Vision Rex. Vol. 28, No.
Printed in Great Britain

5, nn.

597403,

0042-6989,kB %3.00 + 0.00
Pergamon Press plc

1988

“WEBER’S LAW” FOR POSITION: UNCONFOUNDING
THE ROLE OF SEPARATION AND ECCENTRICITY
DENNIS M. LEVI, STANLEY A.

KLEIN*

and YEN LEE YAP+

University of Houston, College of Optometry, 4901 Calhoun Blvd, Houston, TX 77004, U.S.A.
(Received 5 August 1987; in revised form 30 November 1987)
Abstract-Bisection
thresholds are approximately proportional to the separation/eccentricity of the
targets. This “Weber’s law” for position has been invoked over the past century. Is it the separation of
the reference targets, or their eccentricity which determines the threshold? In previous studies separation
and eccentricity are confounded. In the present report we have pitted separation against eccentricity.
Bisection thresholds were measured for stimuli presented on an isoeccentric arc, so that separation could
be varied while holding the eccentricity of the test lines constant. We used a S-fold range of separations
from 2210deg. In this regime, the present results provide strong evidence against Weber’s law. When
separation is varied but eccentricity held constant, there is no Weber’s law. Rather the thresholds are
approximately constant. Our results suggest that the judgment of the separation of widely separated
objects is similar to a distance measurement using a ruler on the cortex, in that the error of measurement
is independent of the separation between objects. The results imply that when we attempt to gauge the
distance between widely separated objects it is unlikely that we do so on the basis of the outputs of large
spatial filters; rather it appears that we make such judgements by estimating the cortical distance which
separates the targets of interest.
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and Levi, 1985, 1987; Toet et al., 1987; Yap et
al., 1987a,b; Burbeck, 1987). Under “ideal”
Human observers can judge the relative position conditions, i.e. long durations or long fines,
of targets with exquisite accuracy. While posi- when thresholds are plotted as a function of the
tional acuity is often thought of in terms of separation of the reference lines on log-log
the very precise spatial thresholds which are coordinates, the resulting curve is a straight line
obtained when the target features are close with a slope of I. When both the spatial and
(Westheimer, 1975), one of the most striking temporal stimulus conditions are not ideal, i.e.
features of positional acuity, is that over a wide brief durations and short lines, the optimal
range of conditions, the position threshold is thresholds at small separations are elevated, and
approximately proportional to the separation/
thresholds follow a power function of sepaeccentricity of the reference features. Over a ration with an exponent of about 0.7 (Yap et af.,
century ago, Fechner (1858) and Volkmann
1987a).
(1858) asked observers to judge the position of
There are two general classes of explanation
a “test” line relative to a pair of flanking for this Weber’s law for position: one is based
reference lines. The results of these bisection upon the differential responses of spatially localexperiments showed that the mean errors ob- ized filters (e.g. Klein and Levi, 1985; Wilson,
tained in bisecting a space were approximately
1986). As the separation between the test line
a constant fraction of the distance being bisec- and the flanks increases, larger filters (with zero
ted. This “Weber’s law” for position has been crossings approximately equal to the line spacfrequently replicated (Hirsch and Hylton, 1982; ing) would be used, giving proportionately
Levi and Klein, 1983; Bedell et al., 1985; Klein higher thresholds. However, for large separations this approach becomes less likely, since
the filters would have to be implausibly large
*Present address: School of Optometry, University of
and maintain high sensitivity. (Weber’s law
California at Berkeley, CA 94720, U.S.A.
holds to at least 10 deg). The second approach
*Present address: Visual Sciences Program, Sensory s.+
is based upon the spatial grain of the visual
ewes ResearchLaboratory, SRI International, Menlo
Park, CA 94025, U.S.A.
system (Hering, 1899; Matin, 1972; Burbeck,
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Fig. 1. Bisection thresholds
versus separation/eccentricity
for two of the observers in the present experiments
are
replotted here in log--log axes from the data of Klein and
Levi (1987). The curve represents their large eccentricity fit
to the data: i.e. in linear-linear
coordinates
it is a straight
line which intersects the .y-axis at --0.6 deg. In the log-log
coordinates
shown here, it (I) provides a good fit to the data
for eccentricities
bO.5 deg, and (2) exhibits Weber’s law
behavior at large eccentricities, i.e. it becomes a straight line
with a slope near 1.

1987; Klein and Levi, 1987). The notion here IS
that the spatial grain of the cortex (M ‘) varies
linearly with eccentricity*; thus the position of
the reference lines becomes increasingly uncertain as their eccentricity increases.
Recently we (Klein and Levi, 1987) measured
position acuity using a bisection task. In this
experiment, a central reference line appeared,
and was followed by a pair of briefly flashed
peripheral “test” lines. We used the bisection
task to determine the precision with which the
observer could judge the position of the peripheral test lines, with only a fovea1 reference. The
data for two observers are’replotted in Fig. 1 in
log-log coordinates, and show the proportionality between thresholds and separation
eccentricity over a 200-fold range from 0.05
to 1Odeg. The curve in Fig. 1 is given by
Th(deg) = 0.012(1 + Ecc/0.6), and will be discussed further below. Our analysis, based upon
these results suggested that both classes of explanation may be correct. For separations/

*Bisection thresholds,
L? vary with eccentricity,
E (deg),
according
to T = T,(EI0.6 + 1) where T, is the fovea1
threshold (Yap CI (II., 1987a).
tWe are indebted to Jim Bergen for pointing out that “any
fool can see the implication of this hypothesis”.
We, not
being any fool, had not seen it!
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al.

eccentricities less than about iZ-20 min, the
data were compatible with predictions based
upon the outputs of localized filters; however,
for larger separations/eccentricities the position
thresholds appear to be set by the spatial sampling grain of the cortex. In this regime, thresholds appear to represent a ~~~~~r.rtu~t
c(irii(.u1
distunce (about 0.1 mm). In other words, foi
eccentricities larger than I5 30 min. there is n:>
Weber’s law for position on thl: cortex This
large separation/eccentricity
i‘cgm~e i.- important to our understanding of distance judgrments, and is the subject of the present rcpor:,
A strong prediction of the spatial grain hypothesis, is that in the periphery. only the eccentricity of the stimuli and n(?t their separation
should matter?. While previous experiments on
bisection in the periphery (e.g. Yap t’t ai.. 1987at
show that bisection thresholds depend upon
separation, they do not provide ;r clear test <IT
this notion, since eccentricity and separation are
confounded at large separations This reporr
describes an experiment designed to uncon
found the role of eccentricity :md separation.
METHODS

The stimuli consisted of three bright vertical
lines generated on the screen of a computer
(Commodore Pet). The lines were approx. 30’
long and 3’ wide at the viewmg distance of
39 cm. Briefly, a vertical “reference” line was
presented for 1 sec. A pair of flanking “test”
lines, aligned horizontally with the reference line
were then presented, and 200 msec later all three
lines were extinguished. The observer’s task was
to make a bisection judgement about the direction and magnitude by which the reference line
appeared to be displaced from the midpoint of
the peripheral test lines. The horizontal pasition
of the entire display was randomly jittered from
trial to trial by approx. 1.8 deg to eliminate
absolute position cues. Threshold for each ex
perimental run of 125 trials was obtained by a
maximum-likelihood
multiple criterion probit
analysis of the data. The threshoid corresponds
to the offset giving a d’ = 0.675 (75% correct).
The thresholds reported here are the weighted
geometric means of 3-9 runs per condition, and
the error bars include both within and between
session variability. Further details of the experimental methods are given in Klein and Levi
(1987).
In order to disambiguate separation and eccentricity, the peripheral location and sepa-
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Fig. 2. Schematic illustration of the stimulus arrangement. The stimuli consisted of three lines. A reference
line was turned on and 1 set later, a pair of flanking test lines were briefly presented. The test lines were
always centered on an isoeccentric arc of 10 deg. Thus the eccentricity of the test lines remained fixed while
the eccentricity of the reference line (the “reference eccentricity” shown in the right panel) varied in the
lower visual field. This allowed a 5-fold variation in the separation of the test targets. while maintaining
a constant eccentricity.

rations of the stimuli were varied from run to
run. Figure 2 illustrates two examples of the

stimulus arrangement. The two test lines always
fell on an isoeccentric arc, 10 deg from the
fovea. In this way the mean separation of the
test and reference lines varied between 10 deg
(Fig. 2A) and 2 deg (Fig. 2B) while the eccentricity is fixed at 10 deg. Note that the position
of the vertical test lines fell on the 10 deg
isoeccentric arc (plus or minus a small offset
corresponding to the bisection cue) with a horizontal chord, while the eccentricity of the reference stimulus varied. When the reference line
was at the fovea (as shown in Fig. 2A) the
observer fixated it directly. When the reference
line was presented in the lower visual field (Fig.
2B) the observer was instructed to fixate directly
above the reference line, along a horizontal strip
placed at the appropriate height. In this way,
under all conditions, a single test line was
presented to each hemifield. Two possible outcomes for this experiment are illustrated in Fig.
3, which shows schematically thresholds plotted
against separation on log-log coordinates. Tf
separation is critical then a straight line with a
positive slope will obtain (Weber’s law is represented by a slope = 1); however, if the spatial
sampling grain hypothesis is correct, then a line
with a slope = 0 will obtain, since the eccentricity of the test stimuli is always IOdeg.

RESULTS

The 3 authors, each with corrected to normal
vision, served as observers and their results are
shown in Fig. 4. The open symbols show thresh-

olds for a 5fold range of separations (shown on
the lower abcissa) with the reference line
presented at the eccentricities shown on the
upper abcissa. The Y, S and D show thresholds
for the 10deg separation with the fovea1 reference (Fig. 2A). The results of each of the
observers offers clear evidence for an absence of
Weber’s law. Surprisingly,
the thresholds
change only slightly, and for separations greater
than 3.5 deg they change in the opposite direction from the Weber’s law prediction, i.e. they
decrease rather than increase with increasing
separation.
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Fig. 3. Illustrates the predictions of two classes of models:
(1) if Weber’s law for position holds, i.e. if thresholds are
proportional to the separation of the target feature, then on
log-log coordinates, the thresholds shoud fall along a line
with a slope of I. (2) On the other hand, the spatial sampling
grain hypothesis holds that thresholds are a constant fraction of the eccentricity of the test lines, yielding a line with
a slope of 0.
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Fig. 4. Thresholds (in degrees) are plotted as a function of
the separation (in degrees, shown on the lower abscissa) of
the pair of test lines for three observers. The open symbols
show the conditions where the reference line was in the
lower visual field, at the eccentricities indicated on the upper
abcissa.The letters Y, S and D show the data when the
reference line is directly fixated (Fig. 1left) for each observer
(the letters indicate the first initial of each observer), The
results clearly violate Weber’s law. However, they do not
conform perfectly to a line with a slope of 0 (the spatial
grain or constant eccentricity hypothesis). The results of
control experiments with simultaneous presentation of the
three lines are shown for observer D.L. by the filled squares,
and are similar to the data obtained with asynchronous
presentation (open squares) except for the condition with
the fovea1 reference (+ for simultaneous, D for asynchronous).

One possible reason for the elevated thresholds at small separations is metacontrast masking. For separations of 2 and 4 deg, each of the
observers noted that the flashed test target
appeared to produce a marked attenuation of
the brightness of the stationary reference line. In
order to test whether this perceptual masking
might have influenced thresholds, we repeated
the experiments with all 3 dots flashed simultaneously (for 0.2 set). This eliminated the perceptual masking, but did not significantly influence
the position thresholds. The filled squares show
the thresholds for the simultaneous onset condition for observer D.L. at separations of 2, 3.5
and 9.9 deg. The data are essentially identical to
those obtained with the asynchronous onset
(shown by the open squares). The only case in
which sim~taneous and async~ono~s thresholds differed was for the condition in which the
reference was presented to the fovea {Fig. 2A).
In this case the asynchronous condition allows
precise fovea1 fixation of the reference position.
Thus it is not surprisin;g that thresholds far this
condition were about 30% better for the asynchronous than for the simultaneous condition,

since the 1.8 deg jitter and brief duration made
precise fovea1 fixation of the center line impossible. For D.L., thresholds for the asynchronous
condition (shown by the D) was 0. I2 deg, and
for the simultaneous condition (shown by the
-t 1 it was 0.16 deg. Thus, it is unlikely that the
shape of the curve can be explained on the basis
of metacontrast masking.
We have made similar measurements with
only a single test line. The stimuli and methods
were identical to the first experiment, but with
only a single vertical “test” line rather than a
line in each hemifield. The observers judged the
separation between the test and rc$feren& lines
relative to a memorized standard rather than
making a bisection judgement as in the 3-line
task. The open symbols in Fig. 5 show the data
of D.L. and Y .L.Y, for separations of 3.5 and
10 deg. For both observers, the results are quatitatively similar to those obtained with the test
line in each hemifield, with thresholds decreasing slightly with increasing separation.
While the thresholds shown in Figs 4 and 5
are not entirely independent of separation, they
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Fig. 5. Thresholds (in degrees) are plotted as a function-of
the separation (in degrees) of the single test line. The stimuli
and methods were identical to the first experiment, but with
only a single vertical “test” line rather than a tine in each
hemified (i.e. the observer judged the distance between the
test and reference lines). The open symbols in Fig.5 show
the data of D.L. and Y.L.Y. for separations of-3.5 and
IOdeg. The filled symbols show the results of a control
experiment in which the reference line was horizontal, and
a singb hotizontaf test line was presented along a new
isoeccentric arc with its chord vertical, and ext$%ding into
the left visual field. This stimulus arrangement can be
envisaged by rotating Fig. 2 by 9Odeg eltikwise. This
arrangement places the IQ deg separation an the low acuity
meridian, while the small separation falls along the high
acuity meridian. Note that for observer D.L.. (squares),
threshoids for the horizontal test line were Q&her than with
the verticaf test line for both the large and smatl separations.
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Fig. 6. This figure summarizes
the main results by plotting the geometric mean of the thresholds
(x)
for the three observers for separations
between 2 and IOdeg with the reference line presented at the
eccentricity shown by the upper abscissa. The error bars reflect the between-subject
standard deviation.
The ‘F’ shows the mean threshold when the reference was directly fixated (Fig. 2A). The data clearly
violate the Weber’s law prediction.
However, they do not fit the constant eccentricity
prediction either.
Rather, the data are reasonably
well fit by assuming that the positional
uncertainty
of the peripheral
reference is approx. 1% of the reference eccentricity, and that this uncertainty adds linearly to the constant
eccentricity
prediction as shown by the curve marked “constant
eccentricity + reference uncertainty”.

change only slightly, and for separations greater
than 3.5 deg, in the opposite direction from the
Weber’s law prediction, i.e. they decrease rather
than increase with increasing separation. Could
this surprising decrease in thresholds with separation be a consequence of retinal or cortical
orientational anisotropy in that for wide separations the test lines are offset in the radial
direction while for small separations they are
offset along an isoeccentric direction? The
present data cannot be explained on this basis
because bisection thresholds in peripheral vision
have been shown to be worse when the stimulus
offset is along a line which is radial to the fovea
than when it is tangential to it (Yap er al.,
1987b). This is contrary to the present results
since thresholds for small separations, where the
direction of offset was tangential were worse
than those for large separations, where the offset
was in the radial direction.
An alternative consideration is one based
upon the meridional anisotropy of acuity. Our
stimuli were presented on an isoeccentric arc;
however the isoacuity contours are elliptical,
with acuity in the horizontal meridian being
somewhat better than in the vertical meridian
(Wertheim, 1894). Thus, it is possible that when
our stimulus separation was 10 deg, it fell on a
region of high acuity (along the horizontal

meridian), whereas the small separations fell
upon a region of lower acuity. Since this could
account for thresholds being worse at small
separations, we performed two control experiments with the display rotated by 90 deg. For
control experiment 1, the reference line was
horizontal, and the pair of horizontal test lines
were presented along a new isoeccentric arc
along a vertical chord in the left visual field.
This stimulus arrangement can be envisaged by
rotating Fig. 2 by 90 deg clockwise. This arrangement places the 10 deg separation on the
low acuity vertical meridian, while the small
separation falls along the high acuity horizontal
meridian. For D.L. the threshold for a separation of 10 deg along the vertical meridian was
0.156 f 0.015 deg, (slightly worse than for the
same separation along the horizontal meridian);
however, for a separation of 3.5 deg along the
high acuity, horizontal meridian, threshold was
0.50 f 0.05 deg. Similar results were obtained in
control experiment 2 with a single horizontal
test line and these data are presented in Fig. 5
(filled squares). Note that for observer D.L.
(squares), thresholds for the horizontal test line
(arranged vertically) were higher than with the
vertical test line (open squares) for both the
large and small separations. However, even with
the small separation presented along the high
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acuity horizontal meridian, and the large separation along the low acuity vertical meridian,
there is no evidence for Weber’s law, and the
slight decrease in thresholds with increasing
separation is still apparent. Thus, these control
experiments suggest that the shape of the
function cannot be attributed to differences in
acuity.
Figure 6 summarizes the data for the three
line, asynchronous condition (Fig. 4) by plotting
the geometric mean of the thresholds of the
three observers. It is clear that these data do not
conform to Weber’s law. Rather, we believe that
these results are compatible with the spatial
grain hypothesis, and that there is a simple
explanation for the non-zero slope to be discussed next.
In these experiments, because the middle reference line is more central than the test lines. its
position uncertainty is less than the uncertainty
of the test lines. When the reference line is
presented to the fovea (Fig. 2A and the “F” in
Fig. 6) the positional uncertainty of the reference will be negligible; however, as separation
decreases, the entire stimulus array is shifted
into the lower visual field, so that the reference
line is presented at increasingly more eccentric
loci. Thus, it is likely that the positional uncertainty of the reference increases as separation
decreases. We have previously argued that the
positional uncertainty of the visual system is
approx. 1% of effective eccentricity (i.e. eccentricity +0.6 deg). This is equal to about 0.1 mm
of cortex at all eccentricities if we assume that
human fovea1 magnification is approx. 15 mm/

QI.

a reasonable fit to the data ~P~~~~a~or~~~stmmation does not provide quite as good a fit),
and suggest. that for large separations, there is
no Weber’s law for position. Rather. t.hresholds
are equal to a constant plus an additive posetional uncertainty of the referent-c
DISCLiSSIOI\(

Weber’s law for position has been invoked
over the past century. In previous studies we
(Klein and Levi, 1987) measured bisection
thresholds over a range of stirnuIus; separations.
eccentricities from 3 min to 10 deg. Our results
suggested that the bisection dalii required ;I
two-line fit. For eccentricities
less :han
i5--20 min. thresholds were in gctod agreement
with calculations based upon the differential
outputs of localized spatial filters: however. ai
larger eccentricities, the results were consistent
with the spatial grain hypothesis. On linear axes,
the line segment at eccentricities .>hC).5deghad
an x-axis intercept of about O.f;deg, in agrerment with previous estimates 01 the corticat
magnification factor (Levi C! ~ii.. 19g.5). The
curve in Fig. 1 shows this fit transformed into
a log-log axes. If plotted on li~car axes, it would
be a straight line with an X-X& intercept of
-0.6 deg. It is ctear that this curye (I) represents a reasonable fit to the data for eccentricities >0.5 deg, and (2) displays the characteristic Weber’s law slope. We argued that in
this large eccentricity regime i.hresholds appeared to represent a constant cortical distance.
(3) At eccentricities ~0.5 deg. this curve fails co
&g (Cowey and R&s,
1974), and varies with
predict the small bisection threshotds. We found
eccentricity at about the same rate as does that a second line, with an .h-intercept near li
cortical magnification in monkeys (Dow et al., was needed to fit the data at sma.il eccentricities.
1981; Tootell et af., 1982; Van &en et al,, 1984) as would be predicted on the basis of the fiiter
and positional acuity in humans (Levi et al., hypothesis (Klein and Levi. 1985, 1987).
The present report focuses on the Large cccen1985; Klein and Levi, 1987; Yap et al., 1987a).
In the fovea, this would be about 0.006 c&g, and tricity regime. We have pitted separation against
would increase in peripheral vision according to eccentricity to test the spatial grain hypothesis
P = 0.006 (ccc/0.6 + 1) where P is the positional directly. We used a 5-fold range of large sepauncertainty at a given eccentricity, etc. Thus, for rations, where it seemed unlikely that thresholds
the stimulus with a reference at 2 &g (sepa- would be determined by the deferential outputs
ration of 9.8 deg), the uncertainty would be of spatial filters. In this regime. the present
about 0.03 deg, whereas for a separation of results provide strong evidence ~zgainstWeber’s
2 deg, the reference would be 9.8 deg from the law. When separation is varied but eccentricity
held constant, there is no Weber’s law. Rather,
fovea, and would have a positional uncertainty
of about 0.11 deg. The curve in Fig. 6 marked the thresholds are approx. 0.2 deg !or about 2%
of the 10 deg test line eccentricity) inde~~dent
“constant eccentricity + reference uncertainty”
shows the influence of linearly adding the posi- of separation. Our results also suggest that the
tional uncertainty of the reference to the con- eccentricity of the reference sttmulus influences
stant eccentricity prediction. The results provide the precision of bisection judgements. 30 that
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the threshold is a constant fraction of the stimulus eccentricity plus an additive constant resulting from the eccentricity of the reference
stimulus.
When we attempt to gauge the distance between widely separated objects it is unlikely that
we do so on the basis of the outputs of large
spatial filters; rather it appears that we make
such judgements by estimating the cortical distance which separates the targets of interest.
Our results suggest that the judgement of the
separation of widely separated objects is similar
to a distance measurement using a ruler on the
cortex, in that the error of measurement is
independent of the separation between objects.
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