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Vernier Acuity with Non-simultaneous Targets:

The Cortical Magnification Factor Estimated by
Psychophysics
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The eccentricity at which peripheral thresholds double their foveal value (£} may relate to the
visual system’'s anatomical organization. Using a variety of experimental approaches, previous
estimates of £; for vernier acuity have ranged from less than 0.1 deg to greater than 15.0 deg. This
broad range of values seems to challenge the usefulness of £; for determining visual topography.
We explain that the varying contributions from at least twe different regimes, spatial filter and local
sign, may explain the broad range of E; values found previously. We attempt to limit responses to
the local sign regime, where it may be possible to determine the psychophysical analog to the
gradient of the cortical spatial grain. In our experiments we measure how vernier task performance
falls off with eccentricity. We hypothesize that if the vernier features are adequately separated in
time, they will fall outside of the spatial filter’s temporal integration span and the local sign regime
weuld then predominate for precise positional processing. Using an interstimulus interval ranging
from 20 to 200 msec between the two vernier features, we estimate that vernier thresholds in the
local sign regime double at about 0.8 + 8.2 deg eccentricity, which is similar to anatomical estimates
of the eccentricity at which the linear spacing of human cortical units doubles. Copyright © 1996

Elsevier Science Ltd
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INTRODUCTION based on various experimental approaches range from
fess than 0.1 deg to greater than 15.0 deg (see Table 2).
The present paper has two aims: (1) to explain this wide
range of £, estimates as a reflection of the confounding of
two regimes; and (2) to present data in which £ values
for vernier acuity may be connected with the anatomical
cortical magnification factor.

Although there may be many mechanisms or sources of

Visual performance is often better in the central visual
field than peripherally. The fall off in performance with
eccentricity is nearly linear fof Fnany spatial tasks
(Weymouth, 1958). To quantify the fall off rate of spatial
thresholds, Levi er al. (1984, 1983) introduced the £,
factor. £, represents the eccentricity at which peripheral
thresholds double the foveal value and is simply the . . o i
negative of the x-axis intercept of a linear threshold vs foise that hm:'t per‘formanc‘e, t\‘avo d,ESth.[ regimes appear
eccentricity Function. It was thought that the magnitude tf} be sespois:ble tor. localization judgments: ([) spa-ttal
of the psychophysically based £ factor could potentially hEteT; ;mdi(_) tocal sign (Burbc_ck & Yﬁp‘. 19?5); Levi &
provide information about visual system  functional Klein. 1990). ffm S.m&“ separations, localization ihre:sh—
organization through s coanection to spacing of olds depend pnmur:_iy. on the stimulus fefature separation
anatomical units. However, the usctulness of £, esti- (rather than eccs:ntm:_lty)‘and are {t?(?si likely hmt'ted by
mates for determining visual topography has been called t‘hc TESPUNSES oflspat;ai filters scrzsmv;..‘ to ;bmh §t1muius
into question (Whitnker ef af, 1992} since estimates tcu[arcsﬂ{Wu{f &. Morgan, §{)H%: Kicin & Levi, 1985,
FUBT: Wilson, 1986; Bradley & Skottun, 1987; Waugh &
Levi, 1993a). Figure [(a) presents a schematic of a spatial
*University of California, School of Optometry. Berketey, CA 947200 filter detecting the spatial offset of two abutting, dark,
Usa. _ , - horizontat lines. When the vernier feature separation is
FUniversity of Houston, Cotlege of Optometry, Flouston, Texas, . ) . . .
USA farge relative o the eceentricity {see Fig. (b)), vernier
tFe whom adl correspondence should be addressed [Enraid timiie thresholds depend on stimafus ceeentricity {(ruther than
separation). In this regime, thresholds may be based on
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FIGURE | Schematic of spatial fiter snd focal sign mechanisms.

fay For abutiing stimuli. both the reference and test fines would be

processed within a single filter. (b) For widely separated reference and

test lines, cach feature would be processed independentiy by local sign
mechanisms.

the linear spacing of human cortical functional units. The
mechanisms that limit performance in this regime have
been referred to as “local signs” since each efement is
thought to possess a unique position label or “sign”
(Lotze, 1834). Local sign mechanisms have been posited
to place a separate position label on each stimulus
feature. These position labels are thought to be compared
at a later stage using something analogous to a cortical
ruler. Within the local sign regime, vernier thresholds
would be limited not only by the spatial uncertainty
within the local position labels (Lotze, 1884; Klein &
Levi, 1987; Levi & Klein, 1990; Waugh & Levi, 1993a;
Wang & Levi, 1994) but also by higher-order processes
(Sterken er al., 1994) in the later comparison stage.

Both the spatial filter and local sign regimes involve
filter responses, however, we argue that in the small
separation regime the most sensitive mechanism for
position is based on the contrast responses of spatial
filters, while in the large separation regime, the local sign
(position label) of the filters becomes more important.
Positing two regimes appears necessary since a single
filter mechanism cannot explain data showing that
thresholds for widely separated target features are not
changed by the addition of distractors (Morgan & Ward,
1985; Levi & Westheimer, 1987), To clarify the
difference between the spatial filter and local sign
regimes, we will introduce two numbers, S, and Lo,
corresponding to the point at which thresholds double in
the separation and local sign regimes, respectively.

The factors limiting vernier acuity in the fovea (e.g..
stimulus feature characteristics and filter properties) may
be qualitatively different from the factors limiting acuity
in the periphery (e.g.. sampling. uncertainty, attention,
masking). Later in the Discussion section, we will
provide evidence that some previous estimates of £,
may have confounded the responses of spatial Alter and
focal sign mechanisms. Qur aim in the present study is'to
reduce the qualitative differences between the fovea and
periphery and limit responses (o the local sign mechan-
isms. We attempt to suppress spatial 8lter responses by
temporalty scparating the reference and test targets, The
logie s that the two feature halves should fall outside of
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the temporal micgration span (0 msees Wageh &
Loevio 19483b) of o smgle spanad hlfer, Locahization
threshobds withan the focal sign regime are nxdependen:
ol shimulus feature charaeteristios beciause this iformy
ton is not reguired o assign the pesition Litheds or 1
compare outputs. Thercfore, at long wmporal separa-
tions, Jocatization thresholds would be expected o be
independent of stimulus characteristios. Using same and
oppusite polurity stimuli (Experiment 1) or different
stimulus  strengths  (Experiment 23 our results  are
consistent with the idea that local sign mechanisms
primarily mediate threshold when the reference and test
target features are successively presented. Experiments 3
and 4 estimate L. over a range of temporally successive
presentations. The use of a temporal asynchrony and
opposite polarity features minimize the use of spatial
filters for closely spaced stimuli. Under optimal condi-
tions our average estimate of Ly is 0.8 + 0.2 deg.

GENERAL METHODS

Experiments [--3

Portions of these experiments were performed sequen-
tially in two laboratories using similar equipment; one
laboratory is located in the College of Optometry in
Houston, Texas and the other in the School of Optometry
in Berkeley, California. In both laboratories, line stimuli
were presented on a Tektronix 608 monitor with a P31
phosphor (decay rate to less than 1% within approxi-
mately 250 usec) and generated by a Neuroscientific
VENUS stimulus generator (frame rate of 270 Hz).
Viewing was monocular with best correction using the
natural pupil usually from a 2.2 m viewing distance.
From this distance, the screen (256 pixels) subtended 4.0
deg wvisual angle. In the 90 min spatial separation
condition, viewing distance was halved (the stimulus
width and length were kept at the same angular size). The
square display screen had a constant mean luminance of
either 132.5 cd/m” (Houston lab) or 120 and 114 cd/m”
(California lab). In the Houston lab, observers were
positioned in a chin and forehead rest to minimize head
movements. I California, normal room iHumination
from overhead lighting was prevented from reflecting off
the display monitor with a surrounding visor.

Stimuli were horizontally oriented lines with abrupt
onset and offset. A 10 min line length was chosen since
threshold s independent of line fength for lengths above
about 3 min arc (Westheimer & McKee, 1977; Watt,
£984). From both the 2.2 and |1 m viewing distances,
ftne width was equat to 2.25 min arc (4 and 2 pixels for
the 2.2 and LU m distances, respectivelv) which was
always within Ricco’s arew, as determined in a pilot
experiment.

Verner, or localization, threshobds were measured for
simubtaneously presented reference and test fines and for
temporally asyachronous exposures. Figure 2 shows
three possible temporal relationships between the refer-
ence and test stimule: (1) the reference and test stimulus
are turned on and off simultancousty (1o be called
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FIGURE 2. The temporal refationships between the reference aad test
stimul used in these studies; {1} in the “simultaneous” condition the
reference and test stimulus are turned on and off simuitanecusly; (2) in
the “coincident” conditior there is some temporal overlap or
coincident presentation time; and (3) in the “successive” condition
the test target is presented after reference line extinction. Reference
and test line durations were always the same except for a few
experimental conditions mentioned in the text. The amount of time
between reference offset and test onset is the interstimulus interval
(ISD). A negative ISI means the targets had some tempaoral coincidence,
whereas positive ISis represent conditions where the reference and test
are successively presented. For the simultaneous condition the ISI is
the negative of the stimufus duration.

simultaneous); (2) the reference and test targets have
some common presentation time (to be called temporally
coincident); and (3) the test target is presented after
reference line extinction (to be called successive).
Reference line duration was always the same as the test
line duration unless otherwise specified. Interstimulus
interval (IS[) refers to the amount of time between
reference offset and test onset.™ A negative 1SI means
that the targets temporally overlapped (simultaneous and
coincident case) for a duration equal to the absolute value
of [S] in msec. Observers were instructed to fixate the left
“reference”™ line, while judging the vertical offset
direction of the right “test” line.

Experiment 4

For this experiment line stimuli were presented on a
SONY monitor (subtending 13 x 10 deg visual angle
from 1 m. with 480 vertical pixels) using David
Brainard's MATLAB stimulus preseatation programs in
conjunction with Denis Pelli’s Video Toolbox. The targe
SONY monitor, with almost twice the number of pixels,

*We use 181 rather than SOA {stimulus sisctasynehrony ) because the
ISE is indepeadent of duratien, and because vernier threshold s
determined by the temporsl overfap of the sdmuali, rather than by
the SOA,

i
was used to role out the potential cdge cflects of the
sialler 608 manitor i the wide spatiad separation
conditions, Viewing was either binoculur or monocular
(see figure egends) Trom 2 om for observer BLB and
binoculur for abservers DL and SK. The viewing distanee
was halved in the 130 min spatial separation condition.
The screen had a constant mean luminance of 50 cdim”
{with shielded overhead highting), Herizontally oriented
fines (5 min length: 1.2 min heighty were used, Localiza-
tion thresholds were measurced for temporalty asynchro-
nous (ISE= 125 or 130 msec) test and reference lines.
Reference bine duration was typically 30 msec, while
test hine duration was 150 msec.

Psvchophysical procedures for Experiments 14

Line detection thresholds. Detection thresholds were
obtained using a four-choice rating scale method of
constant stimuli (Klein & Stromeyer, 1980) with stimuli
ranging from not visible to slightly visible. The test
stimulus conirast was randomly either 0.0, 1.0, 1.5 or 2.0
times a base level, which was close to each observer’s
threshold determined from pilot data. The detection
stimulus was presented in the same location on the screen
on each trial and was focated a specified distance from a
fixation line. Feedback about the actual contrast level was
provided after each response.

Localization thresholds. Localization thresholds were
obtained using a five-choice rating scale method of
constant stimuli. On a given trial, the test line was
randomly presented in one of five offset positions refative
to the reference line; horizontally level with the reference
line, or displaced one or two levels above or below the
reference line. On the Tektronix 608 monitor subpixel
offsets were produced by manipulating the pixel contrasts
comprising the test line (Morgan & Aiba. 1986; for
details see Klein et al., 1990). The psychophysical task
was to determine the test line offset direction and
magnitude. After each trial, observers were provided
with feedback about the correct test line position.
Random inter-trial stimulus jitter was used to reduce
absolute positional cues,

Data analvsis. A minimum of three blocks were run for
each cendition {one block =125 trials). We used the
ROCFLEX signal detection program to estimate contrast
detection and localization thresholds for each block of
trials (Levi er al., 1984; Klein, 1985). Thresholds were
defined to be at & = L. For detection, the psychometric
function was based on a transducer exponent of n= 1.3,
where the transducer function is ¢ = (s/s,)". with 5 being
stimulus strength and $, being threshold, For localization
thresholds, ROCFLEX constrained the transducer ex-
ponent to be wunity. To verify our choice of n,
unconstrained exponents were also determined and were
close to 1 tor locatization and were typically between 1.3
and 2.0 for contrast detection. Plotted thresholds are the
geometric mean of three to six estimates that have been
weighted by their inverse variance, Standard error bars
represent the larger of the within and between run
variances (Kiein, 1992),
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Sixobservers participated W ditferent aspeets of these
experiments: the authors and three maive observers, Al
were corrected myopes, ree of oculur pathology,

EXPERIMENTS T AND 2 ARE LOCALIZATION
JUDGMENTS FOR TEMPORALLY SUCCESSIVE
REFERENCE AND TEST TARGETS INDEPENDENT
OF STIMULUS CHARACTERISTICS?

Rationale

We will show later (see Discussion and Table 2 for
details) that previcus measuszments of the full oftf in
vernier acutly reflect multiple processes. Some estimates
of £; were actually measures of 5., or the separation
dependence of vernier acuity because these estimates
included spatial filter responses. Since spatial filters
provide very precise vernier judgments for closely spaced
features, very low values of 5> would result.

Vernier acuity within the spatial flter regime is
dependent on relative polarity (Murphy et al., 1988,
O’5hea & Mitchell, 1990; Morgan, 1991; Levi & Waugh,
1994) and contrast (Watt & Morgan, 1983; Bradley &
Skottun, 1987, Wilson, 1986; Klein et al, 1990;
Wehrhahn & Westheimer, 1990; Waugh & Levi,
1993a). Within the local sign regime, the separate, coarse
position labels placed on each stimulus feature are
relatively independent of polarity {Burbeck, 1986; Levi
& Westheimer, 1987) and contrast {(above four times the
detection threshold, Waugh & Levi, 1993a). We
hypothesized that if the vernier stimulus features are
temporally successive, then filter mechanisms will not be
used. Rather, local sign mechanisms will mediate
threshold, making abutting vernier thresholds polarity
and contrast-independent at positive ISIs. We carried out
two experiments to test the hypothesis that polarity
(Experiment 1) and contrast {Experiment 2) have
minimal effects on threshold at larger [Sls.

Methods

Lxperiment 1: Dependence on polarity. In the first
experiment, localization thresholds were determined for
reference and test line targets that were either both tight,
both dark or the reference was light and the test line was
dark {opposite polarity}). Stimulus duration was different
for the two observers (DM =25 msec and
BLB = 5t msec). Detection thresholds (in % min) were
determined for the dark (DM =492+ 2.9; BLB = 149
+ 1.2y and light (DM =493 + 4.4, BLB=132 + 1.6)
lines for each observer. The light and dark lines were then
equated in visibility (DM = 4 times and BLB = 9 times
the contrast detection threshold) and localization thres-
holds were obtained at various [S1s.

Experiment 2. Dependence on contrase. In the second
experiment, detection thresholds {in % min) for S0 msec
test Hash exposures (dark lines) were determined  for
two  observers (SC=1061 +0.7; BLB=149 + .2}
Localization thresholds were then determined for diffee-
ent test fine contrasts above the detection threshold. Ia the
loculization tusk, the reference line was set to the same
physical contrast as the test Bne and thresholds were

0. BEARDY cv il

obtizned at four ISIs Experimoents | and 2 woere done i
the Calitorpn b,

Resuldis

Lxperoneni T2 Dependence on polariy. Figure 3
prosents focalizenon thresholds (icen, vermier thresholds)
in arc min for same and vpposite polarity reference and
test stumuli as a funcion of IS] for two observers. To see
it the change in thresheld is o constant fuctor for aly
conditions, we use a logarithmic scale for vernier
thresholds, The various symbols represent  stimulus
polurity conditiens as shown in the Jegend. Observer
DM collected data for abutting and for spatially separated
{90 min separation) reference and test lines, while only
abutting thresholds were determined for observer BLB.
The feftmost data point {at an IS of —~23 for DM and
~ 30 for BLB) represents localization thresholds for
simultaneous exposures. Positive ISIs represent condi-
tions where the reference and test are temporally
successive. It is at positive ISIs (indicated with a gray
background) that we hypothesize that localization thresh-
olds wouid be polarity and contrast-independent and
therefore limited by local sign responses.

Vernier thresholds were similar when the reference and
test stimuli were both light or dark lines, as would be
expected since the light and dark line visibilities were
equal. The simultaneous thresholds for both observers are
higher than typically reported, particularly in observer
DM (0.3 min or 20 sec). These higher thresholds may
have resulted from the low stimulus visibility (=24 and 9
times detection threshold for DM and BLB, respectively)
along with the d'=1 threshold criterion we used to
estimate thresholds (corresponding to 84% correct rather
than & = 0.673, corresponding to 75% correct). For both
observers, lower thresholds were obtained for the same
polarity, simultaneous presentations than for the opposite
polaritv conditions and this low threshold was maintained
as long as there was some temporal overlap (negative
ISIs), When the vernier features were temporally
successive (IS > 0), both observers showed threshold
elevation. Opposite polarity reference and test targets
produced elevated thresholds that were relatively in-
dependent of {SI. At negative ISIs there was sbout a 3- 10
d-fold ratio of thresholds between same and opposite
polarity conditions. At positive ISs the ratio of thresh-
olds was about 1.3-fold in both DM and BLB. This [.3-
fold ratio difference between same and opposite polarity
conditions was greater than expected, since stimulus
pelarity should have little differential effect on thresholds
if localization thresholds at positive ISIs are limited by
local sign mechanisms. Later (Experiment 4) we will
show that this ratio approaches unity when anticipatory
eve movements are minimized.

Experiment 2 Dependence on conrast. In Fig, 4.
focalization thresholds are presented for swo abservers as
a function of 1SEat three or four contrast levels (speciticd
i conirast theeshold units, CTUL shown with ditferent
symbuols), For both obscrvers, sumulus visibility was
importiant when the reference and test stimuli temporally
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FIGURE 3. Localization thresholds are presented as a function of ISI
for same and opposite polarity reference and test stimuli. The lefrmost
data poimt represents localization thresholds for simulianecous ex-
posures. Stimulus duration was 25 msec for observer DM (a) and 50
msec for BLB (b). Positive ISIs (successive presentations) have been
given a gray background for clarity. On the right-hand side of (b) are
three data peints representing conditions of different reference line
duration. The first number represents the reference line duration in
msec, the second aumber shows the test line duration {always 50
msec). The two upper data points show results for oppusite contrast
polarity stimuli and the lower data point shows the results for same
polarity stimuli (both dark). These data show that although the stimulus
exposure was too brief to aliow optimal fixation, a longer duration
reference line does not alter the 1.3 ratio difference between same and
epposite-contrast polarity conditions ut positive 181s. Bata for DM ata
S0 min spatial separation are also shown,

overlapped (IS1 < 0), particularly at the higher contrast
levels, but had much less effect when there wus no
temporal coincidence. A small improvemant (50%) in
verpier acuity in going from 3 to 11 times threshold is
compatible with local sign processing. A much lurger
improvement would-be expected from filter processing,
These results are consistent with the hypothesis that Hiter
mechanism responses can be suppressed with temporally
successive vernier feature preseatation,

1
1 LB
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FIGURE 4. Localization thresholds are plotted as a function of 151, The
legend shows the different contrast levels in contrast threshold units
(CTU) used for each observer. Stimulus duration was 30 msec.

EXPERIMENT 3: E; ESTIMATES FOR SAME POLAR-
ITY STIMULUS FEATURES

Rationale

Our first two experiments showed that the isolation of
local sign responses is improved by using temporally
successive feature presentations. We next hypothesized
that the change from spatial flter to local sign
mechanisms is gradual across [S] for abutting reference
and test features. Conversely, at wide spatial separations,
thresholds would be constant across ISL. since at wide
separations, thresholds are already mediated by locat sign
mechanisms. Therefore, at positive 1Sis. threshelds for
abutting features should approach thresholds for wide
feature separations. These thresholds should not com-
pletely converge since position upcertainty  should
increase as eccentricity increases (Levi & Klein, 1990).
At long temporal delays (IS > 200 misec). elevated
thresholds would most likely be due not only to local
sign mechanism  position uncertainty  but also  eye
position uncertainty and memory limitations (Matin et
al., POS0: White er of., 1992). The result would be values
of £, that are inflated. Therefore, in Experiment 3 we
measured localization thresholds for various reference
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FIGURE 3. Localization thresholds are presented as a function of ISL On the left-hand side of the figure, the physical contrast
was the same (189%min} for both spatial separations. Two spatial separation conditions are shown: abutting (solid ircles) and
90 min separation {solid triangles}. Bisection thresholds for the test stimulus without the reference are shown by the dashed line.
The solid line labeled “Eye movements” is based on data showing that the eye drifts approximately 3 min every second (Riggs ef
al., 1954). The scaled thresholds (open symbols) are éxplained in the Discussion. On the right-hand side of the figure, the
perceptual contrasts of the stimuli were set to 8 times contrast detection threshold for all separations. Four spatial separation
conditions are shown. The 3 min data for BLB were omitted for clarity of presentation. The H and € stand for data collected in
Houston and California, respectively.

and test target spatial separations for ISIs ranging from
— 150 up to 180 msec to obtain S, (negative ISIs) and Ly
(positive [SIs) estimates.

Methods

In the third experiment, abutting and 90 min spatial gap
conditions were tested for a range of 1$1s. Reference and
test stimulus duration was 150 msec and line strength (the
product of line contrast in % and line width in min arc),
was held constant at 189% min (this is about 17 and §
times detection threshold for abutting and 90 min spatial
separations, respectively). Test and reference lines were
black.

To determine whether the ability to perform the vernier
task was influenced by the visibility differences in
abutting and widely separated features, we also obtained
measurements when line strength was maintained at 8
times line detection threshold for all feature separations.
Twa observers were tested in Houston (DL and BLB with
stmultancous and successive presentations—see Fig. 1),
and two in Calitornia over a wide range of ISIs: one
psychophysically inexperienced observer who was naive
to the purpose of the studies (RA) and one of the authors,
who also participated in the earlier experiments (BLB).

Resulrs
In Fig. 5 localization thresholds are plotted as g

function of ISI for reference and test stimuli that were
abutting (circles), or spatially separated by 3 min
(diamonds), 30 min (squares) or 90 min (triangles). Since
reference (and test target) duration was 150 msec, the
leftmost data point (— 130 ISI) represents localization
thresholds for simultaneous exposures as defined in Fig.

2. The conditions where the reference and test are

temporally seccessive and most likely within the local
sign regime (ISI > 20 msec) have been highlighted in
gray.

First examine the results for the two lefthand graphs.
Observer DL's threshold for abutting, simultaneously
presented targets is similar to BLB s, However, distinct
individual differences are evident when an interstimulus
interval is introduced. For abutting lines, thresholds
increase by a factor of 11} in observer DL and a factor of
about 3 for BLB at ISIs neur zero. This elevation wus not
as lurge at the wider spatiul separation. For the 90 min
separatton. DL demonstrates a 3-fold increase in thresh-
olds when a temporal asynchrony is introduced, followed
by thresholds that are relatively constant across positive
ISls, BLB shows localization  thresholds  that are
essentially independent of IS1 when the vernier features
are spatially separated.

Horizontal tines (10 arc min fength) separated by 90
are min are focated close 1o the Tektronix 60X vertical
screen edges, ltmay be argoed that theesholds would be
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citler helpod or hurt by the presence of the edges. To
seduce the edpe cuc, we pttered the stinubus posttion
from triaf to triad by an ovount grester than the lirgest
vernier offset, Fhis jitler, however, is nota perfect control
since the abserver could possibly make independent
sereen bisection judgmenis lor both the test and the
reference teatures and then compare these judgments. For
this resson we ran two control cxperiments to delerming
if the edge was used for localization judgments. First, we
halved the viewing distance. stimuelus width and stimulus
length {(so the width and length remained the same
angalar sizey und found that localization thresholds did
not substantially  change from the normal viewing
conditions. Second, we measured test line position
thresholds without a reference target (i.e., the bisection
cue) to see if the horizontally oriented screen edges were
influencing vernier thresholds. The horizontal dashed line
(labeled bisection threshold) presented in both left-hand
panels of Fig. 5 represents individual test line localization
thresholds obtained without a reference line. Since this
screen bisection threshold was higher than the 90 min gap
localization thresholds, this edge cue cannot fully
account for vernier thresholds at the wide spatial
separation. On the basis of these resuits it is doubtful
that the screen edges provide a useful cue in the 90 min
spatial separation condition. In a later experiment (see
Experiment 4) we wished to investigate localization
thresholds for even wider (150 min) spatial separations.
Because of our concern about possible bisection cues, we
carried out the experiment on a display that was more
than three times larger in the relevant dimension, thus
placing the screen edges out of harm’s way.

[n the two right-hand graphs of Fig. 5, simultaneously
presented stimulus thresholds (ISI = - 150} increased
sharply with increasing spatial separation, as would be
expected if an oriented filter mechanism were operating
for the abutting case. As hypothesized, abutting targets
(solid circles) show a gradual increase in thresholds with
ISI in both observers. This gradual threshold increase
levels off at around ISI = 80 msec fér observer BLB. We
found that the siope of this increase is determined by the
stimulus duration (i.e., the slope is greater for briefer
durations). Targets separated by a 30 min spatial gap
demonstrate an almost 2-fold increase in threshold for
RA and a 1.5-fold increase for BLB at negative [Sls but
level off at positive ISIs. Temporal asynchrony had littie
effect on reference and test stimuli separated by 90 min,
most likely because processing is within the local sign
regime. BLB had previously made many of the same
measurements (Le., same perceptual contrast) in the
Houston tab (smaller symbols). There is considerable
consistency in the data collected in the two lubs. These
results suggest that focalization thresholds are limited by
at leasd two Factors, one that is temporally dependent (the
spatial filter regime) and one that is essentially tempo-
rally independent (the local sign regime).

Within the filter regime, vernier thresholds plotted as a
function of target sepuration totlow Weber's law, where
threshold is proportional to separation (Sullivan et af.,

(972 PBeok & Schwarty, 19749 bovi & Klom, 190y,
Within the focal sign repime, vernier threshodds also
ferease with increasing targel separation exeept thad the
increase is now explained by the morcased target Ting
positional uncertainty as ceoentricity ncreases thevy &
Kicin, 1940y This threshold vs cocentricity function can
be HU with a straight line that intersects the vaaxis at a
value defined by (negative) £ (Levi ef alo 1985),
Although a lincar function such as:

Th = u + bE {h
could be used o estimate £, we used nonlinear
regression to obtain standard error estimates of the
parameters of interest. This formula took the form:

Th=Thy(l + E/E~; {2

where Thy is the threshold at the fovea (£ =0} The
connection between the aonlinear regression parameters
Thy and E- and the linear regression parameters [Eq. (1)]
is:

(3)

(4)

In Fig. 6 we have plotted localization threshold in min
as a function of the spatial separation between the
reference and test line features for two data sets taken
from the right-hand panels of Fig. 5. The lower function
shows data for simultaneously presented reference and
test targets (ISI = — 150 msec; solid circles). The func-
tion would intersect the x-axis at a value defined by
(negative) S, since this is the regime where spatial filter
responses would be involved. This S, value is very small
(about 15.3 min or 0.26 + 0.03 deg), much smaller than
estimates of the variation of retinal, LGN or cortical
magnification with eccentricity. The upper curve shows
data for an ISI = 88 msec. Here, we renamed the x-axis
estimate, L., representing the eccentricity at which
thresholds double their foveal value within the local sign
regime. L, is about 54 min or 0.91 + 0.09 deg for this
brief IS1. This figure shows how fall off estimates in
threshold with eccentricity are highly sensitive to the
inclusion of spatial filter mechanisms.

Figure 7 presents £, estimates as a function of
interstimulus interval based on the data presented in
Experiments 1-3 and for some additional data collected
in the California lab. Within the fiter regime (negative
[Sis), E. values are quite low. too small to reflect
alterations in known anatomy or physiology with
sccentricity. From [SE = — 100 msec to ST =2 msec,
the £, values gradually increase. For [SI> 20 msec the £
values are Hkely to be representative of the local sign
regime (see Discussion). This gradual change in £, as the
processing mechanism  shifts from spatial  filters at
negative ISIs to local sign mechanisms at positive [Sls
may explain a portion of the lirge range of £ values
previously reported (see Table 2} As shown in Fig. 7(b},
these F- estimates have some dependence on stimulus
contrast compare the solid circles with the solid square
data), in agreement with previous studies (Wesemann &

Th(} = a

Eg ::a,!b



v 1

Y I T T T T pe
(i3

=
- ®  Nimuitaneoys
F LS Ll & AN awec 18 y
P L, = S43 mrn (B9 deg)
F N, o= B mmn o326 des
b4 :
e
o
- BO R =
=
=
3
No0s o
3
—t

08 o i L N i : X e

4 0 40 a0 80
L, S,

" Feature Spatial Separation {min)
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Norcia, 1992 Waugh & Levi, [1993b; Hess & Hayes,
1994). E. is larger at lower contrast because the large
separation data are less contrast-dependent than the small
separation data. This Important point will be further
discussed in the “Experiment 4" section beiow.

In our calculation of £, (Fig. 7), we assumed that the
stimulus eccentricity was the separation between the
closest points of the two lings. This assumes that the
observer fixated the reference line tip and that when the
reference and test line stimuii are physically abutting that
the observer is using the point of contact of the two lines
to make the localization judgment. This assumption is
questionable. It is more likely that observers are
averaging over the inner 4-6min of each line since
thresholds improve up to =5min lengths and are
independent of line length beyond this region (Westhei-
mer & McKee, 1977). We compensated for this offset by
subtracting 0.08 deg (5/60 ~0.048) from each L- estimate.
This compensation is included in Fig. 8 (open symbois),
where we present only those data from Fig. 7 that fall in
the temporal regions consistent with the local sign regime
{positive [Sks) but brief enough to avoid memory
limitations for the first stimulus. Here we plot L, (the
local sign scaling factor) as a function of ISIs ranging
from approximately +25 to +200 msec for the different
observers in these experiments {shown with different
symbols). Under these constraints the weighted mean
(Klein, 1992) after allowing the allowance for integration
along the line is .71 £ 0.27 deg for the same polarity
targets of Experiment 3, where the standard error
inchudes both the within und between sample variability.
This L. estimate iy consistent with human cortical
magnificion estimates (Horton & Hoyt, 1991 Tolhurst
& Ling, 1988). However, since we use same polarity
reference and test stimudi there s still the possibility that
filter mechanism responses are intruding on our foveal
datie. To minemize this possibility we conducted Experi-
ment 4,
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Positive IS1 conditions have been given a gray background. {a) Shows

intercepts for the data provided in Fig. 5. (b) Contains estimates

caleulated from the data in Fig. 5. (¢} Shows £ estimates for another
shserver in Berkeley,

EXPERIMENT 4: L, ESTIMATES FOR OPPOSITE
POLARITY STIMULUS FEATURES

Rarionale

To see if our average L, estimate (=0.71 deg) is
primarily reflecting local sign processing, in Experiment
4 we measured vernier thresholds under conditions that
optimize local sign responses: (1) vernier stimulus
features with opposite contrast polarioe, (2y a temporal
asvitchrony  between the features: 3y Juvh stimulus
comtrast; and (4) a larger display screen.

(1) Oppaosite contrast polartty. I localization thresh-
olds at positive ISfs are fimited by locat sign mechan-
isms, then stimulus feature polarity should hive little
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10 different subjects and different conditions. Opposite polarity conditions (Tekronix 608 and SONY monitors} are indicated
with the solid symbols. Shading represents the mean and SE for opposite polarity condition.

differential effect on thresholds. However, recall that in
Experiment 1 there was a l.5-fold ratio in threshold
between same and opposite polarity stimuli at positive
ISIs. This result may be explained in at least three ways:
(a) within the local sign regime there may be some
dependence on polarity. However, this seems unlikely,
since at large gaps, where thresholds are most likely in
the local sign regime, thresholds for same and opposite
target polarity are virtually identical [see data labeled
“90 min separation” in Fig. 3(a)]. (b) At positive ISIs
under same polarity conditions there may still be some
filter influence, although this dependence would be
considerably reduced when compared to the spatial filter
responses for negative ISIs. Filter mechanisms may still
be used for abutting opposite polarity stimuli because we
could still be within the filter’s memory for the stimulus
at the brief ISIs tested in Experiment 1 (i.e., 30 and
100 msec). (c) A third explanation for the threshold
difference in same and opposite polarity conditions at
positive ISIs is that our observers may have had difficulty
properly fixating due to the brief (e.g.. 25 and 50 msec)
durations used in these experiments. These brief dura-
tions may not have provided enough time for the observer
to localize the reference stimulus before it was turned off.
It the observer was gazing in the wrong display area when
the reference stimulus was presented, then judging the
relative position of a simullaneous abutting test stimulus
may not be difficult. However, if the test stimulus onset
comes afler reference cessation, then the observer must
rely on memory to fixate in the proper reference location,
It is possible that in the positive {81 conditions, where the
reference s briefly presented followed by the test
stimulus presentation, observers are still searching for
the reference fine focation while the test stimulus is being
presented. Inoan attempt to fixite the brief reference
target, the anticipatory eye movements could produce an

artificial directional component (i.e., the test stimuius
appears to be located in a position other than its actual
location) and this effect mav have been stronger for
opposite polarity stimuli. To test this latter hypothesis we
ran two controi conditions. We: (i) increased the
reference stimulus duration; and (ii) randomly positioned
the test stimulus either to the left or right of the reference

stimulus.

(i} Control: Increased stimulus duration

We hypothesized that if more time is provided for the
observer to locate and fixate the reference feature, then
thresholds would be reduced as compared to the brief
reference duration conditions. We presented the refer-
ence line for either 50 or 500 msec, while the test line was
always presented for 30 msec. The 500 msec presentation
was equated in visibility to the 50 msec stimulus {nine
times threshold). An IS[ = 150 msec was used. We used
the 608 monitor with mean screen luminance of 114
ed/m”. Thresholds are shown on the right-hand side of
Fig. 3(b). The upper data point labeled “30-30" is the
control condition where opposite contrast polarity test
and reference stimuli were both presented for 30 msec
{the same as Experiment 1 observer BLLB). The center
data point labeled 300-30 shows the localization thresh-
old for opposite polarity reference and test stimuli, where
the reference was presented for 500 msec and the test for
Sthmsec. Thresholds decreased for the 500 msec refer-
ence presentation time (Th =074 + 0L.06) in COMpArison
ta thresholds for the S0 msec reference presentation
{(Th =086 + 007}, These data suggest that observers
may i have been properly fixating at the time of
stimulus presentation for briel stimulus presentations,
The towest dati point on the righthund side of the bottom
panel labeled “300-50" shows that ceven when the
reference stimulus duration was increased, the =1 3-fold
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threshold units). Stimulus features were opposite contrast polarity. Stimulus duration was 500 msec and 18] = +150.

ratic of same (i.e., both dark; Th=0.51 & 0.06) vs
opposite polarity {Th=0.74 + 0.06) conditions re-
mained.

{if) Control: Randomize test presentation side

In the second anticipatory fixation control condition we
randomly presented the test stimulus either to the left or
right of the reference stimulus. Here it was more
advantageous for the observer to maintain fixation than
to use anticipatory movements toward the test stimulus.
Under these conditions, the ratio of same to opposite
polarity thresholds was closer to 1.0 in all three
observers.

Since we did not find a continuous deterioration in
threshold with ISI, errors in the internal representation of
the gaze direction most likely do not contribute much to
our threshold measure. We estimated eye drift effects
from previous eye movement assessments. It has been
reported that the eye drifts about 3 min arc every second
{Riggs et al., 1954). To determine the possible effects of
eve drift on our thresholds, we have plotted a drift
estimate of 3 min arc/sec (see bold line in Fig. 5}. Except
for the fongest ISI for one observer, the eye movements
are much smaller than our thresholds, and are therefore
unlikely to contribute much to our results (see also Fahle,
16913

(2} Temporal asynchrony. Improper fixation may also
partially account for the elevated thresholds found under
temporually asynchronous conditions (Fig. 3). However,
we chose not to use 4 Axation point in these experiments
for several reasons. First, a fixation mark présented
cantinuously would provide a simultaneous locatization
cue when the reference and test were shown with a
temporal asyachrony, Second, a fixation mark presented
just before vernter target presentation could  cause
temporal interference {Westheimer & Hauske, 1975).

(3 High stimidus contrase. Figure 8 {open symbols)

estimates of L. predominantly used low visibility
conditions because of the short duration of the stimuli,
The asymptotic contrast level for abutting, opposite
polarity features is not known. For spatiaily separated
targets, contrast will have a small effect at contrasts lower
than about 3—6 contrast threshold units, depending on the
vernier feature spatial separation (Waugh & Levi,
1993a). Figure 9 shows the effect of stimulus contrast
for abutting and spatially separated opposite polarity
stimulus features in observer BLB. Contrast was effective
only in the abutting (spatial separation = 0) condition. At
the lower contrast of 3 CTU we found an L» value that
was slightly higher than, but whose range encompassed
our average L estimate. The L, estimate obtained at 12
CTU approximates our average L estimate. Because of
the highly sensitive nature of abutting thresholds to
stimulus contrast level {visibility), in Experiment 4 we
used the maximum stimulus contrast possible on our
apparatus,

{4) Large display screen. We were concerned that the
screen edges were being used in the 150 min separation
condition since the Tektronix 608 oscilloscope screen
subtended only a few degrees. To test this, we obtained
additional measurements on a Macintosh display using a
SONY screen which was more than three times larger in
the reievant dimension (see General Methods section
above).

Methods

We presented the reference for SO0 msec and the test
stimalus for 130 {or 123) msee, In addition, line length
wis shortened from 10 to 5 min arc to compensate for
fixatton errors. Third, the test stumulus was randomly
presented either o the teft or right of the reference line to
reduce anticipatory eyve movements. Three ohservers
participated in this study (DL in the Houston lab; SK and
BLB in the California {ab).
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To determine if the screen edges were being used in the previous
experiments, we obtained additions] measurements on a Mucin-
tosh display using a Suny screen which had almost twice the
namber of vertical pixels as compared to the Tektronix s08-Veaus
disptay. Here we present the localization thresholds {min} for three
obsarvers, Although thresholds were stightly higher in this study
because the test stimulus was presented either to the left or right of
the reference line, the L. values were consistent with those
obtained using the smaller sereen. Ecc, eccentricity.

Results

Table 1 presents the localization thresholds and L,
estimates obtained using this experimental apparatus. For
these three observers, estimates range from 0.47 to 1.11.
The low estimates obtained from observer DL may be
explained by his substantially elevated peripheral thresh-
olds. These L estimates have also been plotted in Fig. 8
with solid vertical (DL) and horizontal (S§K) hour-glass
symbols at 150 msec ISI and by the solid circle (BLB) at
125 msec ISI. The weighted average of all opposite
polarity L, estimates is 0.81 + 0.22, where the standard
error includes both the within and between sample
variability. Based on these results we conclude that the
eccentricity at which local sign thresholds double is
around 0.8 deg.

Although thresholds were slightly higher in this study
because the test stimulus was presented randomly either
to the left or right of the reference line, the L, values were
consistent with those obtained using the smaller screen.
To compare, L, estimates (in deg) based on opposite
polarity reference and test features using the 608 monitor
are included in Fig. 8. We found an average L; estimate
of about 0.74 + 0.2 deg using the smail screen display
for three observers [DL (Houston lab), SK and BLB
(California lab)]. To reduce clutter. the L estimates for
only one of these observers {BLB) are shown by the solid
circles in Fig. 8 at 150 msec ISL Together, the results of
Experiments 3 and 4 suggest that L, approximates 0.8 &
(0.2 deg.

DISCUSSION

The goal of this research was to estimate the fall offin
precision of the local sign mechanism with eccentricity,
To timit our measurements to the local sign regime, the
first two experiments defined the temporal response
boundaries of the regime within a ltocalization task.
Localization thresholds within the local sign regime are

AOTEEY Ly

mdependent of stimudus Teature charactenistics beciuse
his information s aot required 1o assign the position
fabels or 1o compare therr outputs. The first expenimuent
ased same and opposite polarizy stimuli, The seeond
experiment used several stimulus strengths. Our resutts
are consistent with the idea that local sign mechanisms
primarily mediate threshold with sequentially presented
reference and test turget features, Experiments 3 and 4
estimated £y over a range of temporally successive
presentations. Under optimal conditions (oppusite polar.
ity and temporal asynchrony) our average estimate of L,
(the point where vernier thresholds double within the
local sign regime) is 0.8 + 0.2 deg.

The focal sign positional assignments could be coded
as cortical position. We investigated the vernier thresheld
falt off with eccentricity in the hope that our psychophy-
sically based estimate would provide information about
the rate that the physiologically based cortical magnifica-
tion factor increases with eccentricity. We will now
examine how physiological cortical magnification esti-
mates might correspond to L estimates.

Relationship between psychophysics and physiology

In the local sign regime, a “cortical ruler” could
determine position thresholds. To be explicit, suppose we
desire to measure the distance between two points. On the
cortex these points are at positions x, and X3, where X,
and x, are two-dimensional vectors that can be
represented as complex numbers. One model holds that
local sign mechanisms independently assign position
labels to the two feature positions. Each label, with some
error, of uncertainty, is compared for a match. The
cortical distance is x, — x; and the error in cortical units
is Ax = (Ax7 + Ax3)". We assume that in the local sign
regime position uncertainty does not depend upon x; —
Xa, the cortical separation, i.e., there is no Weber fraction
for cortical distance. This is the same as measuring
distances with a reliable ruler (e.g., a ruler that doesn’t
expand or contract as temperature fluctuates).

The cortical magnification factor

The eccentricity-dependent cortical magnification
factor M(E) provides the connection between a smail
change in cortical position (Ax) and a small change in
retinal angle {A£):

Ax = M{EJAE (5}

where M(E) has anits of mm/deg.

To a good approximation the inverse magnification,
1ME). is linearly related to £ (Dow eral,, 1981 Tootell
et al.. 1982 Van Essen er al.. 1984, Levi er al., [983):

MIEy =AJE + L) {6}
so that Eg. (5) becomes:
D= ANE/E & L (7

The parameter. A, represents the change in cortical
position for a given pereentage change in retinal distance.
Integration of Eq. (7) provides a logarithmic connection
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.. the reference creentnicity, is o constant of
integration that defines the origin of the  cortical
coordimate system so that x =6 when £ = E...

Recently, cortical magnification estimates have been
obtained in humans using functional magnetic resonance
imuging of ©MRI (Engel e al., 1994; Sereno er al., 1994
Sereno et al., 19935). The Appendix presents  the
MATLAB program we used for re-analyzing the Engel
er al.and Sereno ef al. data sets to obtain estimates of A
and L, As is typical in cortical measurements, a
nonfoveal reference point is taken since the location of
the foveal center is difficult to determine. The data were
normalized so that the origin of cortical position, x, was
taken to be the point corresponding to £, = 10 deg and
4 deg in the periphery for the Engel et al. (1994) and
Sereno er al. (1995) data, respectively. The Appendix
(lines 8 and 9) provides the equations used to solve for A
and L,. For the two observers in Engel er al. we found
L>=31+09 and 11.2 +2.2 deg, and A =172 + 1.1
and 20.4 £ 1.9 mm. The large values of L, are probably
because Engel er al. did not include eccentricities less
than about 2.5 deg and their data are somewhat noisy. We
recalculated the Sereno ez al. fit using the data from their
Fig. 4(C) using their power function with an exponent of
— 1.26 (see line 8 of the program in the Appendix). The
nonlinear regression parameters were L, = 0.4 + 0.7 deg
and A =193 + 2.6 mm. The 0.4 deg value of L, is larger
than the value of 0.08 deg reported by Sereno ef al., but
the large uncertainty we found (+0.7 deg) suggests that
L s difficult to determine with this method. The Sereno
et al. value for A is remarkably close to the value that we
found from the Engel et al. data. In the periphery, when £
= L3, a value of A = 20 mm means that a 5% change in
retinal eccentricity corresponds to a 1 mm shift on the
cortex (about 1 hypercolumn). In the fovea, a 2.5 min
shift in retinal position corresponds to one cortical mm
{see Eq. (T)].

Grusser (1995) recently reported a very different study
of cortical magnification based on migraine phosphenes.
He plotted scintillating migraine phosphenes as a
tunction of time and made use of the known total size
of human area V1 to estimate the cortical velocity of the
migraine. For a subject with 11 migraine atracks,
averuged along 62 rudii, Grusser found Ly =124 deg
and A =169 mm (the reciprocal of his parameter, by,
This value of A is compatible with the tMRI values,
ranging from 7.2 to 20.4. One reason why the migriine
data might produce a larger value of £- (ie., 1.24 deg)
than we found in the present study (0.8 deg) is that the
migraioe might start slightly awayv from the foven. In
most of the directions it will not move along 2 line
dircetly away from the foveu. This would have the effect
ot decreasing the rate of cortical expansion, thereby
increasing the Ly value.

The methods that we have discussed for caleulating £,
tor the human cortical magnitication factor suffer from

o BEARDY o1

methadological Hmntatons, Simifar uncertunty ¢xiss in
the animal physiologicst ostimates, singg oy earls,
physiological studies sultered from ditlicultion in study.
g the conveluled vorex segions and from dil‘ﬁcuilé;&\
assoctded wilh estimuting magnitication near the fuvey
twhere there iy dense sampling and where it may by
ditheult 10 record from small receptive ficlds). Whil.
anatomical methods (2-deoxyglucose—Tootelt er al
F982), techniques for “unfolding”™ the cortex { Van Essen
etal., 1984) and methods for controlling fixation (Dow e
al, 1981} have clearly improved these estimates., there
remains a degree of uncertainty. Thus, recent estimates of
L tor cortical magnification in primates range from 20,3
to about 1.3 deg (Schwartz, 1980; Dow et al.. 198]
Tootell er af.. 1982, 1988: Van Essen ¢f af., [U84).

Cortical magnification and psychophysical thresholds

The connection between cortical magnification and
psychophysical thresholds is made by taking the position
threshold, Th, to equal AE in Eq. (73 (Klein & Levi.
1987).

Ax = ATh/(E + L») (9)

For the data of BLB in Fig. 5 (right-hand side} at an
ISI'= 88 msec, the curve slope is

Th/{(E + L,) =~ 0.01.

corresponding to Ax =~A0.01 ~0.2 mm if A ~20 mm.
That is, a position shift of 0.2 mm of cortex is detected
independent of the reference and test location (in the
tocal sign regime). This value is similar to the position
thresholds in cortical units discussed by Klein & Levi
{1987).

Using the data from a range of physiological
paradigms, we have shown that A is consistently around
20 mm. While the parameter A can be measured with
good confidence, foveal magnification, M{D) 1s difficult
to measure (similar to £,) because it is difficult to place
stimuli in the center of the fovea. In the preceding
analysis we focused on the parameters A and L. It is also
common to discuss estimates of foveal magnification
given by [see Eq. (6)]:

(10)

()

Our psychophysical estimates of £, averaged (.8 deg
so that the foveal magnification would be M(0) =
25 mmideg. For larger values of L, (e.g.. Engel er al.,
1994) the foveal magnification would be correspondingly
smaller.

Previous estimaies of £

Weymouth (1958) was the first 10 suggest that acuity
thresholds have a linear fall off with cccentricity. He
tabulated the slope and vertical intercept for a wide
varicty of spatial tasks. Levi er af. (1984, 1983y speciticd
the fall off in terms of the forizontal (x-axis) intercept.
£, to have an index that was independent of task
dithicuity. The original motivation for caleuliting £y was
to connect the psychophysical £, estimate 1o eve
ratn anatomical structures, However, some &3 estimates
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PABEE 20 A summary of 23 £ estunaes
N Relerence Fag Stmalos/Task Chrientation Visual fleld Rugee  Beuds U Foofudegy
Nis regtion fdeyl
AL Abatiing (o ek
b bevierad (JUK3E 1T D b veramer Verticad Larwer - 11} Retorenoy and tost 1M (NN
fisoveoentin) duration = 2530 msec: PA 133
stmuldus fength = 12
HRiL
I Levieral {19851 11 Multiple-tine Verieal Luwer 810 Reterence and st s .77
vernier {isveccentric) duration = 250 msec, PA 62
stimulus length = 12
min
3 WhitaKer ot al 2 Hine vernier Horizontal Nasul i3 Average of sl £.53
{199 2) {isoeccentric) ubservers
4 Wilson (1991) 1 2 line vernier Horizontal Temporal {1-30 138
{ispeccentric)
5 Wilson {1991) 2 2 line vernier Vertical (radial) Temporal £-30 478"
6 Levieral {1983y 7 2 line vernier Horizontal (radial) Lower 0-10 Ref on continuousiv; M {154}
fixate reference; stimy-  PA 0.74
lus leagth = 99 min
7 Levi & Waugh 1 2 line veritier Horizonial (radia) Lower 0-10 6 times threshold; 389"
(1594) mean of four observers
8 Levieral.{1994) i2 Edge vemnier Horizontal (radial) Lower 0.5 High contrast mean 827
[ow contrast mean Lo0”
Line vernier High contrast mean 1.08
Low contrast mean 1.32
B. Abutting (mask}
1 Toet & Levi T-1 Ts Vertical (radial} Temporal 0-10  Mean six observers 0.18
(1992) fixation mark
2 Toet & Levi T-1 Ts Horizontal Temporal 0-10  Mean six observers 0.34"
{1992) {(isoeccentric) fixation mark
3 Levieral (1985) 7 2 line vernier Horizontal (radial)  Lower 0-10  Threshold x ecc. M 034
(Point of greatest PA 0.39
masking)}
Mask separation x ecc.  JM 0.99
PA 0.72
C. Fixed separation
! Beck & Halloran 5 2 dot vernier Vertical 4-8 3 deg dot separation; AA 16
{1985} fixation before
2 Levi & Klein 16 3 line vernier >20
{1990y

Table 2 continued overleaf.

-

are substantially larger and some smaller than human
cortical magnification estimates. The large range of £
values has challenged the validity of a single scaling
factor for localization thresholds (Whitaker et al., 1992).
The following discussion will consolidate the results of
many previous psychophysical estimates of £; in an
attempt to determine the various factors responsible for
the large range of estimates reported in the literature.
Table 2 presents a summary of 23 E; estimates. Each row
of the table contains information about a particular
investigation. The second column provides the citation
information. Some of these estimates were calculated
elsewhere as indicated in the legend, in other cases we
huve calculated the intercept [using Eq. (2)] from the
published figures. The third column indicates the figure
from the cited article that contained the data used to
estimate £, The fourth through eighth columns provide
other study parameters. The ninth columa shows the

observer’s initials and the final column contains the
individual estimates of £,

The studies listed in Table 2 are grouped into six
categories according to their methodology: (A} Abutting
(no mask), (B) Abutting (mask), (C) Fixed separation,
(D) Vary eccentricity/separation, (E) Vary separation and
(F) Temporal.

{A) Abutring vernier

One common method used to estimate F; involves
abutting line stimuli that are moved into the periphery
[Table 2(A)]. E. values for two-line and multiple-line
vernier range from 0.53 o 1.55 deg with an average of
0.9 deg. Although this estimate approximates our L
estimates, we do not think that the abutting vernier
threshold fall off with eccentricity reflects the local sign
magnification. Rather, this fall oft more likely retlects the
combined effects of (1) the response characteristics of
spatially oriented filters whose responses are degraded in
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Noo Rutereney P Stvmudus ask [ ST RIS Vi field Ruanpe Pretals { Hsy £ idey)
Ny region ey
13 Vary ceeentricity and separation
farue separation
] [ovi & Kicin s 3 line vernier Horzomal fradialy fowyr (IR St ot isocoee i it [F Y
{19ty B are KH 0.23
Optimal sepuration
1 Westheimer 2 2 dot vernier Horizontal Temporal  2.3-10 For oprinwal wirger GwW L.os
{1982 {isocerentng plucement SR 137
3 Revi & Kiein 6 3 line Verater Horzzontal (radial) Lower (1.0 [ Fixate center iT 164
[REL Y IROLCCETEIY KH 0.4
E. Vary spatial separation .
P Westheimer & 2 2 dot vernier Vertical Upper and  0-13 Fixate center; estimate LK 31
MeKee (1977) (isveccentric) Lower from 3-13 deg SM 147
2 Beck & Huboran | 2 dot vernier Vertical Lower 53-8 Observers naive; oo B ).36
(1985) fixation Kw .33
VW 019
3 Kliein & Levi 3 3 dot vernier Horizontal Temporal — 0.04-1¢ SK .27
(1987) ' {isoeccentric) DL 0.09°
WS 021"
4 Waugh & Levi 5 2 line vernier Horizontal Temporal 8-1.3 Used model o fit SIW 0.44"
(1993a) (isceccentric) FR 0517
Used raw data to fit SIw 3.074
FR 0124
3 Present study 2 line vernier Horizonzal Temporal  0-i5 3 times threshold BLB 0.40
(isveccentric) 8 times threshoid BLB 0.20
F. Temporal
I Present study 2 line vernier Horizontat Temporal  0-1.5 Average same polarity 0.64
(isoeccentric) {minus 0.08)
Opposiie polarity BLB 1.03
{minus 0.08) SK 0.87
Bl .45
2 White et al. 2 line vernier Horizontal Temporal Used maodel to fit- DL 0.35
(1992) (isoeccentric) (average across ISIs)
Used raw data to fit at DL 284

IS1 =200

The estimates marked with a # sign were calculated with Eq. (2) rather than the model predictions that were used in the respective studies.
Equation {2} uses a single line function to estimate £,. The model used in Waugh & Levi {1993a} to determine the estimate was based on
double-tine fits to the data (the fit for one line modeled the spatial filters and the other modeled tocal signs}). Further details are provided in the

text. Ecc, eccentricity; Obs, observer.
*E; estimate provided in respective refereace.
“*£, estimate provided in Levi & Waugh (1994).

the periphery; and (2) an extra degradation {jitter and/or
undersampling) in peripheral vision. Filter models of
vernier acuity normalize the flter sensitivity to the
contrast sensitivity function. Contrast sensitivity has an
E, =2.5 deg (Rovamo & Virsu, 1979). Thus, a filter
model of vernier acuity would assume a limited range of
filter sizes located at each eccentricity, the sizes of which
increase with eccentricity according to an £, of 2.5, The
test-pedestal approach (Klein er al., 1990) also predicts
£ of around 2.3, However, as seen in Table 2, the actual
tail off is steeper. Thiy extra loss may be explained by
peripheral undersumpling (Levi & Klein, 1986 Levi er
al., 1987, 1994) and/or scrambling (irregularity or jiteer)
of the filter positions (Wilson, 1991; Hess & Field, 1993;
Hess & Hayes, 1994; Levi eral., 1994). Therefore, the £
values shown in Table 2(A) most likely reflect the fall off
in seasitivity of spatial filters with eccentricity and

include the influences of yndersampling and jitter in the
periphery.

Whitaker er al. (1992) obtained the fargest average x-
intercept estimate in our sample of abutting vernier acuity
studies [see Table 2(A.3)]. They presented thin stimuli in
the fovea and magnified versions of their stimulus at
different eccentricities. They suggested that estimates of
£~ may be inaccurate if the eccentric conditions are not
properly scaled. The tdea is that if a proper scaling
procedure is used, then each stimulus line element would
stimulate the same cortical distance for the abutting and
96 min separation conditions. We did not spatially scale
our stimuli, therefore to test the Whitnker o af,
suggestion, in control experiments we retained the
viewing distunce (1.1 m), but sculed the stimulus size
according to £y estimates of .77 deg. In addition, as a
second check. we doubled the 90 min stimulus size. since
the viewing distance was half that of the abutting case.
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hese resufls are shown i Fige 5 by the addinenal data
poinls (open symbolsy at #5350 05E There s Hitde
difference between kecilization thresholds for sculed or
unscaled stimuli, Thus, not scaling our cocentric stimulbs
did not huve much ettect,

Furthermore, in the filter regime. there are severad
probiems with using o scaling procedure that could
aceount for the Whitaker er af (1992 lurge £ estimates.
First, the resulting changes in line width and length could
change tine visibility. Since the detection threshold fall
off with eccentricity differs from the position threshold
fall off, chunging the line visibility with eccentricity
would confound the results if the fovea and periphery
showed different dependence on visibility. Another
potential difficulty with this scaling procedure is that it
assumes a single scale factor. However, if optimal line-
fength and optimal vernier threshoid vary at differeat
rates with eccentricity (as some of our unpublished data
suggest), then the estimate of E; will be incorrect. For
example, if the optimal line length increases at the same
rate as the optimal filter size, (£, ~=2.5), while the optimal
vernier threshold increases at a faster rate, then the result
would be an intermediate value of E>. The consequences
of this procedure are especially apparent by going to a
very short line length, where resolution determines the
line length at which the vernier thresholds become
infinite. Since resolution scales with £ 2.5, at the short
line end of Whitaker's data we expect to find E; ==2.5.
Yet another possible explanation for the higher £ values
found in the Whitaker et al. (1992) and the Wilson (1991)
[see Table 2(A.4) and 2(A.5)] investigations pertains to
the visual field region and stimulus orientation used in
these studies {see the “Stimulus orientation and visual
field region” section below}.

(B) Abutting vernier with @ mask

A second method used to measure the peripheral fall
off of vernier acuity is to determine the interfering effects
of spatial flanks on both sides of the target [Table 2(B)].
£, values for crowding paradigms average about 0.3 deg.
In an attempt to exclude spatial filter responses and limit
thresholds to the local sign regime. Morgan & Ward
{1985) measured spatial interval and Levi er al. (1985)
[see Table 2(B.3)] measured two-line vernier acuity in
the presence of flanking, or masking, lines. It was hoped
that the flanks would isolate a local sign mechanism since
the adjacent features would interfere with the signal
within a single spatial filter. From the Levi et af. data, we
estimate £> =:(0.36 at the point of greatest masking (ie.,
by plotting the threshold at the masking function peak at
cach eccentricity against eccentricity). We also calcu-
fated an average £, =0.86 for the same data by plotting
mask separation for the point of strongest masking as a
function of eccentricity,

Toet & Levi (1992) measured reselution thresholds for
orientation discrimination of the letter T as a function of
eecentricity and found un average £, =2.0. To investi-
gitle  spatial interaction effects, they also measured
oricntation discrimination thresholds for the detter P oin

NCUTEY 1y
the presence of anking Ps focuted oo gither side of the
target T see Table 20801 and (B3] Fhe prosenee of the
Hunks substantilly reduced £ estemates (£ =034 and
.18 tor horizontai and vertical mendians, respectively)
since thresholds were clevated o the peniphery. B the
Toet & levi [1992) experiment. the stimull were
complex and large crowding effects occurred where the
visual system had difficuity isolating specific features in
the display. The Toet & Levi (1992) experiments are the
only nonwvernier experiments in Table 2 and were
included since the T judgment requires a spatial
discrimination {similar to @ vernier judgment). A second
reason for including the Toet & Levi (1992} non-vernier
experiment in Table 2 is the scarcity of other vernier
experiments combining crowding and peripheral judg-
ments. As noted in Toet & Levi (1992}, the crowding
extent in abusting vernier (=0.1 x ecc} is much less
extensive than for letter orientation (where crowding
extends up to 0.5 x ecc; e.g., the legibility of a target at an
eccentricity of 10 deg would be degraded by a mask up to
5 deg away).

These £, values, however, prabably do not reflect the
local sign scaling factor for two reasons: {1) it is unclear
if the foveal spatial filter response was totally suppressed
in the presence of a spatial flank. The task might still be
done with less optimal filters. (2) The effect of masking
might be different in peripheral vision than in foveal
vision. In the periphery, the subject might have greater
difficulty attending to the stimulus dots and ignoring the
mask. Even if the stimuli were properly scaled for the
vernier fail off with eccentricity, the scaling may have
been inaccurate for a task involving the attentional
requirements of peripheral masking. These lower inter-
cept values suggest that peripheral spatial interactions
need to be separately accounted for when obtaining a
peripherai fall off estimate.

(C} Fixed separation

Table 2(C) shows E estimates under conditions where
the reference and test features have a fixed separation and
are moved into the periphery (Beck & Halloran, 1985;
Levi & Kiein, 1990). These £ estimates are quite large.
Consider the Beck & Halloran (1985) study measuring
two-dot vernier acuity with the dot separation fixed at 3
deg as the dot pair moves into the periphery for the
closest condition. Since fixation is somewhere near the
two dot midpoint, each dot is =1.5 deg in the periphery.
Levi & Klein (1990) found that, within the local sign
regime where thresholds depend only on the stimulus
eccentricity, the threshold should be about /2 < 0.0 (E
+0.7) or about 0.014 x 2.2=0.031 deg=1.8 min. The
errors of the two dots add independently, accounting for
the /2 factor. As the stimulus shifts into the periphery
by a smatl amount, there will be no change in threshold,
singe for a lateral shift the stimulos dots lic on an
isoeccentric circle where thresholds do not change (Levi
& Klein, 190903, Thea, as the two dots are shifted further
into the periphery, processing changes from the local sign
regine to the filter regime, where thresholds depend only
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on the separation. A typical threshold wouald be about
ot of the separation. For the prosent example, this
would give thresholbds of about 2060 = 2 i, very sunilar
ter the starting threshobds, Thes cxumple shows how very
frge values ol £ arise under the Beck & Halloran
conditions,

We  emiphasize  the
“abutting” wvernier threshold, since any error in this
threshold will sigmiticantly alter Lo (see Figo 6} Muny
previous £ estimates have failed because they do not
include an abutting condition. for example. studies using
dot stimuli with o small separation (Beck & Hallorun,
1985; Burbeck & Yap. 1990; Levi & Klein, 1990) or
isoeccentric data (Levi & Kiein, 1990). In addition.
estimates that have included an abutting case may huve
been influenced by spatial filter responses (see Table 2:
Klein & Levi, 1987). Similarly, accurate measurements
in the periphery are important. Peripheral thresholds can
be substantially affected by the psychophysical task. For
example, as discussed above, there may be increased
attentional requirements in the periphery when using
visual masks {Levi ez al., 1985).

importance of  an accurute

(D) Vary eccentricity and separation

Another method used to isolate local sign responses is
to present stimuli on an isoeccentric arc (Levi & Klein,
1990). In this method the different vernier target features
are presented on an arc that surrounds fixation. The use of
an isoeccentric arc decouples eccentricity and separation
by maintaining a constant eccentricity, while permitting
the manipulation of the vernier stimulus feature separa-
tion. Levi & Klein (1990) measured three-dot vernier
thresholds from 0.63 to 10 deg in the periphery. They
found a ceiling in the data. At small eccentricities the
ceiling was located at smaller separations as compared to
data collected at larger eccentricities. At separations past
the cusp, thresholds remained relatively constant across
separation. Levi & Klein (1990) hypothesized that these
“large separation” thresholds reflect responses of local
sign mechanisms. Within the local sign regime we
estimate that their L, averages 0.36 deg.

There are two potential problems with the isoeccentric
arc method: (1) as discussed above, foveal thresholds
cannot be obtained, so slight errors in the estimated
threshold will have a large effect on the E- estimate: and
(2) it is unclear if observers maintained proper fixation at
the smallest eccentricity, An error where the actual
eccentricity is less than the intended eccentricity would
result in an £ value that was lower than the true £,.

The large separation estimate of 0.36 should be
compared o estimates obtained using the optimal
separation {the ceiling locationy where £, =0.69 and
10.29 for two observers (Levi & Kiein, 199, Westheimer
{1982) similarly plotted their two-dot veraier data at the
optimal sepuration and we calculate their £, 221,05 and
1.37. This wide range of £, estimates s probubly due to
the multiple factors involved in the task. Thresholds at
the optimal separation are most likely Himited by spatiaily
oricnted filters rather than the tocal sign. Similar o the

L BEART o af

abutting <timube paradigot doseribed fbose [Eable 2001

there s an ot Bactor that arees Loonn the dilferenee
Petween the Tadl ol i optimal separation €400 - 23y anyg
the oplimial threshold (20 =004) that muny be sccounted

for by jitter and undersampling,

i) Vary separatoon

Table 2(E) presents thut
separution hetween the reference and test targets with
the reference or centroid at the fovea, Using this stimulus,
Alier models would assume that ditferent size tuned
filters are located at each eccentricity. amd the optimal
filter size would increase with spatial separation. Based
on this assumption, threshold would be estimated to be
proportional to eccentricity (so that £: =0). From Table
UE) {five investigations). however, the mean E- s 0.34
deg. In an attempt to isolate local sign responses. Klein &
Levi {1987} and Waugh & Levi{1993b) fit their threshold
vs spattal separation data with a double-line function,
This double-line function indicates the relative coniribu-
tions of the spatial flters and local sign mechanism
responses, since one portion of the line fits the data within
the filter regime and the second portion of the line fits the
data within the local sign regime. This double-line
function permitted Klein & Levi (1987) to find a crude
estimate of £, for bisection (average E.=0.3). For the
Klein & Levi (1987} vernier task, however, the two
regimes blended together smoothly so that a clear
separation of the local sign regime was not possibie, L
estimates based on this approach were reported to be
about 0.45 deg (averaged across observers and spatial
interval/alignment conditions—Levi & Klein, 1990}, Our
recalculation of £, for their alignment data using the
nonlinear fit described in Eq. (2} is 2:0.36 deg. Waugh &
Levi {1993b) also fit their vernier data with a double-line
fit. but did find a cusp n their vernier threshold vs
separation function, allowing an estimate of £, for
vernier {average - = 0.3 at 30 times threshold: see Table
AESHL

One of the investigations shown in Table 2(E)
measured £ for a range of stimulus contrasts (Waugh
& Levi, 1993b). The pattern visibility has @ mild eftect on
the rate at which threshotds fall off with eccentricity.
Lower contrasts result in higher £, estimates. These
estimates reflect the responses of both spatial filier and
local sign mechanisms (Waugh & Levi, 1993b). Stimufus
contrast would most strongly affect the spatial filters, At
fower contrasts. thresholds limited by spatial filters will
be elevated compared to thresholds at higher contrasts.
This would explain the differeni £1 estimates found for
different contrast levels under same polarity coaditions.
Because [ocal signs are simply position tags, contrast s
much less effect for opposite polarity. shutling vernicr
features (see our Fig. 9). Consistent with this findiog,
thresholds for well separated stimuli show very little
effect of contrast once the stimudus featsres are more thin
about three times the detection threshold (Morgan &
Regan, 1987, Waugh & Levi, [9U3h Wang & Lovi
PO Hess & Haves, 1994

rescarch has varied  the
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The smalt Fooestintes described above may be
explamed by the combiaad effects of spatial fier and
focal stgn regemes. At the smallest separsations, spatial
fitters would it threshold, At wider sepacations, local
signs would by the limiting mechanisms, The low
thresholds of the spatial Blters in combination with the
higher thresholds of the focul signs would increase the
sepuration < eccentricity  function slope, resulting in
small £ estimates,

The same two potential problems mentioned above for
the Levi & Klein {1990} isoeccentric arc method are also
relevant for non-tsoeccentric vernier features that are
spatially separated as they move into the periphery. (1)
By isolating ltocal sign responses there are no foveal
thresholds (separations near zero) to restrain the binear fit
for the £, estimate; and (2) most likely the observers
could not maintain sufficiently accurate fixation in order
to restrict the stimuli to very small eccentricities. The
observer’s fixation would most likely drift toward the
stimulus location. Difficulty in maintaining fixation
{particularly in the 0.623 deg condition) would reduce
thresholds for the closely spaced stimuli compared to
accurate peripheral fixation, resulting in a steeper fall off
and the small £, estimates that were obtained. In other
words, poor fixation would reduce foveal thresholds and
result in smaller £, estimates. A third issue is that for
both the bisection (Klein & Levi, 1987) and vernier
(Waugh & Levi, 1993b) E, estimates, any error in
thresholds measured near the cusp in the double-line fit
(the closest point to the fovea of the local sign part of the
data) could significantly alter the estimated point of
transition between the putative mechanisms. For exam-
ple, if filter mechanism responses are inappropriately
included in the local sign equation, thern £, estimates will
be too low.

{F) Temporal

None of the previcus methods for measuring £, are
convincingly related to the anatomical cortical magnifi-
cation factor. For that reason, in the present paper we
attempted to develop a new method for revealing an £,
value that can be related to topographic mapping of
spatial location. We used a simple stimulus to avoid the
complexity of masking and our measures included foveal
thresholds. To minimize the filter regime contribution for

TAL first glance, Levi er af. (1985) seem to have found the opposite
result (see reference A2 vy A6 of Table 1) These £, estimates
suggest that the Bl off with cccentricity iy greater for the
isocceentric direction. However, reference A2 (their Fig. 1)
presents £y estimates for short-length multipte-tines that were
brietly presented and seculed according w oan By factor of {04,
Rueference Ab (their Fig. 7) presents estimades Tor fong lines that
woere seaded ooan £ factor of 25 und the refrrence was on
continuousiy. Since the lises were longer than pecessary for
optimal performance at all eccentricitios, the differences in
temporad presentution probubly sccoust tor the higher estimares
sees i Reference 6, 1t is also possibie thag the brict, multiple-lines
(usedd in Reberence A2y provide additienal Jara for the fovea thit
are aot gsed 0 thy peeiphery, therelore increasing the apparent falf
ol with ceceniricity.

closely  spaced stimuli, we  introduced a0 temporyl
asvnchrony. When the reference mmd test largets were
temporally evertapping, /. was unmatorally small, but
when there was no temporal overlap, £ estimates were
clase to B8 deg, The runge of F, vilues we found across
temporal delays niay be explained by differences ia the
timiting fuctors of carly spatial filter and Luter focal sign
mechanisms, The duta are consistent with a4 gradual
change in the responding mechanism across ISL As
shown in Experiments | and 2, using opposite polarity
and low stimulus contrast, the filter mechanism infuence
drops out as the temporal overfap decreases. This permits
relative tocal sign regime isolation and also aliows
abutting vernier measurements.

Factors affecting L,

We hypothesize that processing ts within the iocal sign
regime in situations where stimulus characteristics
minimally influence threshold. This assumption, how-
ever, should be qualified. Although the stimulus inde-
pendence may be correct to a first order, there are a
number of stimulus manipulations that do affect thresh-
olds in the local sign regime, since a comparison of the
test and reference must be made at a second processing
stage (Sterken er al., 1994). The second stage efficiency
could depend on stimulus properties. The dependence
will, however, be weaker than if a single spatial filter
were used to measure the relative position in a first stage.
In the following sections we will examine several factors
that affect L.

Stimulus orientation and visual field region

Foveal vernier thresholds are similar for vertical and
horizontal orientations (Fahle, 1991), however, in the
periphery spatial acuity shows an anisotropy. This
anisotropy has been reported for peripheral grating acuity
(Rovamo er al, 1982; Wilson, 1991), T-orientation
acuity (Toet & Levi, 1992), vernier acuity (Wilson,
1991; Levi & Waugh, 1994) and bisection (Yap et al.,
1987; Klein &-Levi, 1987). Specifically, thresholds are
lower in the periphery for offsets in the isoeccentric vs
the radial direction (Yap et af., 1987). Therefore, in a
vernier task, horizontally oriented stimuli will produce
lower thresholds than vertically oriented stimuli in the
temporal visual field. The reverse will be true in the lower
visual field (e.g.. vertical will produce lower thresholds).
The lower peripheral thresholds for radically oriented
stimulus features produce increased £5 estimates as seen
in Table 2 (column headings: orientation and visual feld
region) compared o estimates obtained for isocentric
oriented features.t

Lower thresholds for isoeccentric orientations also
appear to hold within the local sign regime (Klein &
Levi, 1987; Yap e al., 1987). This implics that local sign
mechanisms may also be degraded in the radial direction,
perhaps due to the second stage comparison of the local
pasttion labels (the corticul ruber). If this is correct. then
the ruler’s tilt would be o more precise judgment
compared to the rufer’s length. Indeed, Sterken er al.
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FIGURE 10. To show the effects of practice, localization

thresholds are plotted as a function of the block number {125 miaks/

block). Data for simultaneous {open circles) and positive ISIs (sotid circles) are shown for a naive {a) observer and for one of the
authors (b).

(1994) have suggested that a second processing stage is
needed to explain threshold differences for different
stimulus orientations. Our experiments were done in the
isoeccentric direction. If they had been done in the radial
direction (e.g., using a bisection rather than vernier task),
then L, would be expected to be smaller than those we
report.

Referenced vs unreferenced thresholds

It is interesting to compare our data to data gathered
under similar conditions except with a dark ISI with no
visual references (Foley, [1976; Matin er al.. 1980: White
et al, 1992). White er al. did not find, contrary to our
findings, a large difference in thresholds for different
reference and test stimuli spatial separations.  OQur
observer DL also participated in their experiment,
making it convenient to compare thresholds and the Fall
off in thresholds with eccentricity for lucalization done in
the dark and in the light, DL's unreferenced thresholds
(in Fig. 5 of White er al) at positive 1Sls (= +200 ISDH

were elevated one log unit compared to his referenced
vernier thresholds shown in our Fig. 5 (0.1 deg vs 0.01
deg). In the present study, DL showed L =0.9 deg at IS!
=180 msec. To compare, at 200 msec IS (in Fig. 5 of
White er al.) observer DL computed L, = 8.8, Although
both data sets represent local sign mechanism responses,
the increased noise (ie., eye position unceriainty)
without visual references (in the dark) substantially
inflates L~ estimates, Qur data, while not noise-free, are
tess influenced by factors other than the eccentricity
dependence of local sign mechanisms. Having room
lights on during the experiment. and thus having
stationary references visible to the observer, most likely
helps to stubilize the judged eve position.

Traming effects

All observers in these experiments showed some
increase in localization accuracy after repetitive practice,
particularly tor the temporally asynchronous conditions.
Repetitive training on novel psychophysical tusks s
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coasetial tor peliable threshold esumades (Mcohee &
Weosthermer, 19750 Poggio e of 0 19920 Beard of af.
F9US ) For this reasonc mitial measurements for cach
conditon were repeated  until stable thresholds were
established for at least 4 Mocks of 125 triuds, Figure 10
shows the cffect of practice on locahzation theesholds for
twir ohservers (RA and DL). Focalization thresholds
{minutes of arc) are plotted as o function of the trainiag
Mock number for two temporal conditions, simultancous
{open circles) and successive (solid circles) presentation.
Observer RA had no prior experience making psycho-
physical observations, whereas DL had extensive past
training on localization judgments, including simulta-
neous and successive stimuli presented in the dark. The
simultaneous presentation data over training blocks are
shown for both observers. Stimulus features were
abutting. Neither observer showed improvement for
foveally viewed, abutting, simultaneously presented
stimuli over 8 blocks of trials. Also presented are the
zero msec (reference offset = test onsef; observer RA)
and 90 msec (observer DL} IS data. With a temporal gap,
thresholds declined by approximately 6% each block for
both observers. This kmprovement is consistent with
other peripheral vernier acuity learning data (Beard ez al.,
1995).

The underlying reason for this practice-based im-
provement is not known but may relate to a decrease in
the positional uncertainty of local sign mechanisms by a
type of peripheral local signs calibration (Maloney &
Ahumada, 1989) or to an improvement in the comparison
process itself (a more cognitive explanation). Qur data do
not distinguish between these two possibilities.

ALTERNATIVE EXPLANATIONS FORQUR L,
ESTIMATES

Sparial filters

Vernier thresholds are most likely determined by the
sum of contributions from various (independent) sources
of noise. In the context of the present experiments, this
noise may arise from target ¢ccentricity, separation,
contrast, potarity and temporal delay. When one of these
sources of noise dominate, then threshold will largely be
determined by that source, and not by others. Thus, it
could be argued that one does not need to invoke separate
mechanisms (flters and local signs). Such an argument is
based on semantics, We are arguing for separate regimes
rather than separate mechanisms, per se. Both regimes
are based on hilter mechanisms: however, when the
contrast response of the filters is degraded (by opposite
polarity, temporal asynchrony, etc.), we believe that the
position labels (local signs) of the filters become more
useful. It could be argued that our asvnchronous vernier
threshotds are Hmited by farge spatial filters with broad
temporal  integration  himits  rather than  locul sign
moechanisms, At small spatial separations, the spatial
flters may be quite sensitive to temporal asynchrony,
while at large spatial separations, spatial filters may be
refatively insensitive to termporal asvnchrony, This model
wouhd predict our tinding that thresholds fall oft fess as o

Function of spatiah separatien with positive SIs. This
maodel s anlikely, however, beciuse of the resudts of our
Experiments Tand 2 which showed ditTerential offects of
contrast and polarity at ~mmall asd Jarge separations.

Receptor (rregularities
Wilsan (1991) has suggested  thal cone  position
wrregularity cun account for the merease of hyperacuity
thresholds with eceentricity and separation. He found that
the standurd deviation of cone spacing in primate (Hirsch
& Miller, 1987y and human {Hirsch & Curcio, 198Y) can
be summuarized as:
SDIE} = 3.8isec)t + E{1)/Ex) (12)

where £, for cone randomness was found to be 0,77
deg (Wilson, 1991). That value of £ is consistent with
our value of L, or the local sign fall off of hvperacuity
thresholds in peripheral vision. Wilson further hypothe-
sized that cumulative cone jitter across a string of cones
(where the successive cone spacings are assumed to be
uncorrelated) may limit foveal thresholds for small
separations. From this assumption Wilson (1991) found
a good fit for hyperacuity thresholds as a function of
spatial separation. Previously, this same data set was
thought to require a filter model in order to achieve the
rapid degradation of acuity as the feature separation
increased (Klein & Levi, 1985; Wilson, 1986). It would
be interesting if the filter models could be replaced by a
cone jitter model. An argument against the cone jitter
model is that thresholds in the closely spaced regime are
very sensitive to stimulus manipulations such as stimulus
contrast and polarity, as shown in our first two
experiments.

Memory limitations

The ability to localize a test target after a reference
target has been turned off must require memory of the
reference target location. We do not know if these
“location” memories are Synonymous with the iconic
store, or visible persistence, discussed in the literature
(Haber & Standing, 1969). Visible persistence typically
refers to a continuing physical trace of the first stimulus
that endures for some brief time (depending on the
stimulus duration) after stimulus offset. The duration of
persistence can range from 30 to 200 msec, depending on
stimulus characteristics {(Coltheart, 1980). It is likely that
our observers are using this persisting location trace to
help make the vernier judgments, since thresholds are
relatively constant over positive [Sis.

Motion mechanisms

For successive presentation, our observers may be
using refutive motion rather than relative position to
perform the localization task. Qur stimulus is similar to
the stop-go-stop type of movement described by Bonnet
(P98 and Levier al. { [984), where a stationary stimulus
appeirs, then jumps, then again becomes stationary, Our
tusk was (o diseriminate the offset direction of two lines.
For abutting vernier features these offscts were well
within the 13 min are  displacement timir for the
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appearanee of motion (o oveur (Braddick, 1974y, Ta
deternine it motion mechanisms are responsible for our
temporal vernier thresholds, we measured thresholds at
A8 and SO0 msee SIS, Since apparent motion s not
present at the farger ISIs, 4f our observers were using
motion mechanisms 0 perform the task. thresholds at
SOtEmsec 18T should be substantially elevated compared
to threshold at 88 msec IS1 (which is potentially within
the motion regime). On the other hand, if the observer is
not using a motion mechanism at the shorter ISI then
there should be littie difference between 88 and 500 msec
[SI thresholds. The results of one observer showed that
there was little difference (0,76 + 0.08 min vs 0.80 +
0.10 min, respectively) between thresholds at the shorter
vs longer ISIs, suggesting that our observers were not
using relative motion cues to perform the localization
task.

CONCLUSIONS

The goal of this paper was to develop a psychophysical
method for estimating cortical magnification in humans.
We used asynchronous stimuli to obtain thresholds which
are relatively independent of polarity and contrast,
consistent with the local sign regime in which the two
lines are processed by separate filters, and their position
labels compared. The temporal asynchrony allowed us to
measure vernier thresholds based primarily on local signs
for abutting as well as separated stimuli, with minimal
contamination from the filter regime. We were thus able
to measure L, which represents the rate of fall off for the
local sign regime. The broad range of values found for
previous estimates of E, called into question this
number’s usefulness in determining visual topography
(Whitaker er al., 1992). Our results and analysis suggest
that these previous estimates were based on the
contribution of several mechanisms and on the absence
of, or inaccurate, foveal thresholds. Qur estimates of L
within the local sign regime are similar to physiological
estimates of the cortical magnification factor and may

represent a psychophysical analog to these measure-

ments.
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APPENDIX

This Appendix presents the MATLAB program that we used to
calculate the cortical magnification parameters fram the IMRI data of
Engel et af. {1994) and Sereno et al. (1995). We present the program
here begause of its simplicity and to facifitate similar calculations by
others.

1. towd data; % The two columns of the input data are the x positions
{mm) aad the cecemtricity (deg).
. [purams.options.£j] = leastsq (“emi_tt" L3, OL[L]] data)
{confivar] = confint{params.fj)
Cfparams’ sqri{var}} % Print parameters and their standard errors.

o ps

. fungtion dif = emf_fiparams.datay

L= paraemsd 11 A s paramsE 2): % The two parameters are named.
7 thkret = Wy E = (Kref + L) expidatag, 124y ~ Ly % The st
columa of data gives the cortical focation in mm relative o A reference

~ o

pesant
o= —13.20;
Ml —Lox
9, Jif = 8- datal 2,

Fref = B osiadaat, et + (el + L0

Expluntion of several fines of the MATEAB code.

Line X The leastsy program provided by MATLAB carries out 2
pontinear regression, Phere ary several sputs o the program: (1) the
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mame ol the function (preseated in lines S0y dhal fits the data 0}
fmittal guesses for g pair of panuneters ¢, =153 and A = 10) that we
seek L opimize for producing the best mateh ta the Jan (33 The third
and Tourth arguments (presently delimeed by 13 could have contained
afarmution for changing ~ome of the control options for the sach
tincluding analytic derivatives) amd 3y input data.

Line 3 The varfances of the parameer estimates are cadeoded
using a program provided hy MATLAB.

Ling & b opredict the corticad
kngmfication datic

Line 70 Fhis i the function used Tor the Bagel of wf (18 G Dhe

P function emi s used

it R means o skap this Hoe

Line ®. This i the Tusction wsed for the Serene of @8 (1965 10 1
vondd adse e osed for the Eagel dine of Fret = 1 and 2 = 0006 W
verified that this cheice of panuneters gives the same amswer (in the
B as o goes 1o 2er0) ax what s given in line 7.

Line 9. The difference between the expected and the abserved data i

sutpul.



