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Abstract: Chromatic discrimination data are presented forlevel and chromaticity. The model is explicitly based on
pulsed and steady stimuli as a function of surround chro-observations of the behavior of retinal ganglion cells of the
maticity and structure. All stimuli and surrounds were at Macaque retina. The model incorporates well-accepted psy-
equiluminance and at a constant level of short-wavelengthehophysical concepts that adaptation in cone spectral-op-
sensitive cone excitation. The test stimulus was a squargonent channels occurs at multiple sites both before and
array of four 1° squares. A 0.07° crosshair of the sameafter spectral opponenay 2000 John Wiley & Sons, Inc. Col Res
chromaticity as the surround separated the squares. Bothppl, 25, 105-115, 2000
the test stimuli and the surrounds varied in relative excita-
tion of the long-wavelength and middle-wavelength sensi
tive cones. When stimuli briefly replaced a portion of a™
steadily viewed background (the Pulse Paradigm), the dis-
criminations were optimal_ a_lt_ the background chromaticity INTRODUCTION
and degraded for chromaticities away from the background.
The discrimination steps were independent of the backChromatic discriminative ability is an important feature of
ground size, which varied from a spatially extensive displaycolor specification, and this is reflected in the numbers of
to one matching exactly the appearance of the test arraystudies of such ability in the scientific literature. In early
Discrimination was determined only by the spatio-temporalstudies of wavelength and colorimetric purity discrimina-
chromatic contrast of the stimulus relative to the back-tion (reviewed in Pokorny and Smiththe stimuli were
ground. When the stimuli were presented continuouslysually presented as abutting standard and test fields. For
within a surround (the Pedestal Paradigm), discrimination wavelength discrimination, the observer adjusted the test
was still determined by the surround chromaticity, indepen-wavelength to achieve a just-noticeable difference from the
dent of the surround size. Even a narrow 0.07° crosshaistandard wavelength. For least colorimetric purity, the ob-
was sufficient to establish optimal discrimination at theserver adjusted the proportion of a standard wavelength in a
crosshair chromaticity. With the surround and crosshair mixture with the instrument white to achieve a just-notice-
dark, spectral opponent channels maintained an intrinsicable difference from the instrument white. Although such
normalization near equal energy white. There was littledata are usually presented as the deltar as the least
indication of adaptation to the test stimuli. The data were fitreciprocal colorimetric purity plotted as a function of the
by a model of spectral opponency linking detection andstandard wavelength, Wrighthowed that the data could be
discrimination as a function of both retinal illuminance unified by plotting them as distances in a chromaticity
diagram. Additionally, Wright measured just-noticeable dif-
ferences along arbitrary lines in color space. This approach
* Correspondence to: Dr. Vivianne Smith, Visual Sciences Center, Uni-cylminated in the MacAdam ellipstéthat were collected as
versity ofChicggo, 939 East Fifty—Seventh St., Chicago, IL 60637 (e-mail:cmor matches to a fixed set of standards of constant lumi-
vc-smith@uchicago.edu) . . ..
Contract grant sponsor: USPH NEI nance. The ellipses were obtained as the standard de_w_gnon
Contract grant number: EY07390 of repeated color matches to each of 25 chromaticities
© 2000 John Wiley & Sons, Inc. widely spaced in the C.I.Echromaticity diagram.
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Two theoretical ideas dominated the thinking about analto Y and calledStds. This normalization allows presentation
ysis and prediction of the data. Many trichromatists favoredof data either in (I, s) chromaticity units or il,(S) cone-
the line element theory, postulated by Helmhéltand troland units. In the latter form, the units remain traceable to
developed by Scfidingef and later Stilesamong others the physical calibration. Cone troland units are particularly
(reviewed by Stiled. In line element theory, the signals useful in evaluating physiologically based models of chro-
generated by three independent cone types, the si®yt- ( matic detection and discriminatién.
medium- M) and long- [) wavelength cones were subject In the past two decades, there have been major advances
to weights reflecting the radiance and quantal catch rate, tha the understanding of retinal anatomy and electrophysiol-
adaptational state, threshold noise, number, or other consiagy (reviewed by Le® and Daceyet al16). The circuitry
erations such as spatio-temporal parameters. Most versiotgs three pathways, each consisting of groups of cells that
of line element theory assume that the cones are in th&eed signals forward from the photoreceptor to the lateral
Weber region at the photopic levels of discrimination mea-geniculate nucleus, via bipolar and ganglion cells, with
surement. A threshold occurred when the summed differeutput to the visual cortex. The parvo-cellular pathway
ences for each cone-type from the standard level reachedraediates spectral opponency MfandL cones. Four sub-
fixed criterion level. The attraction of this approach lay in groups of parvocellular cells have been defined, by charac-
the fact that it treated chromaticity discrimination in the teristic response patteras?ie reflecting the center activity
same manner as increment thresholds in the luminancef the typical center-surround retinal ganglion cell. The
domain, thus providing a unified theory of detection andanatomical micro-circuitry of these four subtypes has not
discrimination for the entire luminance range of photopicyet been discovered. As with classically defined center-
vision. Jameson and Hurvich developed an alternate apsurround cell$? On-center cells respond to an increase and
proach rooted in opponent process idedsey presented a Off-center cells to a decrease in luminance contrast on their
chromatic opponent plane as a linear transform of colorcenters® The cell types are further divided by their chro-
matching data with normalization to the equal energy whitematic propertie$?- 18TheL-On-center and th#-Off-center
This provided an intuitive and simple description of chro-cell responds to an increase Intd contrast (“reddish”
maticity discrimination. However, the plane needed to beappearing lights) and thé-On-center and the-Off-center
reparameterized for each luminance level and for changes icell responds to an increase W td contrast (“greenish”
normalization chromaticity. appearing lights). Another class of spectral opponency is
LeGrand® evaluated the MacAdam ellipses in terms of shown by the konio-cellular pathwayS — (L+M) cells,
trichromatic theory. In making this calculation, he assumedvhich combine inputs frons, M, andL cones?! The third
that luminance was determined only by the sunh. @ndM major pathway from retina to cortex is the nonopponent
cone responses. This simplification allowed him to calculatenagno-cellular pathway, which sums inputs Mf and L
only theSandL cone excitation axes passing through eachcones in either On- or Off-center receptive fields.
ellipse center; theM cone excitation level was directly In this article, we present a model to describe how the
calculable fromL. He then plotted the size of the arc parvo-cellular pathway might participate in chromaticity
through the ellipse as a function of the excitation at thediscrimination mediated b/l andL cones. We have mea-
center. The data foB cones had the shape of an incrementsured chromaticity discrimination for equiluminant stimuli
threshold function, a result consistent with line elementin chromatic surrounds. We first measured chromaticity
theory. The data fok andM cones showed a trade-off bf ~ discrimination for pulsed stimuli in order to parameterize
and M cone excitation. The data could be summarized bythe model. Then we measured chromaticity discrimination
plotting the discrimination step as a function of thé for steadily presented stimuli in order to evaluate condi-
ratio; discrimination was optimal when the cone excitationstions, which more nearly approximate those encountered in
were balanced. Subsequently, Stlemted that the exis- everyday experience. The experimental displays were gen-
tence of a minimum was inconsistent with line elementerated on color monitor systems. Stimulus chromaticity
theory, even if a subtractive opponent process was addezpecification was in a relative cone troland space, and the
following a stage of cone-specific Weber adaptation. data are presented in cone trolaAti&\bstracts of the data
Boynton and Kamb®é studied chromaticity discrimina- have been published elsewhée#
tion using modern cone ax&s3and equiluminant stimuli.
Their data confirmed the LeGrand analysis: for discrimina-
tions mediated byL and M cones, there is an intrinsic METHODS
normaliz_atior_w near equal energy_white, even when ChroApparatus and Calibration
matic stimuli are presented continuously in the dark. In
contrast, for discriminations mediated Bycones, the data The stimuli for the initial experiments were generated by
have the appearance of an increment threshold funétion.a PIXAR Il image processor under control of a SUN 3
Boynton and Kambe introduced a new normalization of thecomputer and were displayed on & Nanao (T560i Flex-
MacLeod and Boynton spa&ewith a scheme they called scan) color monitor. Stimuli in later experiments were gen-
cone trolands. The andM normalization was retained; the erated by a Radius Thunder 30/1600 card under control of a
S cone normalization was changed so that for an illumina-Macintosh PowerPC 9500/132 and displayed on ‘aR&-
tion metameric to equal energy whitewas set equivalent dius PressView 17 SR monitor. Calibration procedures and
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stimulus specification were identical for both systems. Thd i > .
phosphor output was measured as a function of wavelengf I'est Paradigm
at the maximum light level for each phosphor using an
International Light model IL1700 Spectroradiometer/Pho-

tometer. Radiance was measured (4.2 nm half-bandwidth) § L
wavelength intervals of 0.83 nm and then converted to 1 n Pulse —

-|:-_|_:'.-'-
intervals by interpolation. The stimuli were specified in a r
cone chromaticity spacd, (s, Y;), using the Smith and

Pokorny transformatidd of the Vos—Judeb observer, X;,
Y1 Y3). Normalization was to the relative troland spatén
this normalization](A) + M(A) = ¥5(A), and theg(\) fun- .. ..
damental is equivalent @)). Thus, 100 tds of equal energy FirPas el o

white are partitioned among 66.%4trolands and 33.4M . . .
trolands and thé& troland content is 100. The chromaticity

coordinates and maximal luminance (cdjnof the phos
phors in this relative cone troland spadeg Y;) at equal
energy white were: Red: (0.815, 0.12, 2.19); Green: (0.607;!G 1. Display sequence for the (upper) Pulse and (lower)

0218, 8.80) and Blue: (0526 10.321; 101) for thef ool Paerians, The Bf e Show feply cbrear
PIXAR/SUN system, and Red: (0.825, 0.091, 3.23); Green]eigures show appearance during a trial. ’

(0.613, 0.151, 7.81); and Blue: (0.525, 10.30, 0.96) for the

MAC/Radius system.

The luminance of each phosphor was measured for 1024 (1) Pulse Paradigm: The surround chromaticity was pre-
levels of input integer value with the spectroradiometer/sented continuously as a background (Fig. 1, upper left); the
photometer. Look-up tables were constructed to represeffibur-square array was present only during the trial, replac-
relations between voltage integer values and phosphor lung its portion of the background (Fig. 1, upper right). Three
minances. Transformation between cone relative trolandquares were presented at a fixed, test chromaticity; the
values [, s, Y;) and voltage integer values of the three fourth had an increment or decrement added to the test
phosphors was performed using the results of the measurehromaticity. The chromaticity change of all four squares
ments and calculations. followed a raised cosine of 1.5 s duration. Between trials,

The surround and test chromaticities were arranged on #ne observer maintained adaptation to the uniformly illumi-
constants-line in (I, s) relative cone troland space with a nated background chromaticity.
relative s-troland value of 1.0, metameric to equal energy (2) Pedestal Paradigm: the four-square array was present
white at anl-chromaticity of 0.665. There were a series of continuously at a fixed test chromaticity (Fig. 1, lower left).
test stimuli on thel-line, spaced between 0.62 and 0.79.During the trial, one square changed as an increment or
There were three surrounds on tHee; a control surround decrement in chromaticity following a raised cosine of 1.5 s
had anl-chromaticity of 0.665. Two biased surrounds hadduration (Fig. 1, lower right). Between trials, the observer
I-chromaticities near 0.61-0.62 and 0.74—0.81. The exaanhaintained adaptation to the surround and test chromatici-
I-chromaticities of the tests and surrounds varied slightly irties. In the case of the smallest surround (equivalent to the
different experiments. four square array), the only indication of the surround

The test stimulus was a square array of four 1° squarepresence was in the cross-shaped separation between the
with a small separation of 4 pixel elements. In the initial four squares.
experiments the separations were 0.05°. In subsequent ex-The observer first adapted for 3 min to the chosen sur-
periments, different spatial resolution of the monitor systenround and paradigm display. A fixation dot provided a
gave a visual angle of 0.07°. The luminance of the stimulifixation guide and served to signal the trial occurrence. At
and their surrounds was kept at 12 c@/throughout the the start of a trial, the dot disappeared. Each trial presented
experiment. This luminance corresponded to 115 effectivéhree test squares with the fourth square at a different
trolands?¢ The monitor screen was viewed directly at 1 m. chromaticity. At the trial conclusion, the fixation dot reap-

A spatially extensive (9.2%< 8.7°) surround was used in peared together with the cursor.

Experiment 1. In Experiment 2, the surround size was In Experiment 1, we used a discrimination judgment; the
varied from spatially extensive (14.& 11.2°) to 2.07°X observer used the mouse to place the cursor in the stimulus
2.07° and in Experiment 3 it was 2.0%° 2.07° (the size of position judged “different.” A mouse click at this position
the four-square array). stored the result and reset the display for the next trial. A
correct response stored the result and reset the display for
the next trial. In experiments 2 and 3, we used an identifi-
cation judgment. The observer used the mouse to place the

Two paradigms were used (Fig. 1). The paradigms dif-cursor in the stimulus position judged to be “different” and
fered only in the display preceding the trial; the trials additionally indicated the direction of the difference as
presented identical stimuli. either in a positive | (“redder” or less “green”) direction or

Adaptation Test

Procedure
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a negative |-chromaticity direction (“greener” or less “red”). Temporal Contrast
A correct (position and direction) response stored the result | ... Gain control
and reset the display for the next trial. There was no differ- Subtractive
ence in the thresholds for detection and for identification. L. Gl +-) Process
Trials followed a double random alternating staircase. In (;)—*%7 =
one staircase the threshold chromaticity was measured in ai lﬂcﬂe -g O Static Saturation

increment direction; in the other, in a decrement direction < . PP

- . . M Gi(M) OPP
from the chosen test chromaticity. Pilot data established that N I
there were no systematic differences between increment an( Spatial Contrast R
decrement thresholds. On the initial trials of the staircase, an Il - S
easily discriminable step was present. The step size de- L G(L) S S ot
creased systematically until a criterion step size was - OPP
reached. The criterion was set in pilot studies to produce an 0O
efficient staircase, requiring about 40-50 trials to produce M G(M) OFPp

ten reversals. Ten reversals were measured for both t . .
. . G 2. A diagram of the PC-pathway model. Upper portion
increment and the decrement staircases. The averages of ws model for the Pulse Paradigm. Lower portion adds a

ten reversals were stored as increment and decremepécond state of adaptation and resulting spatio-temporal
thresholds. A 45-min session allowed measurement of ineontrast for the Pedestal Paradigm.

crement and decrement thresholds at five test chromatici-

ties. Thus, two sessions were required to obtain full data for ) ) )

one surround chromaticity and one paradigm. The entirdn€ display. The trial creates a spatio-temporal contrast
paradigm was repeated, and reported data are the averageS¥€Nt in the test array from the fixed adaptation level.

two increment and two decrement thresholds for each test Studies of increment detection on steady backgratings

chromaticity and for each surround. The data were stored 4&2V€ revealed cone-specific adaptationtfoand M-cones.
the relativel-troland chromaticity at threshold and re-ex- !N our application, the multiplicative stage does not produce

pressed as theL troland at threshold, 11B( — l,o) Weber's Law, leaving a net signal at the spectral opponent
plotted vs. the test chromaticity in trolands. stage. Chromatic temporal sensitivity data measured as a

function of retinal illuminance level in both psychophys-

ics32 and physiolog$e indicates a need for a partial rather
Observers than a complete multiplicative gain term. Subtractive feed-

back then cancels the majority of the net signal to the

There were a total of five observers (AC, male, 30; GK, adaptation chromaticity. The need for subtractive feedback

female, 21; HS, female 35; VS, female 56; YH, male 33),ijs demanded by psychophysical chromatic discrimination
who were all normal trichromats as assessed with the Ishijata and by physiolog2 Following the spectral opponent
hara pseudo-isochromatic plates and the Neitz OT anomastage, the response to a chromatic contrast change from the
loscope. There was no history of X-chromosome linkedadapting chromaticity follows a static saturation function. A
color defect in the families of the female observers. Farnsstatic saturation function describes retinal ganglion cell re-
worth—Munsell 100-hue error scores were 20 for AC, 24 forsponses to contrast changes from their adapted steady-state
GK, 4 for HS, 4 for VS, and 8 for YH. AC, GK, and YH |eyel18. 34This general model is based on ideas published in
were well-practiced psychophysical observers, but had n@oth the luminance literatu#e3s and the chromaticity dis-
knowledge of the experimental design or expectation. HSrimination literatures?-4°
and VS are among the authors. At least two observers ran The response of a spectral opponent cell to a chromaticity

the complete paradigms for each experiment. Confirmatorg¢hange C from a fixed adapting chromaticity is:
data were obtained on a third observer.
R = R,a{ OPP:/(OPP; + SAT], (1)

where OPP. is a spectral opponent term ai®ATis the
static saturation. We assume the spectral opponent term is
We developed a model of chromatic discrimination for thesubject to subtractive feedback determined by the opponent
Pulse Paradigm based on physiological data of the spectrgignal at the adapting chromaticity.

opponent Parvo-cellular (PC-) pathway of primategs. 28 _ _

The model, sketched in the top row of Fig. 2, postulates an OPPe = OPPr = kOPP, )

early stage of cone-specific multiplicative adaptation fol-whereOPP; is the spectral opponent term at the test ehro
lowed by spectral opponency, which incorporates a stage ahaticity, OPP, represents the spectral opponent term at the
subtractive feedback at the site of spectral opponency. Aadapting chromaticity, and; represents the subtractive
conceptually similar version of this approach was proposedeedback strength. Psychophysical stutied luminance

for SWS cone discrimination mediated by konio-cellularthresholds have suggested that subtractive feedback can be
pathway by Zaidi, Shapiro, and Hoé®.For the Pulse as high as 90%.

Paradigm, the cells stimulated by the display are adapted to The cone spectral opponent term can be derived for each

MODEL
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of the four subtypes of PC-pathway celt- (WS-MWS,  ferred direction drives the cell below its resting level. The
(+tMWS-LWY9, (-LWS+tMWS, and - MWSH+LWS. For  resting level is usually only about 15% of the maximal
a (+LWS-MWS3 cell, the spectral opponent term at the testresponse rate. This is an intrinsic nonlinearity that renders

chromaticity would be given by the cell response asymmetric: the cell behaves as if partially
_ rectified. The ¢L—M) cell responds to increases in “red-
OPPws-mws = [Lv/lmaG (Lol mad ness” and increases in luminance contrast, thie-{M) cell

— kMM ,G(MJ/myan],  (3) responds to decreases in “redness” and decreases in lumi-
nance contrast, thet(M—L) cell responds to increases in
wherelL; and M represent cone trolands at the test ehro “greenness” and increases in luminance contrast, the
maticity** L, and M, represent the cone trolands at the(_M+|_) cell responds to decreases in “greenness” and
adapting chromaticityl,,, and my,,, are the maximal sen  gecreases in luminance contrast. All four cell types respond
sitivities of the Smith and Pokor#¥ cone fundamentals. o equiluminant chromatic temporal alternation, differing
TheL andM cone trolands sum to the total retinal illumi- only in the phase of their responsésga42For equiluminant
nance level, which is usually constant in any measuremergnomatic pulses, the{L—M) and (-M+L) give redun-
of chromatic discrimination. The constaktrepresents the gant information, responding positively to “redward”
surround strength of the spectral opponency. In retinal 9aNchanges from their adaptation point; similarly theM—L)
glion cell data, the surround strength for PC-pathway cells;g (L+M) give redundant information, responding pos-
varies from 0.7-1.02 The strength of the opponent signal is itively to “greenward” changes from their adaptation
governed by the multiplicative gain at the first &L,/  pointis To achieve a response for the entire chromatic
lmay) @nd G(Ma/my,,) are multiplicative gain terms at the contrast range, we require pairs of cells of opposite chro-
adapting chromaticity, given by an equation of the form: |y 4tic signatures, e.g.HL—M) and (-M—L). Thus, in
G(L) = /(1 + KeLa/l o). (4) u_sing E_q. (_6), we used a+q_—M) to predi_ct chromaticity
discrimination for pulses with “redward” directioh (> L,)
where L, is in cone trolands andk,, k, are constants. from the adaptation chromaticity and &N —L) for pulses
Independent estimation &, andk, requires evaluation of with “greenward” direction I < L,) from the adaptation
chromaticity discrimination as a function of radiance. chromaticity.
If the subtractive term does not remove the entire effect
of the adapting chromaticity, there will be some residual
signal at the adapting chromaticity. Provided that the crite-
rion for a thresholdg, is small relative toR,,,,, the chre  Observers AC and VS ran the Pulse and Pedestal Paradigms
matic discrimination threshold for an optimal spatio-tempo-on both sets of equipment using similar surround and test
ral stimulus at the adapting chromaticity can be writtenchromaticities. We noted no differences in thresholds attrib-
based on the derivative to Eq. (1): utable to the display system.

log(AL,) = 109(8/Rma) — log[ LI(G(L)/ e
+ 1/(G(M)/Mya)] + log[(OPP, + SATZSAT] (5)

RESULTS

Experiment 1: Data with a Spatially Extensive
Surround

where the second term represents the luminance gain re- oyr initial goal was to develop the model and then

sponse, and the third term represents the opponent term. Thgmpare the Pulse and Pedestal Paradigms. The model
threshold at other test chromaticities depends on the size @fetajled above was designed to predict data for the Pulse
the contrast steAOPP, between the adapting and the new paradigm for which the observer was adapted to the sur-

AOPP, modifying Eg. (5): were presented as a brief cosine excursion. Data were col-
_ lected on three observers (AC, GK, VS) using the Pixar/
log(ALe) = log(8/R,.) — log[ 1/(G(L)/I .
9(ALo) ol ) ALLAG(L) e SUN system (surround: 9.2X 8.7°) and four observers
+ 1/(G(M)/mya)] + loglAOPP + OPP, (AC, HS, YH, VS) with the Radius/Mac system (surround:

+ SATYSAT. (6) 14.8° X 11.2°). Thel-chromaticities of_ the surround were
0.6077, 0.6654, and 0.813 for the Pixar/SUN system and
An optimal test stimulus for chromaticity detection is of low 0.62, 0.6654, and 0.74 for the Radius/Mac system.
spatio-temporal frequency, e.g., a 2°s pulse with blurred ResultsFigure 3 shows results for observer AC and the
spatio-temporal edges. In pilot studies, we noted that use d?ulse Paradigm. Each panel shows a different surround
brief durations or small test spots raises thresholds by ahromaticity. The average data-(2 s.e.) for the Pulse
constant, independent of the adaptation variables. Use of Raradigm are shown as closed symbols, plotted as a function
complex spatial pattern, a pseudo-isochromatic plate desigof the test chromaticity. For each surround, the minimum
with continuous view similarly raised thresholds by a con-threshold occurred at or near the surround chromaticity. The
stant#3 thresholds increased as the test chromaticity moved away
A given PC-pathway cell responds best to a chromaticityfrom the surround. With a surround metameric to the equal
change in its preferred directid®#4Change in the nonpre- energy spectrum, the data gave a characteristic V-shape as
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FIG 3. Discrimination data for a large, rectangular surround
and the Pulse Paradigm (observer AC). The surround /-
chromaticities are shown by arrows on the abscissa of each
plot: (upper panel) 0.61, (middle panel) 0.665, and (lower
panel) 0.81. The dashed line is the model fit [Eqg. (6) in the
text]. Icons on left show display appearance (not to scale)
during adaptation and inter-trial interval.

described in the literatur®®: 45 At the surround chromatic-
ity, the threshold was about OLds, similar to data of Yeh,
Pokorny, and Smitt¢ and Miyahara, Smith, and Pokora§,
who also used a forced choice method; but more sensitiv
than the study of Boynton and Kani¢1 L td), who chose
a method designed to give large threshold steps. There wi
little variation among the five observers except for the

overall vertical scaling, indicative of inter-observer varia- ________

tion in criterion.

The data for the Pulse Paradigm were fit by Eq. (6). Ta
reduce the number of free parameters, we set values f(
k,—k, based on literature data. Properties of the spectre Sz
opponent channel were based on physiological work; we se=

k, at 0.90 andk, at 0.80. Since the data were collected only
at a single retinal illuminance level, there is no independen
factor to constrain the value &—k,. Using psychophysical
data of Miyaharaet al.,*” we fixedk; at 0.33 andk, at 0.75.
Thus, the fits were constrained to 2 free parametéfl, ()
and SAT We fit data from the three chromatic surrounds

(6/Rya Vvaried from 0.017-0.025 and the values SAT
varied from 2.8—-4.3.

The average datat{2 s.e.) for AC using the Pedestal
Paradigm are shown in Fig. 4. Thresholds at the surround
chromaticity are a replication of the Pulse Paradigm thresh-
olds. Data obtained for the Pedestal Paradigm with the test
stimuli in continuous view showed, at least for observer AC,
mild flattening of the V-shape compared with the data of the
Pulse Paradigm (Fig. 3). The thresholds at a given chroma-
ticity contrast step were slightly more sensitive than for the
Pulse Paradigm. The flattening was intermediate for HS and
minimal for observers GK, VS, and HY. It is further noted
that the test stimuli did not disappear during the steady
adaptation period. In an equiluminant display, the stimulus
array tends to fade in the surround, especially when the
chromatic contrast is small or the border is blurred. Our
observers were instructed to maintain fixation between tri-
als, but they were allowed to blink to maintain field appear-
ance.

How might Eq. (6) be modified to account for the data?
The solid lines on Fig. 4 show two potential models, based
on the idea that discrimination is mediated by the state of
cells stimulated by the test array. One hypothesis is that
there is cone-specific adaptation to the test stimuli and that

0.5

I- T T T T T ! _I
1 e ]
= P
ﬂ» -05 ﬁ B Multiplicative]
! St msman
A . .*. L CU!'II'IIIi.EFﬂ 1
1.8 1.85 1.9 1.895 2
0.5 T T
2 °F TV
]
= a -

& [ e @
T Mwamr
i o

4 [ .¢ . 1 1 Conphined
18 1.85 1.9 1.5 2
0.5 T T
-
2
&

FIG 4. Discrimination data for a large, rectangular surround
and the Pedestal Paradigm (observer AC). Panels are as in
Fig. 3. The solid and dashed lines are possible models. Icons

simultaneously; forty thresholds determined the fit. The fitSyp |eft show display appearance (not to scale) during adap-
are shown as dashed lines. The inter-observer values @ition and inter-trial interval.
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the subtractive adaptation of the spectral opponent signal isver, are relatively little affected. Two interpretations of the
also local and determined by the chromaticity of the tesdata are evident. First, the large surround maintains the
stimuli. This would mean thaDPP, would be replaced by adaptation state for the task. At a retinal level this behavior
OPPy in Eg. (2) andL, would replacel; in Eq. (4). This  does not occu?? In PC-pathway retinal ganglion cells,
calculation with all other parameters fixed at the optima foradaptation is virtually complete, both in luminance and
the Pulse Paradigm generates a prediction with a slighthromaticity to a stimulus covering both center and sur-
negative slope. The prediction does not describe our datapund. PC-pathway receptive fields near the fovea are so
but is observed for data collected when surround chromasmall that it is impossible to put a stimulus solely on the
ticity is varied and a Pulse Paradigm is used, e.g., Krauseenter. Nonetheless, it is conceivable that cortical receptive
kopf4s fields with larger summation areas could control chromatic
A second hypothesis is that there is cone-specific adapdiscrimination under conditions of the Pedestal Paradigm.
tation to the test stimuli, but the subtractive adaptation Second, itis possible that discrimination is determined at
remains controlled by the surround. This could occur, if thethe border between test and surround. Chromatic temporal
multiplicative adaptation occurred within the cone photore-alternation generates large signals in PC-pathway €®lls,
ceptor itself, but the subtractive adaptation was governed bgnd this temporal alteration may mimic sweeping a target
widespread interactions at a postreceptoral stage. Thisack and forth across a small receptive field in a spatial
would mean that the, would be replaced by in Eq. (4).  display. For a “white” surround and a “red” test field, it
This calculation with all other parameters fixed at the op-would be the+L-On-center cells that would respond vig-
tima for the Pulse Paradigm is shown by dashed lines andrously as the chromatic contrast increased. In this view,
shows a shallow V-shape. The prediction does not describeells adapted to the surround maintain the adaptation state
the data of observer AC. and generate chromatic contrast across the spatial border.
The lower part of Fig. 2 shows the more complex situa-This interpretation is consistent with the observation that we
tion of the Pedestal Paradigm. Now, cells under the tessaw little fading in our paradigm. In order to distinguish
array are stimulated by the test chromaticity, while cellsthese interpretations, we next investigated the effect of
under the surround are stimulated by the surround chromadecreasing surround size.
ticity. Continuous spatial contrast is generated at the border.
Suppose that this spatial contrast signal determines discrim- . o .
ina[t)ign. The Pedes!coal Paradigm datga can be fit using Eq.nj)':"xperlment 2 Variation of Surround Size
but allowing some reduction in the spatial contrast signal. Data with varying surrounds were collected with the
To fit the data, it is convenient to decrease the strength ofacintosh—Radius system and observers HS and HY. The
the opponent contrast signals used in Eq. (6) by rewriting-chromaticities of the surround were 0.62, 0.6654, and
Eq. (2): 0.74; there were 8 test chromaticities witchromaticities
between 0.62—0.76. There were three surround sizes includ-
OPP; = OPP; — ki(p OPR, + (1 — p)OPP;), (7) ing4.0°x 4.0°, 2.21°X 2.21°, and 2.07%< 2.07° square.
The 2.21°X 2.21° surround appeared as an 0.07° border
wherep is the proportion of surround chromaticity in the around the four-square array in the Pedestal Paradigm,; for
subtraction. The solid lines show these fits. The valugs of the 2.07°X 2.07° surround, only the central, cross-shaped
were 0.59 for observer AC, 0.96 for GK, 0.65 for HS, and separation between the squares was visible during the Ped-
1.0 for HY and VS. estal Paradigm.

Discussion If the V-shape observed in the Pedestal Paradigm was
The data for the Pulse Paradigm are fit well by the modemaintained by large adaptation pools, we would expect to
equations. We maintain a constant state of adaptation argke the V-shape flatten as surround size decreased. If the
the chromatic contrast threshold is determined by the size d¥-shape was maintained by chromatic contrast signals gen-
the spatio-temporal chromatic contrast step. We noted arated across the border, the V-shape should not be affected
trade-off between the amount of cone-specific adaptatioby surround size as long as a contrast border was present.

and the amount of opponent subtraction. If cone-specific Results

adaptation followed Weber’s law, there would be no re- Figure 5 shows data for observer HS comparing the Pulse

quirement for opponent subtraction. Adaptation to the surand Pedestal Paradigms for a spatially extensive 148°,

round chromaticity would be accomplished by the multipli- 11.2°, surround. Figures 6—8 show a similar comparison for

cative term. Our choice of an exponent of 0.75 was based othe three smaller surrounds. The data for the Pulse Paradigm

literature dat&8-3247An exponent less than 1.0 provides an do not vary as a function of surround size. Equation (6) was

intermediate level of chromatic adaptation. Subtractivefit to each dataset. The values d¥/R,,) varied from

feedback is then required to generate the symmetrical arm%024—0.026 and the values 8ATvaried from 2.49-2.63

of the V-shape with a minimum near the adapting chromafor HS. Data for YH were more scattered, and the fits were

ticity that is characteristic of the data. not as good as for any of the other observers. The values of
For the Pedestal Paradigm, we eliminate the large tem®/R,,,) varied from 0.027—0.035 and the values QAT

poral contrast step of the entire stimulus array. The spatiataried from 2.51-4.34 for HS.

chromatic contrast is present continuously. The data, how- The data for the Pedestal Paradigm were similarly inde-
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Slll“l'ﬁ'lllld: 14.8°X11.20 the crosshair chromaticity to control the discrimination

function. The result is consistent with the notion that signals
05 [~ . . generated at test field borders determine discriminability.

Experiment 3: Adaptation to the Stimulus Array

As a control condition for Experiment 2 and to compare
our data with other literature data, we allowed adaptation
only to the stimulus array. The narrow separations between
the four squares and the surround appeared dark. These data
were collected with the Macintosh—Radius system and ob-
servers HS and HY. The chromaticities of the background
and test stimuli were identical to those of Experiment 2. In
this experiment, data for the Pulse Paradigm were collected
with adaptation to one of the three surround chromaticities
of Experiment 2. Data for Pedestal Paradigm were collected
with adaptation to the test chromaticity.

ResultsFigure 9 shows data for observer HS following
the format of Fig. 6. The data for the Pulse Paradigm gave
similar results to data of Experiment 2 and were fit with Eq.
6. The value of §/R ) was 0.022 (HS) and 0.023 (HY),
and the value of SAT was 3.3 (HS) and 6.5 (HY). These

Log Delta L

Log Delia L

Surround: 4°x4°

0.5 T —

FIG5. Discrimination data for a large, rectangular surround
comparing the Pulse and Pedestal Paradigms (observer HS).
The surround /-chromaticities are shown by arrows on the
abscissa of each plot: (upper panel) 0.62, (middle panel)
0.665, and (lower panel) 0.74. Open circles in blue show data -
for Paradigm 1; closed squares in red show data for Para-
digm 2. Icons on left show display appearance (not to scale) 0.5 ; ;
during adaptation and inter-trial interval for the Pedestal [ 1
Paradigm. 1

Log Delta L

pendent of surround size. Of the 24 conditions (8 tes
chromaticities and 3 surround chromaticities), only two sets
of thresholds showed a lack of overlap as a function of T
surround size. These data were fit with Eq. (7) used tc [ _ }
determineOPP- in Eq. (6). The values giin Eq. (7) varied 1.8 1.85
from 0.55-0.75 for HS and 0.45-1.0 for YH. There was a
small but consistent tendency fptto be higher for the two e
larger surround squares (4.0° and 8.0°) than for the tw(§ . [
smaller surround squares (2.07° and 2.21°). This phenonflf e . ol
enon may reflect an interaction with the display size, which [
required more careful fixation for the smaller displays. e o5
DiscussionThe Pulse Paradigm data were not affected by
the variation in surround size. This result was expected
because we maintained constant adaptation and the stimul T s s aes 2
always presented a large spatio-temporal chromaticity cor Log Test L
tr_aSt step. The Pe.deStal Paradlgm.data mdl(?a.te that Surro!JEﬂ':i 6. Discrimination data for a 4° X 4° surround compar-
size was r_10t an |mp0rtant factor in determining chromatlc;mg both paradigms (observer HS). Format follows Fig. 5.
contrast discrimination. Even the presence of a 0.07° crosgcons on left show display appearance (to scale) during
hair, between the discrimination squares was sufficient foadaptation and inter-trial interval the Pedestal Paradigm.

05 | ]

Log Delta L

Log Delta L
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gets were presented steadily (Pedestal Paradigm) there was

T no evidence that cells adapted to the target chromaticity
mediated the discriminations. Discrimination remained con-
trolled by the surround even under the limiting condition
- i _ that the display provided a narrow 0.07° crosshair separat-
ing the targets. We also confirmed previous experiméngs
"y _ using steadily presented stimuli in an otherwise dark field.
o The V-shape suggested that in the dark, the parvocellular
e Y 2 pat_hway shows an intrin_sic nor_mal_i;atiop near equal energy

' ’ ’ white. The data contradict the intuitive view that adaptation
95 to the test field chromaticity should determine discrim-
inability. Rather, it is the adaptation to the surround that
determines discriminability.

Chromatic discrimination improves with increase in tar-
get size (reviewed in Pokorny and SnijthThe range of
improvement has greater extent than is seen in threshold
spatial summation studi¢s.This result suggests that, for
chromaticity discrimination, the visual system can use the
information generated along the extensive borders of the
discrimination targets.

Perhaps the most striking experimental results are that
“the edge is all that matters” and that separations as small as
0.07° (4.2 min) can affect discriminative performance. Boy-

S'lll'l'Olllld: 2. 1012.210 Our data indicate that even when the discrimination tar-
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Surround: 2.07°x2.07
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FIG 7. Discrimination data for a 2.21° X 2.21° surround
comparing both paradigms (observer HS). Format follows
Fig. 6. [
0.5 |

Log Delta L

SATvalues are slightly higher than those obtained in Ex-
periment 2, indicating a slight shallowing in the arms of the
V-shape. The data for the Pedestal Paradigm showed
minimum at equal energy white, with shallower arms. We
used a fixed adaptation chromaticity of equal energy white
in conjunction with Eg. (7) to calculat®PP.. The value of

p in Eq. (7) was 0.45 for HS and 0.69 for HY.

=5
B

0.5

Log Delta L

DISCUSSION

The goal of our study was to understand the role of adap
tation and surround structure on chromatic discrimination.
We developed a model of retinal processing in order tc
evaluate the data. The model provides a unified approach 1
detection and discrimination. The model was optimized ta
predict data for a target replacing briefly a steadily viewed
background (Pulse Paradigm). Based on literature data, w
expected and found adaptation to the steady backgroun:
We found that the size and spatial structure of the back B

) 1.85 18 185 2
ground did not influence discrimination threshold. Thresh- Log Test L

olds were determined by the size of the spatio-temporahG 8. Discrimination data for a 2.07° X 2.07° surround

chromatic contrast step generated with respect to the backomparing both paradigms (observer HS). Format follows
ground. Fig. 6.

Log Delta L.
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Sll[TOl]Ild: 2.0703{2.070 a fixed retinal illuminance increment generates a larger

) spectral opponent signal; thus, a lower test retinal illumi-

With blaCk Separatl{)ns nance should be required for detection. With an achromatic

S background, detection sensitivity above 500 nm showed a

[ 1 characteristic bi-lobed shape with minimum at the adapting

chromaticity>0-51 The interpretatiort was that one or more
PC-pathway opponent processes mediated detection in the
lobes. Hue identification at threshold has confirmed this
J interpretatiorf? It was assumed that a nonopponent process
(the magno-cellular pathway) mediated detection at the
adapting chromaticity* The relative sensitivities of the PC-
2 and MC-pathways were determined by the spatio-temporal
parameters of the test stimuleisDetection of a 200 msec
1 square pulse gave an obvious bi-lobed function, while de-
1 tection of a 10 msec square pulse was similar to that
determined by flicker photometry. Miyahd?ahowed that,
with a 1 Hzraised cosine, detection at the Sloan notch was
mediated by the other spectral opponent channel, the konio-
cellular [+S — (L+M)] pathway. According to our model,
PC-pathway detections mediated between 500 nm and the
. 2 adapting chromaticity would be mediated by-aN] — L]
05 and detections above the adapting chromaticity byl
' M] PC-pathway channel.

The PC-pathway cells may also be involved in Wald’s
test sensitivity approach using a fixed background wave-
length with varying test wavelengths, and the Stiles field
] sensitivity approach using a fixed test wavelength with
: varying background wavelengths. As with detection on ach-
romatic backgrounds, the relative sensitivities of the multi-
2 ple pathways should depend on the spatio-temporal charac-

Log Test L teristics of the test stimulus. For the test sensitivity method,
FIG 9. Discrimination data for a 2.07° surround and black our PC_-pathway model WOL!Id predict b.i_I.Obed functions
separations, comparing both paradigms (observer HS). For- ~ With minimum at the adapting chromaticity. On a long
mat follows Fig. 6. wavelength adapting field, much of the curve would reflect

activity in [+M — L] cell types, while on a short wavelength
adapting field much of the curve would reflect activity in

nton, Hayhoe, and MacLeédinvestigated discrimination [+L — M] cell types. For the field sensitivity approach, the
with and without the presence of gaps between adjacerthoice of test wavelength favors a role fariyl — L] for I1,
fields. Using the method of adjustment and 1.2° fields, theyand [+L — M] for 115, respectively. For most literature data,
observed that gaps as small as 2.7’ led to degradations i@n optimal PC-pathway stimulus was not used; the obtained
equiluminant discriminations mediated hyandM cones. functions probably represent some combination of PC- and
Our data provide an explanation of the “gap effect.” The gapMC-pathways.
provides a narrow neutral border. There is a contrast signal
generated between the border and the chromatic test field.
The contrast signal deteriorates discrimination for test chro- ACKNOWLEDGMENTS
maticities other than neutral. The importance of such very
thin borders may seem contradicted by the poor chromati¥vVe thank Linda Glennie for technical assistance in pro-
visual acuity at equal luminand@.Our display was not gramming the image processing systems and Steven K.
periodic; the 4.2 min gap was visible for all displays with Shevell for comments. We also thank our observers AC,
chromatic contrast between surround and test fields. YH, and GK for their patience and time.
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