency of the target. Facilitation decreases towards the baselirmnsistent with that in spatial filter spatial-frequency tuning esti-
with increasing spatial-frequency difference between the target anthated by Wilson et al. (1983). However, since their study used a
the end-zone masks. Thus, like single-cell receptive-field endvery long target and a full-field mask, it is not clear whether
stopping, psychophysical end-stopping is also spatial frequencgnd-stopping contributed to their tuning functions. It is interesting
tuned. to note that in cat primary visual cortex, the inhibitory spatial-

For functions measured at higher target spatial frequencies (8.Dequency tuning bandwidths associated with end-stopping are nar-
and 16.0 cpd), when the spatial frequencies of end-zone masks arewer than the excitatory bandwidths of the same neurons
significantly lower than the target spatial frequency, end-zone maskéDeAngelis et al., 1994).
produce suppression (thresholds higher than the baseline, Fig 2a,
bottom two panels). This effect is very strong and consistent at 1%)( . o . .

: : periment 2: Orientation tuning

cpd, though a little weaker and present only in two of three ob-i svchophvsical end-stoopin
servers at 8 cpd. We believe that this suppression effect can be aﬂ psychophy pping
least in part attributed to the fact that the high visibility of the Orientation tuning in single-cell receptive-field end-stopping was
(lower frequency) end-zone masks deploys the observer’s attentidiirst reported by Hubel and Wiesel in their original paper on hy-
from the target to the masks. For example, the 8 cpd end-zonpercomplex cells (Hubel & Wiesel, 1965), and confirmed by later
mask is much more salient than the (equal physical contrast) 16tudies (Nelson & Frost, 1978; Orban et al., 1979; DeAngelis
cpd center mask, and our observers report that it is difficult toet al., 1994), in that end-stopping is the strongest at approximately
attend to the target (even after extensive practice). It is plausibléhe same orientation which causes maximal center excitation. In
that the deployment of attention toward the more salient end-zonhis experiment, we studied orientation tuning in psychophysical
masks may be related to the distinct responses of the magnocetnd-stopping by examining the facilitation effects of end-zone masks
lular and parvocellular pathways and their cortical afferents. Forat various orientations. The stimulus configurations and proce-
example, in the LGN, M cells have much higher contrast sensidures were identical to that used in Experiment 1, except that it
tivity than P cells, but they also have poorer spatial resolution (e.gwas the orientation of the end-zone masks, rather than their spatial
Derrington & Lennie, 1984). Thus, in the current case, M cellsfrequency, that was manipulated (Fig. 3). The spatial frequency of
could be sensitive to the lower spatial-frequency end-zone maskshe end-zone masks was always the same as the target spatial
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O 16.0cpd
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0.01 |5 4 .yl MRS | MR |
1 10 100
End-Zone Mask Spatial Frequency (cpd) Fig. 3. Stimulus configuration used to study the orientation tuning in psy-
chophysical end-stopping. It is identical to the stimulus configuration in
(c) Fig. 1 except that the orientation of end-zone masks is varied in the ex-
_ 2.0 p= Bandwidth periments.
® (Full width at half height)
g A
::g 1.5 certain orientation deviation, contrast thresholds reach a peak which
5 By A is about equal to the baseline contrast threshold. Thus end-stopping
'_?J ‘,, induced by end-zone masks ends at this point. This deviation is
|5 approximately 15 deg, 30 deg, and 55 deg, respectively, for func-
C: 10 tions at target spatial frequencies of 8.0 cpd, 4.0 cpd, and 1.7 cpd.
) ., Beyond this peak point, contrast thresholds decrease with fur-
2 A ther increasing orientation difference. For the 8 cpd target spatial
g osbL frequency, this secondary facilitation effect starts from the peak
Lo orientation deviation of 15 deg and reaches a plateau at an orien-
-% tation deviation of about 30 deg—a range of about 15 deg (Fig. 4a,
& bottom panel). The range of the secondary facilitation effect ap-
0o}, . o . pears to be larger at lower target spatial frequencies (Fig. 4a, top

two panels), though a precise estimation cannot be made because
the threshold reductions have not reached a plateau at the largest
orientation deviations we used. This facilitation effect is un-

Fig. 2. (Continued) (b) Mean tuning functions (dotted lines show Gaus- €XPected, but it resembles Sillito et al.’s findings of cortical cells
sians fitted to the tuning functions). (c) Bandwidth of spatial-frequency tun-detecting focal orientation discontinuities (Sillito et al., 1995). They
ing functions (derived from the Gaussian fits) at each target spatial frequency€ported that stimulating a surround field at a significantly differ-
ent orientation can enhance a cell's response to a target located
within the classical receptive field. This effect was further studied
in Experiment 3.
frequency. Tests were conducted at three target spatial frequencies, To determine the bandwidth change in the orientation tuning
at 1.7, 4.0, and 8.0 cpd. functions of psychophysical end-stopping, the desensitization com-
Individual results are presented in Fig. 4a and mean results angonent of each mean function was fitted by a half-Gaussian func-
summarized in Fig. 4b. Each function can be divided into twotion (dotted lines in Fig. 4b). The bandwidth of the orientation
components. The first component is a desensitization process whidhining functions decreases with increasing target spatial frequency
suggests orientation tuning in psychophysical end-stopping. ThéFig. 4c), consistent with the bandwidth properties of orientation
second component is a secondary facilitation (in contrast to faciltuning in spatial filters (Phillips & Wilson, 1984). Similar results
itation or end-stopping induced by end-zone masks at zero or smallere found in end-stopped neurons in cat’s primary visual cortex
orientation deviations) at large orientation deviations. by DeAngelis et al. (1994), in that the optimal orientation for
When the end-zone mask orientation is the same as the targend-stopping corresponds to the optimal orientation for center ex-
orientation, contrast thresholds are well below the baseline, sugsitation, and the orientation bandwidth of end-stopping, though
gesting that end-zone masks induce a strong facilitation or endsroader, is positively correlated with that of center excitation. Com-
stopping effect, consistent with our previous results. This facilitationpared to the bandwidth change of spatial-frequency tuning in psy-
effect diminishes, as indicated by elevated contrast thresholds withhophysical end-stopping (Fig. 2c), the orientation bandwidth
increasing orientation difference between the end-zone masks artecreases much more rapidly. Since the longer the receptive fields,
the target. Therefore, psychophysical end-stopping is a bandpasise narrower the orientation tuning, this rapid bandwidth decrease
function of orientation, and is tuned to the target orientation. At aimplies that the length dimension of the underlying spatial filters

1 10
Target Spatial Frequency (cpd)
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Fig. 4. Orientation tuning functions of psychophysical end-stopping. (a) Individual tuning functions at each target spatial frequency.
(Figure continues on facing page

does not scale with the spatial frequency; instead the filter shape&n interesting question is how this effect is influenced by the
are more elongated at high spatial frequencies. It has been sugpatial frequency of significantly oriented end-zone masks. At two
gested that end-stopped cells play a role in curvature perceptiotarget spatial frequencies, 4.0 cpd and 8.0 cpd, we measured the
(Hubel & Wiesel, 1965; Dobbins et al., 1987). These long, end-impact of end-zone mask spatial frequency on secondary facilita-
stopped spatial filters with very fine orientation tuning are espe-tion when the end-zone mask orientation was set at a point where
cially suitable for fine curvature detection. strong facilitation occurred in Experiment 2, i.e. at 60 deg at a
target spatial frequency of 4.0 cpd and 35 deg at a target spatial
frequency of 8.0 cpd. The spatial frequency of end-zone masks was
varied =1 octave from the target spatial frequency.

Results from the 4.0 and 8.0 cpd target spatial-frequency con-
ditions are presented in Figs. 5a and 5b, respectively. The left
The results of Experiment 2 showed surprising secondary facilicolumn of each figure shows the three baselines, i.e. contrast thresh-
tation induced by end-zone masks at large orientation differenceslds at end-zone mask orientations: (1) equal to the target orien-

Experiment 3: Spatial-frequency tuning in
secondary facilitation induced by end-zone
masks at large orientation differences
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(b) i [except for LY’s results in Fig. 5a which have a dip at a slightly
Mean higher end-zone mask spatial frequency (5 cpd)]. Therefore, sec-
ondary facilitation induced by end-zone masks at large orientation
- 0.1 'ﬂ ........................................................ differences is also tuned to the target spatial frequency.
S 7 A
S o~ - ‘ﬁA S et R R b General discussion
e \\\‘\‘\A \.\\\ﬁ"\‘ﬁ“ O . . . .
= - \\&@f‘a/\“\“«z‘a“‘/ “A o Our results demonstrate spatial-frequency tuning and orientation
° - mb / - \\‘A tuning in psychophysical end-stopping. Maximal end-stopping ef-
g 1.9 \@‘““0 fects are achieved when the spatial frequency and orientation of
5 G‘/‘“/‘““\“ --0O--1.7cpd the end-zone masks matched those of the target. These tuning
o =-=- 1.7 cpd baseline properties add to our knowledge of psychophysical end-stopping
i ~A--4.0cpd . which already suggests that the latter is affected by the target
o ::g zgg baseline spatial frequency, but is unaffected by target length, and is insen-
_______ 8.0 cpd baseline sitive to the phase change of end-zone masks (Yu & Levi, 4997
0.01 | i 1 i i I y 1 I I An unexpected result is that a secondary facilitation effect can be

induced by end-zone masks at larger orientation deviations from
the target. This facilitation effect is also tuned to the target spatial
frequency.

As discussed in the Introduction, there is close agreement be-
tween many of the properties of psychophysical end-stopping de-
scribed here and in our previous studies, and that of physiological
end-stopping. For example, both have a cortical origin, are un-
affected by the background polarity or phase, and are vulnerable to
abnormal postnatal visual conditions. The present study shows
that, like physiological end-stopping, psychophysical end-stopping
is tuned to both orientation and spatial frequency, being maximal

B when the center and end-zone stimuli are matched. However, one
clear apparent difference between physiological and psychophys-
ical end-stopping is that physiological end-stopping is primarily
inhibitory (DeAngelis et al., 1994), whereas the psychophysical
marker for end-stopping is facilitation. Below we discuss a model
A which can reconcile this apparent contradiction.

Recent neurophysiological and psychophysical studies (Rob-
son, 1988; Albrecht & Geisler, 1991; Ross & Speed, 1991; DeAn-
gelis et al., 1992; Heeger, 1992; Wilson & Humanski, 1993; Foley,

1 10 1994) suggest that the response of striate neurons or spatial filters
. is in part determined by a nonlinear divisive suppression or nor-
Target Spatial Frequency (cpd) malization process. This suppressive effect is orientation nonspe-
Fig. 4. (Continued) (b) Mean tuning functions (dotted lines show half cific ar]d orlglnfites from outputs of a pool of neurons. In a masking
Gaussian functions fitted to the desensitization portion of the tuning funcParadigm, adding a mask elevates the contrast threshold because of
tions). (c) Bandwidth of orientation tuning functions (derived from the increased suppressive signals, which reduces the response of the
half-Gaussian fits) at each target spatial frequency. filter to the target (Foley, 1994). This process explains peak con-
trast thresholds caused by the center mask which masks the spatial
filter center and elicits maximal suppression. However, this divi-
sive suppression process cannot account for end-stopping induced

tation (0 deg), (2) producing peak contrast threshold (30 deg at 4.8y end-zone masks which indicates a recovered response or sen-

cpd target frequency and 15 deg at 8.0 cpd target frequency), ariitivity of the spatial filter.

(3) producing secondary facilitation (60 deg at 4.0 cpd target fre- We have proposed previously that the increased sensitivity could

quency and 35 deg at 8.0 cpd target frequency). Thus, these badee attributed to antagonistic end-stopping which might disinhibit

line functions are simplified replications of the functions in Fig. 4. the suppressive effect of pooled inputs (Yu & Levi, 182]. This

The spatial frequency of end-zone masks at these orientations w&§0Cess can be expressedfas- E/(DI — ES)*, whereR is the

the same as the target spatial frequency. The contrast threshol@Sponse of the spatial filtdE, is spatial filter excitation elicited by

under the “center-mask only” condition was also measured andhe targetDl is divisive inhibition or suppression, arSis psy-

used as the primary baseline for all other conditions. These funcchophysical end-stopping. Thus, in a masking paradigm masks

tions confirm the finding of secondary facilitation in Experiment 2. have opposing roles on the sensitivity of spatial filters: on the
The right column shows contrast thresholds as a function of thé&enter they decrease the sensitivity by increasing the divisive sup-

spatial frequency of end-zone masks oriented 60 deg (Fig. 5a, 4.0

cpd target frequency condition) or 35 deg (Fig. 5b, 8.0 cpd target
P 9 g e Y ) _g (Fig P 9 *End-stopping might subtract from both the excitation and divisive
frequency condition) from the target. Evidently, at both target SP&35hibition ie.R= E - ES/(DI — ES)]; subtractingES from both sides

tial frequencies, secondary facilitation is maximal when the endproduces similar effects as long as the end-stopping is smaller than the
zone mask spatial frequency closely matches the target frequendjvisive inhibition.
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Fig. 5. The effect of end-zone mask spatial frequency on secondary facilitationef@lumn of each figure is baselines, showing
contrast thresholds at end-zone mask orientations: (1) equal to the target orientation (0O deg), (2) producing peak contrast threshold
(30 deg and 15 deg at a target frequency of 4.0 and 8.0 cpd, respectively), and (3) producing secondary facilitation (60 deg and 35 deg
at a target frequency of 4.0 and 8.0 cpd, respectiveliure continues on facing page

pression, and on end-zones they increase the sensitivity by d&oth et al., 1996). Note that the formulation we are proposing is
creasing the divisive suppression. This proposal derives some suppdiat end-stopping has a subtractive effect on the divisive inhibition.
from neurophysiological studies which show sensitivity facilita- A potential alternative to this model is based on end-stopping
tion by activating the receptive-field surround when the receptive-acting through divisive rather than subtractive inhibition. In this
field center is concurrently activated (Jones, 1970; Maffei & formulation, the response of the spatial filter could be described as
Fiorentini, 1976; Nelson & Frost, 1985; Gilbert & Wiesel, 1990; R = E/(DI/ES). However, mathematically, this equation would
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target spatial frequency = 8.0 cpd
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Fig. 5. (Continued) Dashed lines represent contrast thresholds under the “center-mask only” conditions and serve as primary baselines
for all other baseline conditions. Thight column shows secondary facilitation as a function of the spatial frequency of end-zone masks
which are oriented 60 deg and 35 deg from the target at a target frequency of 4.0 and 8.0 cpd, respectively. (a) Results from the 4.0-cpd
target spatial-frequency condition. (b) Results from the 8.0-cpd target spatial-frequency condition.

produce facilitation only wheeS > 1 but would produce sup- gelis et al. (1994) suggest that end-stopping operates through di-
pression (i.e. increased masking) wheg < 1. The response of visive inhibition. Our proposal is that end-stopping modifies the
the filter would be unaffected wheBS= 1 and completely sup- strength of divisive inhibition through subtraction.

pressed whe&S= 0. In addition wherESexceeds about half the Results from the current study support and further enrich our
value ofDl, facilitation becomes implausibly large. These predic- model. Firstly, the orientation tuning in psychophysical end-
tions are inconsistent with the experimental data, so we favor thetopping supports the separation between divisive inhibition and
subtractive model. Based on their physiological experiments, DeAnend-stopping, since one is orientation specific and one is not. Thus,
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the sensitivity of spatial filters is improved by psychophysical DEANGELs, G.C., RoBsON, J.G., OnzAwA, 1. & FREEMAN, R.D. (1992).
end-stopping counterbalancing the suppressive effects of pooled Organization of suppression in receptive fields of neurons in cat visual

. . . . . . cortex.Journal of Neurophysiolog$8, 144-163.
inputs from neighboring filters, not by the direct reduction of DERRINGTON, A.M. & LENNIE, P. (1984). Spatial and temporal contrast

pooled inputs. Secondly, although previous results suggest that sensitivities of neurons in lateral geniculate nucleus of Macague-
end-stopping is unaffected by the mask phase, current results show nal of Physiology357, 219—240.

that the sensitivity of masked spatial filters can only be restored?oBBiNs, A., ZUCKER, S.W. & CYNADER, M.S. (1987). Endstopped neu-
when the spatial frequency and orientation of the end-zone masks rons in the visual cortex as a substrate for calculating curvatatire

. 329, 438-441.
closely match those of the target frequency. These constraints he]gREHER’ B. (1972). Hypercomplex cells in the cat's striate cortiwes-

refine our previous descriptions about the interactions between tigative Ophthalmologyl1, 355-356.

divisive inhibition and end-stopping. FoLEY, J.M. (1994). Human luminance pattern-vision mechanisms: Mask-
However, the model described above does not account for sec- ing experiments require a new modéburnal of the Optical Society of

ondary facilitation induced by end-zone masks at large orientatiorE}ILAme”ca ALl 1710-1719.

deviai f h Wi h d ina d BERT, C.D. & WiEseL, T.N. (1990). The influence of contextual stimuli
eviations from the target. We presume that end-stopping does not o the orientation selectivity of cells in primary visual cortex of the cat.

operate with large orientation differences. The effects of large vision Researci30, 1689-1701.
orientation differences on spatial filter sensitivity can be describedHeecer, D.J. (1992). Normalization of cell responses in cat striate cortex.

by substituting the role of end-stopping with secondary facilitation, ~ Visual Neurosciencs, 181-197.

: . : S Huser, D.H. & WIEseL, T.N. (1965). Receptive fields and functional ar-
since both factors function exclusively and produce similar effects. chitecture in two nonstriate visual areas (18 and 19) of theloatnal

Thus under these circumstances, the response of spatial fRers ( of Neurophysiologys, 229-289.

is determined byE/(DI — SF), where SF stands for secondary Huser, D.H. & WiEskeL, T.N. (1968). Receptive fields and functional ar-
facilitation. Like psychophysical end-stopping, secondary facilita- ~ chitecture of monkey striate corteJournal of Physiolog§t95 215-243.
tion is also constrained by the spatial frequency, and reaches itoNES, B.H. (1970). Responses of single neurons in cat visual cortex to a

. . simple and a more complex stimuluismerican Journal of Physiology
maximum when the spatial frequency of the masks matches the 218 1102-1107.

spatial frequency of th? target. KENNEDY, H. & OrBAN, G.A. (1983). Response properties of visual cor-
The secondary facilitation effect induced by end-zone masks at tical neuron in cats reared in stroboscopic illuminatidournal of
large orientation deviations is novel and unexpected. Objects with Neurophysiologyt9, 686—704.

lar rientation differen hav nr r have little or n&ENNIE, P. (1993). Roles of M and P pathways. @ontrast Sensitivityed.

a g? cl)'et tat(;.)_ d. ere c_es ave ?]ee h epo Ite?t(?. ave ttg ornb SHAPLEY, R. & Lam, D.M., pp. 201-213. Cambridge, Massachusetts:
spatial interaction in previous psyc c_)p yS{ca studies (e.g. Cannon The MIT Press.

& Fullenkamp, 1991). As noted earlier, this effect closely resem-mareer, L. & Fiorenting, A. (1976). The unresponsive regions of visual

bles Sillito et al.’s findings of cortical cells detecting focal orien-  cortical receptive fieldsVision Researcii6, 1131-1139.
tation discontinuities (Sillito et al., 1995). Sillito et al. suggested MUrpHY, P.C. & SiLLiTO, A.M. (1987). Corticofugal feedback influences

that this type of neural processing might be responsible for detect- t7h2e7_g7ezn;ration of length tuning in the visual pathwbiature 329,
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oriented end-zone masks not only induced secondary facilitation afeLson, J.I. & Frost, B. (1985). Intracortical facilitation among co-
the threshold level, but they also produced a very strong pop-out oriented co-axially aligned simple cells in cat striate cortexperi-

: mental Brain Researchl, 54—61.
perception for the D6 target at the suprathreshold level (at th%RBAN G.A., Kato, H. & Bistop, PO, (1979). Dimensions and properties

beginning of the staircase procedure for threshold measurements, o engd-zone inhibitory areas in receptive fields of hypercomplex cells
the target was set at a suprathreshold contrast. See the Methods in cat striate cortexJournal of Neurophysiolog¢2, 833-849.

section). This observation is consistent with a role for secondaryHicries, G.C. & WiLson, H.R. (1984). Orientation bandwidths of spatial
facilitation in highlighting orientation discontinuities, similar to ~ Mechanisms measured by maskidgurnal of the Optical Society of

. - . America Al, 226-232.
that described by Sillito et al. Though formal experiments need tCROBSON, J.G. (1988). Linear and nonlinear operations in the visual system.

be done at suprathreshold levels, it appears that secondary facili- Investigative Ophthalmology and Visual ScieriSeppl.)29, 117.
tation in spatial filters may have a role in the low-level processingRoss J. & Speep H.D. (1991). Contrast adaptation and contrast masking in
of texture and contour perception. human visionProceedings of the Royal SocietylBndon)246, 61-69.
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