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Abstract

We measurd blur thresholds for squargvave
gratings modulated either alpthe red-greenthe
luminance or th yellow-blue colour direction.
The modulations along the red-gne@nd yellow-

blue resultedn zeroluminance variation For all

three observes the blu threshold for red-green
and luminance stimuli were very similafhe blur

thresholds for yellow-blue wee much higher.
These results are consistent with theaitteat the
luminance anded-green channetio na differ in

their inherent spatial resolution.

Introduction

When a red-green sinusoidal grating jsesented
to observes with normal colour vision, observers
usually reportthat the sinusoidal gratinglooks
more like a squarwawe than asine wave. The
transition from red to green i®ften described as
abrupt.In contrast, ainusoidaluminane grating
of the same spatidtequeny is always perceived
veridically as a siawawe and the transitio from
the dark to the white areas is smaothis ‘chro-
matic sharpeningeffectis evenmore strikingfor
yellow-blue sinusoidal stimuli. The transitiobe-
tween the yellow and blue areas appears tbe
abrupt andobservers usually describe yellow-blue
sinusoidal gratings as loolgnvery similar to
squae waves This chromatic sharpeningffectis
largest forisoluminant gratingsfor example, foa
sinusoidal gratinghat is modulated between red
and greenwithout inducing luminance changes.
An isoluminantyellow-blue sinusoidal grating is
modulated along #&ellow-blue line sut that the
luminance does not vary.
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This phenomeno was first notedy Helmholtz
(1909), and hebeen mentionety Mullen (1982),
and Butler, Cardenand Kulikowski (1993), buto
our knowledgeit hasso far notbeen studiedys-
tematically. Chromatic sharpening an interest-
ing phenomeno for two reasons Firstly, it tells
us somethig abou the neural mechanism®-i
volved in spatio-chromatic processingSecondly,
it has consequences for image compresséoml
image-encoding applications.

When humanobserves are asked to resolve
fine spatial detail, the performamtor luminance-
modulat@ stimuli is usually superiora the per-
formance folisoluminant red-green grellow-blue
gratings. The highéspatid frequeng the human
visual systemcan resole is about50 to 60 cy-
cles/deg for luminance-defined stimalnd around
20 to 30 cycles/deg fored-green gratings. The
cut-off frequency fo yellow-bluelies at around 4
cycles/deg (Kelly,1983). The spatiatut-off fre-
guency is to some extenbntrast dependerand
also varies with the tempordtequency of the
stimulus. Despite the lack of high spatial-
frequengy information availabk to the visualsys-
tem from the chromatigratings, these gratings
appear to have sharp edges.

We investigate a phenomenon rethtdo
chromatic sharpeningnamely blur discriminabil-
ity in the various colour directions.

Blur tolerance is relevarior image-encoding
and image-compression algorithm$he fact that
the visualsysten can tolerate more blum the
chromatic directionshan inthe luminance dire-
tion can be exploited to achieve efficient image
compression. If the visuadystem tolerate more
blur in the purely chromatic directions, there is no
need ¢ presere very high spatial frequenciesA
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convincirg demonstratiorof the different amount
of blur toleratel in different colour directionbas
been compiled by Hagit Hel-Or (se Wandell,
1995).1n thefollowing experimentsve attemptto
quantify the amountf blur tolerate by the visual
system for varios colou directions. We use
squae wawe gratings with various amountsf blur
added to assess blur thresholds.

The dateof all sessions were accumulatednd
a Weibull function was fitted téthe data using a
maximum likelihood criterion The standat de-
viation corresponding to 81% cortédentification
is defined aghe blur threshold; chaegerfom-
ance is 50%.

We presented our stimiulon a high quality
non-interlaced colour monito(Mitsubish Dia-
mond Pro 20X) controlled by a graphics card
(Cambridge Resear@®ystens VSG) in a Compaq
PC. We corrected foithe non-linear relationship
betwea internd specification and luminanceby

Methods

Three subjecs with normal colour vision
(confirmed wih Ishihala plates) and corrected
spatial vision served aubjectsn our experiment.
Eadh subject tookpart in 10sessions The sub- ~gamma correction  The chromaticity of our

jects' viewing distare from the screerwas 1.14 stimuli were obtainedby spectroradiometric meas-
m. urements (Photo Researbtodel SpectrascaPR

650 and correlating them with ¢htabulated

Throughout the experimea grey background SMith-Pokorny fundamentals.

of mean luminance (31 cdfinwas displayedo

ensure stable adaptatioriThe test patternsvere | Colour X y Lum
vertical squae wawe patterns, subtending 6ed | red 0.397 0.313 315
gress of visual angle, superimposed upthe uni- | green 0.248 0.389 31.1
form background for one secondThe stimuli | blue 0.301 0.279 314
were vignetted by a two-dimensional Gaussian_yellow 0.403 0.483 31.1
envelog thus depriving thesubjectsof edgein- black 0.334 0.345 28
formation The stimuliwere modulatecalong a | white 0.334 0.345 36.1
luminance direction, a red-gmedlirection or a Table 1: CIE coordinates
yellow-blue direction  Modulation alogy the
chromatc directiors resulted in no luminance | Colour L M S
change The CIE coordinateand theconecoor- | (eq 0.032284 | 0.013475 | 0.000644
dinates are given in Tables 1 and 2. green | 0.028066 | 0.017738 | 0.000640
) ) blue 0.030364 | 0.015694 | 0.001043
procve}/éa u: ?S dmz;;Allj)r_elné?&tiﬁ;g-glzgzcﬁlﬁaﬁ: : yellow | 0.030020 | 0.015268 | 0.000162
consistedof two intervals. One interval containe black 1 0.026995 | 0.013849 | 0.0005/0
' white | 0.034866 | 0.017882 | 0.000738

the standard (unblurred) sqearave grating, the

Table 2: Long wavelength (L), Medium wave-

other interval contained the blurred squamve.
g length (M), Short wavelength (S) coordinates

The taskof the observer was taliscriminatebe-

tween the standard and étblurred squarevave by

indicating via a button press whicbf the two in-

tervals contained the standard sguasmave. De-
pending on the responsef the observer, the

amountof blur was increased or decreasesing a
transformé up-down procedure Each session
finished on the completion of ten reversals.

Results

The blur threshold (81% corredgr eachob-
serverandfor each colour direction was based on
ten sessions Ead session contained on average
50 trials orexacty ten reversalof the adaptive
procedure.

The low-pas filtering of the squarewave
grating was achievecdy on-line spatialconvdu- Figures 1-3show the relative frequency of
tion with a Gaussian mask. &mmourt of blur  correct identification as a functiarf the standard
was controlled by varying the standard deviation ofdeviatian (minutesof visual anglepf the gaussian
the Gaussian kernel; a largtandad deviation kernel The symbols denot¢he relativefrequen-
resulted in a large amount of blurring. ciesand theWeibul fit is denotedby a continuous
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line.

Figures la-cshawv the psychometric fuo

tions for luminance.
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Figure 1c: Observer SMW; luminance

Figures 2a-c shw the psychometric functions
ed-green.
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Figures 3a-c shw the psychometric functions
for the blue-yellow colourdirection The psydo-
metric functions for yellow-blue are shallowtbian
those for red-greemand luminancefor all three
observers.
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Figure 3c: Observer SMW; yellow-blue
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The results are summarisedFigue 4. Blur
thresholds arglotted as a functiowf colour di-

rection for each observer.
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Figure 4: Sunmay of blur thresholds

Blur thresholds foryellow-blue are always
higher thanfor red-greerand luminance We do
not find a consistandistinction betweenlumi-
nance and red-green (Table 3).

Subject/ HO SMW H
Colour di-
rection
Black-White 0.96 1.24 1.41
Red-Green 0.80 1.49 1.48
Yellow-Blue 2.81 211 8.18
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Table 3: Blur thresholds
Conclusions

We investigated howmuch blur tle visual
systen can tolerateén differentcolour directions.
We foundthat blurthresholds are simitan red-
green and luminance andignificantly largerin
yellow-blue.

We fourd the similaritybetwee the red-green
and luminane directions surprising considering
that the spatiatut-off frequencyis lowe for red-
green than for luminance; from thalifferencein
spatial cut-off we would have predidtaigher blur
thresholds for the red-green direction.

It is conceivablghat the similar blur thrés
olds are due to a residual luminance contirathe
nominally isoluminant red-green stimulive will
test this hypothesis by determigithe isoluminant
points for eal observe using heterochromatic
flicker photometryand re-measuring blur thies
olds for empirically determirte isoluminant
points.

Various taskstha measure spatiaacuity
demonstrate contrast dependence (Krausk&p
Farell, 1991; Wuerger & Morgan, 1995); hence
the differencein the blur thresholdsould be due
to a differencdan effectivecontrast and rtoto an
intrinsic difference betweethe channels Further
experiments will determithe contra$ depend-
ence of blur thresholds.

Our goal is to predict btutolerane for
stimuli of arbitrary spatial contérand colour. To
achiewe this we will measure blur threshold®r
simple sinusoidal stimuli.

An important question to ask is whether the
amountof blur toleratedby the visud system is
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due to theopticsof the eyeor due to limitationan
post-receptodlamechanisms We will attemptto
answer thigjuestion by using a modebf the opti-

cal transfer function (OTF) of &eyethatincorpo-
rates chromatic aberration for each wavelength
(Marimont & Wandell, 1994andfor each spatial
frequency Applying Marimont amd Wandell's
OTF will allow us b determire how much of the
'blur tolerance' can be explained by optical factors.
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