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We seek to determine the relationship between threshold and suprathreshold perception for position offset and
stereoscopic depth perception under conditions that elevate their respective thresholds. Two threshold-
elevating conditions were used: (1) increasing the interline gap and (2) dioptric blur. Although increasing the
interline gap increases position (Vernier) offset and stereoscopic disparity thresholds substantially, the percep-
tion of suprathreshold position offset and stereoscopic depth remains unchanged. Perception of suprathreshold
position offset also remains unchanged when the Vernier threshold is elevated by dioptric blur. We show that
such normalization of suprathreshold position offset can be attributed to the topographical-map-based encod-
ing of position. On the other hand, dioptric blur increases the stereoscopic disparity thresholds and reduces the
perceived suprathreshold stereoscopic depth, which can be accounted for by a disparity-computation model in
which the activities of absolute disparity encoders are multiplied by a Gaussian weighting function that is
centered on the horopter. Overall, the statement “equal suprathreshold perception occurs in threshold-elevated
and unelevated conditions when the stimuli are equally above their corresponding thresholds” describes the
results better than the statement “suprathreshold stimuli are perceived as equal when they are equal mul-
tiples of their respective threshold values.” © 2009 Optical Society of America
OCIS codes: 330.6130, 330.1400, 330.4060, 330.5020, 330.5510, 330.7310.
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. INTRODUCTION
erceptual thresholds exist in all sensory modalities in-
luding vision and are commonly measured using psycho-
hysical methods. Within the visual system, various sub-
ystems (motion, color, etc.) exhibit their own thresholds.
here are two possible interpretations of the threshold. In
ne model called the high-threshold model [1], a behav-
oral response is generated by a physical stimulus via two
equential processes: (a) a sensory process and (b) a deci-
ion process. In this model, threshold is defined as the
inimum level of physical stimulus that can generate an

utput from the sensory process. When the physical
timulus is equal to the sensory threshold, the behavioral
esponse is at a chance level. In a second model called the
ignal detection model [2], there are still the same two
rocesses, but a sensory threshold does not exist. The out-
ut of the sensory process is continuous but is assumed to
e noisy. The behavioral response is generated based on
he noisy output of the sensory process and a decision cri-
erion. Threshold in the signal detection model is defined
s the physical stimulus that yields a criterion level of
erformance. Regardless of which model one uses, the
hreshold is an important parameter of any visual sub-
ystem because it determines the smallest input signal
eeded to generate a reliable perceptual output.
Numerous psychophysical studies have documented

ow the thresholds for various visual functions depend on
1084-7529/09/040847-15/$15.00 © 2
1) aspects of the stimulus, such as luminance, contrast,
nd retinal location, and (2) characteristics of the ob-
erver, such as age, refractive error, and fixation stability.
lthough it is well established that visual thresholds are
levated substantially under conditions such as low lumi-
ance, reduced contrast, and image blur, it is much less
lear how these conditions affect the perception of su-
rathreshold visual stimuli. For example, if the threshold
or stereoscopic depth is elevated fivefold by a given
mount of image blur, to what extent does the same
mount of blur attenuate the depth that is perceived from
uprathreshold binocular image disparities?

Despite large differences between the contrast thresh-
lds for patterns of different spatial and temporal fre-
uency, the perception of suprathreshold spatial [3,4] and
emporal contrast [5] is known to be approximately ver-
dical. These results imply that the perception of suprath-
eshold contrast is largely compensated, or “normalized,”
or the substantial spatiotemporal frequency variation in
ontrast thresholds. Schor and Wood [6] showed that the
elative stereoscopic disparity threshold (stereothreshold)
or narrowband stimuli also depends on spatial frequency.
n particular, stereothresholds are elevated if the center
patial frequency of the stimulus is reduced below
2.5 cycles per degree (cpd). However, unlike the re-

orted results for contrast perception, our analysis of the
ata in [6] indicates that the perceived magnitude of su-
009 Optical Society of America
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rathreshold depth is systematically in error for low spa-
ial frequency stimuli. When considered in conjunction
ith the data on contrast “normalization” [3,5,7,8], these

esults suggest that the relationship between threshold
nd suprathreshold perception may depend on the specific
isual function under consideration. As psychophysical
hresholds can be elevated by a wide variety of param-
ters, it is also possible that the relationship between
hreshold and suprathreshold perception within a sub-
ystem depends on the condition (i.e., the stimulus pa-
ameters) under which the threshold is measured.

One of the reasons it is important to study the relation-
hip between threshold and suprathreshold perception is
ecause the degradation of a visual function is quantified
ypically by the elevation of related threshold (e.g., visual
cuity quantifies the image degradation produced by the
ye’s optics). The impact that a threshold elevation has on
isual performance and the quality of life of an observer
an be gauged only by examining the responses of the de-
raded system to a full range of inputs, from near thresh-
ld to substantially suprathreshold levels. This is because
ost of the stimuli encountered in natural viewing are

uprathreshold. An important theoretical reason to evalu-
te suprathreshold as well as threshold perception is that
he properties of an arbitrary system, normal or de-
raded, can be characterized fully only by studying its
utput in response to the full range of inputs. Unlike a
inear system, which is characterized completely by deter-

ining the output due to a single input (i.e., an impulse),
ost visual subsystems are nonlinear.
In this study, we addressed three questions about the

elationship between threshold and suprathreshold visual
erception. First, is the phenomenon of suprathreshold
ormalization ubiquitous among visual functions? Sec-
nd, does suprathreshold normalization in a threshold-
levating condition depend on the condition that causes
he threshold elevation? And third, how is suprathreshold
erception related quantitatively to the threshold? To ad-
ress these questions, we measured threshold and su-
rathreshold perception for two visual subsystems that
rocess (1) relative position and (2) stereoscopic depth.
or each subsystem, we measured threshold and suprath-
eshold perception for two threshold-elevating conditions:
a) interstimulus gap [9,10] and (b) blur [11–13]. In the
ap condition, thresholds were elevated by increasing the
eparation (or gap) between the two lines that compose
he stimulus (see Fig. 1). In the blur condition, thresholds
ere elevated by adding 2 D of dioptric blur to the stimu-

us. Suprathreshold perception was measured using a
atching paradigm. We found that the perception of su-

rathreshold position (Vernier) offset and stereoscopic
epth from relative disparity remain veridical when
hresholds were elevated up to a factor of 10 times by in-
reasing the interline gap. The perception of suprathresh-
ld position offset also remains veridical when the Vernier
hreshold is elevated by dioptric blur. In contrast, per-
eived suprathreshold stereoscopic depth is reduced sys-
ematically in the presence of dioptric blur.

Last, we tested several descriptive models to math-
matically relate suprathreshold perception of position
ffset and stereoscopic depth to their respective thresh-
lds. Overall, we found that our data are explained better
y a model proposed previously by Kulikowski [8] to ac-
ount for contrast normalization than by “proportional”
odels based on Stevens’s and Weber–Fechner’s laws. In

n attempt to relate our data to known neural mecha-
isms that underlie the processing of visual position and
tereoscopic depth, we determined that (a) perception of
uprathreshold relative position offset in threshold-
levating conditions can be autonormalized by a
opographical-map-based encoding of position informa-
ion, and (b) the perception of suprathreshold stereoscopic
epth in the presence of dioptric blur can be accounted for
y a mechanism that weighs the activity in a population
f disparity encoders by a Gaussian function that is cen-
ered on the horopter.

. METHODS
he stimulus configurations used in the position-offset
nd stereoscopic depth experiments are shown in Figs.
(a) and 1(b), respectively. The fused binocular stimulus
as a pair of bright vertical lines separated vertically by
n interline gap. The dimensions of each line were 30� by
.2�. It should be pointed out that the width of the line on
he retina is expected to be approximately 1� because of
he aberrations of the eye. The stimulus was viewed from
95 cm through a mirror haploscope using matched pairs
f polarizing filters in front of the eyes and in front of each
alf of a display oscilloscope (Hewlett Packard 1311B).
he bright lines (30 cd/m2 when viewed through match-

ng polarizing filters) were presented on a dark back-
round at a 240 Hz refresh rate. Vernier position offset
nd relative stereoscopic disparity were introduced by
orizontally shifting the bottom line in the image pre-
ented to each eye. Based on the direction of the position
ffset (same or opposite) in the two eyes, the observers
erceived the bottom line either to be displaced laterally

ig. 1. (a) For the stimuli used in the position-offset experi-
ents (top), the horizontal distance p between the vertical dotted

ines is defined as the Vernier offset. In the fused percept (bot-
om), the observer sees the bottom line shifted rightward relative
o the top line, with both lines in the same depth plane. (b) The
timuli used in the stereoscopic depth experiments (top) differed
rom those in (a) in that opposite directions of monocular offsets
ere presented to each eye to generate stereoscopic disparity.
wice the horizontal distance between the vertical dotted lines
2p) is defined as the relative stereoscopic disparity. In the fused
ercept (bottom), the observer sees the bottom line in front of (or
ehind) the top line, with both lines in the same perceived
irection.
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same direction; Fig. 1(a)] or to be in a different depth
lane (opposite direction; [Fig. 1(b)] compared with the
op line.

We used two conditions to elevate the threshold for Ver-
ier offset and stereoscopic depth: (1) an increase in the

nter-line gap and (2) the introduction of dioptric blur.
wo types of experiments were conducted for each condi-
ion: (a) a threshold experiment to determine the Vernier
r relative stereoscopic disparity threshold, and (b) a su-
rathreshold experiment to match perceived suprathresh-
ld position offsets or stereoscopic depth. These experi-
ents are described below in greater detail. Either four

in the gap condition) or three observers (in the blur con-
ition) with corrected visual acuity of 20/20 or better and
ormal binocular vision participated in the experiments,
fter voluntarily granting informed consent.

. Gap Condition

. Position-Offset Experiments
sing the stimulus configuration represented in Fig. 1(a),
osition-offset (Vernier) thresholds were measured for in-
erline gaps of 10� (20� for observer S2) and 100� (720� for
bserver S2) in separate sessions. The larger range of in-
erline gaps used for observer S2 was achieved by de-
reasing the viewing distance of the targets. The method
f constant stimuli was used to measure thresholds. A
right fixation cross remained on the oscilloscope until
he observer initiated each trial by pressing a joystick
utton. Upon initiation of the trial, the fixation cross dis-
ppeared, and, after a delay of 200 ms, a Vernier target
as presented for 200 ms. The delay was introduced to
inimize the possibility that the short-duration Vernier

timulus would be masked by the transient at fixation off-
et. The observer was instructed to maintain fixation and
ot make an eye movement. The horizontal position offset
etween the upper and lower line targets was selected
andomly from an array of seven preset offsets. The ob-
erver indicated the direction of the position offset (left or
ight) using the joystick. Each offset in the array was pre-
ented 10 times. A psychometric function was fit to the
ata for each block of 70 trials using probit analysis. The
hreshold corresponds to the inverse slope of the psycho-
etric function (50 to 84% range) averaged across two to

hree replications.
In the experiment to match perceived suprathreshold

osition offset, a bright fixation cross again was visible
ntil the observer initiated each trial. The fixation cross
hen disappeared and, after a delay of 200 ms, the test
timulus [gap=100� except observer S2’s gap=720�; see
ig. 1(a)] was presented for 200 ms with a horizontal po-
ition offset. Within each block of trials, the position offset
f the test stimulus remained constant. For each observer,
he offset was selected from a predetermined set of offsets
hat represented specific multiples of the observer’s
osition-offset threshold for this stimulus configuration,
.g., ±2X, ±4X, etc., where the negative and positive signs
ndicate that the bottom line was offset to the left or right,
espectively, of the top line. For observer S2, the maxi-
um offset of the test stimulus was ±12 times his Vernier

osition-offset threshold. After the test stimulus disap-
eared, the fixation cross was immediately redisplayed
or 2 s and was then extinguished again. After another
00 ms delay, the matching stimulus [same configuration;
ee Fig. 1(a)] with a 10� (20� for observer S2) interline
eparation was presented for 200 ms. From trial to trial,
he position offset of the matching stimulus was selected
andomly from an array of seven equally spaced offsets.
fter each trial, the observer indicated with a joystick
hich interval contained the stimulus with the larger
erceived magnitude of position offset. Each position off-
et in the array of matching-target offsets was presented
en times and a psychometric function was fit to the data
sing probit analysis. The 50% point of the psychometric
unction defined the position offset of the matching stimu-
us that was perceived to match that of the test stimulus.
o ensure that the matching data were unaffected by any
diosyncratic biases, we averaged the matching data for
ach magnitude of leftward and rightward suprathresh-
ld offset (e.g., +2X and −2X were averaged). The su-
rathreshold data plotted in Fig. 2 are the average of at
east two replications per offset and direction of the test
timulus for each subject. The different suprathreshold
ffset conditions were counter balanced to minimize the
ffects of testing order on the results.

. Stereoscopic Depth Experiments
o measure the stereothreshold, the relative disparity be-
ween the top and the bottom lines was manipulated us-
ng the stimulus configuration in Fig. 1(b). The observers
udged whether the bottom line was in front of or behind
he top line. For all observers except S2, the interline
eparations of the stereo targets were identical to those in
he Vernier-threshold experiment. The interline separa-
ions used for S2 were 20, 240, and 540�, in order to pro-
uce an increased range of stereo thresholds. Relative dis-
arity thresholds were computed from psychometric
unctions as described above and averaged across two to
hree replications per condition and observer.

To compare the perception of suprathreshold depth for
timuli with different interline gaps, the stimulus con-
guration in Fig. 1(b) was used for the test and matching
timuli. For all observers except S2, the interline separa-
ions in this experiment were identical to those used in
he suprathreshold position-offset experiment above. Af-
er each trial, the observer indicated whether the interval
ith the test or matching stimulus contained the larger
erceived magnitude of depth. In separate sessions, S2
atched perceived suprathreshold depth using test

timuli with interline gaps of 240 and 540�. For this ob-
erver, the interline gap for the matching stimulus was
0�.

. Blur Condition
n these experiments, the elevation of position-offset and
isparity thresholds was produced by introducing +2 D of
ioptric blur. Dioptric blur was used because of its clinical
elevance, but other forms of blur (e.g., Gaussian) could
ave been used instead. The same procedures that were
sed above in the threshold and suprathreshold gap con-
itions were used in these experiments, first to determine
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osition-offset and disparity thresholds with and without
2 D of blur and subsequently to match the perceived su-
rathreshold position-offset and stereoscopic depth for
hese blurred targets.

ig. 2. Threshold and matching data from the gap experiments
or four observers. In each panel, the squares are data from the
ernier offset experiments and the circles are data from the ste-
eo experiments. The error bars represent ±1 standard error. The
nconnected square and circular symbols just below and above
he y axis value of 1 in each panel represent the Vernier offset
hreshold and stereothreshold, respectively. The y axis value for
he threshold data was selected arbitrarily. Small symbols corre-
pond to thresholds for a 10� interline gap (except S2’s gap=20�),
edium-sized symbols correspond to thresholds for a 100� gap

except S2’s gap=720� and 240� for Vernier offset and stereo-
hreshold experiments, respectively), and the large filled circle in
he lower right panel corresponds to S2’s stereo threshold for a
40� gap. The squares and circles joined by lines are data from
uprathreshold Vernier offset and stereo experiments, respec-
ively. The 1:1 diagonal line represents equal suprathreshold per-
eption of the test and matching stimuli in the threshold unel-
vated and elevated conditions. The filled symbols for S2 denote
hat the gap of the matching stimuli in the Vernier offset and ste-
eo suprathreshold experiments was 20�.
. Position-Offset Experiments
ernier position-offset thresholds were measured with
nd without +2 D of binocular image blur in separate ses-
ions. Dioptric blur was introduced by a pair of +2 D
enses mounted in a hand-held plastic frame (known clini-
ally as “flippers”) that the observer held directly in front
f his or her eyes. Some additional measurements were
ade for observer S3 using +4 D lenses in front of both

yes. The interline gap in the binocular stimulus [see Fig.
(a)] was fixed at a value of 20�. Other aspects of the pro-
edures and data analyses were identical to those de-
cribed above for the gap-threshold position-offset experi-
ent.
To match perceived suprathreshold position offset, the

lurred test stimulus [see Fig. 1(a)] was viewed for
00 ms, 200 ms after the bright fixation cross disap-
eared. Blur was produced by viewing through a pair of
2 D lenses (also +4 D for observer S3) in front of the ob-
erver’s eyes. During the subsequent 2 s presentation of
he fixation cross, the observer removed the lens flippers
n order to view the unblurred matching stimulus for
00 ms. In this experiment, the interline gap for both the
est and matching stimuli was always 20�. The data plot-
ed in Fig. 3 for each observer represent the average of at
east two replications per suprathreshold position-offset
or both the leftward and rightward directions.

ig. 3. Threshold and matching data from the blur experiments
or three observers. The unfilled symbols indicate that the test
arget was blurred by +2 D. Otherwise, the lines and symbols
ave the same meaning as in Fig. 2. The interline gap was 20�.
or observer S3 a test target with 4 D blur also was used (filled
ymbols).



2
S
a
s
o
w
i
t
s
s
e
t
e
5
r

r
w
a
t
f

C
F
d
t
r
f
n
t
t
e
t
s
p
fl
t
t
b
t
v
m
v
s

3
A

1
A
c
g
t
S
2
t
t
o
f
t
r

c
t
t
t

2
A
a
s
l
t
V
i
F
s
g
e
c
i
t
a
C
i
w

e
c
s
t
e
l
b
o
w
r
V
c
t
l
m
t

s
o
i
o
p
t
p
m
p
a
t
s
o
w
a
s
o
(
o

Patel et al. Vol. 26, No. 4 /April 2009 /J. Opt. Soc. Am. A 851
. Stereoscopic Depth Experiments
tereoscopic disparity thresholds were measured with
nd without +2 D of blur using the stimulus configuration
hown in Fig. 1(b). The interline gap was 20�, and for all
bservers except S5 the duration of the disparity stimulus
as 200 ms. For observer S5 the stimulus duration was

ncreased to 500 ms, as this duration produced thresholds
hat were considerably less variable. Note that many
tudies have suggested that stereopsis is mediated by two
eparate systems: a transient and a sustained system,
.g. [14]. However, the integration times of both these sys-
ems are expected to be lower than 200 msec [15]. Thus,
ven if we were to use a disparity stimulus duration of
00 msec for subjects other than S5, we would expect the
esults of our experiments to change minimally.

The procedures used to match the perceived suprath-
eshold depth between a pair of blurred lines [Fig. 1(b)]
ere identical to those for suprathreshold position-offset
bove. As in the stereoscopic threshold experiment, the
est and matching stimuli for observer S5 were presented
or a duration of 500 ms.

. Perceived Stimulus Distance
or a fixed magnitude of stereoscopic disparity, perceived
epth increases approximately with the square of the dis-
ance at which the disparate targets are viewed [16]. This
elationship between perceived depth and (veridical) in-
ormation about the viewing distance leads to the phe-
omenon of stereoscopic depth constancy [17]. Similarly,
he perceived size of a visual stimulus depends on the dis-
ance information [16]. We therefore assessed the influ-
nce of blur on the perceived distance of the stimuli for
he three observers who participated in the threshold and
uprathreshold blur experiments to determine whether
erceived position-offset and stereoscopic depth were in-
uenced systematically by possible blur-induced distor-
ions of perceived distance information. Perceived dis-
ance was estimated with and without +2 D of binocular
lur by comparing the blurred and unblurred line stimuli
hat were viewed in the haploscope to a subsequently
iewed clear object in free space. Perceived distance
atches were obtained in a dimly lit laboratory room by

arying the physical distance of the unblurred compari-
on object.

. RESULTS
. Gap Condition

. Vernier Position-Offset Thresholds
s shown by the horizontal separation between the un-
onnected squares in Fig. 2, an increase in the interline
ap elevates the threshold for Vernier offset. The Vernier
hresholds averaged across observers (excluding observer
2) for the smaller and larger interline gaps are
8.3±10.9 �SD� and 99.5±48.4�, respectively. The eleva-
ion of the Vernier offset threshold (the ratio of the
hreshold for the larger versus the smaller gap for each
bserver) averaged across observers S3, S4, and S1 is by a
actor of 3.4±1.2 �SD�. For observer S2, the Vernier
hresholds are 20.7 and 219.2� for the 20 and 720� gaps,
espectively, representing an elevation of 10.6 times. Be-
ause we define the threshold elevation as the ratio of the
hresholds in the elevating and the nonelevating condi-
ions, similar threshold elevations imply similar dis-
ances on logarithmic plots, such as those shown in Fig. 2.

. Suprathreshold Position Offsets
lthough the Vernier threshold was elevated by an aver-
ge factor of �3.5, matched suprathreshold position off-
ets are essentially the same for stimuli with small and
arge gaps (the connected unfilled squares in Fig. 2). Fur-
her, despite an approximately tenfold elevation of the
ernier thresholds for observer S2 (obtained by increas-

ng the range of interline gaps; connected filled squares in
ig. 2), the relationship between the matched position off-
et for suprathreshold stimuli with smaller and larger
aps is the same as that found for the other three observ-
rs. A three-factor mixed model analysis was performed to
ompare the Vernier offsets of the suprathreshold stimuli
n the threshold-elevated (larger interline gap) and
hreshold-unelevated conditions (smaller gap). All the
nalyses were performed using SAS 9.1, Cary, North
arolina. Recall that the perceived Vernier offsets result-

ng from the suprathreshold stimuli in the two conditions
ere equal.
The three factors in the model were condition (unel-

vated, elevated), offset direction (left, right), and level (a
ontinuous variable corresponding to the log of the test
timulus offset). The dependent variable was the log of
he Vernier offset in the matching stimulus. For the unel-
vated condition, dummy data were inserted in which the
evel and dependent variable were equal. This step was
ased on the assumption that matching perceived Vernier
ffset in a test stimulus to that in a matching stimulus,
here both stimuli had smaller (and equal) gaps, would

esult in zero error. This analysis tests if the ratio of the
ernier offsets in the two test conditions differs signifi-
antly from unity. (The same analyses were used also in
he other three suprathreshold experiments presented be-
ow.) We considered only the main-effect terms in the

odel, and the covariance structure was first-order au-
oregressive.

This analysis provided no evidence that the Vernier off-
ets in the threshold-elevating (larger gap; mean log
ffset=2.53±0.04 SE) condition were different from those
n the unelevated condition (smaller gap; mean log
ffset=2.53±0.04 SE; F�1,3��0.01, p=0.97). Because the
revious analyses included dummy data, to determine if
he offset direction was a significant factor in the raw ex-
erimental data we chose to run a second two-factor
ixed model analysis (The parenthetical note above ap-

lies to this analysis also.) The two factors in the second
nalysis were offset direction (left, right) and level (a con-
inuous variable corresponding to the log of the test
timulus offset). The dependent variable was still the log
f the Vernier offset in the matching stimulus. Once again
e considered only the main effect terms in the model,
nd the covariance structure was first-order autoregres-
ive. There was no evidence that the perceived magnitude
f Vernier offset depended on the direction of the offset
mean for left offsets=2.52±0.06 SE, mean for right
ffsets=2.54±0.06 SE; F�1,3�=2.62, p=0.2).
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. Stereothresholds
s shown by the horizontal separation of the unconnected
ircles in Fig. 2, an increase in the interline gap also el-
vates stereothresholds. The stereothresholds averaged
cross all observers (except S2) for the smaller �20�� and
arger �100�� interline gaps are 24.8±10.7 and
5.5±35.1�, respectively. The elevation of stereothreshold
veraged across all the observers (except S2) is 3.5±0.12
imes. Stereothresholds for observer S2 are 18.9, 244.8,
nd 585.6� for 20, 240, and 540� gaps, respectively. The
ata for the two larger interline gaps correspond to
hreshold elevations of 12.9 and 31 times. In contrast to
he results reported by Berry [9], increasing the gap size
roduces a greater elevation of the stereo than the
ernier-offset threshold in all of the observers except S1

Vernier elevation=4.7,2.3,3.3; stereo elevation
3.4,3.6,3.4 for subjects S1, S3, S4). In fact, for observer
2, the elevation of the stereothreshold is larger than that
f the Vernier-offset threshold even though the gap sizes
sed in the stereo experiment are substantially smaller
240 and 540� in the stereo experiment versus 720� in the
ernier offset experiment).

. Suprathreshold Stereoscopic Depth
espite elevation of stereothresholds by an average factor
f 3.5 in three of the observers (all except S2), the
atched suprathreshold disparities were essentially the

ame for stimuli with small and medium gaps (connected
nfilled circles in Fig. 2). For subject S2 (connected filled
ircles in Fig. 2), approximately 13-and 31-fold elevations
f the stereothresholds were obtained by increasing the
nterline gaps from 20� to 240� and 540�, respectively. De-
pite the substantially larger extent of threshold eleva-
ion for this subject, the relationship of matched position-
ffset between suprathreshold stimuli with small and
arger gaps (Fig. 2, lower right panel with connected filled
ircles) was the same as that found for the other three ob-
ervers. For the four observers, the ranges of matching
isparities were 100–4800� and 90–5771� in the
hreshold-elevated and -unelevated conditions, respec-
ively. A mixed-model analysis (similar to that discussed
bove for suprathreshold position-offsets) was performed
o compare the disparities of the suprathreshold stimuli
n the threshold-elevated condition (medium and larger
aps) to those of the suprathreshold stimuli in the
hreshold-unelevated condition (smaller gap). This analy-
is yielded no evidence that the disparities in the
hreshold-elevating condition (mean log disparity
2.7±0.05 SE) were different from those in the unel-
vated condition (mean log disparity=2.69±0.06 SE;
�1,3�=1.22, p=0.35). In addition, there was no evidence

hat the perception of stereoscopic depth depended on the
irection of the disparity (mean log uncrossed disparity
2.7±0.09 SE, mean log crossed disparity=2.66±0.07 SE;
�1,3�=0.73, p=0.46).

. Blur Condition

. Vernier Position-Offset Thresholds
s shown by the horizontal separation of the uncon-
ected, unfilled squares in Fig. 3, the introduction of +2 D
f blur elevates the thresholds for Vernier position offset.
he Vernier thresholds averaged across all observers for
nblurred and blurred stimuli are 22.9±7.7� (SD) and
5.2±13.9�, respectively. The elevation of Vernier thresh-
ld averaged across all observers is 3.4±0.8 times. Addi-
ional data for observer S3 (unconnected filled square) in-
icates that +4 D of blur elevates the Vernier position-
ffset threshold even further, by a factor of �12 times
bove this observer’s threshold in the absence of blur.

. Suprathreshold Position Offset
espite elevation of Vernier threshold by a factor of ap-
roximately 3.5, the matched suprathreshold position-
ffsets are essentially the same for unblurred and +2 D
lurred (connected unfilled squares in Fig. 3). A mixed-
odel analysis (see note above) provided no evidence that

he perception of position-offset in the threshold-elevating
ondition (+2 D blur, mean log offset=2.55±0.03 SE) is
ifferent from that in the unelevated condition (no blur,
ean log offset=2.52±0.04 SE; F�1,2�=3.79, p=0.19).
urther, there is no evidence that the perception of Ver-
ier offsets depends on the direction of the offset (mean

og left offset=2.54±0.06 SE, mean log right offset
2.49±0.0 SE; F�1,2�=4.84, p=0.16).
When viewing through +4 D of blur, observer S3 under-

stimated the magnitude of suprathreshold position-
ffsets up to approximately three times his elevated
osition-offset threshold (connected filled squares in the
ight panel of Fig. 3). However, for larger magnitudes of
uprathreshold position-offset (i.e., 4 and 6 times the Ver-
ier offset threshold with +4 D of blur), the perceived
agnitudes with and without 4 D of blur are essentially

dentical.

. Stereothresholds
s shown by the horizontal separation of the unconnected
ircles in Fig. 3, blur elevates the stereothresholds. Aver-
ged across all observers, the stereothresholds for the un-
lurred and +2 D blurred stimuli are 31.8�±11.9� (SD)
nd 247.7�±44.4�, respectively. The elevation of stereo-
hreshold averaged across all observers is by a factor of
.4±2.4. In all observers, the elevation of stereothreshold
roduced by +2 D of blur is larger than the elevation of
he Vernier offset threshold (Vernier elevation
3.1,4.4,2.9; stereo elevation=6.7,11.1,7.3 for subjects
2, S3, S5).

. Suprathreshold Stereoscopic Depth
he perception of depth produced by suprathreshold dis-
arities was reduced substantially for blurred compared
o unblurred targets (connected circles in Fig. 3). For the
hree observers who were tested, the ranges of matching
isparities were 300–1149 and 52–902� in the blurred
nd unblurred conditions, respectively. Moreover, for each
bserver, the reduction of perceived depth for the +2 D
lurred targets was consistent and represented an ap-
roximately constant proportion of the suprathreshold
isparity magnitude, as shown by the approximately con-
tant logarithmic distance of the connected circles below
he 1:1 line in Fig. 3. A mixed-model analysis (see note
bove) indicated that the disparities in the blurred condi-
ion (mean log disparity=2.75±0.03 SE) were signifi-
antly higher than those in the unblurred condition
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mean log disparity=2.43±0.05 SE; F�1,2�=147.8, p
0.007). However, the perception of stereoscopic depth
id not depend on the direction of the disparity (mean log
ncrossed disparity=2.43±0.07 SE, mean log crossed
isparity=2.44±0.07 SE; F�1,2�=0.28, p=0.65).

. Perceived Distance
ecause the perceived magnitude of stereoscopic depth
epends on information about the viewing distance
16,17], the erroneous perception of suprathreshold depth
hen the targets are blurred might be attributable to a

hange in their perceived distance. To examine this possi-
ility, we compared the ratio of the squared perceived
timulus distance with and without +2 D of blur to the ra-
io of stereoscopic disparities that produced the same per-
eived depth without and with +2 D of blur. The logic be-
ind this comparison is that stereoscopic depth constancy
redicts that the perceived depth between a pair of tar-
ets with a fixed suprathreshold disparity should vary di-
ectly with the square of the stimulus distance:

Perceived Depth = k�Disparity��Viewing Distance2�,

�1�

here k is a constant. If we assume that the same infor-
ation is responsible for perceived distance and for scal-

ng perceived depth [18], then the ratio of disparities that
roduce equal magnitudes of perceived depth without and
ith target blur should be equal to the ratio of the

quared perceived distances with and without blur. These
atios are plotted against each other and shown for each
f the three observers as the circles in Fig. 4. Ratios of the
atched disparities less than unity imply that the

mount of perceived depth is reduced for a blurred com-
ared with an unblurred target with the same disparity.
lthough all of the ratios are less than one, a comparison
f the circles with the diagonal line in Fig. 4 indicated
hat the decrease in the squared perceived distance with
2 D of blur was unrelated to the decrease in perceived
tereoscopic depth. For observers S2 and S3, +2 D of blur
id not decrease the perceived target distance enough to
ccount for the blur-induced reduction of perceived ste-
eoscopic depth. In contrast, observer S5 showed a
reater reduction of the squared perceived distance than
f perceived depth with +2 D of blur.

Analogous to stereoscopic depth constancy, size con-
tancy predicts that the magnitude of the perceived
osition-offset produced by a specific angular separation
etween the line targets should vary directly in propor-
ion to the perceived distance [18–20]. Consequently, for
qual perceived suprathreshold Vernier position offsets,
e also compared the ratio of perceived stimulus distance
ith and without +2 D blur to the ratio of the Vernier

timulus offset without and with blur (Fig. 4, squares). In
ig. 4, ratios of matched position offset less than unity in-
icated that the perceived Vernier offset is less for a
lurred compared with an unblurred target with the same
hysical offset. A comparison of the squares with the di-
gonal line in Fig. 4 indicated that, for observers S2 and
5, the introduction of +2 D of blur produced a greater de-
rease of perceived target distance than of the perceived
ernier offset. For observer S3, the blur-induced decrease
n perceived distance and position offset was similar. Al-
hough size constancy can account for the slight reduction
f perceived Vernier position offset in the blurred com-
ared with unblurred condition in observer S3, it should
e noted that stereoscopic depth constancy does not ex-
lain the blur-induced reduction of perceived stereoscopic
epth in that observer.

. DISCUSSION
. Prevalence of Suprathreshold Normalization and Its
ependence on Threshold Elevating Condition
e measured threshold and suprathreshold perception

or two distinct visual functions, namely, relative position
erception and stereoscopic depth perception. For both
unctions, we used the same binocular stimulus and only
he conjugacy between the position offsets in the two eyes’
mages was different (conjugate for relative position per-
eption and disconjugate for stereoscopic depth percep-
ion). For each visual function, suprathreshold perception
as measured in two threshold-elevating conditions: (1)
n increase in interline separation within the stimulus
nd (2) dioptric blur of the retinal image. For the range of
arameters we tested, both the suprathreshold perception
f relative position and stereoscopic depth are essentially
naffected by the threshold elevation caused by increas-

ng the interline gap in the stimulus. This indicates that
he normalization of suprathreshold perception applies to
isual functions other than contrast perception. The su-
rathreshold perception of relative position offset was
lso normalized when the threshold elevation was caused

ig. 4. Relationship between blur-induced changes in perceived
arget distance and perceived position-offset (squares) or stereo-
copic depth (circles). The top x axis and the right-hand y axis
ompare the ratio of the squared perceived distances for blurred
ersus unblurred targets to the ratio of disparities for unblurred
atching and blurred test stimuli, averaged for all of the su-

rathreshold disparities in Fig. 3. The bottom x axis and left-
and y axis compare the ratio of perceived distances for blurred
ersus unblurred stimuli to the ratio of the Vernier position off-
ets for unblurred matching and blurred test stimuli, averaged
or all the suprathreshold Vernier offsets in Fig. 3. Each symbol
epresents the data for one observer, with x and y error bars
qual to ±1 SE. The diagonal line indicates that blur-induced
hanges in perceived stereoscopic depth or relative position offset
an be accounted for by blur-induced changes in perceived
istance.
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y blur of the retinal image. However, the suprathreshold
erception of stereoscopic depth was not normalized when
he threshold elevation was caused by blur. These results
uggest that the normalization of suprathreshold percep-
ion depends on the visual function under consideration
nd how the threshold is elevated. We discuss these data
rom descriptive and mechanistic points of view in Sub-
ections 4.B and 4.C below.

. Descriptive Models of Suprathreshold Perception
ne of the simplest descriptive models for perception is
n affine model. When a suprathreshold stimulus s0, pre-
ented under a condition for which the threshold is Th0, is
erceived to match another suprathreshold stimulus se,
resented under a condition for which the threshold is
he, the following equation can be derived from the affine
odel [Eq. (A3) in Appendix A]:

ke�se − The� = k0�s0 − Th0�. �2�

n Eq. (2) k0 and ke are proportionality constants for the
onditions that yield thresholds Th0 and The, respectively.
ote that we assume implicitly that the perceived magni-

udes of threshold stimuli in the two conditions are equal,
.e., PTh0=PThe. When ke=k0, Eq. (2) reduces to

se − The = s0 − Th0. �3�

Equation (3) describes the Kulikowski model, which
tates that equal perception occurs in the two conditions
hen the stimuli are equal amounts above their corre-

ponding thresholds. In Fig. 5(a) we illustrate the predic-
ions of Kulikowski’s model of suprathreshold perception
or two conditions in which the thresholds are Th0 and
he. Kulikowski [8] proposed this model to relate suprath-
eshold contrast perception to contrast thresholds for
arious spatial frequencies of the stimulus. Other models
f suprathreshold contrast perception are functionally
imilar [3,7]. When the stimulus and response magni-
udes are plotted on a log–log plot, the graphical repre-
entation of Kulikowski’s model is as shown in Fig. 5(b).

The equation that describes suprathreshold perceptual
quality under conditions that have different thresholds,
s derived either from Stevens’s power law or the Weber–
echner law of perception [Eqs. (A7) and (A10) in Appen-
ix A], is

ke�log se − log The� = k0�log s0 − log Th0�. �4�

or the above equation we again assume that the per-
eived strength of threshold stimuli in the two conditions
s equal, i.e., PTh0=PThe. When ke=k0, Eq. (4) reduces to

log se − log The = log s0 − log Th0. �5�

quation (5), termed the proportional model, states that
uprathreshold stimuli should be perceived as equal when
hey are equal multiples of their respective threshold val-
es. Figures 5(c) and 5(d) illustrate the predictions of the
roportional model for conditions in which the thresholds
re Th0 and The. To a first approximation, the propor-
ional model provides an adequate description of per-
eived suprathreshold brightness—if sensitivity is ex-
ressed on a logarithmic axis—as the photopic spectral
uminosity function determined by suprathreshold bright-
ess matching approximately parallels the spectral sensi-
ivity function determined from foveal light detection
hresholds [21,22].

To determine the extent to which the data from our ex-
eriments are consistent with the predictions of the Ku-
ikowski and proportional models, we performed regres-
ion analyses using our entire data set. Specifically, we
etermined how well our data fit the relationship between
se−The� and �s0−Th0� and between �log�se�−log�The�� and
log�s0�−log�Th0��, and how close the slopes of the fitted
ines are to the predicted value of unity. The results of
hese regression analyses are shown in Figs. 6 and 7.
ote that �se−The� and �log�se�−log�The�� were assigned
rbitrarily as the dependent variables. The summary sta-
istics for the regression analyses are given in Table 1.

As expected, all the regression lines in Figs. 6 and 7
ave slopes that differ significantly from zero (highest p
alue=0.001). In all cases, better fits were obtained for re-

ig. 5. Relationship between the threshold and the perception
f suprathreshold stimuli as predicted by Kulikowski’s [(a) and
b)] and by proportional models [(c) and (d)] of suprathreshold
erception. (a) and (c) plot stimulus strength s versus the percep-
ual response P�s� on linear x and y axes. (b) and (d) replot the
ame relationships on logarithmic x and y axes. In each plot, the
hick black line shows the relationship between stimuli and per-
eptual responses for stimulus levels above the unelevated
hreshold Th0 (black circle). In a threshold-elevating condition,
he threshold increases to The (gray circle) and perceptual re-
ponses to stimuli greater than The are defined by the thick dot-
ed line. In the model shown in (a) and (b), the perceptual re-
ponses EP in the normal and threshold-elevating conditions
atch when the suprathreshold stimuli in the corresponding

onditions s0 and se differ by the amount equal to the difference
etween the thresholds �The−Th0�. In the model shown in (c) and
d), the perceptual responses EP in the normal and threshold-
levating conditions match when the suprathreshold stimuli in
he corresponding conditions s0 and se have a ratio equal to the
atio of the thresholds The /Th0. Note that the proportional mod-
l’s prediction in the logarithmic coordinate system is equivalent
o the Kulikowski model’s prediction in a linear coordinate
ystem.
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ression lines without intercepts than with intercepts, as
etermined by comparing the corresponding adjusted R2

tatistic [Adj ·R2=1− ��1−R2��n−1� / �n−k−1��, where R2,
, and k are the coefficient of determination, number of
bservations, and number of model parameters, respec-
ively]. Because the adjusted R2 takes into account the
ost associated with increasing the number of parameters
n a model, it is better suited than the unadjusted values
f R2 for comparing models with unequal numbers of pa-
ameters. When the y intercept was not constrained to be
ero, the fitted intercept was found to be significantly dif-
erent from zero in only one condition (Fig. 6, bottom left
anel; p=0.01). Here, the nonzero offset can be inter-
reted to mean that the perceived Vernier position offset
roduced by threshold stimuli with the small and large
aps in our experiments do not match, i.e., PTh0�PThe
see Eqs. (A7) and (A10) in Appendix A). In the following
e will discuss only the results of the regression models
ithout the y intercept.
The adjusted R2 values shown in Table 1 indicate that

oth regression models account reasonably well for the
ariance of the data in our Vernier offset and stereo ex-
eriments. Overall better fits (i.e., higher adjusted R2 val-
es, t�3�=2.4, p�0.1) were obtained using the Kulikowski

Eq. (3), mean=0.97, SD=0.04] than the proportional [Eq.
5), mean=0.89, SD=0.04] model. The p values in Table 1

ig. 6. (Color online) Evaluation of the Kulikowski (top row)
nd proportional models (bottom row) for suprathreshold percep-
ion, using data pooled across observers and conditions in the gap
left) and blur (right) position-offset experiments. The x axis in
ach panel represents the difference between the suprathreshold
osition offset and the threshold Vernier offset (linear in the top
anels and log transformed in the bottom panels) when the Ver-
ier threshold was not elevated. The y axis represents the differ-
nce between the suprathreshold position offset and the elevated
ernier threshold in threshold-elevating conditions. Filled circles
pecify position offsets in the threshold-unelevated and elevated
onditions that perceptually match. Solid lines are fit to the plot-
ed data, with the y intercept constrained to be zero. In each
anel, the prediction of the Kulikowski or the proportional model
s shown by a dotted line.
ndicate that the slopes of the regression lines are signifi-
antly different from unity for virtually all of the condi-
ions shown in Figs. 6 and 7, except for the +2 D blur con-
ition in the top right panel of Fig. 7. Because both the
ulikowski and the proportional model require the slope
f the fitted regression line to be unity, this outcome sug-
ests that neither model can adequately account for our
ata. However, the overall slopes for the Kulikowski
odel (mean=0.88, SD=0.18) are significantly greater

t�3�=4.2, p�0.05) than those for the proportional model
mean=0.44, SD=0.06). The slopes of the regression lines
n Figs. 6 and 7 specify the ratio of ke to k0 in each model
or each of the experimental conditions. In the context of
he Kulikowski and proportional models, a deviation of
he fitted regression line from a slope of unity implies that
e and k0 are different, which means that the threshold-
levating condition produces a change in the underlying
ensory-perception transducer function (specifically, a
ain change in the affine and Weber–Fechner models and
change of exponent in the Stevens model).

. Mechanisms Underlying Normalization of
uprathreshold Perception

. Relative Position Perception
nder the conditions of our experiments, the perceived
bsolute position of a sufficiently visible stimulus is
hought to be determined by the location of the respond-
ng neurons on a topographical retinal map in the visual
ortex [23,24]. Each neuron in this topographical map is
resumed to have a position label, called its local sign, so
hat regardless of its activity level the neuron always sig-

ig. 7. (Color online) Evaluation of the Kulikowski (top row)
nd proportional models (bottom row) for suprathreshold percep-
ion using the data from the stereoscopic depth experiments. The

axis in each panel represents the difference between the su-
rathreshold disparity and the stereothreshold (linear in the top
anels, log transformed in the bottom panels) when the stereo-
hreshold was not elevated. The y axis represents the difference
etween the suprathreshold disparity and the elevated stereo-
hreshold in threshold-elevating conditions. Other conventions
re as in Fig. 6.
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als the same retinal position. Because even the tiniest
arget stimulates more than a single retinal photorecep-
or, it is likely that multiple position labels are active for
ny single target, allowing a population position code to
e formed [25,26]. Consequently, the perception of a tar-
et’s absolute position may be determined by a weighted
ombination (e.g., centroid) of the position labels of the ac-
ive neurons. To determine the difference in position be-
ween two targets, the population activity generated by
ach target is compared prior to a perceptual decision
27]. In this framework for relative position computation,
he threshold can be attributed to (1) noise in the position
abel of each neuron in the map, (2) noise in the activity of
ach neuron in the map, and (3) noise in the mechanism
hat combines or compares the two population position
odes from the map (a collator mechanism). The neural
asis for noise in the position label is not clear, but ran-
om fluctuations in spontaneous and stimulus-induced
ring rates in the presynaptic circuitry, perhaps due to
andom failures at the synapses, are reasonable possibili-
ies. The noise in the collator mechanism may be due to
andom fluctuations in the orientation tuning of the neu-
ons that constitute the collator mechanism. There is evi-
ence that a orientated mask presented simultaneously
ith a Vernier stimulus affects relative position thresh-
lds [28–30] even for large interline gaps [30], which Mus-
ap and Levi [31] attributed to the influence of the mask
n the collator mechanism. Because of these noise
ources, the relative position signal that is used to make
erceptual decisions can be assumed to be stochastic. As
he spatial gap between two Vernier targets increases, the
osition noise in component (1) should increase because
t least one set of the neurons that forms the population
osition code will represent more peripheral retina and
se larger receptive fields. Noise in component (3) should
lso increase as the interline gap increases if larger recep-
ive fields are used to combine the individual population
osition codes [31,32].
The relative position computation model with the

bove-mentioned noise sources is described mathemati-
ally in Appendix B. This model was simulated and its pa-
ameters were determined using targets with 10� and
00� gaps and the corresponding empirically measured
ernier thresholds of �30� and 210�. As can be seen from
able 2, the elevation of threshold for 100� gap targets
elative to 10� gap targets can be attributed to (a) a de-
rease in spatial resolution of the topographical map by a
actor of 2, (b) a corresponding increase in position-label
oise by a factor of 2, and (c) an increase in noise in the

Table 1. Summary of Regression Analysis

Regression Analysis

Function Model

Ga

Slope Adj R

Vernier Kulikowski 0.83 0.98
Proportional 0.52 0.90

Stereo Kulikowski 0.7 0.99
Proportional 0.4 0.83

aThe p values indicate whether the fitted slope differs significantly from unity.
ollator mechanism by a factor of 3.2. Using the same pa-
ameters, the model determined the Vernier offsets in the
hreshold-unelevated condition �gap=10�� that matched
he suprathreshold Vernier offsets in the threshold-
levated condition �gap=100��. As can be seen from Table
, in total agreement with our empirical results, the
odel predicts perfect normalization of suprathreshold
ernier offsets presented in the threshold-elevated condi-
ion.

The introduction of dioptric blur removes high spatial
requencies from the target’s image and reduces the peak
f the retinal luminance distribution of each line. In
erms of each neuron in the topographical map, the reduc-
ion of high spatial frequencies would result in inactiva-
ion of neurons with smaller receptive fields in the pr-
synaptic circuitry. This would cause an increase in the
osition-label noise for each neuron in the map. We simu-
ated the model again and determined the parameters us-
ng unblurred and blurred �2 D� targets and the corre-
ponding Vernier offset thresholds of �30� and 90�. As
een in Table 4, the elevation of Vernier threshold of
lurred relative to unblurred targets can be attributed to
a) an 80% decrease in peak activity in the map, (b) an in-
rease in the dispersion of the neural activity by a factor
f 2, (c) a corresponding increase in the set of neurons con-
ributing to the absolute position computation by a factor
f 2, and (d) an increase in the position-label noise by a
actor of 32. In agreement with empirical data, simula-
ions of suprathreshold Vernier offsets for blurred and un-
lurred targets once again indicate perfect normalization
data not shown). In summary, the perception of suprath-
eshold position offset is largely veridical when the
hreshold is elevated by an increase in the interline gap
r dioptric blur. Veridical perception in these conditions
an be attributed to the encoding of relative position
ithin topographical maps.

st Kulikowski and Proportional Modelsa

Conditions

Blur

p Slope Adj R2 p

�0.001 0.85 0.98 �0.001
�0.001 0.45 0.91 �0.001
�0.001 1.12 0.91 0.3
�0.001 0.38 0.91 �0.001

Table 2. Parameters of the Relative Position
Computation Model (Gap Experiment)

Parameter Gap=10 min Gap=100 min

r1, r2 (arcsec) 15 30
g1, g2 1 1

1 for all neurons, �2 for all neurons 0.5 0.5
�1, �2 8 4

�1 for all neurons, �2 for all neurons 0.1 0.1
�1, �2 16 8

� (arcsec) 37.5 120
to Te

p

2
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. Stereoscopic Depth Perception
nstead of a map of retinal-position labels, one can hy-
othesize that the processing of stereoscopic depth starts
ith a map of absolute disparity detectors [24,33–36].
nalogous to position, each target’s absolute disparity is
ncoded by a population of disparity-labeled neurons
37–42]. The relative disparity between two targets can be
omputed by combining or comparing the population dis-
arity codes of the two separate targets. Consequently,
he neural mechanisms for computing relative position
ffset and relative disparity from absolute positions and
bsolute disparities, respectively, have identical architec-
ures. For the threshold-elevating conditions of line sepa-
ation and dioptric blur, one might therefore expect that
he perception of suprathreshold disparity would behave
imilarly to suprathreshold position offset. However, as
een in Fig. 7 (also see the slopes of the regression lines in
able 1), the perception of suprathreshold stereoscopic
epth is affected differently by the threshold-elevating
onditions of increased gap and dioptric blur. Like the
erception of suprathreshold position offset, the computa-
ion of suprathreshold stereoscopic depth is robust to
hanges in the interstimulus gap. However, unlike the
erception of suprathreshold relative position, perceived
tereoscopic depth is not robust to the combination of the
ecrease in the peak retinal luminance and the loss of
igh spatial frequencies that results from blur. This out-
ome indicates that one or more additional factors that do
ot have a strong role in the perception of relative posi-
ion exert a substantial influence on the perception of ste-
eoscopic depth.

Because information about absolute distance is re-
uired to perceptually scale stereoscopic image disparity
16], one possibility is that the misperception of the depth
etween blurred targets is attributable to a systematic

Table 3. Results of Simulating the Suprathreshold
Vernier Gap Experiment

Vernier Offset
in a 100�

Gap Target
(arcsec)

Matched Vernier Offset
in a 10�

Gap Target
(arcsec)

240 238
480 478
720 717
960 958

Table 4. Parameters of the Relative Position
Computation Model (Blur Experiments)

Parameter Blur=0 Blur=2 D

r1, r2 (arcsec) 15 15
g1, g2 1 1/8

�1 for all neurons, �2 for all neurons 0.5 16
�1, �2 8 16

�1 for all neurons, �2 for all neurons 0.1 0.1
�1, �2 16 32

� (arcsec) 37.5 37.5
isregistration of the blurred targets’ distance. However,
he data from our auxiliary experiment indicate that the
onveridical perception of stereoscopic depth can not be
ccounted for by errors in the perceived distance of
lurred targets. An alternative possibility is that an error
ccurs in the computation of relative disparity for these
argets. Why should the computation of suprathreshold
elative disparities be erroneous when the targets are
lurred?
One possibility is that the representation of absolute

isparities on a topographical disparity map is weighted
y a function that reduces the contribution of disparities
hat are farther from the horopter. One line of evidence
or such a weighting function comes from previous experi-
ents that showed stereo matches in the fixation plane

re preferred over matches that result in large disparities
43,44]. Additional evidence for the weighting of disparity
ignals comes from a study by Stevenson et al. [45], who
howed a monotonic increase in interocular correlation
hresholds with an increase in the distance of the binocu-
ar stimulus from the horopter. Horopter-dependent dis-
arity weighting was implemented in a model of disparity
rocessing by Prince and Eagle [46], who successfully ex-
lained a wide range of data on stereopsis for first- and
econd-order stimuli. Figure 8 illustrates how this idea
pplies to our data.
The top row of Fig. 8 illustrates the retinal activity pat-

ern generated by one of the two objects in our binocular
timulus. The activity patterns generated by this object in
he left and the right eyes are superimposed in the same
lot. The second (comparison) object in the binocular
timulus is assumed to have zero absolute disparity, but,
o maintain clarity, its retinal representations are omitted
rom the figure. Because the comparison object has zero
isparity, the absolute disparity of the object that is
hown in the figure is equal to the relative disparity be-
ween the two objects. The normalized luminance of each
ye’s image is described by Gaussian functions (black and
ray lines) that represent an unblurred object in the top
eft panel and a blurred object in the top right panel. Note
hat within each panel in the top row, the separation be-
ween the two Gaussian functions represents the absolute
isparity of the object.
For the purpose of illustration, we used the output of a

ross-correlation operation to represent the distributed
bsolute disparity code, as illustrated in the two panels in
he middle row of Fig. 8. The disparity representation in
ach panel of the middle row is then multiplied by a
eighted readout function (gray Gaussian curves in the
ottom panels) and the resulting weighted disparity rep-
esentations are shown as the black curves in the bottom
ow. For the unblurred stimulus, the location of the dis-
arity representation (i.e., the disparity label with peak
ctivity) is essentially unaffected by the weighted readout
indicated by the dotted vertical line that spans the
iddle and bottom left panels). On the other hand, both

he peak and the centroid of the weighted disparity rep-
esentation of the blurred stimulus are shifted toward
ero disparity when compared to the unweighted dispar-
ty representation. The direction of this shift is consistent
ith our data that show a reduction of perceived depth in

he presence of dioptric blur. The application of a
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eighted readout does not change the location of the dis-
arity representation of the comparison object with zero
bsolute disparity because both the weighting function
nd the disparity representation have even symmetry
ith respect to zero disparity.
Figure 9 shows the results of simulating the weighted

isparity computations for various disparity values and
tandard deviations (SDs) of the weighted readout func-
ion. As expected, Fig. 9 shows that readout weighting has
o effect on the computed disparity of an unblurred
timulus. On the other hand, readout weighting has a
ubstantial effect on the computed disparity of a blurred
timulus. As the SD of the weighting function increases
i.e., as the weighting function approaches a more rectan-
ular distribution for the range of disparities considered
ere), the accuracy of the model’s response increases. The

ig. 8. Illustration of the effect of stimulus blur and readout
eighting on disparity representation. The top row illustrates

he retinal activity profiles generated by one object of a binocular
timulus that is composed of two objects. The second object (not
hown) is assumed to lie on the horopter with zero disparity. Ac-
ivity profiles in the two eyes are represented as two Gaussian
unctions (curves TL and TR) displaced from the retinal zero lo-
ation in opposite directions. The difference between the peaks of
he two Gaussian functions represents the absolute stimulus dis-
arity (here, 10�). The middle row shows the absolute disparity
epresentation obtained by cross-correlating the retinal activity
rofiles in the two eyes in the top row. The gray Gaussian curves
Wf :SD=20�� in the bottom row depict a hypothetical weighted
eadout function for disparity, and the black curves represent the
eighted disparity representation computed by multiplying the
bsolute disparity representation in the middle row by the
eighted readout function. The left and right columns show the
ormalized retinal activation and the corresponding disparity
epresentations for an unblurred (Gaussian SD=0.5�) and a
lurred stimulus (Gaussian SD=10�), respectively. The long ver-
ical dotted lines that span the second and third rows illustrate
he relative alignment between the peaks of the disparity repre-
entation and the weighted disparity representation.
odel’s responses for various suprathreshold disparities
re qualitatively very similar to the empirical data shown
s the unfilled circles in Fig. 3. Quantitative differences
etween the data of the three observers in Fig. 3 can be
ttributed to differences in the observer’s pupil sizes
which influences the magnitude of the retinal blur)
nd/or to differences in the SDs of their disparity weight-
ng functions.

It is worth recalling that dioptric blur does not have a
omparable effect on the perception of suprathreshold
elative position, which implies that a similar weighting
f signals is not performed when readout occurs from the
eural topographic position map. This differential treat-
ent of disparity and position signals makes sense be-

ause, in the absence of a reference analogous to the
oropter, there is no reason to weigh visual directions in
he same way as disparity information.

The reduction of perceived depth for blurred targets
ay suggest a constraint for the coarse-to-fine model of

tereopsis, which stipulates that large disparities are pro-
essed by low-spatial-frequency channels and small dis-
arities are processed by high-spatial-frequency channels
ithin the disparity map [47]. As mentioned above, one

onsequence of introducing dioptric blur is to reduce the
uminance modulation of the high spatial frequencies in
he stimulus. Specifically, if a pupil size of 4 mm is as-
umed, then +2 D of blur attenuates all spatial frequen-
ies above approximately 2.5 cpd by at least 80%. Conse-
uently, when a broad band target is blurred, the stereo
hreshold expressed in units of visual angle increases
compared with an unblurred stimulus) because the
lurred target activates only disparity mechanisms tuned
o low spatial frequency (coarse channels). If no interac-
ion between coarse and fine disparity channels is as-
umed, then the loss of high spatial frequencies from the

ig. 9. Simulation results for the weighted-disparity-
omputation model. The x axis represents the absolute disparity
f an off-horoptoral binocular stimulus object. (The reference ob-
ect is assumed to be on the horopter.) For each value of stimulus
isparity on the x axis, the y axis represents the centroid of the
eighted disparity representation obtained using a Gaussian
eighting function Wf with its peak on the horopter as described

n Fig. 8. Simulation results using two different weighting func-
ions are shown for blurred (medium and large circles connected
y slightly thick and thicker lines, respectively) and unblurred
timuli (small circles and thin connecting line). The standard de-
iation SD of the Gaussian retinal activity profile for the blurred
timulus was 10�. The thin diagonal line indicates veridical
odel responses.
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timulus should not affect the encoding of suprathreshold
isparities by the coarse channels and, hence, should not
ffect the perception of suprathreshold depth. For the
oarse-to-fine model to account qualitatively for the re-
uction of perceived suprathreshold depth in blurred
timuli, some form of disinhibitory interaction from the
ne channels onto the coarse channels would be neces-
ary.

The reduction of perceived depth in the presence of 2 D
f dioptric blur is consistent with the results of Schor and
oworkers [6,48], who reported that the perception of su-
rathreshold stereoscopic depth is nonveridical for nar-
owband targets with spatial frequencies lower than ap-
roximately 2.5 cpd. Despite similar retinal stimulation
Fig. 1), the differential effect of dioptric blur on the su-
rathreshold perception of retinal position and stereo-
copic depth provides additional support for the view that
tereoscopic depth perception and relative position per-
eption are mediated by separate neural mechanisms
9–11,49].

. CONCLUSIONS
n summary, normalization of suprathreshold perception
ccurs for visual functions other than contrast perception.
owever, the perception of suprathreshold stimuli under

onditions that elevate the visual threshold depends on
he visual function and the threshold-elevating condition.
or the conditions that we investigated in these experi-
ents, the perception of position offset and stereoscopic

epth cannot be completely accounted for either by Ku-
ikowski’s or by proportional models of suprathreshold
erception. We interpret our data within a neural frame-
ork of topographical encoding and readout mechanisms.
his analysis assumes that absolute position and dispar-

ty signals are represented as population codes, and that
oth the codes and the mechanisms that read them out
re susceptible to stochastic noise. We show that such an
nbiased map-based encoding and readout scheme inher-
ntly has the property that changes in the mean and vari-
nce of the extracted signals are disassociated, resulting
utomatically in normalization. We suggest that the ab-
ence of normalization for the perception of depth in
lurred stereoscopic targets reflects a coupling between
hanges in the mean and the variance of the stochastic
apping or readout processes, either because of signal
eighting during readout of the relative disparity code or
ecause of interactions between different spatial-
requency mechanisms that populate the disparity encod-
ng map.

PPENDIX A: DESCRIPTIVE MODELS OF
ERCEPTION
. Affine Model of Perception
n this model, the perceived strength of the stimulus is re-
ated to the strength of the stimulus as in

P = ks + c, �A1�

here P, s, k, and c are the perceived strength of the
timulus, the strength of the stimulus, a proportionality
onstant, and a constant bias, respectively. Perception in
ost cases occurs only when the strength of the stimulus
s greater than a certain minimum value. Equation (A1)
or this threshold condition is then given by

PTh = ksT + c, �A2�

here PTh and sT are the perceived strength of the stimu-
us at threshold and the minimum strength of the stimu-
us needed for reliable perception, respectively. Substitut-
ng for c in Eq. (A1) we get

P = k�s − sT� + PTh. �A3�

. Stevens’s Model of Perception
n this model, the perceived strength of the stimulus is
onlinearly related to the strength of the stimulus. Math-
matically, it is given by

P = csk, �A4�

here P, s, k, and c are the perceived strength of the
timulus, the strength of the stimulus, the power con-
tant, and the gain, respectively. Transforming Eq. (A4) to
he logarithmic coordinate system we get

log P = log c + k log s. �A5�

t the threshold of perception,

log PTh = log c + k log sT. �A6�

ubstituting for log c in Eq. (A5) we get

log P = k�log s − log sT� + log PTh. �A7�

ote that Eq. (A7) is also a linear equation but in a loga-
ithmic coordinate system.

. Weber–Fechner Model of Perception
n this model, the perceived strength of the stimulus is
lso nonlinearly related to the strength of the stimulus.
athematically, it is given by

P = k log s + c, �A8�

here P, s, k, and c are the perceived strength of the
timulus, the strength of the stimulus, the gain, and the
ffset, respectively. At the threshold of perception

PTh = c + k log sT. �A9�

ubstituting for c in Eq. (A8) we get

P = k�log s − log sT� + PTh. �A10�

ote that Eq. (A10) is also a linear equation but in a
emilogarithmic coordinate system. Further, note that the
timulus terms on the right-hand side of Eqs. (A7) and
A10) are identical.

PPENDIX B: MODEL OF RELATIVE
OSITION PERCEPTION
elative position computations in a topographical map.
onsider two identical one-dimensional arrays or maps

M1 and M2) of cortical neurons. Let each array represent
contiguous retinal space of 4 deg in the horizontal me-

idian (2 deg nasal and 2 deg temporal). All neurons in ar-
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ays M1 and M2 represent the same retinal offset from a
orizontal line (vertical offset) through the fovea in the
pper and lower vertical meridians, respectively. To
imic the equal vertical distance of each line from the

rimary horizontal meridian in our experiments, the reti-
al vertical offsets represented by M1 and M2 are equal.
ecause of the cortical magnification factor, the horizon-

al spatial resolution of each array decreases with the
agnitude of the vertical offset it represents. Each neu-

on in the array encodes an absolute horizontal position
n retinal space, also known as position labels, which vary
ccording to the horizontal spatial resolution. Mathemati-
ally

Pai = ira − 2 + �p, �B1�

here Pai denotes the position label of the ith neuron in
rray Ma (a is 1 or 2), ra represents the resolution of the
rray Ma in units of visual angle, and �p represents the
oise sampled from a uniform distribution in the interval
rom −�ai to �ai units of visual angle. We define the neu-
on in the middle of the array to represent zero horizontal
osition. Let the top line of the Vernier target produce a
aussian activation pattern in the array M1 centered at

he neuron encoding zero horizontal position. Let the bot-
om line of the Vernier target produce a Gaussian pattern
n the array M2 centered on the neuron encoding the de-
ired Vernier offset. Mathematically

xai = ga exp�−
�i − nac�

2�a
2 � + �x, �B2�

here xai is the activation of the ith neuron, ga is the peak
ctivation, �a is the standard deviation, �x is the noise
ampled from a uniform distribution in an interval from 0
o �ai, and nac is the neuron with peak activity in the ar-
ay Ma.

For the top line of the Vernier target nac=round�2/ra�,
nd for the bottom line of the Vernier target nac
round��2+V� /ra�, where V is the desired Vernier offset

n deg. The absolute positions of the top Ttop and bottom
bottom lines in M1 and M2 are derived from the centroid
f the activation pattern as given by

Ttop =
�
i=1

round�4/r1�

P1if1�x1i�

�
i=1

round�4/r1�

f1�x1i�

, �B3�

Tbottom =
�
i=1

round�4/r2�

P2if2�x2i�

�
i=1

round�4/r2�

f2�x2i�

, �B4�

here
fa�x� = 	x, if nac − �a 	 x 	 nac + �a

0, otherwise 
 . �B5�

n Eq. (B5), �a defines the neurons of the array around nac
hat contribute to the computation of the absolute posi-
ions of the lines.

Next, a collator mechanism compares the absolute po-
itions of the top and bottom lines to yield a relative po-
ition signal RP as indicated by

RP = r1Ttop − r2Tbottom + �rp, �B6�

here �rp is the noise sampled from a uniform distribu-
ion in a interval from −� to � units of visual angle. Fi-
ally, depending on the sign of RP, a perceptual decision
is generated as

D = �
left if RP � 0

right if RP 
 0

guess if RP = 0
� . �B7�

he values of various parameters for targets with 10� and
00� gaps that yield simulated Vernier thresholds (calcu-
ated from psychometric functions derived using simu-
ated perceptual decisions D) of approximately 30� and
10�, respectively, are given in Table 2. These simulated
hresholds are similar to the average thresholds obtained
n our Vernier gap experiments.

Using the parameters shown in Table 2 additional
imulations were conducted to examine how suprathresh-
ld Vernier offsets with a 100� gap would be perceived.
pecifically, the Vernier offset was determined in a 10�
ap target that matches a given suprathreshold Vernier
ffset in a 100� gap target. The results are shown in
able 3.
The same model was used to simulate the position-

ffset results in the blur experiment. The parameters of
he model that yield threshold performance for unblurred
nd blurred targets are shown in Table 4.
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